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Abstract (219 words)

Demands for “green” additives that control the crystal growth and inhibit the scale
formation in industrial processes are growing as never before. Nanobubbles can be the
green additive for inhibiting and/or promoting the crystal growth of calcium carbonate,
given their well-known unique physicochemical properties. This paper reports for the first
time the changes in the crystal growth rate of calcite in liquid in the presence of air
nanobubbles. We injected the air nanobubbles into the solution and studied the calcite
crystal growth for the first 4 hours in a static condition at 20°C and 88°C. We found that air
nanobubbles retarded the growth rate of calcite crystal by up to 53% and 33% at 20°C and
88°C, respectively. The retardation of calcite crystal growth could differ with different
number densities of air nanobubbles added to the solution. A higher number density of
nanobubbles generally showed slightly greater retardation throughout the tested 4 hours.
Air nanobubbles may influence the crystal growth either by changing solid-liquid interfacial
tension on the crystal surface, reducing the free growth sites, adsorbing Ca®* ions, playing
roles in bubble mattress and thermal buffering on the crystal surface, or combinations of
them. Our findings suggest that air nanobubbles can be utilized as a green inhibitor of
calcite crystal growth and calcium carbonate scale in broad industrial areas.
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Calcite crystal growth was retarded in the presence of air nanobubbles at 20°C and 88°C.
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Calcite crystal growth was retarded by adding air nanobubbles at 20°C and 88°C

The retardation efficiencies of crystal growth were up to 53% (20°C) and 33% (88°C)
Nanobubbles influence the crystal-liquid interface and the substrate surface

Air nanobubbles can be a "green" and inexpensive inhibitor for CaCOs crystal growth



1. Introduction

Crystallization draws interest from the broad discipline that spans scale formation,
corrosion and abrasion, frost heave, biomineralization, protein structure analyses,
pharmaceuticals, and the synthesis of nanomaterials. The crystallization processes are
determined by the nucleation and the rate of growth. Numerous efforts are thus made to
understand their mechanisms and develop strategies to efficiently control the size and
shape of crystals [1,2]. As for promoting crystal growth, many inorganic and organic
materials have been studied historically due to intensive pharmaceutical interests. In
contrast, the additives to inhibit crystal growth are less studied and generally categorized
into low molecular weight phosphonates, polymeric carboxylates such as polyacrylates, and
polymer polyvinylpyrrolidone [3 — 5]. Among our interests in a broad discipline of crystal
growth, calcium carbonate, comprising more than 4% of the Earth’s crust, plays a significant
role in the long-term global CO; cycle [6]. Understanding of geological, climate,
biomineralization and industrial processes involving the calcium carbonate system attributes
to the knowledge regarding mechanisms and rates of calcium carbonate crystal growth [7].
Amorphous calcium carbonate (ACC) is thermodynamically unstable and transforms rapidly
to calcite, vaterite, or aragonite unless it is kinetically stabilized [8 — 10]. Calcite is
rhombohedral and among the most stable polymorph of calcium carbonate. Although
calcite is a simple compound, its growth rate varies considerably with many factors such as
temperature, pH, saturation index and the Ca?* to CO3% ratio [11,12]. Soluble chemical
additives are now more often used to produce crystals with the desired morphologies, sizes,
and structures. These inhibitors adsorb to growing calcite crystals and bind to the growth
sites, which results in inhibiting the crystal growth and/or unsettling the regular crystal
shape leading to the weakening of crystal stability [13,14]. Yet, the detailed effects and
various mechanisms of additives on the growth and morphological changes of calcite
crystals are still not well understood, hampering to improve to control them. Moreover,
there are growing demands for environmental-friendly and inexpensive “green” additives
that can control crystal growth, compared with the chemical products commonly used.

Nanobubbles with a typical diameter of 50-200 nm can exist in liquids and at the
solid-liquid interface, and they have unique physicochemical properties [15]. In contrast to
microbubbles, the most peculiar characteristic of bulk nanobubbles is their longevity. Many
works [16 — 18] have reported that nanobubbles can stably remain in liquid for weeks and
months rather than microseconds theoretically argued. Nanobubbles favor being pinned
and staying for a long time on a rough surface. The surface nanobubbles have also been
recognized to pose a profound impact on the solid-liquid interaction by changing the two-
phase contact to a three-phase contact [19 — 21]. Also, nanobubbles are stable with respect
to an increase in temperature [22,23], and their stability is generally not sensitive to the pH
of aqueous solution [24]. Thus, nanobubbles influence the surface condition through
hydrodynamic controlling of the solid-liquid interface, allowing a broad range of
applications. The high surface area and interfacial free energy of nanobubbles could replace
or augment the current fouling mitigation strategies [25 — 27]. The use of nanobubbles is
expected to benefit in preventing chemical pollution and reducing the cost of inhibiting
scale formation of calcium carbonate, compared with the chemical products commonly
used.

An earlier work [28] provided a theoretical perspective on the effectiveness of
nanobubbles for inhibiting the scale formation of calcium carbonate. However, no previous
studies have investigated whether nanobubbles can be an inhibitor or promoter for the



crystal growth of any inorganic particles. To the best of our knowledge, this is the first paper
that studies whether nanobubbles inhibit or promote the crystal growth of calcite by batch
experiments. Our experiment uses the nanobubbles generated by air because the use of air
for generating nanobubbles is most practical in any industrial use when they can be either
an inhibitor or promoter of the crystal growth. Kim et al. [29] revealed that additives do not
affect the morphology of calcite crystals until the crystals reach certain sizes of 0.1-1 pum.
We thus study how air nanobubbles influence the calcite crystal growth for the first couple
of hours, where the size of calcite crystal changes from ~1 um to ~10 um.

2. Materials and methods

2.1. Material and Experiment

We generated air nanobubbles and injected them into ultrapure water (PURELAB
Flex 3, ELGA, UK) using an ultrafine-pore ceramic rotational-column nanobubble generator
(Anzaikantetsu Co. Ltd., Yokohama, Japan; Figure 1). The number density of generated
nanobubbles (nanobubble concentration) increases with the generation time when the
rotational speed of the generator’s ceramic column is constant [28]. We prepared the air-
nanobubbles containing pure water with different levels of bubble number density by
changing the time of continuous nanobubble generation at a constant rotational speed of
1,000 rpm: low-number density (generated continuously for 2 min), moderate-number
density (5 min) and high-number density (30 min). Air nanobubbles were generated in a 3-
liter container at the temperature of 20°C with an injection pressure of 0.05 MPa using an
air compressor. The number density of the nanobubbles generated by the studied device is
at least on the order of magnitude of 108 bubbles per mL, and it generally increases linearly
with the generation time at the constant injection pressure and rotational speed. The typical
diameter of generated nanobubbles depends on the pore size of the ceramic membrane
and injected gas pressure [30], and their mean diameter is 80—90 nm at the injection
pressure in our nanobubble generator [28].

We prepared 1 L of the solution with adding air nanobubbles as follows: (1) we
dissolved 12.54 g of Sodium hydrogen carbonate (NaHCOs3; FUJIFILM Wako Pure Chemical
Corporation, Japan) in 500 mL of ultrapure water (30 mM/L), (2) dissolved 22.04 g of
Calcium chloride dihydrate (CaClz-2H,0; FUJIFILM Wako Pure Chemical Corporation, Japan)
very gently in 500 mL of the air-nanobubbles-containing pure water (30 mM/L) and (3)
mixed the NaHCOs solution and the CaCl,-2H,0 + air-nanobubbles solution. Likewise, we
prepared 1 L of untreated solution as the reference solution by mixing equivalent volumes
of 30 mM/L of NaHCO3 and 30 mM/L of CaCl,-2H,0. We then transferred the reference and
the air-nanobubbles-containing solutions to pre-cleaned polypropylene bottles (SCC iBoy,
250 mL; AS ONE Corporation, Japan). The bottles have caps to prevent any gas leakage
(Figure 1). The studied substrate material for crystal growth of calcium carbonate was the
austenitic stainless steel “SUS304” (JIS G4303 Standards) equivalent to the 18/8 stainless
steel (UNS S30400/EN 1.4305) with the following chemical composition (wt%): C < 0.08, Si <
1.00, Mn < 2.00, P £0.045, S <0.030, 8.0 <Ni<10.50, 18.0 < Cr <20.0 and the rest is Fe. The
substrate had a dimension of 20x50x1.0 mm (widthxlengthxthickness) and the two holes
with 6.5-mm diameters that were used to suspend the substrate in the tested solution using
a PTFE string. The stainless substrates were immersed in the bottles of the reference



solution and the air-nanobubbles containing solution for 0.5, 1.0, 2.0, 3.0, and 4.0 hours
(Figure 1). An external mechanical disturbance was minimized throughout the experiment.
The pH generally decreased with time from ~6.2 (0.5 h) to ~5.9 (4.0 h) and did not show a
significant difference between the reference solution and the air-nanobubbles-containing
solution throughout this experiment.

To examine the influence of temperature on how nanobubbles react with calcium
carbonate particles, we experimented with two different temperatures: (i) the temperature
of 20°C and (ii) the elevated temperature of 88°C. Nanobubbles are known to exist at least
up to 95°C in water because they can pin a micro-droplet from the receding water over the
surface [22]. We thus selected the temperature of 88°C as the experiment for the high-
temperature condition (ii), well below the known upper limit of temperature for the
presence of nanobubbles. The temperature was kept constant at 88.0+1.0°C by using a
water bath. The saturation indices of calcite for the solutions at 20°C and 88°C, determined
using RHREEQC version 3 [31] with the database [32], were respectively 0.34 and 1.10 at the
beginning of the experiment.
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Figure 1: (a) Ultrafine-pore ceramic rotational-column nanobubble generator (Anzaikantetsu
Co. Ltd., Yokohama, Japan). Modified from Ref. [28]. (b) Schematic illustrations of
immersion test in this study.

2.2. Analyses

The substrates were taken out of the reference and the air-nanobubbles containing
solutions in the polypropylene bottles after immersions for 0.5, 1.0, 2.0, 3.0, and 4.0 h to
observe changes in the crystal growth and deposition of calcium carbonate at the respective
time. After carefully cleaning the substrates using pure water and drying them, we imaged
the magnitude of crystal growth of calcium carbonate on the substrate at the respective
time by Scanning Electron Microscope (SEM) using a HITACHI SU3500 at the Center of



Advanced Instrumental Analysis, Kyushu University. We obtained SEM images with low and
high magnifications (x50 and x1000). Using the high magnification (x1000) SEM images, we
investigated the difference between crystal growth in the reference and air-nanobubbles-
containing solutions. We used a method of image analysis for SEM images [33] to compute
the crystal sizes, after segmenting crystals and their backgrounds using Otsu’s multi-level
thresholding [34] with 16 levels of quantization. We obtained the mean diameter and one
standard deviation (Mean+1STD) of the crystals in the reference and air-nanobubbles-
containing solutions at the respective time by computing the number of pixels of the
detected planes of segmented crystals. In addition to quantifying the crystal sizes, we
estimated the change in thickness of calcium carbonate deposition on the substrate to
guantify the effect in the presence of nanobubbles. The volume-averaged thickness of
deposition h(t) (um) at the respective time t (h) was calculated by:

_ m(t)x10*
h(t) - A(t)Xp ’ (1)

where m(t) is the amount of deposited calcium carbonate (g) at the respective time t (h),
A(t) is the area of the substrate covered by calcium carbonate (cm?) at the respective time
t (h) and p is the density of calcite (g/cm?3). The amount of deposited calcium carbonate can
simply be calculated by weighing the substrates before and after immersion for the
respective time, because the corrosion suffered in the studied austenitic stainless-steel
substrates at the studied pH is negligible. In our experiment, we did not weigh the
substrates immersed for 4.0 h because we confirmed many calcium carbonate particles fell
off the substrates in the reference solution. The area of the substrate covered by calcium
carbonate at the respective time A(t) was estimated using low magnification (x50) SEM
images by the conventional threshold algorithm [35] available in the Imagel/Fiji software
[36,37].

3. Results and discussion

3.1. Results at 20°C

We observed the crystal growth of calcium carbonate on the substrate surfaces for
the first 4 hours immersed in the reference and the air-nanobubbles-containing solutions.
We generated the air-nanobubbles containing solution with different bubble number
densities by changing the time of continuous nanobubble generation: low-number density
(continuous generation for 2 min), moderate-number density (5 min) and high-number
density (30 min) kept at 20.0°C. Immersed substrates were sampled from the reference
solution and the air-nanobubbles containing solution after 0.5, 1.0, 2.0, 3.0, and 4.0 h.

The weight change of calcite deposited on the substrate surface m(t) increased
gradually through time, from 14.9 mg (0.5 h) to 29.2 mg (3.0 h) for the reference solution.
However, we found that the deposited amounts of calcite in the air-nanobubbles-containing
solution were lower than those in the reference solution (Figure 2a). For example, the
weight changes in the air-nanobubbles containing solutions with moderate-number
densities after 0.5 and 1.0 h were 5.2 mg and 8.1 mg, respectively, indicating that air
nanobubbles helped inhibit approximately 70% of calcite deposition in the first 1.0 h. Also,
areal extents of calcite deposition on the substrate surface A(t) increased gradually with
time, from 74.3% (0.5 h) to 92.2% (3.0 h). The areal extents in the air-nanobubbles
containing solution with any bubble number densities were lower than those in the



reference solution (Figure 2b). The resulting averaged thickness of calcite deposition on the
substrate surfaces h(t) in the air-nanobubbles containing solution with moderate- and high-
number densities was well less than that in the reference solution (Figure 2c),
demonstrating that air nanobubbles inhibited up to 39% in thickness as compared with the
reference solution. On the other hand, the results with a low number density of air
nanobubbles were quite similar to those in the reference solution after 1.0, 2.0, and 3.0 h,
although we found a significant reduction in the areal extent (50%) with the low-number air-
nanobubbles containing solution for the first 0.5 h. These results suggest that air
nanobubbles with a bubble number density above a certain value can inhibit calcite
deposition.
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Figure 2: (a) Weight changes of the calcite deposited on the substrate surface in the 20°C
solution. (b) Areal extents of the calcite covering the substrate surface in the 20°C solution.
(c) Averaged thicknesses of the calcite deposited on the substrate surface in the 20°C
solution. Blue points: reference solution; Green points: low number density air-nanobubbles
containing solution; Orange points: moderate number density air-nanobubbles containing
solution; Red points: high number density air-nanobubbles containing solution.

Surprisingly, we also found from the high-magnification (x1000) SEM images that air-
nanobubbles retarded the crystal growth rate of calcite for all the studied periods 0.5-4.0 h
at 20°C (Figure 3). The retardation differed with the different number densities of
nanobubbles added to the solution. For example, our image analyses (see Section 2.2) using
the high magnification (x1000) SEM images (Figure 3) showed that the calcite crystal sizes in
the low-, moderate- and high-number density air-nanobubbles containing solution in the
first 0.5 h were 2.98+1.51, 2.26+1.13, and 2.48%1.23 um (Mean%1STD), respectively (Figure
4), yielding 59-78% of the size in the reference solution (3.84+2.20 um). Such retardation of
calcite crystal growth in the air-nanobubbles-containing solution was found even after 1.0 h,
and the crystal sizes in the air-nanobubbles-containing solution after 1.0 h were 64—-84 % of
the size in the reference solution (4.51+2.38 um). The level of retardation in the presence of
air nanobubbles was most significant after 4.0 h, reducing the mean size in the air-
nanobubbles-containing solution to 47% of that in the reference solution. The retardation
was not prominent in the low-number density air-nanobubbles containing solution for 2.0,
3.0 and 4.0 h, as expected from the measured weight changes reported above. In general,
however, it was slightly greater with the moderate- and high-number densities of
nanobubbles (Figures 3 and 4). Interestingly, irregular-shaped calcite was often produced in
the air-nanobubbles-containing solution, in contrast to rhombohedral calcite in the
reference solution throughout the studied 4 hours (Figure 3).
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Figure 3: SEM images (x1000 magnification) of calcite crystal after 0.5, 1.0, 2.0,3.0and 4.0 h
in the reference solution and the air-nanobubbles containing solutions with low-, moderate-
and high-bubble number densities at 20°C. A black scale bar indicates 20 um.
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Figure 4: Changes in calcite crystal sizes (Mean+1STD um) after 0.5, 1.0, 2.0, 3.0and 4.0 h in
the reference solution and the air-nanobubbles-containing solutions with low- to high-
bubble number densities at 20°C.

3.2. Results at 88°C

To examine whether air nanobubbles in the high-temperature fluid retard the
growth of calcite crystal as seen in the experiment at 20°C, we observed the crystal growth
of calcium carbonate on the substrate surfaces for the first 3 hours (see Section 2.2)
immersed in the reference solution and the solution containing a high-number density of air
nanobubbles (continuous nanobubble generation for 30 min) kept at 88.0+0.5°C. Immersed
substrates were sampled from the reference solution and the air-nanobubbles-containing
solution after 0.5, 1.0, 2.0, and 3.0 h.

Amounts of the calcite deposited on the substrate surface increased gradually
through time, from 13.7 mg (0.5 h) to 48.6 mg (3.0 h) for the reference solution. In the high-
number density air-nanobubbles-containing solution, the weight changes were lower than
those in the reference solution likewise we found in the experiment at 20°C. For example,
the weight changes in the air-nanobubbles containing solution were 13.0 mg (1.0 h), 28.8
mg (2.0 h), and 39.1 mg (3.0 h), indicating that air nanobubbles helped inhibit up to 38% of
calcite deposition. Also, areal extents of calcite deposition on the substrate surface in the
air-nanobubbles containing solution were lower than those in the reference solution
throughout the studied 3 hours. The resulting averaged thickness of calcite deposition on
the substrate surfaces in the air-nanobubbles-containing solution was generally less than
that in the reference solution, showing air nanobubbles inhibited up to 42% in thickness
compared with the reference solution.

When looking at the high-modification SEM images of calcite crystals, we found the
retardation of calcite crystal growth in the presence of air nanobubbles, as seen in the



experiment at 20°C (Figure 5). For example, the average sizes of calcite crystals in the air-
nanobubbles-containing solution after 0.5 h, 1.0 h, and 3.0 h were 2.39+1.07, 2.99+1.41,
and 3.09+1.23 um, respectively, presenting 93%, 78%, 67% of those in the reference
solution. The results indicate that air nanobubbles in the high-temperature fluid retard the
calcite crystal growth, while that the magnitude of retardation was less than that at 20°C.
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Figure 5: SEM images (x1000) and sizes (Mean*1STD um) of calcite crystal after 0.5, 1.0, and
3.0 hiin the reference and the high number density air-nanobubbles containing solutions at
88°C. A black scale bar indicates 20 um.

3.3. Influence of nanobubbles on the calcite growth

Nanobubbles play significant roles in various physicochemical processes at the liquid-
solid interfaces. Many previous studies show microbubbles and nanobubbles can involve in
the micro- and nano-material fabrications. For example, Aquilano et al. [38] report the
nucleation of calcite crystals at the surfaces of CO, microbubbles. Fan & Wang [39] suggest
nanobubbles can be templates for the formation of tube-shaped vaterite crystals. In this
study, we have found, for the first time to our knowledge, that air nanobubbles reduce the
growth rate of calcite by up to ~50% and inhibit the calcite deposition on the steel surface at
tested temperatures. Intuitively, our results suggest that the number density of
nanobubbles should somehow be reduced as much as possible when we aim to avoid the
reduction in the growth rate of calcite crystal, given that nanobubbles retard the crystal
growth. Nanobubbles can exist both in the bulk of the liquid and on the liquid-solid interface
(i.e., crystal surface and metal substrate). When most nanobubbles are present in bulk, their
role in mitigating homogenous nucleation and bulk crystallization may be more dominant
than inhibiting heterogeneous nucleation and surface crystallization. In contrast, when most
nanobubbles are present as surface nanobubbles, they may facilitate mitigating calcite
crystal growth by inhibiting heterogeneous nucleation rather than inhibiting homogenous
nucleation. Below, we will discuss several possible mechanisms regarding how nanobubbles
retard the calcite crystal growth and inhibit calcite deposition.



3.3.1. Solid-liquid interfacial tension on the crystal surface

Let us consider the classical nucleation theory (CNT) that represents the simplest and
most widely used theory that describes a process of crystal nucleation [40,41]. The CNT
theory and the Wilson-Frenkel law can be used to qualitatively understand the effect of
interfacial tension upon the crystal growth, although they are based on major assumptions
that allow simplifying the complex processes [41]. Using the CNT theory and the Wilson-
Frenkel law, the steady-state rate of nucleation per unit time per unit volume (/) and the
crystal growth rate (R) can be expressed by:

16mN203
] =1Jo exp (=5 2m00s), (2)
. K 200
R~ kgT (A,u TR )’ (3)

where J, is the kinetic pre-factor, R is the effective radius, ( is the volume of a molecule, o
is the interfacial tension of the interface between the nucleus and the bulk phase, kg is
Boltzmann’s coefficient, T is the absolute temperature, Ay is the difference in chemical
potential between the liquid and the crystalline phase the nucleus is forming in minus the
chemical potential of the phase nucleating, and K is the kinetic coefficient (see Appendix A).
It is clear that the crystal growth rate and the nucleation rate decrease with an increase in
solid-liquid interfacial tension from equations (2) and (3).

Several previous studies report that nanobubbles on the graphite substrates
immersed in water can decrease their liquid-gas surface tension, while the small size of
nanobubbles we studied may show a higher surface tension than that of water [42,43]. On
the other hand, few works studied whether the solid-liquid interfacial tension can change in
the presence of nanobubbles in the solid-liquid interface. Ohgaki et al. [16] suggested that
the formation of a strong hydrogen bond network at the surface of nanobubbles can help
the greater solid-liquid interfacial tension. Our results revealed that air-nanobubbles retard
the crystal growth rate and the retardation is already seen in the first 30 min (Figures 3 and
4). Therefore, this retardation could be explained by the intensification of solid-liquid
interfacial tension due to the presence of nanobubbles attached to the surface of nuclei of
calcium carbonate (Figure 6), given that the change in the difference of chemical potential
between the liquid and the crystalline phase associated with the presence of nanobubbles
Ap is negligible. The increase in solid-liquid interfacial tension due to nanobubbles might
also help the reduction in the crystal nucleation rate of calcium carbonate, although we
could not identify the effect in our experiment. These two effects of nanobubbles upon the
interfacial tension of the interface between the nucleus and the bulk phase might
significantly mitigate the crystal nucleation and growth of calcite. The less retardation in our
experiment at the high-temperature condition as compared with that at 20°C might be
explained by the fact that the interfacial tension decreases with the increase of temperature
(e.g., EOtvos rule [44,45]) as well as the instability of nanobubbles adsorbed on the crystal
surface.

3.3.2. Bubble mattress

Nanobubbles placed on a solid surface can exert a strong influence on the surface.
Our results showed that weight changes of steel substrates are smaller with the presence of
nanobubbles, and their effect was more significant with a higher number density of
nanobubbles (Figure 2). In addition to their role in the interfacial tension and thermal buffer
on the crystal surface, we also expect that surface nanobubbles may play a role as a



dispersant to prevent heterogeneous nucleation of calcium carbonate crystals and/or avoid
the lateral growth of deposits on the steel surface. This is because nanobubbles favor
staying longer on a rough surface with the help of a pining force on a rougher surface such
as the studied metal surface. When nanobubbles are placed on the steel surface, they can
act as a bubble mattress on the steel surface [46] in contrast to microbubbles that may just
be washed away [47]. The nanobubble mattress can isolate the steel surface from the fluid
for a further chemical reaction [27,48]. Also, the surface nanobubbles can simply play a role
in thickening the fluid boundary layer on the steel surface [28], resulting in lengthening the
path of calcium carbonate particles to the steel surface. Therefore, we would suggest that
the surface nanobubbles could act as a nanoscale surface coating material by generating a
bubble mattress for preventing from exposing the initiated active interface to the liquid.

Crystallization of new liquidus phases releases latent heat at the interfaces, thereby
the latent heat should be conducted into the bulk for the crystal to grow [49]. When the
nuclei are subject to the solution in the absence of nanobubbles, the heat conduction is
simply governed by the thermal conductivity of the solution. Very few studies provided the
thermal effect of nanobubbles on the liquid-solid interface relevant to this study. However,
when nanobubbles are placed on the surfaces of nuclei or growth sites, the heat conduction
on the liquid-solid interface is more or less hampered because they are gas entities and
have much lower thermal conductivity than the liquid has, resulting in retarding the crystal
growth (Figure 6). This further suggests that covering a higher concentration of nanobubbles
on the surface of the nucleus or growth sites makes it more difficult to release latent heat
into the bulk and grow. Therefore, our results that showed the retardation of calcite crystal
growth in the presence of nanobubbles, as well as its intensification with a higher number
density of nanobubbles (Figures 3 and 4), could be explained by that surface nanobubbles
play a significant role in thermal buffering of the crystal surface. The generation of irregular-
shaped calcite crystals in the air-nanobubbles containing solution (Figure 3) might be
attributed to the fact that surface nanobubbles were not placed evenly on the crystal
surface, allowing heterogeneous thermal buffering on the crystal surface.

Furthermore, the nanoscopic bubble mattress can also cover the terraces and steps
of the crystalline interface. Calcite surfaces are composed of the crystallographic faces (0 0
1),(110),(012)and(104),and the overall interface properties of calcite crystal are
dominated by the properties of the (1 0 4) face due to the low energy and the resulting high
abundance [50 — 52]. When nanobubbles are placed on the terraces of the (1 0 4) faces,
they serve as impurities and reduce the free growth sites lowering the free surface energy
on the crystal interface. Here, when assuming the Davey-Mullin model in the presence of
foreign species [53,54], the growth rate of the given face can simply be proportional to
(1 — 0,,;), where 8, is the fraction of crystal surface covered by nanobubbles. This can
explain our results that a higher number density of nanobubbles showed greater retardation
of growth rate most likely due to increasing their surface coverage of the terraces. Also, the
surface nanobubbles on the terraces ahead of migrating steps might function as the step
pinning and/or preferentially pinned at the obtuse and acute step edges, encouraging to
inhibit the calcite crystal growth (Figure 6). The step pinning by adsorbed impurities is
widely accepted to inhibit crystal growth [55 — 60], while the step height is a few A [56]
which is one or two orders of magnitude smaller than the height of surface nanobubbles
[61].
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Figure 6: Possible mechanisms how nanobubbles retard the calcite crystal growth.

3.3.3. Other possible mechanisms

Other than the roles of nhanobubbles discussed in the earlier sections, we also
anticipate the electrochemical effect of bulk nanobubbles. For the calcite growth both Ca?*
and COs?" ions need to be brought to the surface of the growth site, and thereby the Ca?* to
COs?" ratio is one of the key factors determining the calcite growth rate [11,12].
Nanobubbles are negatively charged at pH > 5 [26,28,62] because of the preferential
adsorption of OH™ in the first layers of water molecules at the gas-liquid interface [63]. Thus,
nanobubbles are capable of the physical adsorption of Ca?* ion species on the nanobubble
interfaces, reducing the chance of Ca?* ions combining with CO3%~ ions (Figure 6). This
suggests that nanobubbles can significantly decrease the Ca%* to COs?™ ratio on the liquid-
solid interface, which results in reducing the rates of nucleation and crystal growth of
calcite.

Nanobubbles are known to withstand more than several hours and often up to
several months [16 — 18]. Several of them are subject to bubble coalescence allowing them
to grow, and once they are placed on the solid surface they probably contribute to thermal
buffering (Section 3.3.2), generation of bubble mattress (Section 3.3.3) and flotation that
result in inhibiting agglomeration and crystal growth of calcium carbonate. However,
nanobubbles may swell and burst in the bulk liquid, and some of them may shrink, collide
with each other or are subject to Ostwald ripening, and they eventually collapse within a
couple of minutes or much shorter than the time [64]. When nanobubbles burst, they can
be energetic enough to disperse their neighboring particles because of their extremely high
internal pressures, as expected from the Young-Laplace equation (e.g., Ref. [15]).
Furthermore, cavitation bubbles cause mechanical damage and can generate high-energy
electromagnetic radiation. In this sonoluminescence, the temperature rise is reached rapidly
during bubble collapse due to adiabatic compression and light is emitted. Here, an
extremely high temperature can be archived with more than 10,000 kelvins within several
100’s of picoseconds [65 — 67]. Such bubble collapse can only heat a tiny volume near the



bubbles to very high temperatures. Although the nucleation rate of calcium carbonate
increases with temperature (equation (3)), the crystal growth rate decreases linearly with an
increase in temperature as found in equation (2). Therefore, the sonoluminescence during
some collapses of surface nanobubbles could encourage to retard the crystal growth of
calcium carbonate through the extreme and rapid temperature rise locally on the crystal
surface.

4. Conclusions

This study has paused the question of whether nanobubbles as the environmental-
friendly and inexpensive additives inhibit or promote the calcite crystal growth. We found,
for the first time to our knowledge, that air nanobubbles retarded the rate of calcite crystal
growth by up to 50% for the first 4 hours in stational pure water at temperatures of 20°C
and 88°C. The retardation could differ with the different number densities of air
nanobubbles added to the solution at the temperature of 20°C. A higher number density of
air nanobubbles generally showed slightly higher retardation. We suggest that bulk and
surface air nanobubbles can influence the crystal growth either through changing solid-
liquid interfacial tension on the crystal surface, reducing the free growth areas due to
adsorption of nanobubbles at calcite terraces, playing roles in bubble mattress and thermal
buffering on the crystal surface, reducing the chance of Ca?* to combine with CO3?~ by the
adsorption of Ca%* on the nanobubble interface, or combinations of them; however, more
definitive investigations are necessary for clarifying which factors are a primary one or
whether combinations of different effects change the magnitude of retardation. Also, it
remains to open to understanding whether the effectiveness of nanobubbles on the crystal
growth retardation differs with the choice of gases (e.g., N2, Oz, CO,, and air) for generating
nanobubbles, typical diameters of nanobubbles, pH conditions, and under dynamic
conditions instead of static conditions we studied, which should be studied in future works.
Anyhow, our finding highlights that air nanobubbles can be used as an effective “green”
inhibitor for the crystal growth of calcium carbonate in broad industrial areas at least under
certain conditions.
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Appendix A. The rates of crystal nucleation and crystal growth

In the CNT theory, density fluctuations in a metastable phase cause the formation of
clusters of prenucleation. They assemble and disassemble continuously until attaining a
certain critical size, and once reaching the certain critical size they become stable and grow
spontaneously to form crystal nuclei. The thermodynamic description of this process can be
defined by the total free-energy change required for cluster formation (AG) as a sum of the
free energy change for the phase transformation (AG,) and the free energy change for the
formation of a surface (AGy), so that:

AG = AG, + AG, = al3AG, + BlL?a, (A.1)
where o is the interfacial tension of the interface between the nucleus and the bulk phase,
and o and 3 are the volume and area shape factors for the characteristic length L,

respectively. Assuming spherical clusters, equation (A.1) can be rewritten as:

46 = - Ay + anR%, (A.2)
where R is the effective radius, Ap is the difference in chemical potential between the liquid
and the crystalline phase the nucleus is forming in minus the chemical potential of the
phase nucleating (i.e., the solid state is more stable than the liquid, decreasing the Gibbs
free energy of the system), and () is the volume of a molecule [68]. Then we have the
infinitesimal change of free energy §(AG) with an infinitesimal radius increase 8R from

equation (A.2):
S(AG) = (— T A+ 87TR0) SR. (A.3)

Here, as number of molecules of crystal SN = (4mR?8R)/Q increases, the infinitesimal
change of free energy per one molecule is expressed from equation (A.3):

0 (s - 2) )

which indicates that the driving force for crystal growth is reduced by 2Qc/R from the
chemical potential Ap.

Given that the total crystal growth rate R represents the difference between the rate
of deposition in crystal and the rate of evaporation from crystal at time, the simple Wilson-
Frenkel law for the growth rate in the absence of the effect of interfacial tension is
expressed by:

R=K (exp (%) - 1), (A.5)
where K is the kinetic coefficient, kg is Boltzmann’s coefficient and T is the absolute
temperature [69]. Therefore, when taking into account the effect of interfacial tension, the
crystal growth rate for small enough Au can be approximated from equations (A.4) and

(A.5):

R~ k‘% (Au - ZQT") (A.6)

which indicates that the crystal growth rate decreases linearly with an increase in interfacial
tension o. The free energy reaches its maximum at a value of the critical size R,.. For clusters
larger than the critical size, the total free energy decreases, and thus growth becomes
energetically favorable. The critical size can be easily found by setting the derivative of AG
to zero, 6(AG)/86R = 0 in equation (A.2), i.e., R, = 2Q0/Ap. Thus, the maximum value of
the free energy change “activation barrier for nucleation” AG, [40,54] is obtained from
equation (A.2):

__ 16w 0%03

AGC = T(A,u)z'

(A.7)



Therefore, the steady-state rate of nucleation J per unit time per unit volume (the von

Weimarn rules nucleation rate [70]) is expressed in the Arrhenius form by substituting
equation (A.7):

AGc\ I
J=1Joexp (=) = Jo exp (— 500): (A.8)

where J, is the kinetic pre-factor [54,71]. Equation (A.8) indicates that the nucleation rate J
increases with temperature T and decreases with an increase in interfacial tension o.
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