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A B S T R A C T

The calcium carbonate (CaCO3) scale generated in water pipes and heat exchangers causes serious prob-
lems such as pipe blockage and corrosion. This study investigates the effect of the 4-to-10 μm-long and
350-to-700 nm centering-nucleus-wide ZnO tetrapod-like nanomaterials and polydimethylsiloxane composite
(t-ZnO/PDMS) on deposition and polymorphism of CaCO3 crystals on the stainless-steel substrate. The results
showed that the t-ZnO/PDMS coating inhibited CaCO3 depositions and represented an excellent antifouling
coating. The weight-based inhibition efficiencies of CaCO3 deposition were up to 81.3% and 63.2% at 20 ◦C and
60 ◦C, respectively. The t-ZnO/PDMS coating also exhibited good inhibition in the presence of liquid flow. The
inhibition is primarily because the very fine concave-convex microstructure of the t-ZnO/PDMS coated surface
lowered the surface energy of the substrates, making it difficult for CaCO3 crystals to adhere to the surface.
Also, metastable vaterite and aragonite precipitations were dominant in the t-ZnO/PDMS coated coupons at
20 ◦C and 60 ◦C, respectively, whereas the uncoated coupon exhibited calcite as the predominant polymorph
in all the studied conditions. The t-ZnO/PDMS composite subject to the liquid flow made calcites distorted
and framboidal vaterite aggregates, likely due to their mechanical effects. The inhibition of CaCO3 depositions
is due to achieving hydrophobicity on substrate surfaces, changing preferential polymorph formation, and
tailoring the morphology of the given polymorph by the t-ZnO/PDMS composite.
. Introduction

Calcium carbonate (CaCO3) is among the most abundant miner-
ls on earth, posing important in a broad discipline of studies, in-
luding scale formation (MacAdam and Parsons, 2004; Chaussemier
t al., 2015), water treatment (Fathi et al., 2006), various interactions
ith heavy metals (Aziz et al., 2008; Wen et al., 2020), thermal
nergy storage (Pardo et al., 2014), medicine, drug delivery, orthope-
ics (Wei et al., 2008; Parakhonskiy et al., 2015; Zhao et al., 2015),
urable construction materials (Saulat et al., 2020), biomineraliza-
ion (Dhami et al., 2013), and global CO2 cycle (Falkowski et al.,
000). Scale formation or crystallization fouling is an unavoidable
roblem in water pipes and heat exchangers subjecting to temperature
hanges (MacAdam and Parsons, 2004; Chaussemier et al., 2015). Scale
ormation occurs in various locations, from industrial to consumer
pplications, including industrial water drainage pipes, road and rail-
ay tunnels, gas water heaters used in houses, cooling towers and

eawater electric field treatment pipes at nuclear power plants, and
eothermal power plants (MacAdam and Parsons, 2004; Kioka and
akagawa, 2021). Given the growing demands of inhibiting CaCO3

cale formations, numerous papers have studied the mechanisms of

∗ Corresponding author at: Department of Earth Resources Engineering, Faculty of Engineering, Kyushu University, Fukuoka 819-0395, Japan.
E-mail address: kioka@mine.kyushu-u.ac.jp (A. Kioka).

scale formation and reported effective inhibitors and measures to mit-
igate CaCO3 depositions at various temperatures and chemical condi-
tions (MacAdam and Parsons, 2004; Chaussemier et al., 2015; Kioka
and Nakagawa, 2021; Eichinger et al., 2022). The practical methods
of inhibition include (non-)phosphorus chemicals (Tang et al., 2008),
polyelectrolyte (Martinod et al., 2008), natural organic molecules, plant
extracts (Chaussemier et al., 2015), micro-/nanobubbles (Tagomori
et al., 2022; Tegladza et al., 2023; Zhang et al., 2023), and coatings by
TiO2 and SiO2 nanomaterials (Yan et al., 2007; Ning et al., 2012; Kiaei
and Haghtalab, 2014). However, most reported inhibitors and measures
were studied in conditions with no flow or very slow liquid flows.
This fact implies that seeking effective inhibitors and measures in the
presence of liquid flow remains challenging. Advanced nanostructured
materials will change the physicochemical properties at the surface and
interface of a solid substrate to achieve a high inhibition efficiency even
in the presence of liquid flow.

CaCO3 exhibits three crystalline anhydrous polymorphs, including
calcite, aragonite, and vaterite, where calcite is the most thermody-
namically stable and vaterite is the least stable. CaCO3 also exhibits
three hydrous polymorphs; amorphous calcium carbonate (ACC), cal-
cium carbonate monohydrate, and calcium carbonate hexahydrate.
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ACC is the least stable non-crystalline polymorph and often acts as the
precursor to forming the more stable crystalline polymorphs (Ogino
et al., 1987; Gebauer et al., 2008; Rodriguez-Blanco et al., 2011).
Controlling precipitation polymorphs should influence the scale system
and help mitigate scale formation on the metal surface. For example,
metastable vaterite and aragonite polymorphs have a higher specific
surface area, solubility, and dispersion than calcite (Naka et al., 2002).
However, the polymorph formation and transition, crystal growth, and
depositions of CaCO3 depend on chemical and environmental condi-
tions (Oral and Ercan, 2018), hampering a thorough understanding of
their mechanisms and providing more universally applicable inhibitors
and measures. Among the proposed inhibition methodologies, their
effectivities depend primarily on the target materials subject to scale
formation (Doyle et al., 2002). Therefore, the advanced nanomaterials
applicable to various target materials will be valuable for alternative
techniques to mitigate CaCO3 depositions.

Zinc oxide (ZnO) nanomaterials are of great interest due to their
widespread utilization in catalysis, dye-sensitized solar cells, sensors,
sunscreens, cosmetics, coatings, and optical and electronic materi-
als (Zhang et al., 2008; Ali and Winterer, 2010; Zhou and Keller,
2010). ZnO nanoparticles are one of the most manufactured nanoparti-
cles, and the global production of ZnO nanoparticles is 31,500–34,000
tonnes per year (Keller and Lazareva, 2014). The growing quantities
of ZnO nanoparticles are expected to find their way into ecological sys-
tems, wastewater treatment, landfill deposition, or other processes. ZnO
nanomaterials are generally low-cost, non-toxic, and biocompatible,
and their configurations are more copious than any studied nanomateri-
als, including carbon nanotubes (Wang, 2004). Among various types of
ZnO nanomaterials, tetrapod-shaped ZnO (t-ZnO) nanomaterials exhibit
a very promising technological potential in broad areas of applica-
tions (Wang, 2004). It should also be mentioned that embedding t-ZnO
nanomaterials in a polymer, such as the most widely used polymer
polydimethylsiloxane (PDMS), improves its wettability features (Zhang
et al., 2010; Lee et al., 2011; Mishra and Adelung, 2018; Ghannam
et al., 2019), indicating that the t-ZnO-based polymer hydrophobic
coatings/paints can be readily developed and mounted on all the
industrial equipment that needs to be waterproofed. One of the possible
practical measures taken to mitigate scale formation is manipulating
the fluid wettability on the substrate surface to prevent scale deposits
from adhering to the material surfaces.

However, to our best knowledge, no papers have studied utiliz-
ing the hydrophobic features of ZnO to mitigate scale formations.
In this work, we investigate the effect of t-ZnO on the precipitation
and preferential polymorph formation of CaCO3 crystals by laboratory
batch experiments that simulate the conditions, including the pres-
ence/absence of liquid flow, temperature, and solution concentration.
This paper is the first work revealing that the composite of t-ZnO
nanomaterials and polydimethylsiloxane (t-ZnO/PDMS) changes poly-
morphism and inhibits CaCO3 precipitations. This work sheds new light
upon the deposition inhibitions and polymorphism of CaCO3 crystals
n the presence of t-ZnO nanomaterials, helping to provide a novel,
ffective, universally-applicable, and low-cost way to prevent scale
ormations.

. Materials and methods

.1. Experimental setup

The objective of the study is to understand the effect of the t-
nO/PDMS composite on the deposition and polymorphism of CaCO3
rystals on the stainless-steel substrate using the most simple and
eneric experiment systems possible. We thus suspended test coupons
n surface-contamination-controlled (SCC) pre-cleaned PP bottles (250
L; AS ONE Corp., Osaka, Japan) using a PTFE string to prevent

he coupons from contacting with the bottle walls and bottle bottom.

he diameter and height of the bottles were 6.2 cm and 13.0 cm,

2

Table 1
Studied experimental conditions A–D.

Condition Temperature Solution concentration Liquid flow

A 20 ± 1.0 ◦C 300 mM/L No (static)
B 60 ± 0.5 ◦C 300 mM/L No (static)
C 20 ± 1.0 ◦C 150 mM/L No (static)
D 20 ± 1.0 ◦C 300 mM/L 39 ± 5 cm/s

respectively. We then produced CaCO3 crystal precipitations within the
bottles by dissolving sodium hydrogen carbonate NaHCO3 and calcium
chloride dihydrate CaCl2⋅2H2O (FUJIFILM Wako Pure Chemical Corp.,
Osaka, Japan) in ultrapure water (PURELAB Flex 3, ELGA, UK). The
coupons were immersed in the tested solution with a vertical orienta-
tion (Wang et al., 2013). We chose stainless steel as the coupon material
because it has corrosion resistance and generates fouling much faster
than other candidate materials, such as acrylic and Teflon (Doyle et al.,
2002). The coupon was austenitic stainless steel SUS304 (C ≤ 0.08,
8.0 ≤ Ni ≤ 10.5, 18.0 ≤ Cr ≤ 20.0, Si ≤ 1.0, Mn ≤ 2.0, P ≤ 0.045,
S ≤ 0.030 wt%, Fe: balance) and its surface area was 11.5 cm2. The
maximum roughness 𝑅𝑧 of the tested austenitic stainless-steel coupon
was 0.2–0.6 μm by buff polishing with a 400 grit (San-Ai Kagaku
Co., Ltd., Nagoya, Japan). We transferred the mixed solution to the
bottle and immersed the tested austenitic stainless-steel coupons. We
immersed the tested coupons with and without coating the tetrapod-
like ZnO single crystals and polydimethylsiloxane (PDMS) composite
(t-ZnO/PDMS) for 30, 60, 120, and 180 min under four different
experimental conditions. The four experimental conditions were (A)
no liquid flow at temperature and concentration of the solution of
20 ± 1.0 ◦C and 300 mM/L, (B) no liquid flow at 60.0 ± 0.5 ◦C and
300 mM/L, (C) no liquid flow at 20 ± 1.0 ◦C and 150 mM/L, and (D)
a liquid flow with an equivalent flow velocity at the surface of 39 ± 5
cm/s using a magnetic stirrer at temperature and concentration of the
solution of 20.0 ± 1.0 ◦C and 300 mM/L (Table 1). The pH fell within
5.9 and 6.1 in all the studied conditions.

2.2. Analyses

After immersion of coupons for the respective time of 30, 60, 120,
and 180 min, we sampled, washed, and dried the coupons, and calcu-
lated the weight changes of coupons in mg/cm2 (mg of weight change
per 1 cm2 of coupon surface). We confirmed that neither corrosion of
the stainless-steel substrate nor abrasion of t-ZnO/PDMS coating was
present throughout our experiment. The absolute value of the given
weight change was thus identical to the weight of CaCO3 crystals
deposited on the coupon surface. The uncertainty in measured weight
changes per area arising from reproducibility in our experiment was
less than 0.087 mg/cm2. We also analyzed the CaCO3 crystals precipi-
tated on tested coupons by Scanning Electron Microscope (SEM) using
JSM-IT700HR (JEOL, Ltd., Tokyo, Japan) and quantified the fractions
of the number and coverage of precipitated crystals and polymorphs
of CaCO3. The percentages of the total number and total areal extent
of precipitated crystalline anhydrous polymorphs of CaCO3 (calcite,
aragonite, and vaterite) were defined by:

𝑓𝑁𝑖 =
𝑁𝑖

∑

𝑖 𝑁𝑖
× 100, (1)

𝑓𝐴𝑖 =
𝐴𝑖

∑

𝑖 𝐴𝑖
× 100, (2)

where 𝑓𝑁𝑖 and 𝑓𝐴𝑖 are percentages of the total number and total
real extent of the given polymorph 𝑖 (𝑖 = calcite, aragonite, vaterite),
espectively, and 𝑁𝑖 and 𝐴𝑖 are the total number and total areal extent
μm2) of the given polymorph 𝑖, respectively. The total areal extent 𝐴𝑖

was computed using the ImageJ/Fiji software (Schindelin et al., 2012;
Schneider et al., 2012).
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Fig. 1. SEM images of t-ZnO/PDMS composite.

2.3. t-ZnO/PDMS composite coating

We fabricated the t-ZnO/PDMS composite by dissolving tetrapod-
shaped ZnO (t-ZnO) nanomaterials (Panatetra-WZ0501; AMSTEC Co.,
Ltd./Panasonic Industry Co., Ltd., Osaka, Japan) and polydimethyl-
siloxane (PDMS) room-temperature-vulcanizing silicone (HC2100; Dow
Toray Co., Ltd., Tokyo, Japan) to 60 mL of ethyl acetate (FUJIFILM
Wako Pure Chemical Corp., Osaka, Japan) and stirring them for 10 min.
PDMS is a silicone-based polymer that is transparent, flexible, bio-
compatible, inexpensive, and easy to use, allowing a wide range of
applications. PDMS is also a highly versatile elastomer with outstand-
ing chemical and thermal stability, corrosion resistance, repeatability,
chemically inertia, and hyperplastic characteristics (Eduok et al., 2017;
Wolf et al., 2018; Ren et al., 2020). The studied t-ZnO nanomaterials
are the tetrapod- and needle-shaped crystals grown in the 𝑐-axis di-
ection of hexagonal ZnO from four alternating faces of each part of
he regular octagonal shape (Fig. 1). The length of the legs of t-ZnO
ingle crystals was 4–10 μm, and the typical edge size of the centering
ucleus was 350–700 nm, resulting in a slightly acute angle of 5–8◦.
his tetrapod morphology leads to loose packing with an apparent
ensity of 100 kg/m3, forming a porous framework with an acicular
urface in an elastic PDMS (Fig. 1).

Because ZnO nanomaterials embedded in polymers are known to ex-
ibit hydrophobic behavior (Zhang et al., 2010; Lee et al., 2011; Mishra
nd Adelung, 2018; Ghannam et al., 2019), selecting an appropriate
atio of t-ZnO and PDMS is essential to achieve hydrophobicity as high
s possible. The weight fraction of t-ZnO in the t-ZnO/PDMS composite
𝑡−ZnO is defined as:

t−ZnO =
𝑚𝑡−ZnO ,
𝑚𝑡−ZnO + 𝑚PDMS

3

where 𝑚t−ZnO and 𝑚PDMS are weights of t-ZnO and PDMS in the t-
ZnO/PDMS composite. We selected the weight fraction of t-ZnO in the
t-ZnO/PDMS composite 𝑓𝑡−ZnO = 0.5 (t-ZnO 1.5 g and PDMS 1.5 g)
because it presents the best for achieving high water repellence (Ya-
mauchi et al., 2019). We thus performed the coating of the t-ZnO/PDMS
composite with 𝑓𝑡−ZnO = 0.5 on the stainless-steel coupon and dried it
in an oven for 12 h at 40 ◦C. The coating was evenly spread throughout
the coupon surface, and the coating density of t-ZnO/PDMS composite
was 55 μL/cm2 (μL of coating per 1 cm2 of coupon surface), averaging
∼1.4 mg/cm2 of t-ZnO on the coupon surface. To evaluate the enhanced
hydrophobicity due to the t-ZnO/PDMS composite coating, we mea-
sured the contact angle of water on the surface by the conventional
sessile drop method using 10 μL droplets of ultrapure water. The
contact angle on the surface of the austenitic stainless-steel coupon
with and without t-ZnO/PDMS coating was 144◦ and 93◦ (Fig. 2).
Thus, the contact angle increased by approximately 50◦ due to the t-
ZnO/PDMS coating on the stainless-steel substrate, achieving an almost
superhydrophobicity (Law, 2014) on the t-ZnO/PDMS coated coupon.
The t-ZnO/PDMS composite sustains good hydrophobicity even under
the condition subject to unceasing abrasion and bending because of
the tetrapod geometry of ZnO and elasticity of PDMS (Yamauchi et al.,
2019), promising to maintain the hydrophobic effect for a much longer
time than our experiment.

3. Results and discussion

3.1. Weight-based inhibition of CaCO3 depositions

The weight of CaCO3 crystals deposited on the surfaces of uncoated
stainless-steel coupons (reference) increased with test time in all the
Conditions A – D. The weight per surface area of CaCO3 crystals de-
posited on the surfaces of uncoated stainless-steel coupons (reference)
increased with time, from 0.78 mg/cm2 (30 min) to 1.92 mg/cm2

180 min) and 1.39 mg/cm2 (30 min) to 1.83 mg/cm2 (180 min) in
onditions A and B, respectively (Fig. 3a & b). The greater deposition
eight in Condition B (60 ◦C) at 30–120 min is due to the lower
issolubility of CaCO3 with its solution temperature higher than the
emperature in Condition A (Plummer and Busenberg, 1982). Also,
he weight per surface area of CaCO3 crystals deposited on the un-
oated stainless-steel coupons (reference) increased with time, from
.35 mg/cm2 (30 min) to 1.39 mg/cm2 (180 min) and 0.26 mg/cm2

30 min) to 0.87 mg/cm 2 (180 min) in Conditions A and B, respectively
Fig. 3c and d). The less deposition weight in Condition D with a
ower concentration (150 mM/L) than that in Condition C with a higher
oncentration (300 mM/L) is because Condition D is subject to liquid
low, encouraging to prevent deposition on the surfaces of stainless
teel.

Also, the weight of CaCO3 crystals deposited on the surfaces of the
-ZnO/PDMS coated coupons increased generally with test time in Con-
itions A – D. However, as compared with the weight of CaCO3 crystals
eposited on the uncoated stainless-steel coupons, the t-ZnO/PDMS
oated coupons showed less weight of CaCO3 crystals deposited on
he coated substrate surface, ranging from 0.35 mg/cm2 (30 min) to
.78 mg/cm2 (180 min) and 0.78 mg/cm2 (30 min) to 0.87 mg/cm2

180 min) in Conditions A and B, respectively (Fig. 3a and b). Likewise,
he t-ZnO/PDMS coating also mitigated CaCO3 deposition on the coated
ubstrate surfaces than reference in Conditions C and D (Fig. 3c and d).
owever, in contrast to the changes observed in the uncoated reference
oupons, the t-ZnO/PDMS coated coupons did not necessarily show a
onotonical temporal increase in the weight of CaCO3 deposition. For

xample, the weight per surface area of CaCO3 deposition increased
rom 30 min to 60 min, reaching 0.96 mg/cm2, while it dropped to
.61 mg/cm2 at 120 min in Condition B (Fig. 3b). These results might
ndicate that the t-ZnO/PDMS coating restricts the CaCO3 deposition to
1 mg/cm2 in all the studied static conditions.
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Fig. 2. Increase in contact angle due to t-ZnO/PDMS coating on stainless-steel substrate. The contract angles were measured using 10 μL droplets of ultrapure water at 20 ◦C.
Fig. 3. Weight of CaCO3 crystals (μg/cm2) deposited on the uncoated stainless-steel coupons (‘‘Reference’’) and t-ZnO/PDMS coated coupons. (a) Condition A, (b) Condition B,
(c) Condition C, (d) Condition D.
These results revealed that the t-ZnO/PDMS coating shows good
weight-based inhibition of CaCO3 deposition. The averaged inhibi-
tion efficiencies throughout the tested time of 180 min due to the
t-ZnO/PDMS coating in Conditions A – D were 60.5%, 48.6%, 68.2%,
and 55.1%, respectively (Fig. 4). The inhibition efficiency in Condi-
tion B was most inferior, ranging from 35.3(–10.3/+9.2)% to 63.2(–
7.6/+6.8)% at the respective time, suggesting that the weight-based
inhibition performance by t-ZnO/PDMS composite is less significant
with higher temperatures. However, the inhibition efficiency was gen-
erally better with time in all the studied conditions, perhaps indicative
of better inhibition performance with larger sizes of deposited crystals.
Notably, the inhibition efficiency was considerably enhanced with
time in Condition D, achieving up to 80.1(–13.3/+10.9)% at 180 min
(Fig. 4). This result should highlight that the t-ZnO/PDMS coating is
well durable against liquid flows, allowing to have the advantage of
being able to mitigate the CaCO3 deposition even in the presence of
liquid flows.
4

The divalent zinc cation Zn2+ has inhibition effects on CaCO3
precipitation by reducing the nuclei sites and interfering in the growth
stages of CaCO3 crystallization (Sabzi and Arefinia, 2019) and/or de-
laying the precipitations due to the cation interaction with hydroxide
anions OH− (Benslimane et al., 2020). Previous studies showed that
ZnO nano- and microparticles dissolve readily under acidic and alkaline
conditions; however, their dissolution is limited under the neutral
conditions we studied (Bian et al., 2011; Wu et al., 2019). We thus
examined inhibitory effects on the CaCO3 precipitations by t-ZnO alone
if its dissolution to a solution is sufficient to have the inhibition effects.
Below, we investigated the effect of possible Zn2+ ions leached from
t-ZnO/PDMS coatings on the CaCO3 deposition. We added 100 mg
of t-ZnO powders (approximately 10 times more than the weight of
t-ZnO in the given t-ZnO/PDMS coated coupon) to the 300 mM/L
NaHCO3+CaCl2⋅2H2O solution at 20 ◦C (identical to Condition A), and
then immersed the uncoated stainless-steel coupons in the resulting so-
lution. The results showed that the weight of CaCO3 crystals deposited

on coupons was rather 1.05–1.14 times higher than those in Condition
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shown earlier. Therefore, we concluded that the effect of possible
n2+ ions leached from t-ZnO/PDMS composite is either negligible on
he tested CaCO3 inhibition, likely with very limited Zn dissolution
n the solution at studied pH of ∼6, or instead promoting the CaCO3
recipitations.

Having ruled out the possible effect of Zn2+ from t-ZnO/PDMS
omposite on the CaCO3 depositions in our experiment, we discuss
he water repellency due to the t-ZnO/PDMS coating that allowed
nhibiting the depositions. The nearly superhydrophobicity is achieved
ue to the t-ZnO/PDMS coating, as found in the contact angle mea-
urement (Fig. 2). When a solid surface is rough, a hydrophobic solid
ecomes more hydrophobic, and a hydrophilic solid enhances hy-
rophilicity (Quéré, 2008). The t-ZnO, a tetrapod-shaped needle single
rystal, makes the surface roughness of the coated surface very large
ue to the numerous needles protruding from its surface. Thus, the
ncrease in surface roughness reduces the surface energy of the solid
urface, making it difficult for CaCO3 crystal nuclei and tiny crystals
o adhere to the substrate surface, resulting in the inhibition effect.
his effect is also identified from the results in Condition D, which
howed better inhibition efficiency with time in the presence of liquid
low (Fig. 4). The results indicate that the water repellency due to
-ZnO/PDMS coating functions well and leads to mitigating CaCO3
epositions in the presence of liquid flow. This inhibition effectiveness
n the presence of liquid flow should be one of the most significant
dvantages of using t-ZnO/PDMS coating among the reported inhibi-
ion techniques that most have difficulties in the presence of liquid
low due to their abrasion and adhesion. The formation of (nearly-
superhydrophobic surface is shown in any substrates (Yamauchi et al.,
019) such as aluminium, glass, rubber, carbon steel, and stainless steel
e studied. Stainless steel generally exhibits among the most inferior
dhesion of the coating to the material surfaces (Yamauchi et al., 2019),
artly due to relatively smooth surface and low interaction with the
ative oxide layers such as the CrO2 passive layer (Miyauchi et al.,
016). Nevertheless, our results showed good inhibition even in the
tainless steel due to the durability of t-ZnO/PDMS composite, as evi-
enced by its outstanding abrasion resistance (Yamauchi et al., 2019).
e now expect that the metal materials yielding excellent coating

dhesion, such as low-carbon steels commonly used for pipes, better
ithstand abrasion due to liquid flow and show comparable or higher

nhibition efficiencies. We thus suggest that t-ZnO/PDMS composite
as the advantages of wear resistance and low cost, promising that
5

ts practical application can be an effective means of helping to solve
aCO3 scale problems in the broad industrial fields.

Surface roughness of the substrate exerts a significant effect on the
eposition, detachment, and growth of CaCO3 crystal (Keysar et al.,
994; Løge et al., 2022). Thus, the weight-based inhibition of CaCO3
eposition due to the t-ZnO/PDMS composite (Figs. 3 and 4) may intu-
tively be attributed to the reduction in the number and size of CaCO3
rystals deposited on the surfaces of t-ZnO/PDMS coated coupons. SEM
mages allowed us to quantify the sizes of CaCO3 crystals deposited on
he reference and t-ZnO/PDMS coated substrates (Fig. 5). For exam-
le, the crystal sizes of calcite (reference coupon, t-ZnO/PDMS-coated
oupon) at 120 min were (15–20, 20–25) μm, (15–20, 15–20) μm,

(10–15, 10–15) μm, and (5–10, 5–10) μm in Conditions A, B, C, and
D, respectively. We thus identified no significant differences in crystal
sizes between reference and t-ZnO/PDMS coated coupons. In contrast,
SEM images revealed the difference in the number of CaCO3 crystal pre-
ipitations on the reference and t-ZnO/PDMS coated coupons (Fig. 5).
he t-ZnO/PDMS composite reduced the number of CaCO3 crystals
eposited on the coupons throughout the test time, accounting for
he high efficiency in the weight-based inhibition by the t-ZnO/PDMS
oatings. The air ‘‘pocket’’ facilitated within the submerged microstruc-
ure of t-ZnO/PDMS coating might prevent crystals from coming into
ontact with the liquid phase in the early stages of crystal formation. Al-
hough this paper studied the most common scale composition CaCO3,
e expect that the t-ZnO/PDMS coating could also help to mitigate
ther scale depositions (e.g., MgCO3, BaSO4, CaSO4, MgSO4) due to
ts hydrophobicity.

.2. Preferential formation of crystalline polymorphs

CaCO3 nucleation is induced when a solution of Ca2+ and CO3
2−

ons have become supersaturated, and the most soluble ACC
− log𝐾𝑠𝑝 = 6.4) is rapidly formed and transformed into the least stable
aterite crystals (− log𝐾𝑠𝑝 = 7.91), followed by aragonite (− log𝐾𝑠𝑝 =
.34) or the most stable calcite (− log𝐾𝑠𝑝 = 8.48) (Plummer and
usenberg, 1982). The lower solubility product constant Ksp values

of vaterite and aragonite indicate that obtaining these polymorphs is
challenging due to their thermodynamic instability. However, the pref-
erential formation of different crystalline anhydrous polymorphs and
the transformation of ACC into crystalline polymorphs depend strongly
on the temperature, pH, and saturation level of the solution. For
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Fig. 5. SEM images of CaCO3 precipitations at Conditions A–D. Whitish needle-like materials on the t-ZnO/PDMS coated coupons are t-ZnO nanomaterials.
xample, higher temperature increases the energy of the reactive envi-
onment, which favors the formation of high surface energy aragonite
rystals from the phase transformation of calcite and vaterite (Boyjoo
t al., 2014). Other than temperature, pH, and saturation level of
he solution, the material and surface roughness of substrates are the
ssential factors determining the preferential formation of crystalline
nhydrous CaCO3 polymorphs on the substrate surfaces (Wang et al.,
013; Cheong et al., 2013; Karoui et al., 2013). In our experiment, the
olution temperature and the substrate surface condition are among
6

the most significant factors determining the preferential polymorph
formations. For example, only calcites were deposited on the reference
coupons at 20 ◦C (Conditions A, C, and D), while a few aragonites
were deposited at a higher temperature of 60 ◦C (Condition B) on the
reference coupons (Fig. 5). These results agree with earlier studies on
the stainless-steel substrates we studied (Wang et al., 2013). The high
proportion of calcite crystals on the surface of the stainless steel is due
to the stability of calcite crystals at conditions of low temperature and
high supersaturation. The calcites deposited on the reference coupons
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7

ere typical rhombohedral crystals in all the studied conditions (Figs. 5
nd 6).

In contrast, the CaCO3 deposition on the t-ZnO/PDMS coated
oupons differed significantly from those on the reference coupons.
t 20 ◦C with Conditions A and C, flowerlike vaterites were present
ore than calcites (Fig. 5), accounting for

(

𝑓𝑁𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒, 𝑓𝐴𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒
)

=
65.9, 75.0)% and

(

𝑓𝑁𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒, 𝑓𝐴𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒
)

= (79.8, 79.2)% in Conditions A
nd C, respectively (Fig. 7). This indicates that the thermodynamically
ess stable vaterite is stabilized on the t-ZnO/PDMS coating, although
alcite is thermodynamically most stable under the studied ambient
ondition. As suggested by the earlier studies of scale inhibitors (Gopi
t al., 2013), more vaterite can be present in the scale deposits when the
cale inhibition is more efficient. This is likely because the t-ZnO/PDMS
oating interferes with the growing sites of the given crystal, pre-
enting the growth of vaterite, while blocking the sites inhibits the
issolution of vaterite as they also serve as active dissolution sites.
hese mechanisms could impede the transformation from metastable
aterite to stable calcite. Thus, the predominance of metastable vaterite
ather than calcite agreed with achieving the greatest inhibition effec-
iveness in Conditions A and C (Fig. 4). On the other hand, vaterites
ere less present than calcites in the presence of liquid flow at the

ame temperature of 20 ◦C (Condition D), yielding the percentages of
𝑓𝑁𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒, 𝑓𝐴𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒

)

= (47.9, 33.0)%. The lower percentage of vaterite
n coverage fraction (𝑓𝐴𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒) than that in number fraction (𝑓𝑁𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒)
n Condition D is due to more spheroid-like shapes minimizing the 2D
overage area in SEM images (see Section 3.2). At 60 ◦C (Condition B),
he depositions of aragonites in the form of flowerlike radiating aggre-
ates were predominant on the t-ZnO/PDMS coated coupons (Fig. 5),
hich were 7.3–8.8 times more total number and areal extent than the

eference coupons (Fig. 7). These polymorph compositions of CaCO3
rystals precipitated on the t-ZnO/PDMS coated coupons followed as
well-known function of temperature (Ogino et al., 1987; Trushina

t al., 2014); i.e., initial ACC transform to the combination of vaterite
nd calcite at low temperatures and vaterite can occur predominantly at
round 20 ◦C, whereas elevated temperatures perhaps above 50–60 ◦C
tabilize aragonite polymorph. Therefore, the t-ZnO/PDMS composite
ignificantly counteracted the effect of leached ions in the stainless-
teel substrate. The possible presence of cation impurity Zn2+ leached
rom the t-ZnO/PDMS composite might help favor the formation of
ragonite (Meyer, 1984; Wada et al., 1995; Coetzee et al., 1998). The
owest weight-based inhibition efficiency in Condition B among the four
tudied conditions (Fig. 4) can attribute partly to the predominance of
ragonite, which has a higher specific gravity than calcite (𝜌aragonite =
.94 g/cm3, 𝜌calcite = 2.71 g/cm3) (Christy, 2017). The predominance of
ragonite might also result in hampering the CaCO deposition on the
3

7

-ZnO/PDMS coating with no greater than ∼1 mg/cm2 in Condition B
Fig. 3) due to a large surface area of aragonite per coating area.

It is also noteworthy to report our interesting findings of calcite and
aterite crystals in the presence of the t-ZnO/PDMS composite with the
iquid flow (Condition D). In Condition D, the t-ZnO/PDMS composite
xhibited the formation of heterogeneous and distorted calcites rather
han homogeneous rhombohedral calcites (Fig. 6). The presence of het-
rogeneous and distorted calcites should be attributed to the presence
f liquid flow because they were not identified in Conditions A–C. Some
istorted calcites might demonstrate the repair/re-expression of rhom-
ohedral surfaces when crystals were allowed to grow after any growth
nterference in their earlier stage (DeOliveira and Laursen, 1997). The
istortion in calcite crystals was studied by the adsorption of inhibitory
ubstances to the active faces of growing nuclei (Al-Hamzah et al.,
014). However, many distorted calcites identified on the t-ZnO/PDMS
oated coupons in Condition D had crack-like structures, 10’s nm-to-
μm width holes on the growth face (1 0 4), and vague corners and

dges of crystals (Fig. 6). Thus, we suggest that liquid flow encouraged
alcite crystals to continuously contact sharp edges and rods of needle-
ike t-ZnO nanomaterials allowing calcite crystals to be more distorted
echanically. Moreover, the t-ZnO/PDMS composite in Condition D

ormed framboidal or cauliflower-like vaterite aggregates (Nehrke and
an Cappellen, 2006; Zhou et al., 2010) rather than flowerlike va-

erites identified in the absence of liquid flow (Conditions A – C). At
0 ◦C the presence of t-ZnO/PDMS composite favors the formation of
aterite over calcite and aragonite. The lower percentage of vaterite
n coverage fraction (𝑓𝐴𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒) and number fraction (𝑓𝑁𝑣𝑎𝑡𝑒𝑟𝑖𝑡𝑒) in
ondition D than the percentages in Conditions A and B at the same
emperature (Fig. 7) can be due to the vaterite aggregates with spheri-
al/framboidal structure subjecting to detach more readily than calcite.
he framboidal or cauliflower-like vaterite aggregates were identified

n earlier studies that obtained the vaterite aggregates at similar pH
nd temperatures (Wei et al., 2008; Zhou and Keller, 2010; Nehrke and
an Cappellen, 2006; Andreassen and Hounslow, 2004), whereas the
aterite aggregates were not identified in Conditions A – C. We thus
uggest that the deposited vaterites were subject to rolling over the
eedle-like uneven microstructure of t-ZnO/PDMS composite, tailoring
he morphology of the vaterite aggregates more rounded, although
ore definitive studies are necessary to investigate the morphological

ontrols due to t-ZnO/PDMS composite.

. Conclusions

This paper studied the influence of the 4–10 μm-long and 350–
00 nm centering-nucleus-wide ZnO tetrapod-shaped nanomaterials
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nd polydimethylsiloxane composite (t-ZnO/PDMS) on the deposition
f 5–25 μm sized CaCO3 polymorphs (calcite, aragonite, and vaterite)
n the stainless-steel substrate. The stainless-steel coupons were coated
ith t-ZnO/PDMS composite and were immersed for 30, 60, 120, and
80 min. We evaluated the weight of CaCO3 precipitations and frac-
ions of the CaCO3 polymorphs deposited on the coupon surfaces under
ifferent immersion conditions, including the presence and absence of
iquid flow, temperature, and CaCO3 concentration. Our results showed
hat the t-ZnO/PDMS coating inhibited the CaCO3 depositions under
ll studied conditions, representing an excellent abrasion-resistant an-
ifouling coating. The average weight-based inhibition effectiveness
as 60.5% at 20 ◦C, 48.7% at 60 ◦C, 55.1% at 20 ◦C with a liquid flow,
nd 68.2% in a 50% concentration of the other tested solutions. The
nhibition effectiveness was generally more significant with a longer
mmersion time, with up to 80.1(–13.3/+10.9)% at 180 min in the
resence of liquid flow. We suggest that the very fine concave-convex
icrostructure of the t-ZnO/PDMS coating surface lowered the surface

nergy of the coupons, making it difficult for crystals to adhere to the
urface and resulting in the inhibition effect. Also, calcite was pre-
ominant on the uncoated stainless-steel coupons; however, metastable
aterite and aragonite were dominant polymorphs on the t-ZnO/PDMS
oated coupons at 20 ◦C and 60 ◦C, respectively, suggesting that the
-ZnO/PDMS composite counteracted the effect of leached ions from
he substrate material. The t-ZnO/PDMS composite in the presence
f liquid flow made calcites distorted and precipitated framboidal
aterite aggregates, likely due to the mechanical effects benefiting from
he very-fine concavity-and-convexity microstructure of t-ZnO/PDMS
omposite. We conclude that the inhibition of CaCO3 depositions is due
o achieving hydrophobicity on substrate surfaces, changing preferen-
ial polymorph formation, and tailoring the morphology of the given
olymorph by the t-ZnO/PDMS composite. This work sheds new light
n the deposition inhibitions and polymorphism of CaCO3 crystals in
he presence of t-ZnO/PDMS composite, providing a novel, effective,
niversally-applicable, and low-cost coating to prevent CaCO3 scale
ormations.
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