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ABSTRACT (195/200 words)

Metallic corrosion is a major issue that leads to an efficiency loss and eventual failure of the
system in geothermal power plants. Despite the growing understanding of mechanisms of corrosion,
inhibiting steel corrosion in the acidic geothermal fluids remains to present formidable challenges
due to its intrinsic physicochemical complexity. Here, we study the use of nanobubbles as a possible
corrosion inhibitor by testing alteration of the low-carbon steel plates immersed in acidic geothermal
water with continuously injected air-nanobubbles. Nanobubbles have been used in a broad range of
areas as they are eco-friendly, low-cost, easy-to-use and high-functional materials. We, for the first
time to our knowledge, found that air-nanobubbles could inhibit steel corrosion, with inhibition
efficiency of up to 50% in the studied acidic geothermal fluid. Air-nanobubbles could act as a
nanoscopic coating material in the acidic geothermal fluid, through generating a bubble mattress
and/or promoting nucleation and aggregation of a very small quantity of silica precipitation on the
surface of steel plates. Our finding suggests that nanobubbles can inhibit steel corrosion in various
chemically different geothermal fluids, highlighting the physicochemical significance of nanobubbles
as the coating material for inhibiting metal degradation in the geothermal infrastructures.

KEYWORDS: Nanobubbles; Steel corrosion; Corrosion inhibitor; Acidic geothermal fluid; Bubble
mattress; Silica nanoparticle
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HIGHLIGHTS

v Corrosion testing of low-carbon steels immersed in an acidic geothermal fluid with injecting air-
nanobubbles.

v' Air-nanobubbles facilitated the corrosion inhibition effectiveness of low-carbon steels of up to
50%.

v" Air-nanobubbles inhibited corrosion through bubble mattress and/or slight silica precipitation on
the steel surface.

GRAPHICAL ABSTRACT
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1. INTRODUCTION

Nanobubbles with a typical diameter of 50—-200 nm are currently a growing research area of
broad disciplines, with a significant focus on understanding their nature in bulk aqueous solutions
(Lohse and Zhang, 2015). Despite the growing understanding of the pivotal role of the nanobubbles,
the comprehensive scientific understanding of the behavior of nanobubbles still remains poor and
provides room for more investigation. In contrast to micrometer-sized bubbles, a noteworthy
property of nanobubbles is their longevity in liquid solutions and stability at high temperatures.
Nanobubbles can exist for many hours, several days, or even a couple of months (Michailidi et al.,
2020) rather than milliseconds theoretically expected (Weijs and Lohse, 2013). Surface nanobubbles
are stable with respect to a temperature increase up to the boiling point of bulk water (Zhang et al.,
2014). Surface nanobubbles have also been recognized to make a strong impact on the solid-liquid
interface as they change the two-phase contact to a three-phase contact. This includes the effect of
surface nanobubbles that changes the wettability and slippage on the solid surface (Lauga and Stone,
2003; Niavarani and Priezjev, 2010; Wang and Bhushan, 2010; Yen, 2015; Li et al., 2016). Thus, the
use of nanobubbles holds promise in enabling to optimize the surface condition by controlling the
interface hydrodynamically, allowing a broad range of engineering applications. Moreover, the use of
nanobubbles will benefit from preventing chemical pollution and reducing cost for maintaining
infrastructure in gas, oil, and geothermal industries, compared with the chemical products commonly
used.

In geothermal infrastructures, material degradation due to corrosion is a major concern that
leads to efficiency loss and eventual failure of the system. For example, steel instruments in the acidic
geothermal fluid at moderate-to-high temperatures are subject to intensive corrosion (Nogara and
Zarrouk, 2018a), increasing the operating costs of geothermal facilities. Well-planed material
selection and corrosion engineering, taking into account environmental and economic considerations,
are essential to reduce corrosion damage. It has been well documented that carbon steels, which are
commonly used in a wide range of applications, are susceptible to intensive corrosion damages in
highly corrosive geothermal fluids. In contrast, high-cost titanium, nickel and high nickel-based alloys,
and (super-)ferritic and (super-)austenitic stainless steels have higher resistance levels to most
geothermal fluid environments (Nogara and Zarrouk, 2018b). However, selecting the right materials
presents a complex problem because the composition of geothermal fluids varies in a single operating
day and from field to field. In addition to the costly corrosion-resistant material, numerous studies
have alternatively sought to chemical solutions on the material surface for inhibiting corrosion. As
the main corrosion process comprises anodic and cathodic reactions, corrosion inhibitors can
generally be classified as anodic inhibitors, cathodic inhibitors, and mixed inhibitors (Tang, 2019). A
protective coating of the material surface has also been found to be effective for inhibiting corrosion,
by using microarc oxidation technologies (Sun et al., 2019) and organic compounds such as several
Schiff base compounds (Shokry et al., 1998), acetylenic alcohols, propargyl alcohol and its derivatives
(Finsgar and Jackson, 2014), Polyvinylamide derivatives (Tiu and Advincula, 2015), Pyridazinium
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derivatives (El-Hajjaji et al., 2019), Imidazole and Imidazoline derivatives (Solomon et al., 2019; Sun
et al., 2019). Despite such longstanding study efforts, steel corrosion remains to present daunting
challenges due to its intrinsic complexity. As nanoscale corrosion pathways have been found to be a
significant impact on the corrosion behavior of steel (Hayden et al., 2019), there is a growing demand
for nanoscopic operations on effective mitigation of corrosion (Dwivedi et al. 2017). Therefore,
nanobubbles are expected to be an effective additive that can inhibit steel corrosion nanoscopically
in geothermal infrastructures.

Here, we investigate, for the first time to our knowledge, whether nanobubbles can inhibit
steel corrosion in acidic geothermal fluids. We test corrosion of the mild-carbon steel specimens
(coupons) immersed in acidic geothermal fluid on-site at a geothermal power plant, with injecting
the nanobubbles continuously generated by air for 7 days. We examine the effectiveness of corrosion
inhibition by air-nanobubbles, combined with weight loss measurements of the immersed coupons,
and micro-morphological observations and chemical composition analyses on the surfaces of tested
coupons. These data also allow to understanding mechanisms with respect to how nanobubbles
inhibit nanoscopically the bulk steel corrosion in the acidic geothermal fluid. Nanobubbles hold the
potential for being a novel, environment-friendly, inexpensive and easy-to-use approach for inhibiting

steel corrosion in the intensively corrosive medium.

2. METHODS AND MATERIALS

2.1. Experimental setup for on-site immersion corrosion tests

The immersion corrosion testing was conducted on-site at the Hatchobaru Geothermal
Power Plant (Kyushu Electric Power Co., Inc.) in Oita Prefecture, Japan. We used acidic geothermal
fluid exiting the separator of the power plant (Figure 1), and its chemical composition and electrical
conductivity are summarized in Table 1. The silica concentration was around 860 mg/L. The test
coupons for corrosion experiments were immersed in the geothermal fluid overflowed continuously
in two heat-resisting polypropylene containers (700 x 330 x 350 mm). The geothermal fluid in the
containers was evenly stirred by small water pumps. The goal here is to investigate whether
nanobubbles can mitigate corrosion of steel in the acidic geothermal fluid. Thus, two different fluid
environments were created in the respective fluid-filled containers at atmospheric pressure:
untreated geothermal fluid (reference fluid) and geothermal fluid mixed with air-nanobubbles (Figure
1). In this study, we continuously generated air-nanobubbles and injected into the geothermal fluid
for tested 7 days, using an ultrafine pore ceramic-nozzle type nanobubble generator (Anzaikantetsu
Co., Ltd., Yokohama, Japan) at 0.2 MPa controlled by an air compressor. The nanobubble generator
produces 3x10° bubbles per milliliter with a mean diameter of 85 nm. The temperature and pH of the
geothermal fluid in the containers were within 75-85°C and 3.4-3.6, respectively, during the test
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period. The flow rate into and out of the containers varied between 0.5 and 2.0 L/min because we
could not control the flow rates of geothermal fluid leaving the separator.

Table 1: Chemical composition (mg/L) and electrical conductivity (E.C.; mS/m) of studied geothermal
fluid (mg/L). The sampling point is shown in Figure 1a.
Na K Ca Mg cl SO4 HCO3 Fe F SiO; E.C.
1090 198 8.0 360 1640 489 <1 4027 4.3 855 617

Sampling point
(Table 1)

/

Separator

Fluid (Reference) Fluid + Nanobubbles
pH = 3.40 — 3.60 pH = 3.43 - 3.61
Temp =73 - 85°C Temp =75 -85°C

\Fig. 1bj

Figure 1: (a) Schematic illustration of immersion corrosion experiments and sampling point of the
chemical properties of fluid listed in Table 1. (b) Photos of immersion corrosion experiments. (c)
Ceramic nozzle type nanobubble generator used in this study.
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2.2. Material, weight loss measurements, and surface analyses of immersed coupons

The studied material for corrosion tests was low-carbon steel “Steel Plate Cold Commercial
(SPCC)” (JIS G3141 Standards) with the following chemical composition (wt%): C <0.15, Mn <0.10, P
<£0.10, S £ 0.035, few negligible impurities and the rest is Fe. The coupon for corrosion tests was
fabricated according to the American Society for Testing and Materials (ASTM) standard G4-01
“Standard Guide for Conducting Corrosion Tests in Field Applications” (ASTM G4-01, 2008). The test
coupon was made from an SPCC steel plate and had two 6.5-mm diameter holes (Figure 2), and its
dimension was 50 x 20 x 1.1 mm (length x width x thickness). The rectangular coupon was fabricated
by laser cutting. The 6.5 mm hole was used for dangling in the tested fluid using a PTFE-string
connected to a hanging rod on the container (Figure 1b). All the coupons were weighed before
immersion and ranged between 8654.8 and 8705.2 mg. We immersed all the coupons together either
in the containers filled with reference fluid or nanobubbles fluid (Figure 1b) and identified the
coupons by labeling on their hanging rod. Each immersed coupon was systematically taken out of the
reference fluid and the fluid mixed with air-nanobubbles after 24, 48, 72,96, 120, 144, and 168 hours.
The coupon was cleaned immediately after removal from the fluid as advised by the ASTM standard
G4-01 (ASTM G4-01, 2008). According to the ASTM standard G1-90 “Standard Practice for Preparing,
Cleaning, and Evaluating Corrosion Test Specimens” (ASTM G1-90, 1999), the sampled coupon was
rinsed carefully using distilled water to remove corrosion products, dried, and weighed to calculate
the loss of its mass. To evaluate protection efficiency by mixing nanobubbles in the geothermal fluid,
we calculated the corrosion inhibition effectiveness 7n(t) (%) of the coupons immersed in the air-
nanobubbles fluid for t (hr):

N(E) = (Myep (£) = Amyy () ) /Amyp (£) X 100,

where Am,..((t) (g) and Amy,(t) (g) are the weight losses of the coupons immersed in the
reference fluid and the air-nanobubbles fluid for t (hr), respectively. Here, a smaller weight loss of
the coupon immersed in the air-nanobubbles fluid Am,,; (t) indicates a better corrosion inhibition
effectiveness by nanobubbles for a given time. In the laboratory, we analyzed surface microstructure
of the weighed coupons by Scanning Electron Microscope (SEM) using a HITACHI SU3500 at Center of
Advanced Instrumental Analysis, Kyushu University. We also determined the chemical composition of
corrosion on the coupon surface by Energy-dispersive X-ray spectroscopy (EDX).
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Reference Fluid

Before
immersion

24 hr 72 hr 96 hr 120 hr 144 hr 168 hr

Nanobubbles Fluid

Figure 2: Photos of the coupons from the reference fluid and air-nanobubble fluid after 24 hr, 72 hr,
96 hr, 120 hr, 144 hr, and 168 hr of immersion test. A red line in the photo of coupon before immersion
test (left) indicates the scanning position of EDX analyzes.

3. RESULTS

3.1. Visual inspection and weight losses of immersed coupons

Immersed coupons were sampled from the reference fluid and the fluid mixed with air-
nanobubbles after 24, 48, 72, 96, 120, 144, and 168 hours of immersion testing. Even after 24 hours
of immersion testing, both the coupons from the reference fluid and air-nanobubble fluid already lost
much of their metallic luster (Figure 2). Corrosion damages were then more significant in the coupons
that were immersed for a longer time. Corrosion damages with abrasion were apparent in the
coupons after 72 and 120 hours of immersion test (Figure 2). Blisters with a width of up to 6 mm were
also present on the surface of immersed coupons (e.g., the coupon after 120 hours of immersion test;
Figure 2), and they are probably oxygen corrosion blisters. The coupons after 168 hours of immersion
further experienced extensive corrosion with most their color turning reddish-brown (Figure 2). By

visual inspection, however, obvious visual differences were not found between the coupons from the
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reference fluid and air-nanobubble fluid.

Weight losses of the coupons immersed in the reference fluid increased gradually through
time, ranging from 225.8 mg (2.6% of the original mass before immersion test) to 946.4 mg (10.9%).
The weight loss rate in the reference fluid was highest for the coupon immersed for 24 hr (226
mg/day) and the average rate of weight loss 166 mg/day. Similarly, weight losses of the coupons
immersed in the air-nanobubbles fluid also generally increased through time, ranging from 171.2 mg
(2.0% of the original mass before immersion test) to 810.0 mg (9.1%) with the average weight loss
rate of 132 mg/day, while the changes were more fluctuating than those in the reference fluid. The
fluctuation might be due to an unsteady fluid flow rate to the tested container and/or an unsteady
rate of nanobubble generation. Notably, weight losses of the coupons immersed in the air-
nanobubbles fluid after 24, 48, 72, 120, and 168 hours of immersion were significantly smaller than
those in the reference fluid after the respective time of immersion (Figure 3). The corrosion inhibition
effectiveness (1) of the coupons immersed for 24, 48, 72, 120, and 168 hours was 24%, 21%, 52%,
28%, and 16%, respectively. Only the coupon taken from the air-nanobubbles fluid after 96 hours of
immersion resulted in a larger weight loss than the coupon from the reference fluid after the

respective time of immersion.

0.0
A Reference
-0.2 2 O Nanobubbles
C) o) N
8, -0.4 - A
A .
O -0.6
° 8
K= %
L 0.8 (o)
= o]
A
-1.0
_1 .2 1 T I T I T T
0 24 48 72 96 120 144 168

Time (hour)
Figure 3: Weight changes of the coupons immersed in the reference fluid (red triangles) and air-

nanobubble fluid (blue circles).

3.2. Microstructure and chemical composition on the coupon surfaces

Microstructure analyses using SEM revealed in detail corrosion progress in the coupons
immersed in the reference fluid and air-nanobubbles fluid throughout the tested period (Figure 4).
Microstructure analyses showed that the abrasion on the coupon surface was already apparent even
after 24 hours of immersion testing both in the reference fluid and air-nanobubble fluid (Figure 4b).
As suggested by visual observation in Section 3.1, microstructure analyses also indicated that surface
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abrasion and cracking were further promoted on the coupons that were immersed for a longer time.
Interestingly, when compared with the coupons after 72, 96, 120, 144, and 168 hours of immersion
in the reference fluid, the coupons immersed in the air-nanobubbles fluid for the respective time had
less abrasion (Figures 4c—4g).

Reference Nanobubbles
fluid

(a) Before test

—
10 ym

(h) Silica precipitates
(Nanobubbles
fluid; 120 hr)

Figure 4: Representative SEM images of the coupons from the reference fluid and air-nanobubble
fluid (a) before immersion corrosion testing, (b) after 24 hr, (c) 72 hr, (d) 96 hr, (e) 120 hr, (f) 144 hr,
and (g) 168 hr of immersion. A white scale bar indicates 500 um. (h) Close-up SEM image of the
coupon immersed in the air-nanobubble fluid for 120 hr, showing nanoscopic silica precipitates. A
black scale bar indicates 10 um.

Microanalyses using EDX identified changes in chemical composition on the coupon surface

with immersion time (Figure 5). In general, iron (Fe) of the coupon surfaces decreased with immersion



231
232
233
234
235
236
237
238
239
240

241
242

243
244
245
246
247
248
249
250

time, while Fe of the coupon immersed in the nanobubbles fluid is lower than that of the coupon
immersed in the reference fluid. This may relate to that surface concentration of iron oxides in the
coupons immersed in the nanobubbles fluid is lower than that in the reference fluid for 48, 72, 96,
120, and 144 hours of immersion testing. The EDX results also revealed that silica (Si) concentration
of the coupon immersed in the reference fluid increased monotonically with time of immersion. On
the other hand, there was an obvious drop of Si concentration of the coupon immersed in the
nanobubbles fluid for 96 hours. In general, Si concentrations of the coupons immersed for 48-168
hours in the nanobubbles fluid were higher than those in the reference fluid, as suggested by SEM
images (Figure 4h).

(a) Reference fluid (b) Nanobubble fluid
70 7 Fe 70 7 Fe
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Figure 5: Chemical composition on the surfaces of immersed coupons (wt%) analyzed by EDX. (a)
Coupons immersed in reference fluid and (b) coupons immersed in air-nanobubble fluid. The
concentrations Fe, O, Si and S of the coupons before the immersion test analyzed by EDX were
92.7+0.8, 1.731£0.07, 0.0, 0.12+0.04 wt%, respectively.

4. DISCUSSION
We have examined, for the first time to our knowledge, the behavior of steel corrosion

10
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immersed in an acidic geothermal fluid with continuously injected nanobubbles. We found that
nanobubbles generally prevented the coupons from corrosional weight loss. Results of our immersion
corrosion experiments revealed that the weight loss of coupons immersed in the fluid with air-
nanobubbles was reduced as much as 50% of the weight of the coupons in the untreated reference
fluid. In addition, microstructure analyses showed retarded roughness from the surface of the
coupons immersed in the nanobubbles fluid. Chemical composition analyses suggested higher
concentrations of silica in the coupons immersed in the nanobubbles fluid. This should be related to
the unique nature of nanobubbles that leads to influence liquid-steel interface. Yet, the interpretation
of how nanobubbles attribute to these corrosion behaviors may not be unique, because of the
intrinsic complexities of corrosion and nanobubbles. Below, we discuss two aspects of our findings,
and they are (1) possible mechanisms with respect to how nanobubbles inhibit corrosion of low-
carbon steels and (2) how much corrosion inhibition effectiveness of low-carbon steels by
nanobubbles is equivalent to that by chemical adjustment of pH.

4.1. Possible mechanisms of inhibiting corrosion by nanobubbles
4.1.1. Bubble mattress

Gas bubbles can exert a strong influence on the fluid flows along the microstructured
hydrophobic surfaces through changing the friction of liquid flows. Nanobubbles attached to the
surface can have a lifetime of many hours, several days (Weijs and Lohse, 2013) or even a couple of
months (Michailidi et al., 2020) and withstand near-boiling temperatures (Zhang et al., 2014). In
addition, nanobubbles favor staying longer on a rough surface with the help of a pinning force on a
rougher surface (Wang and Bhushan, 2010). These properties benefit in that nanobubbles are much
more stable on the hydrophobic rough surface than larger bubbles are. Surface nanobubbles can
influence the fluid flow along the steel surface for a relatively long time. Therefore, we assume the
nanobubbles generated in our experiments are present on the immersed coupon surfaces at around
80°C for many hours, whereas it is difficult to observe them in situ and in real-time.

Hydrodynamic boundary condition at solid walls is expressed by the Navier boundary
condition. A slip length of a liquid at a solid interface is then expressed through u = b(du/0dz),,
where u is the slip velocity at the solid wall, b is the slip length, and (0u/0z), is the velocity
gradient at the wall in the normal direction (Tabeling, 2005). This indicates that a larger slip length
means a lower drag of liquid flow at the interface. The presence of surface nanobubbles on the solid
interface thus affects the slip length. Previous experimental and theoretical studies have shown that
surface nanobubbles affect the slip length on a hydrophobic surface, while the slippage is also
influenced by surface roughness and wettability (Lauga and Stone, 2003; Niavarani and Priezjev, 2010;
Yen, 2015). Also, it is thought that the slip length can be larger in the lower pH solutions that we
studied, due to an increase in concentration of H* leading to an increase of the absolute value in
surface charge (Li and Bhushan, 2015).

Once a few nanobubbles are present on the steel surface, the slip length may first decrease

11
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and the drag force on the steel wall may decrease (Maali and Bhushan, 2013). However, the slip length
will then increase with an increase of the surface coverage of nanobubbles (Wang and Bhushan, 2010;
Hyvdluoma et al., 2011; Li et al., 2016) and a decrease in the contact angle of nanobubbles on a
rougher surface (Yen, 2015; Li et al., 2016) due to steel erosion/corrosion, leading to reduce wall
friction and enhance a wettability on the rough steel surface. After a continuous injection of
nanobubbles for a certain time, the slip length further increases (Wang and Bhushan, 2010) when
nanobubbles cover greater parts of the steel surface. Given that the inhibition effectiveness had
already seen in the first 24 hr of immersion in our testing (Figure 3), nanobubbles had already covered
most of the steel surface or at least the sufficient area of the surface that could increase the slip
length within the first 24 hr. In contrast to microbubbles (e.g., Steinberger et al., 2007), we also
suggest that surface nanobubbles can also act as a bubble mattress on the steel surface (Hyvaluoma
et al., 2011) which isolates the steel surface from the acidic fluid for further corrosion reaction.
Microbubbles are simply not capable of embracing the interplay between chemical and physical
alteration of the surface.

Nanoscale corrosion pathways could have a profound impact on the corrosion behavior of
steel. Real-time observations using electron microscopy techniques have been demonstrated that the
localized corrosion of low-carbon steel initiates at the triple junction formed by an isolated cementite
inclusion and two abutting ferrite grains. The corrosion is accelerated along the electrochemically
active interface of these two phases having a relatively long surface contact length of hundreds of
nanometers (Hayden et al., 2019). Therefore, we would propose that the surface nanobubbles could
also act as a surface coating material for (1) inhibiting initiation of corrosion at such the physical
contact by increasing the slip length, and/or (2) preventing from exposing the initiated active interface
to the acid geothermal fluid by acting as a bubble mattress (Figure 6a). These processes represent an
important contribution of surface nanobubbles to the material coating at the acidic geothermal
medium that may have a broader significance.

Nanobubble Silica
Geofluid ) tf%«o Geofluid

~200 nm ~200 nm

Figure 6: Schematic illustration of mechanism of inhibiting corrosion by nanobubbles. (a) Bubble
mattress. (b) Silica precipitation.

4.1.2. Silica precipitation
The studied geothermal fluid contains sufficient concentrations of silica (Table 1). Thus, as
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an alternative to the aforementioned physical process-based explanation, we also consider that silica
precipitation contributes to inhibiting metallic corrosion in the acidic geothermal fluid. Precipitation
of silica is common in high-enthalpy geothermal power plants, where fluids are rapidly cooled during
geothermal energy production (Corsi, 1986; Gallup, 2009; van den Heuvel et al., 2018). In geothermal
environment, this silica scaling problem is of the same importance of metallic corrosion. On the other
hand, Mundhenk et al. (2013) have suggested that scaling accompanies corrosion of mild steels at
moderate temperatures in geothermal power plants and contributes to the resistance of the
materials. Moreover, several studies have also found that, once an initial layer of amorphous silica
precipitates forms, it probably hampers the underlying steel surface from further reaction with
geothermal fluid (Meier et al., 2014; van den Heuvel et al., 2016). Therefore, silica precipitates may
indeed act as inhibiting corrosion in an acidic moderate-temperature geothermal fluid.
Zeta-potential measurements of silica colloids as a function of pH show that the isoelectric
point of silica nanoparticles is close to pH 2 (Xu et al., 2006; Mandel et al., 2015; Alkhammash et al.,
2015; Wang et al., 2017). In the pH of 2 to 6, the zeta potential of silica generally ranges from 0 to -30
mV, indicating the surface of silica is negatively charged and functionalized with Si-O~ groups (Bai et
al.,, 2009). In contrast, nanobubbles are generally positively charged in the solutions of pH < 4
(Takahashi, 2005; Calgaroto et al., 2014; Zhu et al.,, 2016). Surface nanobubbles can thus
electrochemically adsorb nanoparticles (Seo et al., 2007; Berkelaar et al., 2013; Zhou et al., 2019) in
the studied acidic fluid (pH~3.5), resulting in promoting silica polymerisation and/or nucleation of
silica monomers and their succeeding growth on the metallic surface. Therefore, nanobubbles can be
an additive for generating a nano-silica blanket on the metallic surface to isolate the surface from
flowing acidic geothermal water, when precipitated quantities of silica are moderate (Figure 6b).
Our EDX analyses showed the enhanced Si concentrations on the coupon surfaces immersed
in the nanobubbles fluid, in comparison to those in the untreated reference fluid (Figure 5), even after
the usual cleaning procedures of coupons (see Section 2.2). In the acidic fluid environment, silica
polymerization is delayed at lower pH (Alexander, 1954; Chan, 1989; Icopini et al, 2005), suggesting
monomeric silica favors in deposition at the studied low pH (pH~3.5). The deposition of amorphous
silica on the coupons might also occur due to that the duration of our immersion experiment is longer
than the silica induction period at the studied pH. Although it is difficult to quantify how much silica
is precipitated on the tested coupons, it should be noted that the silica precipitation rates reported
in silica-rich geothermal power plants worldwide fall within 600 and 4500 mg/m?/day (e.g., Mroczek
et al., 2017; Okazaki et al., 2017; van den Heuvel et al., 2018). This indicates that silica precipitation
on the surface of the tested coupon (50 mm x 20 mm) could be within 0.6—4.5 mg/day. This number
is well below the absolute values of weight losses in tested coupons (c.f., the weight-loss rates for the
first 24 hr immersion were 226 and 171 mg/day in the reference fluid and the nanobubbles fluid,
respectively; Figure 3). Thus, the weight gain in coupons related to silica precipitation is negligible,
while this slight amount of silica precipitation on the coupon surface could play a crucial role for
inhibiting corrosion through generating a silica blanket in the nanobubbles fluid. Our EDX results also
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showed silica concentrations both in the reference fluid and nanobubbles fluid were quite low in the
first 24 hours of immersion, compared with those in 48-168 hours of immersion (Figure 5). Moreover,
the coupon immersed in the nanobubbles fluid for 96 hours, showing a relatively low silica
concentration indicative of less silica coating, had no corrosion inhibition effectiveness. Therefore, we
would suggest that corrosion likely took place immediately after immersion of the coupons and
before the initial stages of silica precipitation, and that any further corrosion was stopped or slowed
once a complete layer of silica covered the coupons with the help of nanobubbles. Further
experiments are still necessary to verify this hypothesis, including whether higher concentrations of
nanobubbles cause more silica precipitation, and whether nanobubbles encourage silica precipitation
in different pH environments for inhibiting corrosion.

4.1.3. Other mechanisms

Our results of inhibiting corrosion by air-nanobubbles might be counter-intuitive findings,
because injection of air-nanobubbles can be taken as entrapping more oxygen into the geothermal
fluid which could intrusively promote oxygen corrosion. Several works (Ushikubo et al., 2010; Ebina
etal., 2013; Liu et al., 2019) have found that that the nanobubbles generated by oxygen gases increase
dissolved oxygen (DO) concentrations by approximately 500% in an aqueous solution (e.g., from 9
mg/L to 40-45 mg/L in water). Nanobubbles generated by air also can increase DO concentration by
ca. 200% in the geothermal fluid open to the air, taking into account a partial pressure of oxygen in
air. The electrochemical corrosion potential (ECP) of metals in high-temperature fluid increases with
DO concentration (e.g., Kim and Andresen, 2003). This indicates that the increase in ECP associated
with elevated DO concentration can lead the corrosion process into the region of stability of hematite
(Fe20s3), as suggested from the Pourbaix diagram (Beverskog and Puigdomenech, 1996). Several
studies have found that the formation of semi-protective Fe;03 on the film in the high-temperature
fluid is encouraged by oxidation of the outer surface of protective magnetite (Fes0a) due to higher
DO concentration and the resulting ECP elevation (Kumai and Devine, 2007; Kuang et al., 2012; Wang
et al., 2019). Therefore, the elevated DO concentration in the studied fluid due to air-nanobubbles
might lead to lowering corrosion rate through Fe;03 formation.

It yet remains open to understand whether nanobubbles account for inhibiting corrosion in
different chemical environments, whether nanobubbles-driven corrosion inhibition is dependent on
temperature which influences the stability of nanobubbles (e.g., Berkelaar et al., 2012), and whether
the nanobubbles generated with different gases may respond differently to inhibiting corrosion, while
we studied air-nanobubbles taking into account their low-cost and feasible use. Our results suggest
nanobubbles can inhibit the corrosion due to their intrinsic physicochemical properties, not solely
based on the simple chemical reaction commonly thought. Therefore, we would expect a similar role
in inhibiting corrosion by the nanobubbles generated using different gases, or the nanobubbles
generated by different gases (e.g., nitrogen) could show better corrosion inhibition effectiveness, but
reserve final judgement for the future when further constraints are available. Anyhow, our findings
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highlight the physicochemical significance of nanobubbles as the coating material in an acidic
geothermal fluid that may have a broader span of significance yet to be discovered.

4.2. Effectiveness of corrosion inhibition by nanobubbles

In a geothermal environment, the acceptable corrosion rate for materials is generally
considered to be below 0.1 mm/year, given a certain corrosion allowance and a 20-year life. However,
corrosion in an acidic geothermal fluid environment is much severe, ranging from a couple of
millimeters per year in the moderate fluid environment to more than 100 mm/yr in the high-
temperature and high-fluid velocity environment (Nogara and Zarrouk, 2018b). The pH is known for
being one of the most significant factors determining the magnitude of corrosion in the geothermal
fluid (e.g., Sanada et al., 1995; Yanagisawa et al., 2017). For example, Yanagisawa et al. (2017)
reported the corrosion rate of carbon steel in the geothermal fluid is 1.6 mm/yr at pH 3.6 and 145°C
while the rate is reduced to around 0.1 mm/yr at higher pH of 4.6 and higher temperature of 168°C.
Thus, the pH-adjustment using chemical materials is conventionally one of the common methods for
inhibiting such intensive corrosion, but it can easily change the fluid chemistry which may produce
undesired products. Therefore, there is a demand of the pH-adjustment for corrosion inhibition
without the use of chemical materials. In contrast, we found that nanobubbles as a chemically benign,
environmental-friendly, easy-to-use and low-cost additive agent had good corrosion inhibition
effectiveness, probably by acting as bubble mattress and/or promoting slight precipitation of silica on
the steel surface.

Here, we estimate how much corrosion inhibition effectiveness of low-carbon steels by air-
nanobubbles is equivalent to that by pH-adjustment, by simulating long-term corrosion rates. First,
the corrosion rates of immersed coupons can be approximated by the weight loss rate measured in
the immersion corrosion test. A greater weight loss during the test implies higher corrosion rates.
Assuming uniform corrosive recession, the corrosion rate C,(t) (mm/year) of the coupon immersed
for t (hr)is obtained from:

C(t) =

[Am ()] X 24x365
pA t

’

where Am(t) (mg) is the weight loss, p (mg/mm3) is the density of mild-steel coupon (7.85
mg/mm3), and A (mm?) is the surface area of coupon (ASTM G1-90, 1999). The corrosion rates of
the coupons C,.(t) immersed in the reference fluid decreased gradually from 4.93 mm/yr to 2.97
mm/yr through time, while those immersed in the nanobubbles fluid ranged from 3.76 mm/yr to 1.78
mm/yr (Figure 7). Second, we used a corrosion model for mild steel in aqueous solutions developed
by Nesic et al. (1996). Here we simulated a time-variable corrosion rate of low-carbon steel for tested
7 days using the software made by Nesi¢ et al. (2009). Because flow properties in immersion
experiments were uncertain, we used the corrosion rates of the coupons immersed in the reference
fluid, an average temperature (80°C) and an average pH value (3.5) and chemical compositions of
studied geothermal fluid (Table 1), to inversely determine the optimum values of flow properties that
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best fit the corrosion rates of the coupons immersed in the reference fluid. Third, we changed pH
values to find the optimum pH value that best fits the corrosion rates of the coupons immersed in the
nanobubbles fluid, while other chemical parameters and flow parameters were unchanged. From this
calculation, we found the equivalent pH for the corrosion rates of the coupons immersed in the
nanobubbles fluid was 3.7 (Figure 7). Alternatively, we also estimated the equivalent pH for the
corrosion rates in the nanobubbles fluid using the relationship among corrosion rate, temperature,
pH and chemical composition of alloy compiled by Yanagisawa et al. (2017). Using their empirical
equation, the ratio of corrosion rate in the reference fluid (C; gcs) over the rate in the nanobubble
fluid (C; yg) under the equal temperature and chemical composition is given by:
In(Cy rep/Crnp) = —0.622 X (pHyer — pHeq)

where pHe (=3.5)and pHeq are pHin the reference fluid and the equivalent pH for the corrosion
rates of the coupons immersed in the nanobubbles fluid, respectively. We could obtain the equivalent
pH for the corrosion rates in the nanobubbles fluid (pH¢q) was 3.9-4.0 based on the results for 24 hr,
48 hr and 120 hr. From these calculations, we suggest that our chemically-benign air-nanobubble
treatment in the acidic geothermal fluid is comparable to neutralizing 0.2—0.5 in pH by pH-adjustment

using chemical materials.

6 -
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Figure 7: Corrosion rates of the coupons immersed in the reference fluid (red triangles) and the
nanobubbles fluid (blue circles) with modelled corrosion rates at pH of 3.5 (orange line) and 3.7 (cyan

line).

5. CONCLUSIONS
We studied the use of nanobubbles as a corrosion inhibitor, for the first time to our
knowledge, by testing immersion corrosion of low-carbon steel coupons in acidic geothermal fluid
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on-site a geothermal power plant. We performed weight loss measurements of the coupons
immersed in the untreated geothermal fluid and the geothermal fluid with continuous injection of
the air-nanobubbles for 7 days, and analyzed microstructure and chemical composition of the coupon
surfaces using SEM and EDX, respectively. Together with the results, we found that air-nanobubbles
could inhibit the corrosion of low-carbon steels, with inhibition efficiency of 20-50% in the studied
acidic geothermal fluid. We concluded that air-nanobubbles could act as a nanoscopic coating
material in mitigating corrosion, for increasing the slip length on the solid interface and/or preventing
from exposing the interface to acidic geothermal fluid, by (1) behaving as a bubble mattress which
covered most the steel surface and/or (2) promoting nucleation and aggregation of a very small
guantity of silica precipitation on the steel surface. Our finding suggests that nanobubbles can inhibit
steel corrosion in various chemically different geothermal fluids, highlighting the physicochemical
significance of nanobubbles as the coating material for nanoscopically mitigating metallic degradation

in geothermal infrastructures.
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