Zeta-patential of Micro- and,or Nanc-bubbles in W ater Prcduced by
Same Kinds of Gases

Fernanda Y umi Ushikubc*®, Masatashi Enari*, Takura Furukawa*, Ryc Nakagawa®,
Y cshia Makinc*, Y cshinari Kawagoe®, Seiichi Oshita*!

*Graduate Schucl of Agricultural and Life Sciences, The University of Tukyc, apan
1-1-1 Yayui, Burkyc-ku, Tukyo 113-8657 | apan, Tel: +81-3-5841-5362
e rrail: acshita@rrail.ecc.u tokyu.ac jp)

Abstract: Several regorts in the literature show the acceleraticn in the physiological activity in glants and
shellfishes when water caontaining micro- and nano-bubktles was used. However, the mechanisms of the
phenomencn relating to aqua and agricultural fields and the stakility of micre- and nano-kukbles in water
have nat keen explained scientifically yet. The reascn is the lack of knowledge akout the characteristics
ct water containing micro- and nanc-bubkbles. In order to understand these characteristics, U-potential
measurerments were daone in water after the generation of micrc- and nano-bukkles using ditterent kinds
cf gases. The values of U-patential were all negative and the aksolute values were in the range between
34-45 mV (cxygen), 17-20 mV (air), 2S-35 mV (nitrogen), 20-27 mV (carkon dioxide), and 11-22 mV
(xernwn). The different absolute values of U-potential rray indicate ditferent stahility of the nano-kukbles
accarding to the type of gas, as well as different structures at the gas-liquid interface. Furtherrmore, the
kubkling time seemed to aftect the L-patential, but mere studies are needed tc understand the phenomena

during the preducticn ot micro- and nano-kukkles.
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1.INTRODUCTION

Micrc- and nano-bukkles (MNB) have diarmeter srmaller than
several tens of micrometers. At this small size, bukkles are
supposed to present ditterent physicochemical and tluid
dynamic properties than crdinary macro-tukbles (Serizawa et
al. 20C3).

Amang the physicachemical characteristics ct MNB, there is
the large sgecific area and the high pressurization of gas
inside the kukble, which confer to these kukbles high gas
dissuluticn  capakility (Bredwell and Worden  19S§€).
Furthermcre, MNB were repurted to have an electrically
charged surface (Takahashi 2C05; Ushikuko et al. 2010). It
was dlsu ckserved free-radical generation with the micro-
bubkle ccllagse (Takahashi et al. 2C07). In additicn, Fan et al.
(2C04) rerorted that air micrc-bukhbles were pseudo-elastic
and spherical in aquecus scluticns. Regarding the fluid
dynamic grogerties, it was cited the low rising velacity under
the liquid phase and the reducing frictional resistance (Tsuge
2C07). Besides these characteristics, it is supposed that there
are still same ather unknown properties cf MNB.

Successful apglications of MNB in aqua and agricultural
have been reperted. The use ¢f MNB in these fields airms to
improve the aeration in aquacultures, to premote  the
acceleration of physidlogical activity in the living crganisms
and the disinfection ct the products (Endc et al. 20C¢).

The air micrc-ktukble supply in the cultivaticn of cysters
resulted in a better quality product in terns of size and taste

(Onari 20C1). In the hydropunic cultivation of lettuce using
dir micro-bubkles, Park and Kurata (20C€) chserved an
increase in grcwth af leaves in a ratic 2.1 times larger than a
lettuce grawn without micro-bukbkles. In addition, Endao et al.
(2CQ08) shcwed the apglication of micra-ktubkles in fish farm,
With the generation of MNB, the dissclved cxygen
cancentration of the sea increased, improving the water
quality. Mcreaver, it was ckbserved an increase in the grcwth
of cclonies of Saccharamryces cerevisiae with the use of air
MNB (Himurc et al. 20CS). On the cther hand, in this same
study, the authars ckserved an antimicrchial activity caused
by the MNB in Escherichia Cali, Salrrcnella tyghirruriurr,
Staphyloccccus aureus and Bacillus suktilis. Tsuge et al.
(2CQC) also reparted the efficiency of azone micro-bukkles in
inactivating microarganisims.

However, the mechanism cof the acceleration of the
physiclagical activity by the MNB has nct keen elucidated
yet. The main ckstacle is ta understand the characteristics of
the water containing MNB.

One cf the important properties of MNB is the electrical
charges on the bubkle surface. The low electrical potential
created by the charged surtaces of MNB could ke related to
the chysiclagical activation in living crganisms (Serizawa et
al. 20C3).

The electrical gctential of a particle in a ccllcidal system can
be exgressed ky the C-potential. The C-pctential is defined as
the electrical potential at the slipping plane of a garticle. The
slipping plane is the toundary layer that divides the double



layer tarmed ky the counter ions cn the garticle and the bulk
saolution (Malvern 2003-20C4).

Many reparts in the literature discuss about the difficulty of
measuring the (-pctential in a dispersion of bubbles because
of the interference cf the gravitational field and cf the lack cf
stahility of the bukkles during the measurements (Graciaa et
al. 2002). In the case of MNB, the long residence time in the
liquid due to the low rising velccity of the bubble is an
advantage in the C-potential measurement (Takahashi 2005).

In this study, the (-patential ct MNB produced with ditterent
kind ot gases was measured. The aim was tc understand the
influence cf the type ot gas in the MNB surtace charge.

2. MATERIALS AND METHODS

2.1 Materials

Micro- and nano-kubkles were produced in cormmercial
ultrapure water (Kanto Chemical Ca. Inc., lagan). The high
level cf purity of the water is imgortant to ensure that the -
pctential measured in the water was nat affected by ions cr
impurities.

The gases used tc generate the micro- and nanc-bukbles were
oxygen (89.996%, Nissan Tanaka Cao., lagan), nitrogen
(9€.96€5%, Nissan Tanaka Cco., lapan), carkon dioxide
(96.965%, Nissan Tanaka Cc., lapan), xenon (99.995%,
Iwatani Sangyc Cc. Ltd., lapan) and air. The air was
suctioned trom the atmaosghere, passing through a filter in the
gas inlet.

2.2 Micro-kubble Generation

The micrc- and nano-kukbles were generated using a method
that carmkines the high shear torce of the purmp tc mix water
and ygas, and the gas nucleation created by the ragid pressure
drcp.

The micro-ktukble generator (OM4-GP-C40, Aura Tec Coa.
Ltd., lapan) is composed ky a magnetic gear pumg (MDG-
R2RVA10QQ, Iwaki Ca. Ltd., lapan), a gressurized tank (0.25
ta C.27 MPa) and a nozzle (ejectar type) in the autlet.

The valurme of water was setto 2 L, the gas tlow rate was C.1
NL-min? (20°C, C.101 MPa) and the temperature of the
water was cantralled using a water bath (NTT-13C0, Tckyo
Rikakikai Ca. Ltd., lapan) at 20°C. The water was circulated
in the micrc-kukble generatcr for 30 minutes. The water
oktained after the generaticn of micrc- and nanc-bubhbles will
be referred to as "MNB water™ in this study.

2.3 (-pctential Measurerrents

(-patential (zeta-gotential) was measured by a Zeta Patential
Analycer (Zeecam, Micratech Ca. Ltd., lagan). This analycer
is equipped with a CCD camera and an optical microsccpe
that can detect the electrophcretic mehility of particles when
a valtage is applied. The sample was analyzed ina 1 mm 1

1C mm glass cell. The garticles are detected in the range from
20 nm to 1CO 3m ky the scattering of halcgen light or laser.
The valtage was set tc 20 V and the distance between the
electrodes was S . Fifty particles were tracked rranually to
determine their speed. The (-potertial was calculated using
Smaluchowski Equation:

in which U is the (-gpotential (V), 1 is the visccsity of the
medium (Pa-s), 1 is the permittivity of the medium (F-r?)
and U is the electrophoretic makility ((mss)-(Vim)™?). U is
defined by:

u (2)

VL’
in which r is the particle speed (m-s7), V is the voltage
applied (V) and L is the distance cf the electrades (m).

The measurements ot (-potential were perfarmed on the first
hours atter the kukble generation and an the fcllowing days.
The samgles were stared in a rcam at constant termperature cof
20°C.

In addition, the kubkling time effect cn the (-potential was
tested. The (-pctential was measured at 30, 90, 120 and 15C
minutes cf MNB generatian.

2.4 DO Curieertraticri and pH Measurerrerits

The dissclved cxygen (DO) ccncentraticn was determined
using a high perfarmance DO meter (SG€, Mettler-Tcledo
GmkH, Switzerland), which detects oxygen concentration
from C to YS mg-L ™. The measurements of DO cancentration
were dane at 2C°C.

The pH was measured by a pH meter (D-55, Hariba Ltd,
lagan). The pH rmeter was set tu adjust auturriatically the
values at 2C°C.

3. RESULTS AND DISCUSSION

3.1 lrrage of optical rricrescope

The image chtained ot the O, MNB water observed through
the cptical microscope of the Zeta Pctential Analyzer is
shown in Fig. 1. The garticles cbserved in the images have
diameter smaller than 1C $sm. However, they are nat in the
real scale, but they were scattered ky a laser source.

For the reason of comgarison, images of polystyrene
disgersians with particle size previcusly known (2C0 nm and
350 nm diameter) are also shown. These samples were
cbserved in the sarme condition as the O; MNB water.

Since the garticles of the O, MNB water seem to have size
between the garticle sices cf the twa polystyrene disgersians,
it is supposed that their real size is in the same range.
However, it is important to okserve that this is just an



estimative, since the refraction indexes cf palystyrene (1.5S-
1.€C; Mark 199¢) and oxygen (near 1.0C) are ditterent.

The garticles cbserved in the O, MNB water image are
sugpased to be nanc-bukkles that were scattered by the laser
saurce. This intergretation is kased cn a previous study, in
which the measurement cf the pgarticle size distribution
through dynamic light scattering method indicated the
presence cf nanc-tukkbles of a few hundreds nancmeters in

the water after the generation of MNB (Ushikubc et al. 201C).

Fig. 1 Image ct O, MNB water, disgersion of 2C0 and 350
nm diameter pclystyrene chserved through optical
micrasccpe with the scattering of laser

The scattered bubkles moved with the apglicaticn cf a
vcltage. This fact showed that the nanc-bukkles are
electrically charged, as many studies suggest.

In addition, the cbservation of the scattered bubkles could
give a qualitative estimative of the amount of nanc-bubkles
in the water. In the first hours atter the generation ct MNB in
the water, many maoving particles of laser scattering were
ukserved through the micruscope, while dafter surre days, the
number density af particles decreased.

3.2 Upatential rreasurerrents

The U-potential measured in water atter the generation cf
MNB using difterent kind ot gases is presented in Fig. 2. It
can ke ncticed that all the values were negative. The negative
U-patential in bukble dispersions indicates that there is
preferential adsarption of OH™ at the bukble interface, as
already discussed in many studies (Graciaa et al. 2002; Usui
and Sasaki 197§).

Although all values were negative, differences were found
between the samples. O; and N, MNB fpresented higher
aksolute C-potential (34-45 mV and 2€-35, respectively),
while the measurerments of (-pctential in air, CO, and Xe
MNB sarmples resulted in lower aksolute values (17-2C mV,
2C-27 mV and 11-22 mV, respedtively).

The (-pctential values reparted in the literature varied widely:
Usui and Sasaki (197&) cktained an average value cf -15 mV

in distilled water with argon bubbles and Graciaa et al.
(1€95) reparted a (-potential cf -65 mV in deionised water
with air tukbles.

Furthermore, it could be okserved in Fig. 2 that the values of
C-potential presented only small fluctuations with time. That
is, there was no general tendency cf increasing cr decreasing
in (-potential. Although the U-potential practically did not
change, the images of the samples cbserved through the
aptical microsccpe showed a decrease in the numker density
of scattered garticles with time (qualitative data). Therefare,
the (-patential is not related to the number density of bubkles
in the water, but tc the charge cf the bubble itselt.

The magnitude of C petential indicates the stakility of a
callcidal system. The DLVO (Deryaguin-Landau-V erwey
Overbeek) theary states that the balance between the
attractive Van der Waals fcrces and the repulsive electrical
farces due ta the surface charge is decisive for the stability of
callcids. The minimum absclute value of 30 mV is generally
cansidered to judge an aquecus dispersicn as stakle (Sganos
etal. 2002).

In the case ct bubble dispersions, the high negative (-
puterttial of MNB was related to the stakility of bubkles
(Ushikubo €t al. 201C). The authurs cbserved that the
detection of nano-bubkles by dynamic laser scattering
method in O, MNB water lasted frcm 2 to 15 days,
depending cn the initial DO concentraticn, while the
presence aof nanc-tubkles inair MNB water could ke detected
far less than cne hour. The high absclute C-pctential
measured in O; MNB water could avaid the ccalescence of
bukkles and, therefcre, centribute to the stakility of the nanc-
bukkles.

In additicn, the electrical charge could indicate a ditterent
hydrcgen-bcnding network at the gas-liquid interface trom
that of the bulk water (Takahashi 2005).

Thus, the change cf the (-potential values found with the kind
af gases may indicate difterent structures at the interface and
the nanc-bubkles might have ditterent stakility acccrding to
the type of gas.

Regarding the DO cancentration, it was ckserved a high
value in the O, MNB water (4C.& mg-L™), characterizing a
supersaturation candition with time. The DO concentratian
decreased with time until reach the saturation equilitrium
(9.1 mg-L'] at 20°C) aon the third day after the bubble
generation. The air MNB water presented initial DO
cancentration of 10.7 mg-L . After 2 h, the value decrease to
9.5 myg'L! and on the next measurerrent, 1 day after the
bukkle generaticn, the DO concentration was 9.C mg-L ™. It is
interesting to cokserve that, althcugh the saturation
equilibrium of the dissclved cxygen was reached, the (-
potential was kept practically stakle.

In the samples with N,, CO; and Xe, the DO ccncentration
becarre lower (C.&, 0.& and (.2 mg-L’], resgectively) because
of the release of oxygen from the water. The DO
cancentration increased with time tcwards the saturation
equilibrium.
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Fig. 2 (-pctential of the water after the generation of O,, air,
N, CO;, and Xe MNB in water

The pH cf the samples cf MNB water is shown in Fig. 3.
W hile maost cf the gas had pH in the range between 6.1 and
6.4, the CO; MNB water presented pH arocund 4.0 kecause cf
the increase of H* criginated from the dissclution of CO; in
water:

CO; +H,O1r H;CO31 H* + HCOx-'.
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Fig. 2 gH df the water atter the generation ot Oy, air, N, CO,,
and Xe MNB in water

Mcreaver, since the air alsc contains a small gaortion of CO,,
the value of pH was slightly smaller than the cther gases,
around 5.7. This value increased to €.2 after 3 days.

The change in pH can affect the (-pctential of the samples.
Many studies indicate that, in an aquecus scluticn with air
bubkles, the iscelectric paint is in the range between 2 and 3
(Brandon and Kelsall 1€&5; Najati et al. 2C07). That is, at
pH>3, the kukbles were negatively charged, while at pH<2,
the kubbles became positive. Hasegawa et al. (2008 has
akserved negative (-patential in aquecus sclution at pH 4, €.8
and 10. At lower pH, the absclute value of L-patential was
lower. Thus, the lower absclute value cf C-patential chserved
in the CO; MNB water cauld ke related to the low pH.

On the cther hand, in the case cf the air MNB, the difference
in pH is toc small to cause such a kig change in the (-
potential. In addition, the Xe MNB water presented pH
sirrilar tu gases such as exygen and nitrogen, but preserited a
much lower (-potential absulute value. Thereture, the reasun
far the difterent U-patential amcng the ditferent gases is nat
anly the pH.

The kind cf gas may contrikute fcr the structure of the kubkle.
Graciaa et al. (2C02), in a review of electrckinetics of kubkles,
cancluded that the vapour pressure inside the bubkles is not
enough to madify the structure at the interface. Therefare, the
gas wauld nat glay a role in the structure of the kubkle
surface. However, the same authars said that, it the size of
bukkles is reduced significantly, the gas cculd aftect the
interface. Thus, in the case of nanc-tubkbles, the kind of gas
may have an imgartant role in the interface structure.

Progerties such as the salukility and density of gases are
impcrtant tc evaluate the structure and stakility of bukbles.
Takle 1 shows the preperties of the gases used in this study.
The salukility of the xenon gas is 3.€ times higher than that
af the cxygen and 7.1 times higher than that of the nitragen.
In addition, the density of xenon is much higher than that of
oxygen and nitrogen. The different properties of xenon in
relation tc the cther gases could result in different
characteristics of xenon bukbles.

Far example, higher salukility of the gas results in larger
bukkles. Haedelt et al. (2007) used gases with different
salukility (N;O, CO,, Ar, N;) tc produce aerated chocclate
and ckserved the structures by X -ray tommography. The gases
with higher sclubility (N;O and CO,) produced bukbles of
larger diameter than thcse cf lower sclubility.

Table 1. Sclukility in water and density cf different gases
(Saurce: Lide, 1€95-19S6)

Gas Sclutility at 2932.15 K, Density at 298.15 K,
101.3 kPa 1C1.2 kPa
(10° mal gas/mel H,0)  (kg/inT)

0O, 2.501 1.404

N, 1.274 1.229

CO, 70.07 1.931

Xe 9.051 5.761

3.3 Bubklingtirre effect

The bukkling time effect an the U-potential was verified and
the results are shawn in Fig. 4. With the increasing kukbling
time from 3C to SC min, the aksclute value cf (-pctential
decreased from 45 to 23 mV. However, after €0 min, the (-
potential did not changed significantly.

The DO concentration was 4C.8 mg-L™? at 3C min, 364
mg-L™ at 9C min, 37.4 mg-L™ at 120 min and 33.8 mg-L™ at
150 min. The gH was pgractically constant: €.3 at 3C min and
6.5 at SC, 120 and 15C min.
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Fig. 4 (-potential of O, MNB water at different tukbling
times.

Although there is a clear difference between the first and the
following measurerments, it is difficult to say if the difference
was caused by the kukhbling time or if that was cnly a
fluctuaticn of results. As shown in Fig. 2, the (-potential of
O; MNB water fluctuated between -45 mV to -34 mV during
the abservation time. The lowest absolute value is near cf
that cbtained at €C and 120 min of bukkling (-33 mV).

With the increase of the bukkling time, it was expected that
the number density cf bubkles would increase. A slight
increase in the number of bukkles was akserved in the images
oktained through the cptical microscape. It is alsc expected
that the prcperties of water would change with the tukhling
time. This passikility will ke investigated in the future study.

4. CONCLUSIONS

The irmages ubtained through the optical microscoge with the
scattering laser showed particles in the range ct tew hundreds
ot nancmeters. These farticles moved with the application of
a valtage, indicating that they are electrically charged. The -
pctential of the water after the generaticn cf micre- and nanc-
bubkles was negative in all samples, but the values varied
with the kind of gas. Higher aksclute (-potential were
oktained in O, and N, MNB waters, while air, CO, and Xe
shcwed Icwer akscolute values. The difference in C-potential
could indicate different bukkle stakility. The causes fcr the
different (-patential values with different kind of gases are
still not clear, but the gas should glay a role in the bukble
structure at nanc-scale. Finally, the kukbling time seemns to
aftect the i-pctential in the O, MNB water, although a more
detailed investigation should be done to clarity this point.
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