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Research areas of nanobubbles at Zhang’s lab

1. Agricultural applications of nanobubbles for smart
Irrigation (e.g., plant growth mechanisms and nutrient
release solil characteristics)

2. Development of ozone nanobubble generation,
characterization and disinfection

3. Aeration and dissolution behavior of oxygen nanobubbles
In water for hypoxia remediation

4. Solil remediation (oil removal and other pollutant removal)
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Content

e Fundamentals of nanobubbles, chemistry, colloidal
properties, and generation

e The method we produce nanobubbles in water
e Characterization of bubble properties

e Aeration studies using nanobubbles




Nanobubbles and thelr properties

Nanobubbles (NBs) are nano-size gaseous bubbles with a diameter of less than 1 um according to
the calculation of Peclet number for the ratio of buoyancy force and the Brownian motion
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Intriguing properties of NBs
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J I Image cited from Temesgen, Tatek, et al. "Micro and nanobubble technologies as a new horizon for water-treatment
techniques: review." Advances in colloid and interface science Volume 246, August 2017, Pages 40-51
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Nanobubble generation methods
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Visual comparison of microbubbles and nanobubbles
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The difference between surface and bulk NBs

bulk
nanobubble

Martin Knudsen at work in a laboratory.

(Courtesy
Denmark)

e

surface
nanobubble

\ =

. University of Copenhagen,

According to the pinning theory, surface NBs usually deform

to spherical

-cap compared to bulk suspended NBs and thus

may have a larger radius of curvature than bulk NBs and a
reduced Laplace pressure.

According to the Knudsen number analysis, bulk NBs may
NOT be a Knudsen gas type, whereas the surface NBs are a
Knudsen type.

A Knudsen
(A) greater t

Moreover, t
of magnituc

gas Is a gas with the mean free path of molecules
nan bubble size (height or diameter).

ne surface NBs are shown to have a similar order
e of internal pressures with the bulk NBs, though

the surface NBs may have deformed to spherical-cap compared
to bulk NBs and thus may have a larger radius of curvature
than bulk NBs and a reduced Laplace pressure.
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Nanobubble generation in Zhang’s laboratory

(c)

Water inflow NBs water outflow

C Gas cutﬂtm D
EEE s gliip

Gas inflow | ' ' Gas inflow | /< ,\
| | : |:" i ' "|
II i | I[ i I'I, ll,:'l

C e ! \ -

Gas outflow | —

, |—' A NBs water outflow Section A-A
Water inflow

Major research findings in the past: R

» Established a colloidal force balance model and a contact mechanics
model that yielded consistent predictions of the internal pressures of !'..' Aéi\ I\.I.g I\../.L.U |.D
various NBs (120 psi-240 psi or 8-16 atm).

» Dissolution kinetics of O, NBs are highly dependent on the initial bubble Q_ EMMW

size as indicated by the changes of bubble size and DO.
» Smaller NBs raised up DO faster, whereas larger NBs could lead to higher .. ,:;,.d.,u.,.e.w ™ .,.,h.,..! dsraction

equilibrium DO levels. . 0 .
» The dissolving NBs may either swell or shrink according to the model 11 o ° o O o
prediction. ves @ ‘ ! ? 9
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The concentration/size distribution of NBs
measured by Horiba ViewSizer 3000 i

Nanobubble concentration in the DI water reach up to:
4 x108 +/- 3.31 x107 bubbles-mL-?
« Nanobubble mean size: 70 +/- 12.2 nm -
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The effects of water flow rate, gas pressure and wettability of membrane surface
on bubble concentration »50 140
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» The concentration of NBs decreased with the increase of the water flux, due to the reduced time of gas/liquid
contact and bubble formation or transfer
» The average size of NBs remained stable when the water flux or cross-flow velocity is less 30 m/h.

» The bubble size had slight increase with the increase of the water flux, suggesting that high shear flows are not
beneficial for nanobubble formation at the membrane/water interface.
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Modeling Analysis of Colloidal Stability of NBs in Water

Colloidal force balance model The suspended or bulk NBs in water could be stabilized
by the outbound and inbound pressures from a number of

Liquid pressure Atmospheric pressure Interfacial forces.
Ph=pgh Po The outbound pressure (P,,)
‘ P:.‘-'HI :P.;'_I_Pi.‘tl[ (1)
Internal PRI The inbound pressure (P;,)
int
bble radiu
| P, =P +R+P, (2)
urface charge repulsio

When the bulk NBs are stabilized in water (P;, = P,,), the NB’s
Internal pressure (P;,.):

Surface tension pressure

2 2.y 2| € l €y
p 2 B.=2T (B prgeh)- f[%] 5 (3)

where D is the relative dielectric constant of the gas bubbles (assumed unity) and ¢ is the surface charge density (C-m-2), ¢, is the dielectric permittivity of
a vacuum, 8.854 X 1012 (C-V1-m1), ¢ is the dielectric constant of water, 80.36 (20 °C), ¢ is the zeta potential of NBs (V), z is the distance from the
particle’s surface to the slipping plane (0.335 nm), r is the bubble radius (nm), and i is the Debye length (nm). y is the water surface tension
(72.80 mN-mt at 20 ° C), g is the gravity acceleration (9.80 m-s2), p is the density of water (kg-m=), and h is the height of water (m).

N I » Khaled Abdella Ahmed, A., Sun, C., Hua, L., Zhang, Z., Zhang, Y., Marhaba, T., & Zhang, W. (2018). Colloidal properties of air, oxygen,
and nitrogen nanobubbles in water: effects of ionic strength, natural organic matters, and surfactants. Environmental Engineering
New Jersey Institute of Technology SCI_en(.:e, Sa), a0 : - : :
» Shi, Xiaonan, et al. "Probing Internal Pressures and Long-Term Stability of Nanobubbles in Water." Langmuir 37.7 (2021): 2514-2522.




Direct experimental measurement of the internal pressure of surface NBs in water

Y SR Contact mechanics model
t Johnson-Kendall-Roberts (JKR) model

6 Probe in contact with silicon wafer AFM Tip
$ \ F -R-«f 2-R—0
s \ ."/ E* = Ladn -
% \ Tip-bubble intera‘c!t‘iaii‘-n\ 9 53': I:R 5 :l:
3 : : A R—
E —>| & \«——Indentation of soft surface
\ i _
\ / Contact point
sahesionfore Piezo movement Derjaguin-Muller-Toporov (DMT) model
The internal pressure of NBs o 7
r E* _ loading + adh
B, =—% (R-0)+a’=R* R.5°
T-a
where the loading force (Fgqing) iS the compression force that the E* Is related to the PO'SS_OWS ratios (vg and vr)
AFM probe tip exerts on the sample surface 500pN and a is the and the Young’s moduli (E, and E;) of the
radius of the spherical contact area, which is related to the sample and tip
indentation (8) and the AFM tip radius (R). W is the adhesion 1 1
energy per unit area (J-m-2) and E* is the reduced Young’s . 3"]_1;5 l—ui 3 "l_ﬂf' )
modulus (MPa), adhesion force (F.y) read directly from the E = ][ 5 - 5 = E[ 5

force—distance curve.
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Assessment of mechanical properties of surface NBs in water
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Dissolution Behavior of Oxygen Nanobubbles in water

There are three wide-reported reasons for high colloidal stability and longevity:
» Selective adsorption of anions such as -OH

» Hydrogen bonding network

» Local oversaturation of gas molecules such as air or oxygen

* The high internal pressures lead to fast dissolution rate or driving force of dissolution

according to the Henry’s law.
e The dissolution leads to the size changes and internal pressure changes -

mechanisms of bulk NBs In
liquid

/\ q The dissolution behavior and
€
©




Volumetric mass transfer coefficient (K, -a) and the change of DO during the

aeration using O, NBs The bulk mass transfer efficiency in aeration is often
DO sensor described by :

Gas inlet dC C
Waten inlet \% dt C) In( ) _(K a) -1
H s C0
. Removable
- R R where C, is the saturation concentration of
\ ! K, oxygen in water and follows the Henry’s law
k All NBs are treated as spheres with a homogenous
5, radius, calculation of specific surface area (a) using
Chamber Eq N 1 3 Q 1.
a=—-4r-r’=— i
V V'or P
@ o () 03 .
~_ .".1“ I . . - - -
5| ;,-1.0- Nanobubbles ' Microbubbles K, -a is the volumetric mass transfer coefficient (ht) is
T RS - 28750027 : - ! - almost 5-8 times that for the O, macrobubbles.
& 2l . Y R*=0.9975 £ 151 : - S It o
AT e . K, i1s the bulk liquid film coefficient that was
Em 3t 15594059 Mg_l(}- ; estimated by the correlation of mass transfer
< R0.9913 g | coefficients using Schmidt Number (Sc) and
= = ra59ero9r = 00700m -2.5} . Sherwood Number (Sh) by
St R*=0.9910 4 3585mm :
0 01 02 03 o4 % 200 200 600 800 1000 K =Sh-D// (2 r)
Time (h) Bubble radius (nm) L

N I where V is the volume of the solution (m3), C is the O2 concentration in the water (mol-L-1), t is the aeration time (h), K is the bulk transfer coefficient (m-h-1), A is the air-water surface
area (m2), Pa is the partial pressure of O2 that governs the DO following the Henry’s Law, KH is the Henry’s law constant (770 L-atm-mol-1, in water at 298.15 K), and Pa/KH is the
New Jersey Institute of Technology

saturation concentration of O2 in water (Cs, mol'L-1). The integration of Eq. (1) with boundaries of C=C0 and C=Ct at t=0 and t=t. Pint is internal bubble pressure, Pinj is specific
injection pressure.



Volumetric mass transfer coefficient (K, -a) and the change of DO during the
aeration using O, NBs

700

6001 This result i1s predicted by assuming
500/ . spherical bubbles are well dispersed in
7,400} _ o a closed water tank without any DO
513"“.' T 1000 nm loss due to evaporation or bubble exit

2007 S from liquid to air (at the initial aeration

W e period of less than 0.2 s).

t(s) In(CS_Ct):—(KL-a)-t

Cs _CO

The rate of DO increase for 100-nm NBs Is almost 4 times that of 1000-nm

NBs, due to the high a term (the specific surface area of bubbles in liquid
(m2-m-3).




Harmful Algal Bloom (HAB) mitigation by micro/nanobubbles integrated on a multifunctional algal

scavenger boat under NJDEP funding support (2021-2024)
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Volumetric mass transfer coefficient (K, -a) and the change of DO during the
aeration using O, NBs

= 200 | 2 200 g
o)) o (@]
E T S | ,}'x
+— 150 B :' P g 150 B ’, 4
@) 7 © vy ——100 kPa
- L » 1 - /
o | . ——0.0001 m-s O ’ — — 200 kPa
2 N 51 2 100 i
> 100 0.0005 m-s > 300 kPa
o - 0.001 m-s™ o — - — 400 kPa
g 501 — - —0.005 m.i-l E 501 — == =500 kPa
e - ===0,01l m-s e
k7 %
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
t (s) t(s)

(@) when purging O, NBs (400 nm) with different K, (0.0001-0.01 m-s't) under P;,= 414 kPa and (b) when

nj—
purging O, NBs (400 nm) with different injection pressures (100-500 kPa). Other important parameters used in
the calculation include: the O, gas flow, Q=7.5X10° m3.s'!, the volume of NB water, V=4X10* m3, DO

concentrations in the water at time 0, C,=9 mg-L*
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Model prediction of DO and bubble size changes during dissolution of
O, NBs In water

According to the Epstein-Plesset theory:

(a) 60F (b)60 L ,.... ..................
A — =400 nm
_50p 2% [ g T dr D'Ac (1+ 1 )
IA I R o . I "' 4_| — T — —
5,340 {f \;?40 / -E-:S—fl dt IOg I ﬂ'D't
530' ,,' = =400 nm '-_E 30t ,, ng
2 20| / Come Sl /2 If we ignore the loss of oxygen, the increase of the
10} 10}/ M dissolved gas concentration (c) will be proportional
ifr====7" Time (h) . .
- - - - - to the dissolution of the gas molecules from NBs,
0 0.5 1 1.5 2 0.0 0.5 1.0 1.5 2.0 . . . .
Time (h) Time (h) which yields the following equation
@) =~50 ®)
- 400 r .
E“ﬂ -( /',’:.1:4'0;1;11—'—. E 200+ — r=400nm E p— N dn — N d ( F)intv )
5330 - /,/ — - —1=100nm ..E.. 0—\'| Tl dt V dt V RTdt
>, ' =z T . .
2ol DL 1 N V'dR,  B,dV
S S ST = ( + )
E wol T RT V dt dt
2% o5 1 15 2 0 1 2 3 4 5 1 N 2V ' 5 dr
ime Time (s) = (— +47zr°P.)—
Time (h) RT V r2 int dt

(@) The predicted DO levels during the dissolution of O, NBs in water (NBs were prepared
with the initial radii of 100 and 400 nm). (b) The predicted bubble radius changes during
the dissolution. The N/V of 10 #-m was used in the model calculation.

New Jersey Institute of Technology



Effects of filtration/centrifugation on the DO levels of O, NBs water

4 Deoxygenated DI water after v" The presence of O, NBs strongly dictates
filtration and centrifugation the DO level and follows the Henry’s law.

] Deoxygenated DI water

v Once O, NBs are removed by filtration (or

= NB water after 10 min without partially by natural dissolution), the DO
D T filtration or centrifugation level is shown to progressively reduce and
g NB water after centrifugation eventually reach the equilibrium level
L-1) wi i i
8 without filtration (8.6 0.5 mg-L-t) with the ambient air.
=
i NB water after centrifugation and filtration - _n
L |
Original l 2o O 3
—t 4 £
NB water Eq- 1 ‘
I I I I I I 1 1 1 [ ]
» : .2
0 5 10 15 20 25 30 35 40 45 ’ 118
_1 —-15: ;_? :
DO (mg-L™)

DO levels in different conditions. The centrifugal speed and
time were 5300 X g and 10 min.

Aeration and dissolution behavior of oxygen nanobubbles in water

S Xue, Y Zhang, T Marhaba, W Zhang - Journal of Colloid and Interface Science, 2022


https://scholar.google.com/scholar?oi=bibs&cluster=13144983052779926251&btnI=1&hl=en

Observations of the DO changes after the dilution of the water suspension of O,
NBs with DO-free water

(@) 40 i m  Deoxygenated water g
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(@) DO levels versus the dissolution time under different dilution ratios (V,,o/Vygs) In an air-
tight container, (b) The ratio of the initial DO vs the equilibrium DO (C;/C’) and the decline
rate of DO under different dilution ratio, (c) DO levels versus the dissolution time of O, NBs
in the container fully filled up and open to the ambient air, and (d) The influence of dilution
ratios on the average concentration of O, NBs.

(mg-L*-h™)

v" Figure a shows as the O, NB suspension was
diluted with deoxygenated water, the initial DO
levels (C;) declined proportionally as expected
and all dropped to different stable levels (C’).

v Figure b shows that increasing the dilution
ratio (the volume of the spiked deoxygenated
water divided by the volume of the NB
suspension, V,,o/Vyg) Will increase the ratio of
C,/C’.

v Figure ¢ shows that when the liquid mixture
was completely open to the air, the DO declined
much faster (1.80 mg-L-1-h-1) than that obtained
(0.38 mg-L-t-ht) when the liquid mixture fully
occupied the overhead space.

v Figure d shows that the average number
concentration of O, NBs In water was
proportionally reduced when varying the
dilution ratio (0:10, 3:7, 7:3, 9:1) with
deoxygenated water.




Conclusion

» The mass transfer coefficient (K,) is highly dependent on bubble size.

» The dissolution model based on Epstein-Plesset (EP) theory predicts that the saturated
dissolved oxygen (DO) level and the size variation are dependent on bubble size.

» During dissolution, NBs may either swell or shrink depending on the NBs number density

» The internal pressures of O, NBs dictate the dissolve oxygen level and also drives the
dissolution.

» The experimental measurement and model prediction both revealed the bubble size
decreases at high injection or internal gas pressures.

» The colloidal force balance model implies that NBs elicit much higher internal pressures
(120~240 psi) than the injection gas pressures (60-80 psi).

» Increasing the solution temperatures (6—40 °C) reduced bubble sizes from approximately
400 to 200 nm, which are validated by colloidal model.
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Questions?

Thank you!
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