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Abstract : Microbubbles are miniature gas
bubbles of lessthan 100 micronsdiameter inliquid.
Microbubbles provides high gas dissolution, larger
gas-liquid interfacial area and longer residence time.
A theoretical interpretation of the lifetime of
microbubble is presented in the present work. The
classical Epstein and Plesset model isused to inter-
pret the lifetime of microbubble. The influence of
microbubble diameter and surface tension on
microbubblelifetime area so analyzed. A compres-
sive comparison of microbubble lifetime of differ-

INTRODUCTION

In recent times, microbubble are gaining atten-
tion in scientific community. Microbubble offers
largeinterfacial areathan conventiona bubbles. The
physicochemical propertiesof microbubblelikehigh
inertial pressure, high gas-liquid interfacial area,
negatively charged surface and high gasdissolution
rate makes them extremely suitable for various en-
gineering and medical applications*2. The charge
on surface of microbubbleisfavourableto separate
the opposite charge particles in mineral separation
units. Microbubbles have al so been used asasource
for extreme temperatures in sonochemical
reactionsand to increase oxygen delivery in fermen-

ent gas microbubblesisalso presented in thiswork.
The minimum column length required to design an
efficient microbubble columnis also enunciated. It
isobserved that thelifetime aswell asthe minimum
column length is significant based on the
physiochemical property of liquid and microbubble,
which isimportant to design the plant prototype for
chemical process. © Global Scientificlnc.

Keywords : Dissolution; Diffusion; Life time;
Microbubble; Minimum column length.

tation process®4. Microbubble are used to drive mix-
ing on a chip in microelectromechanical devices®.
Microbubblesare be ng devel oped to useasultrasound
contrast, drug delivery agentd®. When considering the
indugtria applicationsof microbubble, itisimportant to
evd uatethe benefitsbased on scientific principles, from
an academi ¢ standpoint and to compare microbubble
technol ogy with existing technology bothintermsof its
functional quality and effectiveness. Thusit becomes
very necessary to examinecl early thesuperior physica
characterigticslikedissolution, residencetimeand life-
time of microbubbles. The residence time of the
microbubbleisdefined astotal timethat microbubble
spent intheliquid, wherelifetimeof microbubbleis
the amount of timerequired for microbubbleto com-
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pletely dissolveinliquid. Themagnitudeof lifetimeof
microbubble dependson stability or diffusion of solute
component of microbubble. Thegtability canbesignifi-
cantly enhanced by coating with surfactant!™. Presence
of dectrolyteinliquid canreducesthe stability, whereas
the effectsof pH on microbubble stability have been
inconsistent!®. Many authors Epstein and Plesset!.
devel oped theoretica model to analysethe stability of
gasbubblein liquid mediabased on diffusion mecha-
nism with/without hydrostatic conditions. Readey and
Cooperi™provided anumerica solution of dissolution
of bubblein theabsence of hydrodynamicinstabilities.
More accurate theoretical analysis, which takesinto
account the effect of motion of liquid was presented by
Cable™ and Tao!*4. The authors aso established a
relation for thelifetimeof bubble. Asper investigation
by Weinberg®3, theeffect of surfacetensionontherate
of dissolution of anisolated single component station-
ary bubbleissignificant. Engelking™ derived an ana-
Iytical expression for life time of metastable
microbubbles. Ljunggren and Eriksson(*s derived an
expressonfor lifetimeof colloida-szebubbleasafunc-
tion of itsradius. Several other studiesarea so avail-
ableinliterature®?, Thereisnowork onthelifetime
of microbubblebased on diffusion and theresidence
time of microbubbleto interpret the geometry of col-
umn for achemical process. Inthe present work, there-
foreto understand theinfluence of microbubblegasdif-
fusion on the stability and the residence time of
microbubble, a theoretical interpretation has pre-
sented. The effect of physiochemical properties of
encapsulated gas on the geometry of microbubble-
induced column is al soenunciated.

MATHEMATICAL FORMULATION

Lifetimeof amicrobubble

The stability of microbubble can be expressed
interms of itslifetime. Lifetime is amagnitude of
time spend by bubbletill it completely dissolvesin
liquid. Inthe present study, Epstein and Plesset model
is used to calculate lifetime of microbubble®. Let
us suppose that at any time, t, amicrobubble of ini-
tial radiusr jisplacedinlargevolumeof liquidinan
isothermal condition. TheYoung-Laplace equation for
amicrobubblecanbewritten as.

20

P=p, +T (1)
where pandodenotes the excess pressure inside the
bubble and surface tension respectively. p, repre-
sents atmospheric pressure. The parameter ristime
dependant radius of the microbubble. Theidea gas
equation for a microbubble yields the following
equation:

r)RT
p= @
where p(r) isdensity in the bubble, M, ismolecular
weight of gas. Ris universal gas constant and T is
temperature. Substituting the value of p from equa-
tion (2) into equation (1), one gets
(po +2r—c’] - —p(;zRT 3)

9

On rearranging the equation (3), it becomes

Mp, 2M
)= e 9
p) RT | RTr @

(o)

2M
p(r)=p, + — (5)
where pgi sdensity of gas under the same condition
of pressure and temperature. The concentration of
gas depends on time (t) and position (r) in thelig-
uid. If weassumethat the dissolution of gasismainly
governed by convectivediffusion, then thetransport
of gasintheliquid can begiven as
o _ D(z@ﬁ_%;] ©)
ot ror or

where D is diffusion coefficient of gas in liquid.
The solution of equation(6) with boundary condi-
tions

c(r,0)=c,,r>r; lime(r,t)=c,t>0

andc(r,t) =c t>0can bewritten as

(@j :(co—cr E+ L ] (7
or )., r Dt

Themassflux of bubbledissolvingintheliquid
can be expressed as

. or
J =—P(r)E (8)

From Fick’s first law of diffusion

j=-D— (9)

whereD isdiffusivity of gasinliquid. Thusfromegs.
(6), (8) and (9), one can get the dissolution rate of
microbubbleas



48

ChemXpress9(1), 2016

ORIGINAL ARTICLE

dr _ D(c,-c,) 1, 1

e L Jﬁ} (19)
Now, substituting value of p(r)from equation (5)

in equation(10) one can get,

d_rz_D[p &] ¢ {1#} (1

dt ¢ RTr " Jabt

If microbubble tends to totally dissolve, then

1 . 1
JDt is negligible as compared to ; Therefore
equation (11) can further can further be reduced to

dr Mo\ 1
& o2 e w

For convenience, equation(12) can be further
modified by substituting f = c/c.. If Henry’s law is
assumed to hold in thismicroscale system then, K =
c/pM, and c/p = K RT?4. For afinite surface ten-
sion (independent of radius) equation(12) becomes
ar__pk hRT(l—f 2 gc](n Mo ] = (13)
dt pRTr 3pRTr

Integrating equation (13) for air saturated solu-
tion (i.e.f = 1) with boundary conditionr = d, /2at t
=0andr=0att=r, givesthe life span of
microbubble as

d? dyp, 1
ERETTS [erﬁ] (14)
where 7, represents lifetime of microbubble. In the
present work six different gaseswere considered for
analysis. Thedetailsof the physicochemical properties
of gasand liquid aregivenin TABLE 1 and 2 respec-

tivey.

‘Density of gases is taken from Perry and
Green! "Diffusivity of gasesin water istaken from
Cusder™, $Henry law constant for gases in water
is taken from Battino and Clever®l, $The
physiochemical properties of CO, in Sodium Car-
boxymethyl Cellulose (SCMC) istakenfrom Tanand
Thorpe®2.

RESULTSAND DISCUSSION

In this section the effect of different
physiochemical properties of liquid on the lifetime
of microbubble as well as the minimum column
lengthisanalyzed. Itis clear from the equation (14)
that the lifetime of microbubbleisafunction of gas
diffusivity, molecular weight of gas, interfacial ten-
sion and propertiesof liquid. Soitisvery important
to completely analyze the dissol ution phenomena of
microbubbleto interpret life time of microbubbles.

Effect of microbubblediameter on thelifetime

The effect of diameter within therange 0to 100
um, on lifetime of microbubble is shown in Figure
1. It is seen that microbubble lifetime increases on
increasing the diameter of microbubble. The size of
a gas bubble in a liquid is control by flux of dis-
solved gasfrom the surface of bubble or toward the
surface. It also depends on hydrostatic pressure and
thepartial pressureof gasin equilibriumwith the con-
centration of gasdissolved intheliquid. In case, the

TABLE 1 : Physiochemical properties of gases

Gas Density’ (kg/m?) Diffusivity in water” (m?/s) Henry law constant in water$
0, 1.308 2.000 x 10°° 1.283 x 10
H, 0.082 4500 x 10 7.698 x 10°®
CO, 1.808 1.920 x 10°° 3.356 x 10™
N, 1.145 1.880 x 10°° 6.020 x 10°®
Ar 1.633 2.020 x 10°° 1.382 x 10°®
co 1.145 2.030 x 10°° 9.376 x 10°®

TABLE 2 : Physiochemical properties of liquids®

Solution Concentration (kg/m°) Density (kg/m®) Diffusivity (m?s) Henry law constant
SCMC-1 0.25 1000.085 1.810 x 10° 3.350 x 10
SCMC-2 0.50 1000.370 1.700 x 10° 3.340 x 10™
SCMC-3 0.75 1000.370 1.600 x 107 3.320 x 10
SCMC-4 1.00 1000.940 1.490 x 10° 3.120 x 10
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internal pressureof the bubbleislower than surround-
ing hydrogtatic pressure, the size of bubbleincreasesas
the gasentersthe bubblefromtheliquid. However due
totheir small size, the pressureinsidethecoreregion of
microbubbleisvery high.

Asthe internal pressure is higher than the sur-
rounding hydrostatic pressure, the microbubble dis-
solves in the liquid and shrinks. Microbubble life-
timeis recognized by the length of time it takes ei-
ther to dissolve or to be transported out of the solu-
tion. The pressure difference between theinsideand
the outside of a bubble (Laplace pressure) depends
on the diameter of bubble. As the diameter of
microbubble increases the Laplace pressure de-
crease. As the size of microbubble decreases, the
chemical potential of gaseous component insidethe
microbubble becomes higher than the surrounding
liquid, due to high internal pressure, which results
in high dissolving of gas from inside bubble to the
surrounding liquid. Hence the lifetime of
microbubble decreases. It isa so observed from the
figurethat life time of microbubble is significantly
affected by the properties of gas. For same liquid
and same diameter range, the theoretical lifetime of
microbubbleisdifferent for different gases. Among
all thesix gases (Hydrogen, carbon dioxide, nitrogen,
carbon monoxide, oxygen, argon) analysed theoreti-
caly, itisfound that the nitrogen microbubble havethe

D, x 10° (m)
Figure 1 : Variation of lifetime of microbubbles with diameter for different gases in water

maximum lifetimewhileH,microbubblehastheleadt life-
time. Thelifetime of nitrogen microbubbleisapproxi-
mately hundredfold higher thantheH, microbubble. The
lifetime of CO, microbubble is aso very less. The
diffusivity of the CO, inwater isvery highascompared
to the other gases.

Itisreported by previous studiesthat the dissolu-
tion of CO, in water form carbonic acid with water.
However suchchemicd reectionisnot observed in other
gases?l, Thiscausesthe reduction of viscosity of the
liquid at theinterface, which reducestheresistancefor
gastodissolveinliquid. Thereforethelifetimeof CO,
microbubbleistoo short. Thedissolution of microbubble
a so dependson theliquid properties. Figure 2 shows,
theeffect of sodium carboxymethyl cellulose (SCMC)
onlifetime of CO,-microbubble. Thetransfer rate of
gasfrom bubbleto liquid decreaseswithincreasing vis-
cosity and thiscan beattributed both to thereductionin
meassdiffusvity of gasand mixing occurringintheliquid
phase. It is also observed that on increasing SCMC
concentration thelifetimeincreases. Increaseinvis-
cosity decreasesthediffusiona betweenthebubbleand
liquid which causes the increases in life time of
microbubble.

Effect of surface tension the lifetime of
micr obubble

The stability of microbubble depends upon its
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Figure 2 : Variation of life time of microbubble for CO, with SCMC concentration
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Figure 3 : Variation of lifetime of microbubbles

dissolution characteristics. The dissolution time of
microbubble is a function of bubble diameter,
diffusivity of gas, density of gasetc. However, other
parameters such as surfactant concentration, elec-
trolyte concentration and pH al so affect the dissol u-
tion.

Figure 3, showstheeffect of surfacetensiononlife
time of microbubblefor different gases. Itisobserved
that thelifetime of microbubbledecreaseswithincrease
insurfacetension of liquid. Generally surfactant are

x 10° (N/m)
with surface tension for different gases in water

added inliquidto reducethe surfacetension of liquid.
Surfacetension of water normally decreaseswithin-
creasing surfactant concentration upto critical micelle
concentration (CM C) and then remains constant with
adding more surfactant’®?, Addition of surfactant in
water ggnificantly effectsthedissolutiontimeof bubble.
Ingenerd surfactantseasily adsorbed on the surface of
bubble, increasesthe diffusion barrier and decreases
thedissolutionrate, which ultimately increasesthelife-
time. Itisvery difficult to produce high concentrated
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Figure 4 : Different cases of microbubble dissolution and column height (H)
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Figure 5 : Variation of minimum column length with microbubble diameter for different gases in water

microbubbleinthe pureliquid, soaminimum concen-
tration of surfactant isessentia for microbubbleforma-
tion with good amount of microbubbles.

However, beyond CMC size and stability of
mi crobubbles does not depend on concentration. The
most stable microbubbles are produced when the
concentration of surfactant is equal to critical mi-
celle concentration?®. Soetantoand Chanl?®! observed
that addition of surfactant can enhance life time of

bubble. Fenget al ¥ al so reported that increasing sur-
factant concentration increaseslifetime. Weinberg™
reported that surfacetension playsaprominent rolein
dissol ution processof small bubbles. He observed that
surface tension effect reduces the bubbl e dissol ution
time. Kwan andBorden'™ examined the dissol ution of
SDS coated mi crobubble and observed that surfactant
coated microbubble has strong effect on reaction of
microbubble. They observed that the SDS coated
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microbubbledisolved asper Epstein and Plessat modd,
but lipid coated microbubbledeviatessignificantly. The
stability of microbubble can beincreased by surface
deposition of particle. Thesurface deposition canmake
microbubble stable up to three days.

Minimum column length (H __ )

When the bubble size reaches to micro-scale,
rate of dissolution increases becausethe surfacearea
and internal pressure of bubbleincreases. Ohnari
described the shrinking process of microbubblesin
thisregard. Theinternal pressure of microbubbleis
increased as the radius decreases. Due to this high
pressure inside the bubble, gastendsto diffuse out-
side from aregion of high pressure to a low pres-
sure of surrounding. As a consequence of this, the
microbubbles shrink and finally collapse.
Microbubbles are often sparged in column to en-
hancethe gasto liquid masstransfer?8l, Dueto high
dissolution it is very essential to design the
microbubble-aided column properly, otherwise the
efficiency aswell astheyield of the process may be
affected. Residencetime(z, ) and microbubblelife-
time (z,,) are two important variables that has to
keep in mind for proper design of column. Suppose
a microbubble rising in liquid column and at the
same time the microbubble dissolves in the liquid
duetoitshighinterna pressure. Threecasesasshown
Figure 4,can be explained as follows:

Case L7, <<t ,

Under this condition the microbubble will rise
slowly due to buoyancy and before being fully dis-
solved in the liquid, it will reach to top of the col-
umn of length H, and will burst in the open atmo-
sphere. Asthegasinside the microbubbleisnot fully
utilised in the liquid so this will reduce the effi-
ciency interm of gas utilization. Thereforethiscase
isnot favourablein designing an efficient column.

Case 27, <7, ,

Under this condition the microbubble will fully
dissolved in the liquid, before reaching the top of
the column. If the column is very high and the
microbubbleisdissolved withinthehalf or threeforth
of column length (H,). Then this case is aso not
favourableinterm of designing, becauseinthelower

sectiontheliquid will be saturated withthegasbutin
thetop section the concentration of gaswill beamost
zero. Another drawback isthat the extraheight will in-
creasethe pressure drop and manufacturing cost of the
column.

Case 37, ® 7, ,

In this case the microbubblewill fully dissolved
intheliquid, just before reaching the top of the col-
umn. Thegasinsidethe microbubblewill be utilised
fully. The concentration of dissolving gas will be
uniform through the column. Thisismost favourable
conditioninterm of operating and manufacturing cos.
So the microbubble column should be designed in
such away that the lifetime and residence time are
approximately equal. If microbubble are generated
at the bottom of column, it will rise due buoyancy
force as shownin Figure 4. If it is assumed that the
motion of rising microbubble is described by the
Stokes’ law, ignoring the effect of reduction of di-
ameter, then the rise velocity (U,) of microbubble
can be expressed a

(Pl _pgbdé

U, =P (15)

where g and ¢ are the acceleration due to gravity
and viscosity of liquid respectively. In order to com-
pletely utilisethe dissolving microbubble, thelength
of the column should betaken in such away that the
microbubble completely dissolvesintheliquid. The
minimum column length will be equal to the maxi-
mum distance travelled by the microbubble till it
completely dissolves. So theminimum column length

can be expressed as
Hmin ~ Ub"cb-l (16)
mngdﬁ(m—pg) dpy | 1 (7
216DK p, |4M,c  RT

Theeffect of microbubblediameter onthe mini-
mum column length required isshownin Figure5.

Itisobserved that minimum columnlengthissig-
nificant based on by the diameter of microbubble as
well as physiochemical properties of gas. Within a
short range of diameter (0to 100 um), minimum col-
umn length increases extremely. So for proper op-
eration of microbubbl e-aided bubble column, therange
of microbubbleshould beasminimumaspossible. The
range of bubblediameter can bereduced by additiona
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Figure 6 : Variation of minimum column length with surface tension for oxygen

proper additivesor surface tension modifier. However
addition of surfacetension modifier or surfactant can
sgnificantly increasethestability of microbubble, which
inturnincreasesthe column length. Theeffect of sur-
facetension onthe minimum columnlengthona50 um
O, microbubbleisshowninFigure6. Itisclear from
the figure that the minimum column length for
microbubbleincreaseswith decreasing surfacetension.
Sofor designing an efficient column, one hasto usea
proper concentration of surfactant so that both prob-
lem can be overcome.

CONCLUSION

The present work theoretically investigates the
lifetime and dissolution characteristics of
microbubble. The Epstien and Plesset model was
used to derivethelifetime of microbubble. Itisfound
that the model can significantly determine the life-
time of microbubbles. Thelifetime of microbubble
issignificantly affected by liquid aswell asgas prop-
erties. Among al the gases (N,, CO, CO,, O,, H,
and Ar) investigated theoretically,nitrogen has the
highest lifetime or most stablein water, whereasH,
hastheleast stableor minimum lifetime. Thelifetimeof
microbubblewasfound to be decreased with increase
insurfacetengonof liquid. Theminimum columnlength,
to be used for proper design of microbubble

column,whichisaffected by microbubble stahility. The
minimum columnlength required to completely dissolve
anitrogen microbubble of 100 pm is approximately
equals to 5.6 m where for the same diameter CO,
microbubbleit requiresonly 0.1 m. The present study
may beuseful for further understanding and designing
themicrobubble aided processintensificationsin vari-
ous chemical processinthisregard.

NOTATIONS

c  Concentration (mol/l)

d, Microbubblediameter (m)

D Diffusion coefficient of gasinliquid (m?/s)
g Acceleration dueto gravity (m?/s)

H_. . Minimum height of column (m)

Mg Molecular weight of gas (kg/kg mol)

p Excesspressureinsidethe bubble (N/m?)
p, Atmospheric pressure (N/m?)

r  Timedependent radius (m)

R Universal gasconstant (Jmol.K)

T Temperature (K)

U, Risevelocity of microbubble (m/s)

Greek letters

o  Surfacetension (N/m)
Py Density of gas (kg/mq)
p, Densityof liquid (kg/m?)
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K, Henry’slaw constant (mol/J)
7_, Lifetimeof microbubble(s)
7, Residencetime (s)

u, Viscosity of liquid (kg/sm)

h
b-l
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