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A planar or spherical fluietliquid interface was commonly assumed on studying the surfactant adsorption kinetics
for a pendant bubble in surfactant solutions. However, the shape of a pendant bubble deviates from a sphere unless
the bubble’s capillary constant is close to zero. Up to date, the literature has no report about the shape effect on the
relaxation of surface tension due to the shape difference between a pendant bubble and a sphere. The dynamic surface
tension (DST), based on the actual shape of a pendant bubble with a needle, of the diffusion-controlled process is
simulated using a time-dependent finite element method in this work. The shape effect and the existence of a needle
on DST are investigated. This numerical simulation resolves also the time-dependent bulk surfactant concentration.
The depth of solution needed to satisfy the classical Watdai infinite-solution assumption was also studied. For
a diffusion-controlled adsorption process, bubble shape and needle size are two major factors affecting the DST. The
existence of a needle accelerates the bulk diffusion for a small bubble; however, the shape of a large pendant bubble
decelerates the bulk diffusion. An example using this method on the DST dataEfi€illustrated at the end of
this work.

1. Introduction the initial adsorption stage, and they have been compared to the
Dynamic surface tension (DST) at the liquifluid interface numerical solutions. Many surfaces of interest or those that have

is important to many applications, such as foams, coatings, and?€en utilized are, however, not planar. o .
bioprocessing&:s For a surfactant solution with a concentration ~ Droplets and bubbles were frequently encountered inindustrial
below the critical micelle concentration (cmc), the DST of a problems as well as in scientific measurements of interfacial
freshly created surface is governed by the diffusion step from tension. In su_ch cases, a spherical interface us_ually res_ults ina
the bulk phase to the sublayer and the adsorption step from thePetter approximation than a planar oéisymptotic analytical
sublayer to the fluid surface. With the local equilibrium Slutions have been also developed in various spherical drop
assumption, the diffusion-controlled mechanism has been appliedSystems with a finite solution deptfi.The actual geometry of
to many surfactants. the pendant drop also plays an important role in the dynamic
DST reflects the interfacial transport phenomena of a surfactant SUrface tension phenomenon. Yang and¥®ad simulated the
solution. For a diffusion-controlled process, the classical Ward ~ Surfactant mass transport for the case of a pendant drop in air
Tordai equation first accounts for the bulk molecular diffusion and studied the shape effect of the liquid drop.
onto a planar surface. Numerical solutions are generally needed, The kinetic barrier may play an important role on DST
since most of the adsorption isotherms are nonlinear, especiallyre¢laxation like bulk diffusion does on surfactant adsorption
on interpreting DST data that is extracted from a nonplanar Processes. Some analytical expressions have been derived for

interface. the process of mixed kinetiadiffusive control*4-17
A common approach to this calculation is applying the ~ Thependantbubble tensiometer has emerged as a very accurate
trapezoidal rule approximation to the War@lordai equatiors:” and useful tool for measuring the surface tension of a ftuid

The planar diffusion-controlled process can also be solved by liquid interface®1#20 Diffusion from the bulk solution to the

the finite difference or the finite element meth®¥Anotherway ~ bubble surface is commonly approximated as the diffusion to a
for solving this problem is the regular perturbation methdd. ~ spherical sufacé?

Analytical solutions from the perturbation method are usefulin ~ For a spherical bubble inside a surfactant solution, surfactant
molecules diffuse radially toward the bubble surface. Compared
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_ 2. Time-Dependent Mass Transport

F The x—z planar projection of the pendant bubble model is
nee%_) ba, plotted in Figure 1. In this study, it is considered a three-
bubble (@, @) \gg, dimensional diffusion and a surfactant adsorption onto an actual

pendant bubble surface from a static bulk phase (denotéz) by

Rk The bulk phase contains an initially uniform distribution of
o|R * ‘ﬁulk phase| X surfactant, and a pendant bubble is suddenly created on the tip
0y Q of a needle at = 0. The pendant bubble deforms slightly while
the surfactant molecules diffuse and adsorb onto the surface.
The flow in the bubble adjacent to the bulk phase may be induced

by the shape deformation. For a surfactant solution with a
Figure 1. Coordinate system of a pendant bubble in surfactant concentration below the cmc, an incompressible bulk phase and
solution: = bulk domain in which the time-dependent mass a constant diffusivity can be assumed. The general equation of

gansgort of sm;rfacggt is i?]nsider@ﬂh: an Eragi”afyr?tpherifat“ convective diffusion for the surfactant exchange in bulk fluid

oundary surfaceyQ, = the imaginary sublayer right next to .

the pendant surface; ad2; = solution boundary adjacent to the can be expressed as follows:

needle. 9C
S Huve= DVC inQ 1)

with a planar surface, the curvature of the bubble surface speeds ) ) ) . e

up the diffusive flux. The rate of mass transport therefore WheretisthetimeCisthe bulk concentratiol s the diffusivity,
accelerates due to the surface curvadiemay fail to describe ~ @ndu is the velocity in bulk phase. The convective diffusion
the DST of a spherical bubble if one neglects the geometric equation can t_)e reduced to adlmen3|onlle§s form by |nt.roducmg
effect of a bubble and assumes a planar surface. Ignoring the? characteristic length and a characteristic flow velocityo.

surface curvature could cause a significant error in evaluating Here.L represents the length along which the major change in
the bulk diffusivity of surfactant moleculés. concentration takes place anglrepresents the velocity of the

Assuming a spherical interface does give a much better Pulk fluid. Equation 1 can be written as follows:

prediction on the DST for a pendant bubble than a planar one.
Two questions come to mind. Can a spherical interface predict
the same DST as that for a real bubble surface? What is the
e I e et of DS G K SOnCenIaton 7 yperec — Iy ~DUL anc —uty e of Catesin

C?f course, the deviation between the spherical and bubble coordinates, the dimensionless coordinates can be expressed as
surfaces depends upon the capillary const&ytand bubble X' =L, y* = ylL, andz* = zIL. The dimensionless ratige

aC*
at*

+ Pe(u*-VC*) = V2C* in Q 2)

=upL/D is known as the Peclet number. The relationship between

\tl)ot’g?e M% The DS'I('jfor stun;act?n:s difit;sitnfg onto ? p_entlzlant the convective and the diffusive transfer of surfactants is, therefore,
ubble surface may depart clearly from that for a spherical one, 4. ribed by Peclet number.

especially for a large pendant bubble that has a large absolute In a common pendant bubble experiment, the bubble is hanged

°a$'r']'ary number. e e s on the tip of a needle in static bulk fluid. The air is enclosed in
e existence of a needle may cause another significant ermory, o, ,phje. and the bubble keeps a nearly constant volume during

on simulaging t:ehDS':: datﬁ' Pen(;jant bﬁbb!es ?re usepl :10 beingme measurement. Therefore, the bulk velocity just comes from
generated, and therefore hanged, on the tip of a straight (or Uthe bubble deformation. The deformation-induced flow in bulk

type) cylindrical needle. The bulk diffusive flux at the region ;i is rather slow. In general, a small Pelect number will be

near the needle may have a significant contribution to the adjacentfounol in a common pendant bubble experiment. Therefore, the
bubble surface. A larger flux therefore results at the region close convective term in eq 2 can be neglectédn thi:s case thé

to trlﬁ thr;:e-pha?_e _conthactDcslr_I(_:Ig. Itis |(;npor’gzgnt to lnclude_ thle concentration distribution in the bulk phase is caused primarily
nhee €e lect on fitting tl e DST data to describe more precisely by molecular diffusion; at sufficiently loW?e, mass transfer by
the actual experimental environment. convection is negligible.

In this work, atheoretical simulation based onan actual pendant  This work tries to study the roles of the bubble shape and
bubbl_e, hqnging onthetip ofaneedle, is performed for calculating aedle on the DST. The effect of bubble shape change on DST
the diffusion-controlled DST due to the mass transport of a g ring the measurements is not significant and is neglected here.
surfactant onto a freshly created surface. A time-dependent), e giscussion on this issue is detailed later in the Discussion
finite element method is applied to simulate the bulk diffusion gactign.
and the kinetic adsorption/desorption processes numerically. o 4 stationary and well-deformed pendant bubble, the
With the aim of the present modeling, surfactant adsorption .4, ective diffusion can be simplified as follows:
onto pendant bubbles can be analyzed more precisely. This

numerical simulation resolves further the time-dependent sur- aC 5 .
factant concentration in the bulk phase and the depth of ot DvC in Q 3)
solution needed to satisfy the Ward@ordai infinite-solution
assumption. The boundary and initial conditions are
(21) Stebe, K.; Lin, S. Y. Dynamic surface tension and surfactant mass transfer C= Co ona;t=0 (4a)

kinetics: measurement techniques and analysigidndbook of surfaces and
interfaces of materials: Surface and interface analysis and propeftiakva,

H. S., Ed.; Academic Press: San Diego, CA, 2001; Vol. 2, Chapter 2. (24) In a common DST experimer@aandReareO(10-%) andO(10-4) from
(22) Ferri, J. K.; Lin, S. Y.; Stebe, K. J. Colloid Interface Sci2001, 241, an order analysis, respectively. The effects of fluid motions are rather small, and
154. the bubble can be assumed to be hydrostatic. Further discussion is detailed in a

(23) Hsu, C. T.; Chang, C. H.; Lin, S. Y.angmuir1997, 13, 6204. manuscript accepted b@olloids Surf., A(ms. ref. no.: COLSUA-14994).
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i n-DVC ona,;t=0 (4b)
C=¢C, inQ;t=0 (4c)
r=o0,C=0 ono,; t=0 (4d)
C=C, onoR;t=0 (4e)
n'DVC=0 onoR;t=0 (4f)

An imaginary spherical boundary(2,, far away from the
bubble surface is assumed to remain at a constant concentration
Co during the whole adsorption process (eq 4a). The position
of the boundarysQ; is set far away from the bubble surface

0Q2,.

Boundary condition 4b describes the rate of change of the 0.
surface concentratioh, being related to the bulk concentration +L
gradientVC on the imaginary sublayeK2,. Note that€2, can Figure 2. lllustration of mesh: (a) mesh with 1793 elements for

be viewed as the surface of the pendant bubblevdddhanges  demonstration and (b) parts of the mesh near the bubble surface
with time. Therefore, the rate of the change of surface with a total of 5264 mesh elements in the whole computational

concentration varies with time also during the whole process. domain.

The outward normal of the pendant bubble surface is denoted

bynineq4b. The dependence betw&eandC on the imaginary method (FEM), the so-called discretization of the original

sublayenQ2,is unique and is described by the adsorptionisotherm problem, approximates the PDE problem with a finite number

when the process is of diffusion control. of unknown parameters. This method involves introducing
_In this work, the contribution from bulk flow and surface finjte elements or shape functions that describe the possible

diffusion was neglected and only the bulk diffusion was ¢, ms of the approximate solution for the original PDE

considered in the mass transport proc?és‘Ehe_ mhomogene!ty roblem. The complicated geometry is partitioned into small

ofthesurfac_e concentration was neglected,sm_cetheexperlment nits of a simple shape via the mesh of the finite element

bubble profiles in this study can always be fitted perfectly by method. The 3-D FEM is usually utilized to treat complicated

the Young-Laplace equatiof® Note that the deviations of the " to obtai " Its without
best-fitting, for the fit between the experimental bubble and geometry or 10 obtain more accurate results without any
simplification?7:28

theoretical bubble from the Yourd.aplace equation, of a bubble
in pure water and in surfactant solution are nearly identical in  Inthis work, the FEM for pendant bubbles considers a general
this work. 3-D system. In the spatial discretization of the computational

At the beginning of the process, the bulk phase contains a domain, tetrahedron mesh elements are constructed. The faces,
uniform concentration distribution (eq 4c) except the imaginary edges, and corners are called mesh faces, mesh edges, and mesh
sublayerd€2; has a zero concentration. For a clean surface yertices, respectively. The boundaries in the domain are

adsorption process, the bubble is suddenly created, and the bUbblﬁartitioned into triangular boundary elements (mesh faces).
surface is fresh and clean with zero surface concentration.

Therefore, a zero sublayer concentration=atd on 9Q, (eq 4d) A Galerkin finite element meth342® with quadratic basis
is assumed to satisfy the adsorption isotherm. functions for discretization is used to expand the PDE for each

The solution adjacent to the needle wall is represented by mesh element o€ at any time. The concentration profile is
boundarydQs. It is assumed that the needle is in contact with €xpanded in terms of a series of quadratic basis funcigns
the surfactant solution for a long time before a bubble is
generated. Therefore, the cpncentritlon on bour@@gequals Cxy, zt) = Zci(t)¢i(X! v, 2) (5)
to the initial bulk concentratio@y att = 0 (eq 4e). No surfactant |
molecules cross through the needle (eq 4f) during the whole
process.

BoundariesdQ1, dQ,, and dQ23 enclose the region for the
computational bulk fluid phase. The area enclosed®y, 0Q2,,
andaQ2; shown in Figure 1 revolves about th@xis to generate
a 3-D computational geometric model of a pendant bubble for c c
the finite element method. On the theoretical simulation, it is 9(~9C\ | 9(~9C\ , 3(~9C\ _9C] 4, _
considered only 30, as shown in Figure 2, about tzeaxis in fff¢i[8x(D ag) + BJD ay) + BZ(D 82) ot dv=0 (6)
this enclosed region to have a better convergence. More discussion Q
on the accuracy is given later on this simplification.

3. The Finite Element Method Each of the first three terms in the brackets in eq 6 can be
The solution of PDEs on complicated geometries can rarely INtégrated by parts using the GreeBauss theorem. Thus, eq
be expressed in terms of elementary functions. The finite element® can be written as follows:

b 5 .
0 L0 mn:\\

wherec; is the undetermined coefficient. The Galerkin weighted
residuals of eq 3 can be constructed with quadratic basis functions
¢ and integrated over the computational domain.

(25) CalE has a value 0©(1077) from an order analysis. Surface concentra-
tion and surface tension are therefore uniform. Further discussion is detailed (27) Rao, S. SThe Finite Element Method in Engineerir&nd ed; Pergamon
in a manuscript accepted If§olloids Surf., A(ms. ref. no.: COLSUA-14994). Press: New York, 1986.

(26) Miller, R.; Joos, P.; Fainerman, V. Bdv. Colloid Interface Sci1994 (28) Reddy, J. NAn Introduction to The Finite Element Methazhd ed.;
49, 249. Mcgraw-Hill: New York, 1993.
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—fff [i:b. oc , diac  diacl o, . Y = 70=TLRTIn(1 - x) (14)
X OX dy dy 0z 0z
wherey is the clean surface tension.
[ oC Itis considered only the diffusion-controlled surfactant mass
ffD¢' n + Byny+ n] dA - fff¢'( )dV— transport in this work. Therefore, the concentration profile in the
bulk phase can be obtained from eq 12 by FEM. Note that the
() subsurface concentration depends upon the position of the bubble
(i.e., function of turning angle, as shown in Figure 1). The
surface concentratioli is then calculated from eq 13, the
adsorption isotherm, since the process is of diffusion corffrol.
Ay~ — is therefore a function of position also; that is, depends ufpon
[Kle +[K™]c =[P ®) The surface tension is then found out by eq 14 from the average
where surface concentration for the whole bubble surface. The variation
of surface concentration on the bubble profile is assumed to be
0 8¢J a¢p; 9g;  I¢; 0 negligible in this work. The subsurface concentration at different
fffD X Bx By ay + Bz oz av. (9) positions is assigned to be an average concentration calculated
from eq 13 with the average surface concentration. This average
subsurface concentration is then used on the next iteration.

By applying eq 5 and the boundary conditions (eq 4a and b), eq
7 can be expressed in matrix form as

1) —
K fff¢ ¢ v (10) 5. Pendant Bubble Profile
Theoretical shapes of pendant bubbles are derived according
dr tothe Young-Laplace equation, which relates the surface tension,
= ff(_) 11) the radii of curvature, and the pressure difference across the
curved fluid interfacé?-31
Equation 8 represents the element equation of a mesh element. Y[1/R, + 1/R] = AP (15)
The assembly of these equations on the whole domain leads to
the following ordinary differential equation (ODE): wherey is the surface tensiof}; andR; are the two principal
radii of curvature of the bubble surface, afA\® is the pressure
[Klc+ [KPe =P (12) difference across the interface. Equation 15 can be recast as a

) ... set of three first-order differential equations for the spatial
The assembled ODEs of eq 12 can be solved with the initial o jtionscandzand turning angle of the interface as a function
conditions (eq 4c and d) and boundary condition (eq 48).  qfthe arc lengtls, and then integrated with boundary conditions
The set of governing equations, egs 3 and 4, are solvedx(o) = 7(0) = $(0) = 0.
numerically by the Galerkin finite element method with the ¢ first-order differential equations can be changed into the

Lagrange-quadratic basis functions for discretization. An following forms by applying the dimensionless variabjés=
iterative method, GMRE®’ is then used to solve the integration XIRo, z* = z/R,, ands* = s/R.

system. The convergence criterion is based on the residual. To

get a more accurate surface concentration, one has to work de/dst = 2+ BZ — sin¢/x* (16a)
carefully on the mesh size for the region near the bubble surface.
More discussions on the accuracy and mesh size are given later. dx*/ds* = cos¢ (16b)
4. Adsorption Equations and Dynamic Surface dz*/ds* = sing (16c)
Tension

whereB s the capillary constantfApgRs?/y), Ap is the density
difference between the fluid phaseg,is the gravitational
acceleration, an&y is the radius of curvature at the apex. The
equations are subject to the boundary conditixii8) = z*(0)
¢(0) = 0. Equation 16 was integrated by using the variable

order Adams-Bashforth-Moultion PECE solver in MATLAB
T C initialized with an approximate solution:
r. “"c+ta (13)

°° xX* =s* (17a)

wherel ., andaare the two parameters of the Langmuir adsorption
isotherm which represent the maximum surface concentration
and surfactant activity, respectively.

For a diffusion-controlled process, the kinetic adsorption ¢ = 2[3,((—B)3)]/(—B)*? (17c)
process is much faster than the bulk diffusion one. Thus, the bulk
concentration in the sublayer and the surface concentration atEquation 17 is valid near the apex where< 1.32 Here, J,(x*)
the bubble surface keep at equilibrium at any time. When the is the Bessel function of the first kind.
surfactant solution is considered to be an ideal one, the Gibbs
adsorption equation and the equilibrium isotherm allow for the _(30) Lin, S.Y.; Chang, H. C.; Lin, L. W.; Huang, P. Rev. Sci. Instrum1996
calculation of the surface tension in terms of 67, 2852

To complete the solution for the surface concentration, the
adsorption kinetics has to be specified. The Langmuir isotherm
was used in this work to describe the surfactant adsorption onto
the bubble surface. At equilibrium, the rate of change of surface
concentration vanishes and the adsorption isotherm is given by —

7 = 2[1 — J((—B)">*)]/(—B) (17b)

(31) Rotenberg, Y.; Boruvka, L.; Neumann, A. \W. Colloid Interface Sci.
1983 93, 169.
(29) Saad, Y.; Schultz, M. HSIAM J. Sci. Stat. Comput986 7, 856 (32) Huh, C.; Reed, R. LJ. Colloid Interface Scil983 91, 472.
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Table 1. Representative Simulation Parametefs

Yang et al.

Ve Ro H* ho hsp ho-b A \Y Vs
no. Coa Xe (MmN m1) -B (mm) (mm) (mm) (mm) (mm) (mn) (mmd) (mm?)
1 0.5 0.33 64.9 0.10 0.81 8.0 11.6 2.0 1.9 7.7 2.4 2874
2 0.5 0.33 64.9 0.20 1.15 10.0 11.6 25 2.3 18.4 7.9 5805
3 0.5 0.33 64.9 0.29 1.39 11.3 11.6 2.7 2.6 31.5 16.6 8473
4 25 0.71 50.3 0.10 0.72 54 5.0 1.3 1.2 5.8 1.6 972
5 2.5 0.71 50.3 0.20 1.01 6.7 5.0 1.5 1.3 11.8 53 1922
6 25 0.71 50.3 0.30 1.24 7.6 5.0 1.7 1.6 25.0 11.9 2885
7 10 0.91 30.5 0.10 0.56 3.0 1.6 0.63 0.58 2.8 0.6 185
8 10 0.91 30.5 0.20 0.79 3.7 1.6 0.72 0.66 8.0 2.4 371
9 10 0.91 30.5 0.33 1.01 4.3 1.6 0.80 0.71 16.8 6.7 607

a Parameters used» = 7 x 1071° mol/cn?, a =4 x 1071 mol/cm?, D = 5 x 10°% cn¥/s, andR, (outer radius of the needlej 0.535 mm.
A = bubble surface are¥, = bubble volumeys = solution volume, andi* is calculated fromVs in which there is 30 times the surfactantAif..

0
-1.5

4 4
b C
3f 3b
2f 2f
1F 1k
05 05 s s 0.5 05 1ss 05 05, 15
-0. 53 (5 0. 53 a5 - 0. 5y (o

Figure 3. Comparison between the pendabtubble profiles withR, (solid curves) on the tip of the needle and the spherical bubble with
R = Ry (dashed curves). The numbers4 indicate cases-19 in Table 1.Cy/a = (a) 0.5, (b) 2.5, and (c) 10.

6. Simulation Framework

Pendant Bubble. Table 1 illustrates the representative

simulation parameters of the pendant bubble system used in this ) ) -
b P y the DST profiles. IfQ contains surfactant less than 10 times the

absorbed surfactant, the effect on DST due to the assumption of
fixed concentration oAQ2; may be significant. A normal distance

for Q containing 30 times the absorbed surfactantoy is
defined adH*. In other wordsH* (listed in Table 1) is a normal
distance betweefQ; and the bubble surfac, in the apex

study. The concentrations chosen in the study intend to cover the
actual working range applied in the dynamic experiments of
surfactantadsorption. To evaluate the effects of bulk concentration
on the adsorption kinetics, dimensionless concentratiosa)

of 0.5, 2.5, and 10 are studied. Note tfaais the surfactant

activity (eq 13).

The deformation of bubbles also depends upon the drop volume
and capillary constant. Pendant bubbles with three different
capillary constants;B= 0.1, 0.2, and-0.3, and three different
Ry (radius of curvature at apex) are studied to evaluate the effec
of bubble shape on the dynamic surface tension. The bubble
profiles studied in this work are shown in Figure 3.

The equilibrium surface tension at different bulk concentrations
can be calculated from eqgs 13 and 14. In this study, the needle
is fixed (assumingr, = 0.535 mm= half of the 0.d. of a needle
of gauge no. 19), and tli® of the pendant bubble can be obtained
from the givenB and equilibriumy. As mentioned above, the
profiles of pendant bubbles depend onlyBeindRy,. With known
values ofB, Ry, andR,, the boundaryQ, of the computational

when the system has reached the equilibrium state. Under this

direction.

domainQ can be generated by the numerical procedure detailed

in above section. The surface areas and volumes of the generate

pendant bubbles are listed in Table 1.
To construct the computational domafa for FEM, an

imaginary boundargQ2; is essential. In this study, the imaginary

boundarp(2; was chosen based on a mass balance of surfactant

to simulate the infinite boundary condition, which is used in the
classical spherical ca88'TheQ is designed to contain surfactant

condition, the acceleration of the rate of mass transport due to
the assumption of fixed bulk concentrationase; will not affect

Spherical Bubble.To examine the spherical mass transport
model and to investigate the effect of the needle on DST, two
tsimulations on a spherical surface were performed. The first one
considers a perfect spherical -aiwater interface, in which the
spherical interface is completely enclosed by surfactant solution
without a needle attached to it. The second one considers a bubble
of spherical shape attached to the tip of a syringe needle with
radiusR, = 0.535 mm.

Mass transport in the solution bulk phase was commonly
simplified to diffusion onto a sphefeAn implicit equation for
the evolution of surface concentration to a spherical bubble of
radiusb is®

o = 2ICot — foCr) drl + 2\/2[%& -

[iicft— 1) dval (18)

The last two items in the above equation are the same as the
Ward—Tordai planar expression. The equation becomes the

around 25-30 times the absorbed surfactant at bubble surfaces Ward—Tordai planar expression whbibubble radius) is infinity.
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Figure 4. (aand b) DST profiles from (i) the CSM (dashed curves) and (ii) the FEM predictions for spherical bubbles without (solid curves)
and with (dotted curves) the needle for case 7 (a) and case 3 (b). (c) DST profiles of a pendant bubble using FEM with 8572 (solid curve),
3649 (dashed curve), and 1993 (dotted curve) mesh elements for case 7 in Table 1.

Adsorption Depth. For a planar fluig-liquid interface, an bubble of case 7 is small compared with that of case 3 (as shown
adsorption depth is commonly defined based on the massin Figure 3), but the needle diameter is the same for both cases.
balance: VG = AhCo = Al'e. A bulk solution within one  The data in Figure 4a show that the DST for run 7 with a needle
adsorption depth contains the same amount of surfactant as thatdotted curve) relaxes faster clearly than that without a needle
which absorbs at the fluigliquid interface, when the system  (dashed curve). For a bigger bubble (case 3), the existence of
reaches equilibriur Thereforehp = I'd/Cofor aplanar surface. 3 needle does not result a faster relaxation of DST (Figure 4b).

For a spherical bubble, the adsorption depth can be definedThe data in Figure 4 (a and b) imply that the existence of a needle
in a similar way in the radial direction. Consider the same mass may accelerate the rate of mass transport when the size of the
balance of surfactant for a spherical surfacer/8}(R** — R?)- needle is comparable to the size of bubble. This is because the
Co = 47R?Te. R is the radius of the spherical bubble, &Rt tip of the needle covers parts of the surface of the spherical

defines a bulk domain, containing the same amount of SurfaCtambubble. The surfactant within the solution in the neighborhood
as that which adsorbs at the spherical interface. Therefore, the

dsorotion depth in the radial direction for herical bubble i of the needle cannot diffuse across the needle. Therefore,
adsorptio . ep_ € radial directionfor a sphencal bubbl€ IS o, 2 ctants in this region diffuse and adsorb directly onto the
defined as:hs— R* — R.

Forapendant bubble, the adsorption depth in the radial direction bubble surface adjacent to the needle tip.

can be expressed hs, = Ri* — Ro. Rois the radius of curvature In other words, wheiR, (radius of the needle) is close R
at the apex of a pendant bubble, aR¢t is evaluated from a  (radius of the spherical bubbl® = R, for the CSM), this
similar mass balance of surfactantV/Re®)(Ro*® — R®)Co = acceleration becomes significant, and the DST shows a faster

Al'e, whereA andV are the surface area and the volume of relaxation. IfR; is much lager thaiR,, the deviation is nearly
pendant bubble. In other wordgs* is the equivalent radius of ~ negligible. Therefore, alarger bubble and/or a smaller needle are
curvature in the apex direction for a pendant bubble (see Figurerecommended on measuring the DST when one applies a pendant
1). These three different adsorption depths are listed in Table 1bubble technique. One can then use the CSM to simulate the
for the cases shown in Figure 3. measured DST profiles on studying the adsorption kinetics when
the spherical bubble is large enough.

Pendant Bubble.The FEM simulations on DST for pendant

FEM Validation . The spherical FEMimplementingthe above 1, hpjes and spherical bubbles with a needle are shown in Figure
algorithms has been conducted for the cases shown in Figure 35 the pubble profiles are shown in Figure 3, and solution

Dynamic surface tension profiles from the FEM and the classical properties are listed in Table 1. Data in Figure 5a and d show

spherical model (CSM, eq 18) are demonstrated in Figure 4a andthat the DSTs of pendant bubbles (solid curves) are very close

b for comparison. The DST profiles for the FEM without a needle . )
(solid curves) and those for the CSM (dashed curves) are nearlyto the DSTs of spherical bubbles with a needle (dashed curves)

identical. The implemented geometrical model, mesh eIement,Whenthe absolute capillary constantis small (i.e., when a pendant

time-stepping algorithm, and discretization method of the FEM bubb(;e iS_ closetr)lto partshof a spﬂere). Figure 5a and d shows cases
are therefore verified. 1and 7 in Table 1, whereB = 0.1.

Figure 4c shows DST profiles of a pendant bubble using the =~ When—B becomes large, that is, the pendant bubble deviates
FEM with different mesh numbers. The DST with 1993 mesh significantly from a spherical shape, the DST relaxation profiles
elements shows a slower relaxation (higher tension) than thoseof pendant bubbles are slightly higher than those of spherical
with 3649 or 8572 elements. However, the cases for 3649 andbubbles with a needle. Figure 5 (b, c, and f) shows cases 2, 3
8572 elements resulted in nearly exact same DST profiles. Noteand 9 in Table 1, where-B = 0.2 and~0.3. The DST of a
that the mesh size decreases with increasing mesh number, anfendant bubble (solid curve) with a largeB departs more
a lower mass flux results when the mesh size is too large. To significantly from that of a spherical bubble (dashed curve).

he_t\_/e an accurate_DST me'l?’ over 8600 mesh elements are Figure 5d shows again that the needle effect on DST, that is,
utilized in all the simulations in this work. . . .

Needle Effect.In the pendant bubble method, bubbles are the difference between the pendant bubble (solid curve, with

' ! needle, p-b) and classical spherical model (CSM, dotted curve,

commonly generated at the tip of a syringe needle for DST R
measurements. The existence of a needle may affectthe surfactar¥ﬁ”th°lJt needle), is significant for a smalll pendant bubble. DST
om the CSM shows a slower relaxation for a small bubble

mass transport due to the significant volume of the needle. Two ro .
representative DST profiles for spherical bubbles with or without (with a smaller-B). Recalll thatthe DST profiles from a pendant
a needle are shown in Figure 4a and b. Note that the sphericalPuPble and from a spherical bubble with a needle are very close
to each other when the bubble is small. The faster surface tension
(33) Ferri, J. K.; Stebe, K. Adv. Colloid Interface Sci200Q 85, 61. relaxation for a small pendant bubble (or a spherical bubble with

7. Simulation Results
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Figure 5. Comparison of DST profiles from the CSM (dotted curves) and from the FEM for spherical bubbles with the needle (dashed curves,

sph) and for pendant bubbles (solid curves, p-b) for cases 1 (a), 2 (b), 3 (c), 7 (d), 8 (e), and 9 (f), detailed in Table 1.
p p p

needle) is caused by the mass flux acceleration due to the existence
of a needle. Recall here that the CSM predicts the DST without
a needle.

The simulation data for a large pendant bubble (with a large
—B, solid curves) show a slower DST relaxation (Figure 5¢ and
f) than that of the CSM (dotted curves) or a spherical bubble with
a needle (dashed curve). These data show the shape effect on
bulk diffusion: the rate of diffusion onto a pendant bubble is
significantly different from that onto a perfectly spherical surface.
Recall that the needle effect is negligible for a large bubble (with
a large—B).

The deviations of the DST between the FEM of a pendant

surface tension (mN/m)
W N N ~
wn (=) wn S

W
(=}

bubble (solid curves) and the CSM (dotted curves)dgla = '570'
0.5 (Figure 5c), 2.5, and 10 (Figure 5f) are nearly identical. >
These nearly same deviations indicate that bulk concentration E£65
plays only a minor role here. g

In summary, needle size and bubble shape are the two major "Z 60
factors that affect the DST for surfactant bulk diffusion. The 2
existence of aneedle accelerates bulk diffusion for a small bubble g
(Figure 5d). However, a flatter pendant bubble profile (large ESS

—B) decelerates the bulk diffusion. These two factors may
counterbalance each other under certain conditions. For example,
Figure 5e shows a nearly same DST profile for the pendant
bubble FEM as well as the CSM. Note that, in Figure 5c and f

1 1 111l 1 "
4

¢ ‘ . ' Figure 6. DST profiles from the pendant bubble FEM (solid curves;

the deceleration dominates the DST relaxation for a large pendanicase 4 (a) and case 6 (b) in TableDl= 5.0 x 10°6 cn?/s) and

bubble. from the CSM (dashed curves-#). D = 5.0 (1), 5.6 (2), 4.2 (3),
The CSM has been applied to interpret the DST data measurecnd 4.8 (4) [10° cn¥/s] for the dashed curves. Dotted curvesi®

wn
(=}

using pendant the bubble technique for several surfactaft are the DST for a planar surface with= 5.0 (5 and 8), 20 (6), 50
When the mass transport is a diffusion-controlled process, (7). 10(9), and 30 (10) [1G crrP/s].
diffusivity is the only unknown parameter. Diffusivity can then For a large pendant bubble (as illustrated in Figure 6b), the
be evaluated from the best-fit between the experimental DST CSM results in a diffusivity of 4.5« 1076 c?/s. A 10% error
data and the theoretical DST profiles from the CSM. In the results from the shape effect of a fluitiquid interface for the
following work, a constant diffusivityD = 5.0 x 10°° cn/s, case in Figure 6b. Figure 7 gives a summary on the error of
is utilized for theoretical simulations. diffusivity when one applies the CSM to fit the exact DST profiles.
Fitting Using the CSM. We assume that the pendant bubble The CSM underestimates the diffusivity by-102% for a large
FEM with a needle predicts the exact DST profiles, and one bubble and overestimates the diffusivity by 0% for a small
applies the CSM without a needle to simulate the bulk diffusion bubble.
of surfactant. Figure 6 shows that the CSM can predict the DST  Note that if the air-water surface is assumed to be planar, the
profiles perfectly, however, with a different diffusivity. For a DST shows a quite different relaxation (the dotted curves in
small bubble (Figure 6a), a larger diffusivity (53107 cn?/s) Figure 6) and a much larger diffusivity results from the best-fit
results from the CSM. Note that the solid curves have a diffusivity with the DST data (solid curves). A DST profile from a planar
of 5.0 x 10-8 cn?/s. In other words, the needle effect causes an surface may fit the DST data in a small time region quite well.
~6% deviation in the diffusivity when one applies the CSM to However, a larger diffusivity may result, and the deviation is
simulate the DST profiles. dependent upon the surfactant bulk concentration.
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Figure 9. Dynamic bulk concentration (dashed curves) and
diffusion flux (solid curves) at various solution depths at zérfor
case 3 (aCy/a = 0.5) and case 9 (i;y/a = 10), listed in Table 1.
Solution depthd* = 0.01 (1), 0.1 (2), 0.5 (3), 1 (4), 2 (5), and 4 (6).
The dotted curve shows the relaxation of adsorption flux at the
air—water surface.

profile near the bubble surfacé*(= 0.5 and 1.0) shows a small
decrease at the beginning and then increases with incre@sing
This variation of the bulk concentration is probably due to the
effect of the local shape of the pendant bubble on the diffusion
flux.

The concentrationincrease in the lafsection indicates the
needle effect. Surfactants cannot diffuse and adsorb onto the
needle wall (boundary conditions 4f); surfactants therefore diffuse

30 60 0 @ 120 and adsorb onto the bubble surface adjacent to the tip of the
Figure 8. Bulk concentration profile along angi® at different needle. Thus, a higher surfactant concentration results at the
solution depthgi* at t* = 1.0: —B = 0.1 (solid curves) and-B bulk region close to the needle. This has been also discussed in

= ~0.3 (dashed curvesfy = 2.0 x 107%°(a) and 4.0x 107° (b)

mol/en®. above section: the needle effect is more significant for a small

bubble (Figure 8, bubble withB = 0.1). However, for the bulk
Bulk Concentration Profile. Figure 8 illustrates an example region far enough away from the b_ubble surfage ¢1), the
of the bulk concentration profiles at different positions in solution nee_dle effect becomes nearly negl|g|t?le. _
space and at dimensionless titie= 1 (here,t* = Dt/h,_?). Figure 9 demonstrates the dynamic bulk concentration at
Since the surfactant Concentra’['ﬁ(}(, Y, Z, t) is axis-symmetriC, various solution depthﬂ'{) at zero® for a diffusion-controlled
only two variables, Q( 6, t), are needed to specify the adsorption process. The limited bulk diffusion causes a decrease
concentration in the bulk phase. The dimensionless adsorptionin surfactant concentration ata shorttime, and then it relaxes and
depthd* (=(Ro* — Ro)/hp-1) and an angle are utilized in this comes back to the initial bulk concentrati@g as the system
study. reaches equilibrium. The decreas€at, at a specifict* indicates
The dimensionlese* indicates the distance away from the that the bulk diffusion rateADVC) of the surfactant to this
air—water interface, as shown in Figure 1. A second spatial Position is smaller than that from this position to the subsurface
variable, angleD, in the bulk phase is defined as the direction at this time.C/Cy increases with time when the bulk diffusion
passing the pointx(= 0, z= Ro) and the interface with turning  ratetothis pointis larger than that from this pointto the subsurface.
angle®. Note that the apex (at= 0, z= 0) has zer@ and® It takes a longer time for th€/Cy profile to reach its minimum
= 0 indicates a position right below the apex. for a largerd* (farther away from the bubble surface). A dilute
For the solution far away from the aiwater interface (at ~ Solution also takes alonger time for the adsorption onto a freshly
larged*), the surfactant concentration in the bulk phase is quite created bubble surface to reach its equilibrium state.
uniformin all directions of differen®. At smalld* (bulk regions Figure 9 shows also the diffusion flux (per surface area) at
close to the bubble surface), an increase in bulk concentrationvariousd* at zero®. In general, the flux increases with time,
is observed at larg®. This increase becomes significant when reaches a maximum, and then decreases at the time when the
the bulk concentration of surfactant solution is high. surface tension relaxation is leveling off. There is a larger flux
A decrease in bulk concentration wifh was also observed  at smalleid*, the region close to the aitwater surface. Both the
for large bubbles. For example,-aB = 0.29, the concentration ~ C/Cy and diffusion flux curves specify the region of the mass
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Figure 11. Dimensionless concentration contours in the neighborhood of the pendant bubble surface (dashed curves) for cas 9 at time
=0.02, 0.2, 0.6, and 1.0.

transport wave due to the sudden creation of a pendant bubblethe surfactant concentration is depleted by 3% = 0.95),

(i.e., a certain area of the aiwater interface) inside a bulk is defined aslys*. In other wordsdgs* is a simple index on how

solution. deep the bulk solution is for the surfactant adsorption process
The dotted curve in Figure 9 indicates the adsorption flux at at that specific time. In a similar way, one can defig* and

the surface, which is the average of the adsorption flux at all dgg* for a solution depttu* in the bulk phase where the surfactant

different®. The dotted curve is very close to, but smaller than, concentration is depleted by 10% and 1%, respectively.

the one ad* = 0.01 and® = 0. This implies that the diffusion Figure 12 demonstrates the dynauhj¢* at two differentangles
flux in the direction of® = O is a little larger than the average pendant bubbles. At dilute concentratioi@/a = 0.5 for
diffusion flux att < 1000 s. It is noted that the diffusion flux curves a-d in Figure 12a), the maximumhys* is roughly twice
va_rl_lﬁs slightly at \:ja_mou? ionl . the adsorption depth. At a higher concentrati@g/¢ = 10 for

e corresponding dimensionless concentration Contours ., eg e hin Figure 12b), 3times the adsorption depth is needed

outside the pendant bubble for case 9 (listed in Table 9) are ; * ; .
plotted in Figure 10 at dimensionless titie= 0.2, 0.6, 1.0, and E?Jrrg]:sr?r?xézgldrggié)BﬁZ;d:SI’a{?g:P?AZﬂjh&frgeB (dashed

5. Note that/t* = 1019 s for case 9. The contours close to the

bubble surface are enlarged in Figure 11tfor 0.02, 0.2, 0.6, Someone may prefer using the position WatCo = 0.90 or
and 1.0. Figure 10 shows that the depleted surfactant region (for0:99 as the affected depletion depth. Figure 13 illustrates the
example, the region fo€/Co < 0.99) grows with time. At = effects of the capillary constant and bulk concentration on the

200 s, it is only about 1 mm (the size of the bubble radius), and maiximumdgo*, dos*, and dgg*. The maximumdsg*, dos*, and
y reaches 67 mN/m at this time. It increases to 2.2 mm=at  ded" values go up to around 2, 3, and 4.8, respectively.

1000 s and even reaches to around 3.6 min=ab000 s. Note The dynamiadgs* increases with time, reaches a maximum,
that the depleted region becomes thinner at the end of the massnd then relaxes and comes back to zero. The relaxatidg*of
transport process. indicates the depth of the mass transport wave, that is, the region

Figure 11 shows the variation of the surfactant concentration with significant surfactant concentration depletion in the bulk
adjacent to the bubble surface. & 20—200 s, the surfactant  phase. The maximum value of the dynardie* or dgg* curve
concentration adjacent to the bubble surface decreases with timés therefore the minimum solution depth required for a surfactant
(see also curve 1 in Figure 9) and the depleted surfactant regionsolution being designed for this solution system to be claimed
increases quickly. Note that the subsurface concentration alsoas “a pendant bubble in an infinite solution system”.
decreases with time during this time period.

_ The depletion of_the ;urfactant concentration in the bulk phase 8. lllustration Example of C1,E4

is due to the bulk diffusion onto a freshly created bubble surface,

firstinto the region adjacent to the bubble surface and then deeper DST profiles of nonionic surfactantges solutions are utilized
into the bulk phase. A solution depthin the bulk phase, where  to examine the present FEM model since the Langmuir isotherm



Effect of Bubble Shape on Dynamic Surface Tension Langmuir, Vol. 23, No. 25, 20675

2.0

N 15

® B case / Ve 0.31 A

.| —— 5 01 1 a \ £

dgs { —— 132 -01 1 b \ -B £

—— 5 0293 ¢ d - - o

-029 3 d \\ 0.28 1 g

1.0 \| S

| 0.254 F 13

0.0 F=rrrmr—r e l 0.22 = 12

10° 10! 102 10° 10* 10° 10 10 10 107t (s)

3.0 ® B case 7 \¢8 Figure 14. Relaxation of the capillary constant and bubble volume

for a pendant bubble of GE, during surfactant adsorption f@
=6 x 107° mol/cn®.

704 a
v
65 -
60
55
0.0 P P A PR AL PR A AL ] D (107 cm?)
10 10 10 10° 4 10 ——38.8 FEM
©) 01 _ 8 csm
Figure 12. Dynamic 95% depletion depth of pendant bubbles at 45 ]
a small and a large for runs 1, 3, 7, and 9, listed in Table 1. 1'(')0 i ""'1'61 i ""'1'62 i ""'1'(')3 '
6 70 oo
] - d:q o(‘,ule()l‘J y b
54 o _?f*j o 1
» I - - -
fcx 1o — — 90 AA4O 60
44 e e ———
) 1 A — — - — -
= - — - -3
e, —e—
E 504 D (10 cm?)
g, ﬁr‘—‘_ﬂ —88 FEM
i< — - ---- A 1——8 csm
H468------ F------ | i
T T T 40 IIO T llllllll1 T IIIIIIII2 LBUNLBLLLLLLY T 7T
0.1 0.2 B 03 10 10 10 10°¢ )

Figure 13. Maximumdgg*, dos*, anddgg* as a function of capillary Figure 15. DST data for G,E4 adsorption onto a freshly created
constantB and bulk concentratiorCy for the cases listed in air—water interface and the best-fit theoretical curves from FEM
Table 1. (solid curves) and CSM (dashed curves) @r= 6 (a) and 10 (b)

[10° mol/cn¥].
fits the DST data of GE, reasonably wel*3%> The model

constants for GE, at 25°C arel., = 3.90 x 10-19mol/cn? and 70 4
a=4.66x 10-19mol/cn?, which were obtained by minimizing Y
the deviation between the experimental equilibrium data and 65
theoretical curves.
The shape of a pendant bubble relaxes with time during the 60
surfactant adsorption process, and even the bubble volume keeps
nearly constant. lllustrated in Figure 14 is arepresentative example 33
for the relaxation of capillary constant during the surfactant 50 -
adsorption process. In this run of 6<a.0-° mol/cn?, the capillary
constanB varies from—0.23 to—0.31. This indicates a bubble 45 1T T—TT T T —T—TT T —T
elongation and a decrease of surface tension during this process. 10° 10" 100 t(s) 10°

A capillary constant of-0.31 was used for the FEM numerical Figure 16. Comparison between the DST profiles predicted using

simulatiqn iﬂ t.hiS case. . RoandB att = 100 s Ry, = 1.30 mm,B = —0.235; dashed curve)
The diffusivity of CioE4 can be obtained from the DST data andt = 3000 s Ry = 1.22 mm,B = —0.310; solid curve) folC,

in Figure 15. Theoretical DST profiles from the FEM (solid = 6 x 10°° mol/cn®. Circles represent the measured DST data.

curves) and CSM (dashed curves) were computed by adjusting

the diffusivity to achieve the best-fit with the experimental DST nearly same result. This 10% increase is similar to the results

data. DST at two bulk concentrationsx610~° and 10x 10~° shown in Figure 7 (cases 3, 6, and 9) for bubbles with large

mol/c?, were used, and the diffusivities that resulted from the In practice, pendant bubbles deform under gravity during
o ki '

EtinMg atr)eet::/)ggrr:l){hleo é’ﬂ:]e'?hgrsflt‘agaigoz? gicf)frgr;ﬁ (s:usrxcgr]:ta dynamic surface tension measurements. In Figure 14, the capillary

. - . constant {B) remains nearly constant far < 50 s at this
concentrations and the corresponding theoretical curves has 4 oncentration where goes down slowly alsdR, —B, andy

(34) Hsu, C. T.. Shao, M. J.; Lin, S. Y.angmuir200Q 16, 3187. all level off at large times, where the mass transport process
(35) Hsu, C. T.; Shao, M. J.; Lee, Y. C.; Lin, S. Yangmuir200Q 16, 4846. approaches nearly the equilibrium state. A dramatic increase of
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—B takes place at a short time (16800 s) region, wherer to monitor the flux and direction of the surfactant diffusion process
decreases dramatically. by using the FEM.

To evaluate the effect of bubble deformation on DST, two sets ~ When one uses the classical spherical model (CSM) to simulate
of Ry and—B were chosen for the FEM simulation. One setis the DST data, the CSM may underestimate the diffusivity by
the values at equilibrium, and the other is thosé &t 100 s, 10-12% for a large pendant bubble and overestimate the
whereRy, —B, andy start to change abruptly. Figure 16 shows diffusivity by 6—10% for a small bubble. The DST data ofE,4
the DST profiles for these two sets of parameters fgE¢ was also used to verify this phenomenon at the end of the above
These two DST profiles are nearly identical. Similar results are section.
also observed for the other thregE, concentrations. Therefore, In this work, the Langmuir adsorption isotherm was applied
bubble deformation (shown by the change-d& andRo) during for modeling the adsorption/desorption behavior. Since the
the surfactant adsorption process has a negligible contributionmolecular interaction between the adsorbed surfactants has been
to DST. verified to be important for many surfactants, the use of an

. . . isotherm including the intermolecular interaction forces should
9. Conclusion and Discussions be considered. The study using the Frumkin adsorption isotherm

A finite element method (FEM) for simulating surfactant is now in process in our lab.
adsorption onto a freshly created pendant bubble was successfully It is noted that the simulation in this study will work only for
applied to analyze the adsorption kinetics of a diffusion-controlled the diffusion-controlled mass transport of nonionic surfactants
process. The FEM applied to the surfactant adsorption processwith C < cmc. For ionic surfactants with significant ionic forces
in this study was based on the pendant bubble shape and needlbetween surfactant molecul&s3’the assumptions of diffusion
used in the experimental measurements. control and the Langmuir adsorption isotherm used in this work

The simulation results indicate that the needle size and bubblemay fail.
shape are the two major factors affecting the DST of the surfactant
bulk diffusion process. The existence of a needle, where apendant Acknowledgment. This work was supported by the National
bubble is hanging on the tip, accelerates the bulk diffusion for Science Council of Taiwan under Grant NSC 89-2214-E-011-021.
a small bubble. However, the shape of a large pendant bubeeLA701978W
decelerates the bulk diffusion.

Furthermore, the FEM is capable to study the relaxation of the (36) Diamant, H.: Andelman, DJ. Phys. Chem1996 100, 13732.
surfactant concentration in the bulk phase. One is therefore able  (37) Mohrbach, HJ. Chem. Phys2005 123 126101




