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Abstract

The dynamics of adsorption of mixed protein-surfactant on a bubble surface is simulated
mathematically. The model for the adsorption dynamics is developed based on the Ward-Tordai
equation combined with the Frumkin adsorption isotherm. The simultaneous equations are
solved using the Newton method for iteration. Base case adsorption and diffusion parameter
values for the simulation were sourced from literature. It was found that protein arrives on the
surface at a later time than surfactant. At this later time, the protein replaces the surfactant
resulting in depletion of surfactant on the surface. There is, however, less protein adsorbed in
the presence of more surfactant in the bulk. In contrast, more protein stays in the subsurface
layer under these conditions. In addition to the base case smulation and a comparison to the
experimental data available in the literature, a parametric study was performed to explore the
effects of varying adsorption and diffusion parameters. The parametric study varying the
protein surface affinity revealed that below a certain critical affinity, protein tends not to
replace surfactant on the surface, even though the affinity of protein remains higher than that
of surfactant. Therefore, protein molecules need to have sufficiently high affinity to displace
surfactant molecules from the surface. Another parametric study setting a fixed protein surface
affinity and varying relative diffusivity and surface affinity of surfactant (for a specified
maximum possible surface capacity of surfactant) concluded that with high relative diffusivity
and low surfactant affinity (relative to protein), the displacement of surfactant on the surfaceis
more likely to occur.

Keywords: adsorption, mixed protein-surfactant, frumkin isotherm, Ward-Tordai
equation

1. INTRODUCTION

Mixtures of protein and surfactant have a pract#ighificance in industry, for example in
the stabilisation of emulsions and foams [1]. MeexQ these mixtures can be found easily in
biological systems, such as blood serum which e@esitaf human serum albumin (HSA) and a
number of compounds including low-molecular weightface active molecules [2]. Proteins are
often mixed with low-molecular weight surfactantsitprove the quality of foam produced. The
ability of proteins to unfold at the interface geates films with high surface elasticity and
provides steric resistance to avoid coalescencBlm$ [3]. As a consequence, studies on the
adsorption phenomena of mixed protein-surfactame lagnificant practical as well as scientific
importance. Many works attempt to determine theabiur of adsorption of protein-surfactant
mixtures. Those studies [2, 4—7] describe bothatheorption isotherms and adsorption dynamics of
mixed protein-surfactant on the liquid-gas integadased on experimental data. On the other
hand, studies on mathematical modelling to prettiet adsorption behaviour of mixed protein-
surfactant on the liquid-gas interfaces are lessngon. Nevertheless, studies of this nature have a
significant importance for the design of a processlving the adsorption of mixed protein-
surfactant, such as foam fractionation or emulsiion.

The adsorption isotherms and adsorption dynamigeaikin and surfactant mixtures in the
previous studies [5, 6, 8] were determined basetherexperimental data of equilibrium surface
tension and dynamic surface tension, respecti@ligh analysis as was performed of the equations
governing adsorption behaviour was done primarilthva view to extract parameter values from
the available experimental data. However, so fatherough parametric simulation study,
elucidating detailed behaviour of adsorption dyr@nhas not been developed in previous studies.
When a robust simulation of dynamics of adsorptibmixed protein-surfactant is made available,
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it will save the resource associated with carryingg a multitude of laboratory experiments to
determine the dynamics of adsorption. The matheadasimulation can be developed using the
model of adsorption dynamics and also the adsorgsiotherm of mixed protein-surfactant on the
liquid-gas interfaces developed in the previoudist

ADSORPTION DYNAMICS OF MIXED PROTEIN-SURFACTANT AT GAS
LIQUID INTERFACES
The equation of state of the surface layer therbeapresented as follows [9]:
Meag

ET
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wherell = yy —y is the surface pressurg is the surface tension of the solvept the
surface tension of the solutioR,is the gas law constart,is the temperature, =T, /cw,is
the protein surface coverage fractidp,is the total adsorption of proteia,, is the average

molar area of the adsorbed protein molecudgs; I} /e, is the surfactant surface coverage
fraction, I; is the molar area of the adsorbed surfactantis the surface concentration of

surfactantewy is the molar area of the solvert,is the intermolecular interaction parameter

of protein, e, is the intermolecular interaction parameter offettant, o, is a parameter
describing the interaction between the protein aodactant mixture. The adsorption

isotherm of the protein is then derived as:

Ep
.Elp C’p = m EX'IJ[—ZII.F H’P - 25!,p3€3] (2)

where(; is the concentration of the protein in the sutzeflayer ands,is the equilibrium
adsorptionconstant of protein.
The adsorption isotherm equation for the surfadsmanalogous as follows:

B
25Cs = [ gy B~ 20:0; — 2050, ] (3)

where C, is the concentration of the surfactant in the sdbse layer ands, is the
equilibrium adsorptionconstant of surfactant.

Adsorption dynamics of both protein and surfactamtards the gas-liquid interface
follow Fick’s equation[10, 11]. The Laplace transf@tion of the diffusion equation results
in a general dynamics of adsorptionequation omuidigas interface as proposed by Ward
and Tordai [12]. The equation describes theevatutibsurface concentration due to transfer
from the subsurface as follows:

L(t) = E [zr:?,ﬂff j; CLﬂ dr] 4
L() = | 5[2(: - ;'fs”}d«..r] (5)

where D, and D are diffusion coefficients of protein and surfattan the solvent,
respectively,C,,, ancC,, are the bulk concentrations of protein and suafactrespectively

andr is a dummy integration variable.

The first term on the right hand side of the equatiepresents the diffusive transport
to the surface. Thisdiffusion is mitigated by a ueibn in diffusive driving force as
surfactant and/or protein on the surfacebuildswiich is presented by the second term of
the right hand side of the equation. The Ward-Tieqglsation presented in Equations 4—5 is
applicable on a planar interface. This shape effate is selectedas in common applications
such as foam fractionation, polyhedral bubbles withrly planar films occur inthe system,
due to low fraction of liquid [13].
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DIMENSIONAL ANALYSISOF THE EQUATION OF ADSORPTION DYNAMICS

A dimensional analysis is carried out upon the &qna of dynamics of adsorption of
mixed protein-surfactant which are Equations 24 and 5. The dimensionless form of the
equations governing the dynamics of adsorption limsdimensionless groups that we call

D, T, %, k. and c,, precise definitions of which will be given shgrtlThe resulting

dimensionless equations are as follows.
Dynamics of protein adsorption:

n —_— ! C."-Ll:r":l
8, () = ﬁ [zqtf—j; V%,:,drf] (6)

Adsorption isotherm of protein:

co(th) = ——2ele) 57esp[~20,6,") — 265,64(¢")] 7

p1-8p(e )6t
Dynamics of surfactant adsorption:

m o Pt
"y _ ﬂ E 7 _ £ GgiT) '
8, () = ‘:brmﬂ'm[z"t Jy S ar| (8)
Adsorption isotherm of surfactant:
Fialy E's':i’r] _ "y _ r
CL(t") = Epw_%f}}exp[ 2a,0.(t") — 2a,.6,(t"] (9)
And the equation of state:
M" =—In(1-— B, — 8. )+ By (1 - E) + o, 05 + @07 + 2a,.60,6, (10)

F

where TI" = Tlwy/(RT) is the dimensionless surface pressudg,= I, /T, iS the

dimensionless surface concentration of protein the coverage fractionfi, = I, /T;,is
the dimensionless surface concentration (coversgtidn) of surfactantl,,, = 1/w, and

I,n = 1/w, are the maximum surface concentration of proteish surfactant respectively

(both measures of surface capacitt),= (Dpt};‘{f‘pmg‘fpb}zis the dimensionless time,

C,= C,/C,s is the dimensionless bulk concentration of protirthe layer next to the

surface,C! = C,/C,, is the dimensionless bulk concentration of sudiatcht the layer next

to the surface(,, and C ; are the initial bulk concentration of protein asdrfactant

respectively, x, = b,Cpand k., = b.Care the dimensionless adsorption equilibrium

constant of protein and surfactant, respectivelptibmeasures of surface affinity),
¢y = Cap/Cpp Is the relative bulk concentratidh= D./Dis the relative diffusivity and

I = Zem _ w, [, is the relative capacity which is equivalent te tiatio between molar

Tpm

areas of protein and surfactant.

2. METHODSAND PARAMETER VALUES

The parameters used in the simulation are obtdimed a study by Miller et al. [5]
using Bovinep- lactoglobulin (BLG) protein and nonionic decyhudithyl phosphine oxide
(C1:DMPO) surfactant. Thoseparameters are listed ieThbThe parameters from the study
by Miller et al. were set as a base case whenitlgation involved variation of the material

parameters such as diffusion constant of surfadia@r analogouslyD in dimensionless
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form), surface capacity of surfactali,,(or analogously dimensionleds,), adsorption
coefficient of surfactanty, (or analogously,) and adsorption coefficient of proteiin,(or
analogously,,).

Table 1: The values of base case parameters used in the simulation of adsorption dynamics.

Variable name Symbol  Value Unit
Diffusivity of protein D, 51071 mZs~!
Diffusivity of surfactant D, 4 x 10710 m2s?
Bulk concentration of protein Cpp 1w 202 mol m 3
Bulk concentration of surfactant  Clyg 1x 1072 molm™3
Gas constant R 8.3144621 Jmol VR
Temperature T 298 K
Molar area of solvent tp 3.5 x 10° m? mol ™1
Molar area of protein Wy 4.4 % 10° m? mol !
Molar area of surfactant We 2.5 x 10° m?2 mol 1
Surface capacity of protein 227 x 1077 molm=2
Surface capacity of surfactant | P 4.00 x 107%  molm—2
Protein interaction parameter p 0.4
Surfactant interaction parameter  ay —0.25
Protein-surfactant interaction g 0.075
parameter
Protein adsorption constant by 1.4 x 103 m? mol !
Surfactant adsorption constant by 21.9 m? mol !
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Figure 1: Dimensionless subsurface concentration as a function of dimensionless time observed at dimen-
sionless parameters of: k, = 1.4, vy = 0.219, D =8, T, = 17.6, ¢, = 10.

3. RESULTSAND DISCUSSION
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This study examines the adsorption dynamics of thpmtein-surfactant on a bubble
surface in a situation typical of a foam fractieoatprocess. A parametric study was also
carried out to explore the effect of varying adsiorpand diffusion parameters.

Competition between protein and surfactant molecules on the surface

Figure 1, corresponding to the base case paraniatees, shows the comparison
between the dimensionless subsurface concentratioprotein and the dimensionless
subsurface concentration of surfactant at base ddss simulation was carried out using

these values of dimensionless groug)s= 1.4,xg = 0.219D = 8,I;,, = 17:6,c;, = 10. Since
the diffusivity coefficient of surfactant is highéran the diffusivity coefficient of protein,
surfactant is more rapidly transferred to the stfase. At early time, there is therefore more
surfactant adsorbed on the surface. Due to therfaktfusion (high D), and also lower

surface affinity (viz. the low value of the paraereic;), surfactant reaches its final

concentration in the subsurface faster than prof€ive subsequent arrival of additional
protein in the subsurface provides more proteinecules to adsorb to the interface while
there is limited further change of surfactant conigion in the subsurface. As protein has a

relatively higher surface affinity (measured by trsues ofxg vs. k), protein molecules
compete strongly with surfactant molecules on thdase. Therefore, protein molecules
replace surfactant molecules on the surface reguiti lower surface concentration of
surfactant as presented inFigure 2. This overshle@homenon also occurs in the adsorption
of mixed surfactants as reported byMulqueen €tL4].

Figure 3 shows the growth of the surface pressuite twe addition of protein in the

bulk solution where the values of the dimensiongesips areky = 1.4,k;=0.219,D =8,

I, = 17.6,¢, = 10. The time scale of this figure is taken udite units, longer than the
time scale of Figures 1 and 2 which is up to onié dime longer time scale in Figure 3 has
been selected to show the final surface pressuagpached on that time scale. The surface
pressure is higher in the presence of protein anfdctant in the bulk solution compared to
the surface pressure resulting from pure surfactaptire protein solution.

K-5



Simposium Nasional Teknologi Terapan(SNTT)2 2014 SSN:2339-028X

0.6 . . . —
05 F T -
0.4 - -
o  03F o ____ 7

02 _Il -

Ol e T =

t’

Figure 2: Surface coverage as a function of dimensionless time observed at dimensionless parameters of:
kp =14, ke = 0.219, D =8,T, = 17.6, ¢, = 10.
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Figure 3: Dimensionless surface pressure as a function of dimensionless time at various protein-surfactant
composition using dimensionless paramelters of: k, = 1.4, ke = 0.219,D =8, T, = 17.6. ¢; = 10 (solid

line: pure surfactant; dashed line: dynamic protein and dynamic surfactant surface concentration; dotted
line: dynamic protein and fixed surfactant surface concentration; dashed-dotted line: pure protein.
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For a fixed amount of surfactant on the surfacel{dd-dotted line), which was set to

be the final surface concentration of surfactanthis presence of proteiig (= 0:0728), in
general, lower surface pressure occurs comparethab obtained from simulation of
dynamic concentrations of protein and surfactarthersurface. This happens since the fixed
surfactant surface concentration is mostly lowantthe dynamic surface concentration, the
only exceptions being at very early times and atfihal time. Although difficult to resolve
on the scale of the graph, at very early time stivéace pressure is higher in the case of fixed
surface coverage of surfactant due to finite stafstcconcentration on the surface initially.
By contrast, in the dynamic case, the surface curetgon of surfactant has to grow from
zero at very early times. At final time, of coutbe surface pressure of those both cases will
be equal since by that time the dynamic surfaceaanation of surfactant reaches its final
value that is equal to the selected fixed surfaceentration.

The graph also indicates that protein concentratiorihe surface is able to increase
(and thereby influence surface pressure) even thihpresence of significant surfactant on
the surface. Protein with its higher affinity idebo compete with surfactant to adsorb on the
surface.

Effect of surfactant concentration on the adsor ption
Figure 4 presents the profiles of subsurface amfhe@ concentration of protein and

surfactant. The simulations were performed at tiowing conditions::x, = 1.4, ks =

0.219,p =8,T,,, = 17.6,¢,, = 0—100.

It is obvious in Figure 4 that the surface coverafiesurfactant increases with the
addition of surfactant in the bulk solution. At lgatime the surface coverage of surfactant
increases dramatically up to a maximum point. Belytire maximum point, the surface
coverage of surfactant decreases due to the pees#nprotein arriving on the surface.
Surfactant reaches its maximum surface coverageéerfaat higher surfactant bulk
concentration. The maximum surface coverage ofstaht with the presence of protein is
somewhat lower than the final surface coverageeaeki by the adsorption of surfactant on
its own. Equation 9 shows that the presence ofeprateduces the amount of surfactant
adsorbed on the surface. That occurs because itharesmaller denominator on the right
hand side of the equation due to the inclusionrofgin surface concentration which does
not appear in the equation for pure surfactants Ttiien makes the numerator (i.e. surfactant
surface concentration) likewise smaller.
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Figure 4: Surface coverage of surfactant as a function of dimensionless time at various bulk concentrations
of surfactant where ), = 1.4, kg = 0.0219 — 2.19,D = 8, 1"y, = 17.6, ¢, = 1 — 100 (solid line is the final
surface concentration of surfactant at respective bulk concentrations in the absence of protein).
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Figure 5: Phase diagram showing the region of surfactant displacement by protein. The parameters used in
this simulation range as follows: r, = 0—15.33, ks = 0.219.D = 1-10.I',;, = 1 —1260, ¢, = 10 (solid
line) and xp = 0 — 1.53, ke = 0.0219,D =1 - 10.T',, =1 — 200, ¢, = 1 (dashed line). The base case
was at kp = 1.4, kg = 0.219, D = 8, I'y,, = 17.6, ¢ = 10. The displacement of surfactant occurs in the
region above and to the right of the curve.

I dentification of region where surfactant displacement occurs
A parametric study was carried out to identify thgion of surfactant displacement.
The result of the parametric study is shown in Fégb. This parametric study was carried

out using parameters in the following ranges:= 0—1.53,x; = 0.219,0 = 1—10,T,,, =
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1—1260,c; = 1—10.The displacement of surfactant occurs enrdgion above and to the
right of the curve in that figure.

In practical cases of adsorption of mixed proteirfectant, it is most likely that there
is displacement of surfactant by protein. The dispinent results in an overshoot of the
curve of surface coverage of surfactant. The degpieent of surfactant can be avoided when
the affinity of protein is not sufficiently largeompared to the affinity of surfactant. Small
relative diffusivity and large relative capacitysalresult in the removal of the overshoot.
However very significant changes in relative diffity and/or relative capacity about our
base case values would be needed to eliminatectamtadisplacement (taking also our base

casexs = 0.219,x, = 1.4 ance;, = 10 as considered here).
Figure 5 also shows that the critical protein stefaffinity for surfactant displacement

to occur is sensitive to the surface affinity offaatant: data are fax; = 0.0219,;cp =0—

1.53,0 = 1—10,T,,, = 1—200,z; = 1 . With low (absolute) surfactant affinity, diacement
of surfactant is less likely to happen even thotighsurface affinity of protein is relatively
high. Therefore, the boundary between surfactargplatement and no surfactant
displacement in the graph depends not only onivelaurface affinities, but also depends on

the (absolute) surface affinities. A smalineeds a massive, /xsto displace surfactant,
whereas largexs will exhibit surfactant displacement with more restk,, /xs.

Reducingez,, is also an option for avoiding surfactant dispfaeat, but the most
straightforward experimental way of doing that ety reducing surfactant concentration
in the mixture — might impact upon foam quality. fdover changes in surfactant

concentration also affect the valuexgind hence the ra#g /xs.

4. CONCLUSIONS

Simulations of dynamics of adsorption of mixed piotsurfactant have been carried
out using base parameters of the adsorption ofdrites protein and C10DMPO non-ionic
surfactant. The simulation studies the displaceréstrfactant by protein and the effect of
surfactant bulk concentration on the adsorptiorsTétudy also reports the comparison
between the simulation results and the experimeiaita obtained from literature. Parametric
studies were also conducted to examine the effegiratein affinity and the effect of
molecular size on the adsorption.

The simulation results show that protein arrivestloe surface at a later time than
surfactant. At early time surfactant dominates shgace. However, as the protein reaches
the surface, it tends to replace the surfactantraddces the concentration of surfactant on
the surface. Surfactant, therefore reaches a mawiswface concentration following which
it depletes in competition with protein. There isoaless protein adsorbed with more
surfactant in the bulk solution. The smaller amoahtprotein adsorbed on the surface
moreover results in more protein molecules in thtesarface. The displacement of surfactant
is more likely to occur at high relative diffusiyiand low surface affinity (relative to protein
affinity) of surfactant. Higher surface coverageiso achieved with higher surface affinity
of surfactant.
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