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Abstract

The pulmonary surfactant plays a crucial role in the function of the human respiratory system
and its structure and behavior has been thoroughly investigated through the years. In this thesis
the pulmonary surfactant and its components, as well as important properties of interfaces are
analyzed. In addition, the equilibrium and dynamic behavior of surfactants and important
phenomena such as the collapse phenomenon are also examined. Lastly, by using a recently
developped model by Bouchoris and Bontozoglou (A model of lung surfactant dynamics based
on intrinsic interfacial compressibility), the effect of various parameters on the model under

dynamic conditions are examined.
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Chapter 1. INTRODUCTION

1.1 Motivation
The pulmonary surfactant is vital for the human organism. It is a complex system of lipids
and proteins. In addition, synthetic pulmonary are being developed and pulmonary surfactant is
being extracted from animals to use as replacement [1]. The consistency of those solutions can
vary. To predict the behavior of surfactant under different conditions and different consistencies
various models have been developed which vary in complexity. This thesis aims to understand

how parameters change the behavior of surfactants under dynamic conditions.

1.2 Diploma Thesis Organization

The rest of this thesis is divided into four parts which include chapters 2-6. Specifically:

In Chapter 2 the basic components and concepts surrounding the pulmonary surfactants
are discussed. This includes the structure of the surfactants, the consistency of the pulmonary
surfactant, surface tension, surface pressure and surface excess.

In Chapter 3 the surface of a solution that has surfactant under equilibrium is examined
which follows the introduction of important isotherms. The behavior of the surfactant under
dynamic conditions is also introduced. Lastly, important phenomena and concepts are examined
which include the Marangoni effects, the elasticity, the compressibility, the micelle formation
and the collapse phenomenon.

In Chapter 4 the model developped by Bouchoris and Bontozoglou [21] is presented.

In Chapter 5 the results of the various changes in paramerers are shown.

In Chapter 6 the results are discussed.



Chapter 2. LITERATURE REVIEW

2.1 Structure of the respiratory system

The main function of the human respiratory system is to provide enough surface area for
the gas exchange between 02 and CO2 while proving protection against outside threats [2]. It
consists of three major compartments: the extrathoracic region, extending from the nose or the
mouth to the entrance of the trachea, the tracheobronchial region, ranging from the trachea to
the terminal bronchioles, and the acinar or alveolar-interstitial or pulmonary region, where gas
exchange takes place between air and blood via the alveoli [1], (ICRP 1994). The size of a single
alveolus ranges from 3.3 to 4.8x10°um3. In total the alveoli are numbered to be around 3x108
that provide an area of about 90m? for gas exchange [4]. At normal conditions, the human

breathing frequency is 0.04-0.2 Hz [5].

Extrathoracic
Region

Tracheobronchial
Region

Figure 2.1: The three major parts of the human respiratory system. The extrathoracic region colored in

grey, the tracheobronchial region colored in blue, and the alveolar region colored in red (Sagona et al.).



2.2 The importance of surface tension

In cases where the human body does not produce adequate amounts of pulmonary
surfactant for example at prematurely born infants, the stiffness of the lungs due to high surface
tension does not allow normal breathing to take place and ventilation is rendered difficult. With
the application of surfactant replacement therapy these problems can be confronted [6].

While exhaling, the alveoli reduce their surface area. This in turn, according to the Laplace law
[7] eq. (1.1) will increase the pressure inside the alveoli. The alveoli are not isolated but are
interconnected. The inevitable pressure difference between the alveoli that are at proximity will
result in the over inflation of one alveolus and the collapse of the rest. The pulmonary surfactant
will prevent this phenomenon from occurring by counteracting the pressure difference with the
change of the surface tension. The over inflation of one alveolus will decrease the effect of the
pulmonary surfactant (increasing the surface tension), while the compression of other alveoli
will increase the effect of the pulmonary surfactant (decreasing the surface tension). The
mechanisms by which the effectiveness of the pulmonary surfactant change will be discussed

below.

p=2” (1)

Where P is the pressure in a sphere, o is the surface tension and r is the radius of a sphere.

2.3 Surfactants

Most surfactants are amphiphilic molecules that consist of a hydrophobic tail and a
hydrophilic head group [7], [8]. The dissolved form, although it increases the entropy of the
system, is not as energetically efficient as the precipitated form that minimize energetically
unfavorable interactions [8)]. Depending on the concentration of the surfactants in the bulk of
the fluid, they are described as soluble or insoluble. When the concentration in the bulk is
immeasurably small the surfactant is insoluble. Gibbs monolayers are formed by soluble
surfactants and they portray the balance between the dissolved molecules and the ones
adsorbed to the surface. Monolayers formed by insoluble surfactants are called Langmuir
monolayers. Insoluble surfactants do not change the number of surfactants in the monolayer

when changes on the surface take place [8].



Hydrophobic
tail

Hydrophilic
head

Figure 2.2: Schematic representation of an amphiphilic molecule [5].

2.4 The pulmonary surfactant system

The alveoli are coated in a thin protected layer, the pulmonary surfactant which plays a
functional and protective role in the operation of the respiratory system. It greatly reduces the
surface tension of the alveoli, very close to 0 mN/m, decreases the tendency for alveolar collapse
[9] and protects the human body from outside threats that exist in the air. It consists of a mixture
of lipids (90%), the most dominant of which being dipalmitoylphosphatidylcholine (DPPC) and
the proteins (10%) SP-A, SP-B, SP-C and SP-D [10]. The reduction of the surface tension is mainly
the role of the lipids, but they are unable to adsorb quickly enough in the constantly inflating
and deflating alveoli [9]. The proteins SP-B and SP-C are hydrophobic and therefore surface
active allow the pulmonary surfactant film to reach high pressures but also retain substantial
flexibility which is vital for respreading during expansion [11]. SP-B is also vital for the process of
adsorption. In addition, SP-A and SP-D, are a significant protective factor of innate immunity [12].
SP-A also works in favor of lipid adsorption and film formation but only in the presence of SP-B
[13]. Depending on the surface pressure the pulmonary surfactant changes its distribution across
the surface and depending on the way the surfactant molecules are arranged, their phase varies
fig. 2.4. At large areas per molecule, surfactants are in the gaseous state where the hydrophobic
portions of the molecule make significant contact with the water surface, but little contact with
each other [1]. At very low values of surface coverage, the surfactant molecules are in a liquid
expanded (LE) phase where the effect of the surfactants is negligible for the act of lowering
surface tension. As the surface pressure rises, the liquid condense phase coexists with the (LE)
phase until the (LC) becomes dominant. The (LC) phase is characterized by high surface pressure,
low moral area Q and a high angle of the tails of the surfactants (close to being vertical). The

over-compression of the pulmonary surfactant will cause the collapse of the monolayer created
4



by the surfactants which creates 3d_structures. The collapse mechanism is a critical factor that

affects the speed of the reformation after the occurrence of the collapse [14].

Air
| il i
— 00 —
Water
SP-B SP-C
'
[4 !‘I'.fo..‘.‘r’cn"‘
SP-A
Figure 2.3: Pulmonary surfactant monolayer along with its proteins (Parra and Pérez-Gil).
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Figure 2.4: A typical N — A (surface pressure - area/molecule) curve at specific temperature. Every
segment of the curves represents a different phase state at which the adsorbed molecules are [10].



2.5 Surface tension

At the condensed phase, molecules are attracted by each other by intermolecular forces
such as van der Waals forces. In the bulk the effects of the intermolecular forces are being
neutralized by the existence of the surrounding molecules. Molecules near the surface on the
other hand, are partly surrounded by them which is energetically unfavorable. The surface
tension o (j/m”2) of a fluid-fluid interface is associated with the energy needed to create excess
area [8]. More specifically surface tension is the proportional constant that correlates the work

dW needed to increase the surface area of an interface dA eq.2.1. For reference the air to water

surface tension is around 0.072 j/m”2 at 25°C [7],[8].
dW = odA (2.1)

Figure 2.5: Surface tension as the result of the intermolecular forces on an interface (Nipun).

2.6 Surface pressure

Surface pressure M (N/m) is the difference between the surface tension op of a clean

subphase and that of a subphase with a monolayer o [15].

6



[I=0y—0 (2.2)

Where the term o, represents the surface tension of the air to water interface in the absence of
surfactants at the physiological temperature of 37 °C. ¢, is calculated to be about 70 mN m

[16], [8].

2.7 Surface excess

When two phases are in contact, there is no clear boundary that indicates the end of the
liquid phase and the start of the vapor phase but there is the interfacial region where its
properties continuously and swiftly change [17]. For simplification there are two main models.
The Gibbs convention where the interfacial region is replaced by a boundary layer of zero volume
and surface area A and the Guggenheim’s model which replaces the interfacial region with a

finite surface volume [7], [8].

Figure 2.6: Concentration versus the position of a system with two phases [8].

At equilibrium using the Gibbs convention the interface is reduced to an infinitely thin boundary
layer [7],[8]. Properties such as concentration of the interface are expressed through the
boundary layer or dividing plane. Using the Gibbs convention, surface concentration or
interfacial excess T is defined as the number of molecules or mols that exist on the boundary

layer [7].



r=X (2.3)

Where N the number of molecules or molls and A the interfacial area.



Chapter 3. THERMODYNAMICS OF SURFACES

3.1 Equilibrium surface behavior

Under equilibrium there is balance between the adsorbed surfactants and the surfactants
residing in the bulk. This equilibrium comes from the favorable enthalpy change and the
unfavorable entropy decrease when the process of adsorption takes place [8]. In this case there
are two phases a, b and the interface s. The Helmholtz Free Energy F is used to describe
thermodynamically the system.

F=U-TS (3.1)

Where U is the internal energy, T is the temperature and S is the entropy. For a system the

internal energy is as follows.

N
dU = TdS — PdV + z(uidni) +dw 52)

i=1
Where P is the pressure, V is the volume, y; is the chemical potential of the it" substance, n; is
the number of molecules of the it" substance and W is the work done on the system without
the expansion work PdV which in this case will be the surface work odA [7] where o is the surface
tension A is the surface area. Assuming equilibrium, the chemical potential of each substance
will be equal in all phases and using the Gibbs convention the interface of the system has no

volume (V* = 0).

W = Llib = =y (3.3)

For the interface an infinitely small and reversible change in the Helmholtz energy is described

as:
N
dFs = —SSdT + i°dn;®) + odA
' (ul 1 ) (3-4)
=1
Keeping the area, the temperature and the amount of material constant leads to:
N
FS = —SST + Z(uiSdniS) + oA (3.5)
1=

The differentiation of eq. (3.5):



N N
dFS = —S5dT — TdS® + +0dA + Ado + Z(”idnis) + ) (dun;®)
. -

i=1 1

(3.6)

Equating eq. (3.4, 3.6) gives the Guggenheim equation:

N
s%dT + Z(I‘idui) +do=0

) (3.7)

.S
Where s° is the entropy per unit of surface area and I} = nT‘ is the surface excess which was

previously mentioned. By adjusting the location of the surface of a system that consists of two
components 1,2 with surface excesses of I7 and I, respectively so that I; = 0 the Guggenheim
equation can be written as follows:

dG = _F2d|.l2 (38)
In the general form for N surface-active agents (3.8) is written as:

diy (3.9)
The thermodynamic definition of the chemical potential paired with the Gibbs-Duhem equation:

dy; = RTdInG; (3.10)
Where R is the gas constant, T is the temperature and C; the concentration of the it substance.
The combination of (3.9) and (3.10) assuming a single species of surface-active agents so that
N=1 and I} = T gives the Gibbs isotherm.

1 do (3.11)
re =- RT dInC

3.2 Isotherms
An estimation for the surface concentration can be obtained through isotherms that
corelate the surface concentration I' with the concentration C of the surfactant in the bulk at
steady temperature and assuming equilibrium. Using isotherms, I is called equilibrium surface
concentration. Since adsorption is a dynamic process, isotherms are also formed by assuming
dynamic equilibrium where the rate of adsorption jad to the surface is equated to the rate of

desorption jdes to the sub-surface [18].

10



ar o (3.12)
T jad —jdes =0

The Henry isotherm

The Henry isotherm corresponds to low surface concentrations I (gaseous state) since
the interactions between the monomers on the surface are not considered. At these conditions,
the adsorption flux is related to the bulk concentration and the desorption flux is related to the
surface concentration I [8], [18].

ja = k,C (3.13)
jd = kqT'(C) (3.14)

_ka (3.15)
[(C) = 1 5C = kyC

The surface equation of state for the henry isotherm is produced by combining equations (3.15)
and the Gibbs equation (3.16). The equation of state correlates the interfacial tension with the

adsorption [17].

dC (3.16)
doeq = —dllgq = —RTFeq?
[1 = 65 — 0 = nRTk,C = nRTT (3.17)

Where n=1 for neutral molecules and n=2 for ionic molecules, M is the surface pressure, R is the
gas constant and T is the temperature.
The Langmuir isotherm

The Langmuir isotherm is based on the lattice theory. There are no interactions between
the adsorbed monomers and intermolecular forces between them are omitted. The lattice is
divided into sites which have equal probability to adsorb a monomer regardless of their position
and the state of other sites and monomers can be adsorbed only to unoccupied sites.
The adsorption flux is adapted to consider both the number of unoccupied sites available and

the concentration of surfactant in solution [7], [18].

ja =k,C(To — ) (3.18)

11



jd = kqT (3.19)

k.C (3.20)
[(C) = Mp—0—
© 1+Kk.C

K . .
Where k;, = k—g . The surface equation of state for the Langmuir isotherm:

1T = nRTT,, In(1 + k.C) (3.21)

The Frumkin isotherm
The Frumkin isotherm is similar to the Langmuir isotherm but in addition, also accounts
for the interactions between the adsorbed monomers and the monomers in the bulk [18]. The

Frumkin isotherm is most suited for non-ionic surfactants.

C—l r 2(1“)
“ L oroP (C2al))

Where Ky is the Frumkin equilibrium adsorption constant, a represents the non-ideality of the

(3.22)

layer. When a=0 the Frumkin isotherm is reduced to the Langmuir isotherm. The surface

equation of state for the Frumkin isotherm [18]:

r r\2
[1 = —nRTT, In(1 — (—)) — nRTal}, (—)
T T (3.23)

3.3 Dynamic surface tension

The surface behavior as well as the flow in bulk of the fluid at which an interface is
formed, make the use of isotherms unsuitable for the calculation of the surface concentration
and surface tension. Thus, the use of dynamic surface tension (DST) is applied. The flux of the
monomers between the bulk of the fluid and the interface is modelled mainly through diffusion
or kinetically limited models. Diffusion limited models take place when the rate at which the
subsurface of the fluid and the surface are reaching equilibrium is significantly faster than the
rate of the subsurface and the bulk. It is assumed that the monomers are absorbed at the surface
as soon as they reach the subsurface. Kinetically limited models are applicable when the act of
adsorption of the monomers from the subsurface to the interface is significantly slower than the

process of diffusion from the bulk [8,18]. At the model studied in this thesis the exchange of
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surfactant between the bulk and the bulk is kinetically limited. The energy barrier opposed from
the adsorption of the monomers to the surface is expressed through the fluxes of adsorption
(jad) and desorption (jdes) (Warszynski et al 1998), [8]:

1d(AI) _ (3.24)
T jad(T,Cs) — jdes(I")

jad(T, Cs) = kaCsF(T') (3.25)

jde(T, Cs) = kdG(T') (3.26)
Where A the area of the surface, I' the surface concentration and Cs the concentration of the
monomers at the subsurface and F, G are functions of the surface excess I. A crucial way to
differentiate the use of each model is the dimensionless number Da which correlates the

characteristic time for diffusion and adsorption.

characteristic time for diffusion  tdif (3.27)

a= T : =
characteristic time for adsorption  tads

For values of (Da « 1) the process of adsorption consumes considerably more time and
therefore kinetically limited. When (Da > 1) the process acting as a barrier is the diffusion and
therefore considered as diffusion limited [8]. Diffusion limited models will not be studied in this

thesis.
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Figure 3.1: Representation of the kinetically and diffusion limited models [8].

3.4 Marangoni effects

The adsorption of monomers at an interface is not a symmetrical process and different
surfactant concentrations depending on the location of the interface are established. In addition,
surface rheology and surface compression and expansion are also factors that can alter the
homogenous distribution of monomers on an interface. The phenomenon that offsets these
disparities is driven by a surface tension gradient is called the Marangoni effect [19].
Inconsistencies in surfactant concentration produce shear stresses at any fluid interface, which
are equal to the surface gradient of the surface tension. These stresses are called Marangoni

stresses [8].
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excess I [8]. (a) A local increase in surfactant concentration, (b) Surface compression due to flow.

3.5 Elasticity

The elasticity of an interface is an important property that describes deformations by the
changes in the surface area. High values of elasticity are positive for the lung function since it is
correlated with steeper changes of the surface tension [21]. When the surface coverage reaches
a critical point where no more additional surfactants can enter the surface area, the limiting
elasticity is obtained. The higher the elasticity of a surface the greater the resistance it opposes
to changes [8]. The surface elasticity is vital for the normal function of the human lung due to its
property of resisting to the collapse effect [20]. The Gibbs elasticity is defined as [21]:

B - dIl (3.28)
¢~ dLnT

3.6 Compressibility

At high frequency and at high concentration (close to saturation) the classic isotherms
used to calculate the elasticity E of a monolayer fail to correlate with the experimental data and
the values of E tend to reach unrealistically high values fig. 2.8 [22]. For this reason, the concept
of compressibility was used. The forces of the surfactant molecules at high concentrations are
forcing the molecules to occupy a smaller space hence reducing the minimum moral area of the
surfactants Q [23]. This can be observed by the tails of the molecules which tend to be
perpendicular to the surface. The greater the angle of the tail and the surface the greater the
compressibility [10], [22]. For reference the compression of the lung monolayer by the
decreasing surface of the alveoli during exhalation can lead to values of surface tension o of

below 5 mn/m and even 1 mn/m [24]. Using this approach, the molar area of a surfactant is

15



affected by the surface pressure M and the compressibility coefficient € [23].

Q=Qy(1—¢ell) (3.29)
Where (), is the moral area at zero surface pressure and € is the surface compressibility. For a
DPPC molecule at maximum tilt angle the surface coverage is about 0.42 nm?/molecule at a
surface pressure of 50 mN/m [10]. As the surface pressure increases and the surface
concentration I' approaches lN- the limiting elasticity Eq is obtained [22].

an 1 (3.30)

~ —
~

dLnl' ¢
which shows a direct correlation of limiting elasticity with the intrinsic compressibility

E0:

coefficient.

150

100 +

ED, mMN/m

50 -

0,001 0,01 0.1 1
c, mmol/|

Figure 3.3: Limiting elasticity Eo versus concentration using the Frumkin model (bold line) and models

that account for the intrinsic compressibility (lines 1,2). Experimental data are shown as symbols [22].

3.7 Micelle formation

As a surface that contains surfactants is compressed or surfactant is being added at the
solution, the surface concentration is increased until it reaches its maximum value of I, and the
moral area Q cannot further decrease. At this point the compression of the surface or the
addition of surfactant will not yield significant results for lowering the surface tension but will
result in the formation of micelles. This point is the critical micelle concentration CMC. The
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concentration of the pulmonary surfactant in the alveoli is above CMC and that affects the
adsorption mechanism. The surfactants that are part of micelles need to break formation to be
adsorbed to the surface and that can take intervals of 1 ms. For reference the deformation of a
micelle can take up to several seconds. The micelles act as a reservoir of surfactants for the

monolayer at the surface [25].
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Figure 3.4: Micelle formation (Dantas et al.).

3.8 Collapse phenomenon

Another phenomenon that takes place at high surface concentrations is the collapse of
the monolayer. When the interface of a system is reduced to a point that the surface pressure
exceeds a limit Nc which depends on the composition of the surfactant and the conditions of the
environment the 2-d structure of the monolayer is difficult to be preserved and 3-d structures
are being formed. The way the 3-d structures are formed plays a key role in the reformation or
reversibility (when possible) of the monolayer when the area is being expanded [14]. More
analytically the collapse mechanisms are fracture, solubilization or squeeze out which are
irreversible and folding which is reversible. The fracture mechanism usually takes place at very
rigid monolayers and material is detached either in the subphase or in the air side of the interface
by forming multilayered aggregates [14]. When a surfactant mixture which is composed from
substances that have different collapse pressures ric the squeeze out mechanism is observed. As
surface pressure is increased the substance with the lowest lNc is squeezed out of the monolayer

which then is composed by the more stable components at high surface pressures [14]. The
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synergistic interaction of the lung surfactant (mainly with the addition of SP-B) introduces a
mechanism similar to the squeeze out mechanism but with the additional characteristic of
reversibility. The monolayer is buckled and folded similar to how a piece of paper responds to
lateral stresses [14]. When the surface pressure decreases (e.g., by increasing the surface area)
the folded materials are reintroduced to the monolayer. This process is reversible and plays a

key role in the fast reformation of the monolayer in the alveoli during inhalation.
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Chapter 4. PROBLEM SETUP

The model formulation and solution is taken directly from article [21]. A single alveolus
is modelled as a spherical domain consisting of a small volume, V that is periodically expanded
and contracted (mimicking the inhalation and exhalation effect of a human lung), with surface
area A that is in contact with air. The surfactant is modeled as a single active entity that resides
in the form of vesicles in the bulk with constant concentration C and is adsorbed at the interface
with surface concentration I'. The domain is symmetrical and the surface concentration is also
considered to be spatially uniform but changes with time as the volume changes and because of
the tendency to reach equilibrium. The pulmonary surfactant layer is occupied predominantly
by DPPC, thus the modelling of the surfactant can be achieved through a single component and

the effect of the proteins on the DPPC is taken into account through parameters [10].

4.1 Equilibrium

Under equilibrium, adsorption is described by the Frumkin isotherm. The correlation of
monomer bulk concentration C1 and the surface concentration of the monomers leq is achieved
through the equation:

KC; = exp (—2abeq) (FT‘%) = exp (—2abeq) (12;8) (4.1)
© eq eq

Where a is a the Frumkin constant that expresses the attractive forces of the hydrophobic tails
of the surfactant and the repulsive interactions of the water and surfactant molecules [25] and
K the Frumkin adsorption constant. The pulmonary surfactant concentration in the alveoli far
exceeds the critical micelle concentration C10=10°-10° M. In this model the monomer
concentration C; is equal to Cip since a higher concentration will have insignificant effect on the
adsorption of monomers to the monolayer. o< is the saturated surface concentration where no
more monomers can be adsorbed to the monolayer and 6=[/T'e is the monolayer coverage.
The compressibility effect is also taken into consideration by using eq. (3.29). Using this
approach, oo varies with surface pressure.

1 1 (4.2)

Foo T e —————
Q Q(1—el)

To calculate the surface tension on the surface, the equation of state is used that relates the
19



equilibrium surface tension oeq0r surface pressure to the surface concentration using equation

(2.2). The combination of the Frumkin isotherm (4.1) with the Gibbs equation eq. (3.11) and the

compressibility effect (3.29) gives the equation of state.
[1Q,

(1 H)— In(1-10) 02
T e5)=~In «

The changes in area of the surface of the alveoli due to compression and relaxation are

(4.3)

accompanied by changes in the elasticity of the surface. The Gibbs elasticity is derived from eq.
(4.3).

1 do )1 = & (1 — €D N €

Ec = dLnl

(4.4)
Eq. (4.4) represents two elasticity mechanisms in series, the first of which is compositional,
i.e. related to variations in surface concentration, and the second is intrinsic, i.e. related to
the surface compressibility of the monolayer.
4.2 Dynamics of the interface

The periodic changes of the interfacial area result in the change of the amount of
adsorbed surfactant I'A. This amount is affected by adsorption from the bulk, desorption to the

bulk and exchange with a surfactant reservoir B. This results to the following equations

d(AT) . . . (4.5)
dt = A(]ads —Jdes T ]ex)

B (4.6)
E = —Ajex

Where jads, jdes and jex correspond to surfactant transport by adsorption to the bulk,

desorption to the bulk and exchange with the reservoir respectively.

The terms of equation (4.6) are being derived by the kinetics implied by the Frumkin isotherm,
Jads — Jdes = KadsC10 (Too —T') — kgesI'exp(—2ab)

r (4.7)
KCos exp(—2a0))]

= KadsCiol (T —=T) — (

Where k, 4 is the adsorption rate constant and is influenced by the total concentration and
composition of the surfactant [20] and C;, is the critical micelle concentration. The surfactant
reservoir is being treated as a folded structure and therefore is ready for rapid replenishment of

the monolayer during expansion. The forming of the three-dimensional structures takes effect
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at when M > Mmax, where MNMmax is an input to the model. The maximum surface concentration
'max is extracted by the equation of state (4.3) when N > Mmax and remains at this value even
when further compression occurs. The surfactant that is removed during further compression is
added to the reservoir B. The term jex describes the reverse of the folded 3d-structures. The
content of B is reattached to the monolayer exclusively by this mechanism [21].

jex = k([ —T) (4.8)

Where k,. is the constant of the re-insertion of surfactant from the reservoir.

4.3 Model formulation

The interfacial excess ' is calculated by numerical integration of eqs (4.5)-(4.7) with initial
conditions '(t = 0) = leq and B(t = 0) = 0. Depending on the state of I and B, the model takes
different forms. Firstly, when I' < 'max and B = 0 the interface can be either in compression or
expansion, but the reservoir does not interact with the system and it is empty at all times. This

situation is described by the following equations.

dr

S = KaasCuol (T = 1) = (

(4.9)

206y - L
KC,, SXP(230))| = 1o

dB
dt

0 (4.10)

When I < 'maxand B > 0, the content of B is being transferred to I according to the equations:

dr I'dA )
—_— = kadsclo[ (Foo — F) - ( exp(—ZaG))] - KE + kr(I‘oo — F) (4 11)

dt KCyo

dB (4.12)
3 = Ak = 1)

When T = 'max, two possibilities emerge depending on whether there is an impulse for addition
or removal of surfactant. Using the term J:

L oo(_20)] - D2
KCyy PAT28% [ ™A gt

J = KagsCrol (o = 1) = (
(4.13)

For J 2 0 the interface is compressing and the surface pressure has exceeded the value needed
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for collapse which leads to the addition of the excess surfactant to the reservoir B. During this

phase the surface concentration remains constant at its maximum value.

dar _ 0 (4.14)
dt

dB (4.15)
M

The negative values of J signal the end of compression which is followed by the beginning of the

expansion of the interface. For the instant that this statement is true the integrated system is as

follows:
dar _ ] (4.16)
dt
dB
aB_, (4.17)
dt

Lastly, the expansion of the interface leads to I < I'max and the system is represented by the
equations (4.9) and (4.10). The oscillation of the alveoli in the model is sinusoidal with a

periodicity of 3 seconds as depicted in figure (4.1).
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Figure (4.1): The oscillation of the alveoli’s surface.
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Chapter 5. RESULTS

The model was used to observe the effect of various parameters on the behavior of the
surfactant under cyclic compression and expansion. The program used for these simulation is
MATLAB. The variables that are adjusted are the equilibrium surface tension oeq the
compressibility €, the parameter k, the Frumkin parameter a, the compression ratio dictated by
the minimum surface area achieved Amin and the temperature of the solvent. Lastly the Runge-
Kutta method was applied to observe differences of the model due to the iterative method used
to solve the problem. The variables are adjusted having as reference the parameters used on
[21] and all in all cases the air is humid with 100% relative humidity. The temperature and the
Frumkin parameter are 37 °C and 0 respectively for all cases that do not investigate these

parameters.

5.1 Equilibrium surface tension and compressibility coefficient

The effect of the equilibrium surface tension and the compressibility coefficient on the
behavior of the surfactant is measured. The changes in surface tension, elasticity and surface

excess are depicted in figures 5.1, 5.2, 5.3,5.4 with parameters as shown in table 5.1.

Omin(mMN/m) = Oeq(mN/m) = KadsCio(s?-1) = kr(sr-1) €m/mN) CR(%)

a 5 22 18 12 0.005 25
b 5 25 18 12 0.005 25
o 5 22 18 12 0.007 25
d 5 25 18 12 0.007 25

Table 5.1: Values of parameters for the equilibrium surface tension and compressibility coefficient case.
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Figure 5.1: Surface tension (mN/m) versus relative area at an equilibrium surface tension of a) 22 mN/m
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5.2 Frumkin parameter
The effect of the Frumkin parameter on the behavior of the surfactant is measured for
two different cases. For the first case the changes in surface tension, elasticity and surface excess
are depicted in figures 5.5, 5.6, 5.7, 5.8 with parameters as shown in table 5.2 and figures 5.9,

5.10, 5.11, 5.12 correspond to the second case with parameters as shown in table 5.3.

Case  Omin(mMN/m)  Oeq(mN/m)  KadsCio(s*-1) = kr(s*-1) €(m/mN) CR(%) Frumkin

! (a)
a 5 24 13 12 0.0051 20 0

b 5 24 13 12 0.0051 20 0.2
C 5 24 13 12 0.0051 20 0.5
d 5 24 13 12 0.0051 20 0.8

Table 5.2: Values of parameters for the Frumkin parameter case (first case).

Case  Omin(MN/m)  Oeq(mN/m)  KadsCio(s*-1) = kr(s*-1) €(m/mN) CR(%) Frumkin

2 ()
a 12 24.5 35 12 0.0051 23.1 0

b 12 24.5 35 12 0.0051 231 0.2
C 12 24.5 35 12 0.0051 23.1 0.5
d 12 24.5 35 12 0.0051 23.1 0.8

Table 5.3: Values of parameters for the Frumkin parameter case (second case).
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of a) 0, b) 0.2, ¢) 0.5 and d) 0.8 (second case).

37



5.3 Kr parameter

The effect of the Kr parameter on the behavior of the surfactant is measured. The
changes in surface tension, elasticity and surface excess are depicted in figures 5.13, 5.14,

5.15,5.16 with parameters as shown in table 5.4.

Omin(mMN/m) = Oeq(mN/m) = KadsCio(s*-1) = kr(sr-1) &m/mN) CR(%)

a 5 24 18 10 0.0051 25
b 5 24 18 14 0.0051 25
o 5 24 18 10 0.0051 30
d 5 24 18 14 0.0051 30

Table 5.4: Values of parameters for the Kr parameter case.
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39



135

130

mN/m)

~125

surface elasticity
-
[
o

-
=5
[

110

135

130

surface elasticity (mN/m)

15

110

Figure 5.14: Surface elasticity (mN/m) versus relative area with values of the Kr parameter of a) 10, b) 14, c) 10

L s

0.75

0.8

0.85 0.9
relative area

0.95

125

120

L

0.7

0.75

0.8

0.85
relative area

0.9

0.95

-

and d) 14.

40

135

o Y i
N N w
o o o

T T

surface elasticity (mN/m)

%
=5
[

110

0.75 0.8

0.85 0.9 0.95

relative area

G

135

130

125

120

surface elasticity (mN/m)

1151

10—

' L L s

0.7 0.75 0.8

0.85 0.9
relative area

095

-




55 %106 %108

55

gama (mollmz)
FS
o

gama (mol/m?)
S
o,

35 35
0.75 0.8 0.85 0.9 0.95 1 0.75 0.8 0.85 0.9 0.95 1

relative area relative area

55 %106 i . ' . %108

gama (mollmz)
FS
o

gama (mol/m?)
FS
w

; - ; N

35 3 35
07 0.75 08 0.85 0.9 0.95 1 0.7 0.75 0.8 0.85 0.9 0.95 1

relative area relative area

Figure 5.15: Interfacial excess (mol/m2) versus relative area with values of the Kr parameter of a) 10, b) 14, c) 10
and d) 14.

41



108

6
556 T T - . 3 - 55 % 10
- -
\\ \\
e e
— ., — .
NE \H“‘H NE H\“‘H
3 e 3 >
Es R Eas oS
© ~ © =
£ K‘""--____ e Hx__
o o o o
(=] ~— (=] ~—
4 = 4 =
a5 . . . a5 . . . .
0 ) 10 15 20 25 30 35 0 ) 10 15 20 25 30 35
surface tension (mi/m) surface tension (mi/m)
6 -6
55 210 . . . . _ . 55 210
Sr S 5 o
\\\ \\\\
NE \\\-. NE \
5 e ™ 3 e
E a5 s E a5 S
(] = o -
= \“"x__ £ o
© — o e
= . (=] S~
i~ g
4 - 4 ~.
35 ; ' : : a5 ; . ;
0 ) 10 15 20 25 30 35 0 5 10 15 20 25 30 35

surface tension (mN/m) surface tension (mN/m)

Figure 5.16: Interfacial excess (mol/m2) versus surface tension (mN/m) with values of the Kr parameter of a) 10,
b) 14, c) 10 and d) 14.

42



5.4 Temperature

The effect of the temperature on the behavior of the surfactant is measured for 2 different cases.
The changes in surface tension, elasticity and surface excess are depicted in figures 5.17, 5.18,

5.19, 5.20 with parameters as shown in table 5.5.

Omin(MN/m) = Oeq(mMN/m)  KadsCio(sA-1) kr(sr-1) €(m/mN) CR(%) Temperature(°C)

a 5 24 13 12 0.0051 20 20
b 5 24 13 12 0.0051 20 40
c 12 24.5 35 12 0.0051 231 20
d 12 24.5 35 12 0.0051 23.1 40

Table 5.5: Values of parameters for the temperature parameter case.
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5.5 Compression ratio
The effect of the temperature on the behavior of the surfactant is measured for 2 different cases.
The changes in surface tension, elasticity and surface excess are depicted in figures 5.21, 5.22,

5.23, 5.24 with parameters as shown in table 5.6.

Omin(MN/m)  Oeq(mN/m) = KadsCio(s*-1) = kr(sA-1) = &(m/mN) CR(%)

a 5 24 10 16 0.0051 10
b 5 24 10 16 0.0051 20
o 5 24 10 16 0.0051 30
d 5 24 10 16 0.0051 40
e 5 24 10 16 0.0051 50
f 5 24 10 16 0.0051 60

Table 5.6: Values of parameters for the compression ratio parameter case.
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5.6 Runge-Kutta

The range kutta method was used in order to spot possible differences in the behavior of the
surfactant due to the discretization method. For certain values of compressibility large spikes at
the surface tension during expansion are observed fig. 5.13, fig. 5.21 which are not present at
studies performing simulations on similar models [21], [26]. The 4% order Runge-Kutta [27] was

used in order to find the solution of the initial problem proposed by eq.4.9:

GET) =X ko seCool (T —T) (F (—2a0))| -S4 (5.1)
( ’ ) - dt — Rads 10[ o] KC10 eXp a ) A dt
The terms Z—': and A are already calculated in the model. Therefore:
Where:
ky = G(I}) (5.3)
k, = G(T; + 0.5k, h) (5.4)
k; = G(T; + 0.5k, h) (5.5)
k, = h * G(I; + k3h) (5.6)
tper (5.7)

~ 1000

where tq is the time it takes for the complete cycle of deflation and inflation of the alveoli. In

this instance each cycle contains one thousand timesteps.
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Chapter 6. DISCUSSION

The influence of the parameters according to the results shown will be discussed.
The equilibrium surface tension ceq shows strong influence on the surface tension
versus relative area loop fig. 5.1 as it shifts the entire loop up or down as ceq is increased
or decreased respectively. It is also noted that the entire loop is widened as ceq is
increased especially at the expansion part of the loop which can be also observed by
the elasticity of the monolayer fig. 5.2 as the elasticity visibly lowers its value as ceq is
increased.

Compressibility is the inversed elasticity [10]. As depicted in fig 5.2 by increasing
the compressibility, the elasticity is notably reduced. This leads to a greater resistance
in changes to the surface tension. The surface tension versus relative area loop fig 5.1
is narrowed in the cases with higher compressibility. Due to the compressibility more
surfactant resides in the monolayer fig 5.3, fig 5.4.

The Frumkin parameter a as previously mentioned dictates the interactions of the
adsorbed monomers. In this instance the higher the values of this parameter the stronger the
attractive intermolecular forces which leads to a lower surface tension fig. 5.5 and fig 5.9. The
elasticity is notably higher fig 5.6 and fig. 5.10 as the Frumkin parameter a is increased as more
drastic changes in surface tension are introduced.

The kr parameter dictates the re-insertion of the surfactant from the reservoir to the
adsorbed monolayer. The higher its value, the faster the re-insertion is completed and lower
surface tension values are held as the alveoli expands until the reservoir is emptied fig 5.13. Since
k, influences only the rate of surfactant re-insertion from the reservoir, the amount of surfactant
in the reservoir do not change.

The surface elasticity is decreased (therefore the changes in surface tension are) with
increasing temperatures fig. 5.18 which is expected according to research [10], [28], [29]. The
collapse of the monolayer is temperature dependent [10]. Therefore, the surface pressure at
which the collapse phenomenon takes place is not necessarily the same as in the current case.

The compression ratio dictates the level of compression of the alveoli compared to its

inflated state. In this case it controls the surface area of the alveoli A. When the compression
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ratio is small, the reservoir is empty at the entire process since the surface pressure to reach
collapse is not reached fig. 5.21. At very high compressions, the reservoir always contains
surfactant ready to replenish the monolayer since there is not enough time for all the surfactant
to re-insert fig. 5.21. This also explains the notably higher surface tension achieved at the inflated
state of the alveoli in the cases with higher compression ratio.

The results of the Runge-Kutta method show no difference in the behavior of the
surfactan between the methods of discretization and the spikes observed are attributed to the
level of compression that makes the influence of the reservoir notable as well as the k;
parameter which influences the rate of transfer of surfactant from the reservoir to the

monolayer.
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