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This study models soluble surfactant transport on and within a foam film during a foam fractionation pro-
cess. Marangoni flow drives surfactant onto the film, and also surfactant concentration is assumed to be
uniform across the thin foam film. Adsorption isotherms are used to couple mass transfer equations, so as
to determine the evolution of the total amount of surfactant (surface plus bulk) at any film location.
Surfactant transport is considered both in the absence and presence of film drainage. It is observed that

having soluble surfactant slows down evolution of Marangoni-driven flow compared to cases assuming
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comparable.

insoluble surfactant. This is because in soluble surfactant cases, surfactants diffuse to the bulk even whilst
being transferred by Marangoni flow onto the film surface. Furthermore, it is observed that a quasisteady
state typically occurs after a long time, such that Marangoni flow and film drainage flow become

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The separation of surface-active components is essential in
numerous industries, such as waste treatment, food, pharmaceuti-
cal, environmental-related, and many more (Chang et al., 1992;
Gerken et al., 2006; Matsuoka et al., 2022). One of the important
methods to separate surfactants from an aqueous solution is foam
fractionation (Shedlovsky, 1948; Lemlich, 1972; Keshavarzi et al.,
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2022). This physicochemical process is often competitive com-
pared to other methods used in this area, namely ultrafiltration,
ion exchange, precipitation, membrane filtration and coagulation
(Cheang and Zydney, 2003; Schmitt, 2001). This is primarily due
to the simplicity of the equipment, low cost and mild operating
conditions, as well as environmental compatibility (Du et al.,
2000; Mukhopadhyay et al., 2010). Furthermore, the applicability
of this method in the separation of dilute solutions, beyond the
limits of the other techniques, has made it an attractive alternative
(Grieves, 1975; Rubin and Melech, 1972). Indeed the foam fraction-
ation process has various applications, such as radioactive effluent
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purification (Bergeron and Walstra, 2005), separation of hydropho-
bic proteins and enzymes (Keshavarzi et al., 2022; Linke et al.,
2007; Ackermann et al., 2003; Crofcheck et al., 2003), separation
of non-polar compounds (Backleh-Sohrt et al., 2005), production
of pharmaceutical products (Lockwood et al., 1997; Datta et al.,
2015), environmental problem remediation, (Buckley et al., 2022;
Jones and Robinson, 1974) and food processing (Chang and
Franses, 1995).

Foam fractionation is based on the adsorption of a surfactant on
the bubble surface, as bubbles rise through a solution (Lemlich,
1968). The recovered liquid from the top of the column (foamate)
is richer in surfactant than the remaining liquid (Stevenson and
Jameson, 2007). Moreover, utilization of reflux can increase signif-
icantly the separation ability of a foam fractionation device, and
thus increase the concentration of the foamate (Lemlich and Lavi,
1961; Martin et al., 2010; Stevenson et al., 2008; de Lucena et al.,
1996). In a fractionation column with reflux, part of the surfactant
rich foamate is collapsed and returned to the column. Then, it
drains through Plateau borders, where it mixes with any liquid
already in those Plateau borders and increases the Plateau border
surfactant concentration. This in turn can enhance the surfactant
concentration on the foam film surfaces and within the bulk of
the foam films. As a result, reflux improves the overall foam frac-
tionation process efficiency. This then is the reason why in this
study, we focus on the foam fractionation process with reflux.

This study considers the case of comparatively dry foams with
typically polyhedral bubbles (Matzke, 1946; Exerowa and
Kruglyakov, 1997). Foam films can then be treated as being thin
(i.e. thickness much smaller than length) and are in contact at their
edges with Plateau borders. Fig. 1 shows a schematic figure of such
a film, indicating how either insoluble or soluble surfactant might
be distributed on and within the foam film. Here I" and I'p, are sur-
factant surface concentrations on the film and in the Plateau bor-
der, and ¢ and cp, are analogous bulk concentrations. Due to
reflux, I' is typically different from I'p,, and c is typically different
from cpy,.

There are various physical mechanisms influencing surfactant
transport from Plateau border to film and vice versa. For instance,
Marangoni flows due to differences between I" and I'pp, leading in
turn to differences in surface tension, have been studied by numer-
ous authors (Vitasari et al., 2013; Karakashev et al., 2010; Elfring
et al., 2016; Vitasari et al., 2016; Grassia et al., 2016). Several stud-
ies have also been carried out on film drainage and its effects on
foam and foam film stabilization (Coons et al., 2003; Karakashev
and Nguyen, 2007; Breward and Howell, 2002). By the same token,
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the transport of surfactant onto the foam film in the presence of
both Marangoni forces and film drainage has been studied
(Vitasari et al., 2013; Karakashev et al., 2010; Elfring et al., 2016;
Vitasari et al., 2016). However, even though we know surfactants
are soluble (Li et al., 1998; Stevenson, 2012), in most previous
studies, surfactant transport into the bulk of the film has been
neglected (Jensen and Grotberg, 1992; Bruell and Granero-
Belinchén, 2020; Vitasari et al., 2013; Jensen, 1995; Yeo et al.,
2003). Many typical surfactants have nevertheless a substantial
solubility in water which can then impact on flow behaviour
(Roché et al, 2014; Tanaka et al, 1973; Schmitt, 2001;
Fainerman et al., 2001).

In the case of insoluble surfactants, the work of Vitasari et al.
(2013) developed a model for how quickly surfactants move onto
the foam film, which is schematically presented in Fig. 1a. This
model has been developed both in the absence and the presence
of film drainage and has revealed that the surfactants can usually
move onto the foam films quickly compared to typical bubble res-
idence times in a fractionation column. However, when film drai-
nage is present, it competes against the Marangoni effect and
slows down the surfactant transport on the foam surface. An equi-
libration of surfactant concentration between the Plateau border
and the film is achieved after a sufficiently long time, at least in
the absence of film drainage. Moreover, in the presence of film
drainage, a quasisteady-state surfactant concentration is reached
with a lower surfactant concentration in the film than in the Pla-
teau border. Despite all the achievements of this model, the lack
of consideration of any surfactant inside the bulk of the film has
led us to present the current model, in which surfactant solubility
and its transport inside the bulk are considered (Fig. 1b). In addi-
tion, a model has been developed here for the behaviour of the sol-
uble surfactant approaching a quasisteady-state configuration at
long times, albeit compared to a model already presented by
Vitasari et al. (2013), some modifications are required in order to
account for surfactant solubility.

The present model considers in particular the diffusive trans-
port of soluble surfactant into the bulk of the foam film. Diffusive
transport from surface to bulk can in principle occur at different
rates relative to Marangoni and film drainage flow, but the specific
limit that we will look at here is when surfactants can diffuse very
quickly across a thin film, even though any diffusion along the film
is very slow. As we explain later on, mathematically, we can
express this in terms of the product of a Péclet (Pe) number and
a film aspect ratio (A), with this product being a small parameter.
Hence, we call it a small Pe A limit. To use the model to investigate
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Fig. 1. Insoluble (a) and soluble (b) surfactant distributed on a foam film surface and, where applicable, within the bulk of the foam film. Here I" and I'p, are surface
concentrations of surfactant on the film and Plateau border, while c and cp;, are the bulk concentration in the film and Plateau border, respectively. In the present work, I" on
the film depends on coordinate x and time t. Also, c in the film depends on x and t, but is taken to be almost independent of coordinate z. The figure is not to scale as in reality,

the film thickness is much smaller than its length.
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the performance of foam fractionation for a soluble surfactant, we
define (later on) recovery and enrichment factors which are quan-
tities often measured in fractionation studies (Gerken et al., 2006;
de Lucena et al., 1996; Stevenson, 2014; Stevenson, 2012).

This study is laid out as follows. Firstly, Section 2 deals with the
theory used in mathematical models of soluble surfactant trans-
port. That section is divided into several subsections and explains
important dimensionless parameters and governing equations
and uses them in the so-called small Pe A limit to develop an equa-
tion for the evolution of the total amount of surfactant at every
position along a film. After that Section 3 deals with the numerical
simulation approach to solve the model and explains some bench-
marking methods to check the validity of the simulation approach.
Then, Section 4 presents results and discussion, while Section 5
provides the conclusions of this study.

2. Mathematical model for soluble surfactant transport

In this section, we revisit the relevant transport equations that
have been developed by Vitasari et al. (2013), albeit extending that
work to consider the possibility of surfactant being present in the
bulk. Note however that the work of Vitasari et al. (2013), whilst
retaining much of the essential physics of flow and mass transfer
on foam films, involves a number of significant simplifications,
and we will highlight these as we develop the model to be used
here.

Section 2.1 identifies key dimensionless groups controlling the
behaviour of the system under consideration. Here we utilise
dimensionless groups previously identified by Vitasari et al.
(2013). However, a newly introduced solubility parameter is a
key parameter also employed in our model. Then, we look at the
flow fields in Section 2.2. Since the physical mechanisms that drive
the flow fields are Marangoni flow and film drainage, some back-
ground to these mechanisms is discussed in the supplementary
material Secs. S 1 and S 2. Section 2.3 describes mass transfer equa-
tions on the foam film and within the bulk. Modelling of insoluble
surfactant transport on the foam surface only is reviewed in sup-
plementary Sec. S 3. However, returning to the soluble case in Sec-
tion 2.4, analysis of the small Pe A limit, which is the main novel
contribution of this study compared to previous studies, is pre-
sented. Section 2.5, meanwhile, consists of a new approach to
obtaining a linear adsorption isotherm by modifying the Langmuir
adsorption isotherm. In particular, we start with a Langmuir iso-
therm and make approximations, which we call respectively a glo-
bal Henry isotherm and local Henry isotherm. This approach
enables us to have the convenience of working with a linear iso-
therm, albeit one which is still a good representation of the original
Langmuir isotherm over a concentration range of interest. Detailed
explanations of these approximations can be found in supplemen-
tary Sec. S 4. Subsequently, Section 2.6 presents a new variable
called “total amount of surfactant at any film location”, which
accounts for surface and bulk taken together at a specific position
along the foam film. This then is the variable for which we solve.
The solutions are ultimately obtained in terms of variables recast
in dimensionless form, as described in supplementary Sec. S 5 with
a solution being obtained numerically via a method outlined in
supplementary Sec. S 6. Parameters to use within the solution
are discussed in Secs. S 7 and S 8. Another key quantity that
accounts for the overall amount of surfactant on the surface and
within the bulk in a specific time has been introduced in Sec-
tion 2.7: this quantity is measured over the entire film, not just
at a specific location. Moreover, surfactant effective concentration
is presented in Section 2.8, giving a measure of the extent to which
adsorption enhances surfactant concentration over and above bulk
liquid. This then leads within Section 2.9 into a discussion of sur-
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factant recovery and enrichment during fractionation. Finally, Sec-
tion 2.10 deals with the system’s behaviour at late times, while the
details of those late-time solutions can be found in supplementary
Sec. S 9.

2.1. Dimensionless groups

Here key dimensionless groups that appear in the model are
presented. One of the parameters controlling the behaviour of
the system is the Péclet number (Bird et al., 2007) which is
obtained here based on comparing convective surfactant transport
by the Marangoni effect to the diffusive transport of surfactant (see
supplementary Sec. S 1.1). In the present model, the Péclet number
(Pe) is expressed as follows:

o géo/ﬂL
=27 (1)

where ¢ is Gibbs elasticity parameter (surface tension change per
change in logarithm of surfactant surface concentration), d, is initial
film half-thickness, p is liquid viscosity, L is film half-length and 2
is diffusion coefficient. Péclet number can be thought of as being the
ratio between characteristic velocity for Marangoni flow (along the
film) and characteristic velocity for diffusion (across the film) and is
typically a relatively large number (see Table S 2). Meanwhile, the
initial aspect ratio between film half-thickness and film half-
length is defined as:

A =3o/L )

where Jy is initial film half-thickness, and L is film half-length. Here
A is typically a very small number as the film is considered to be
extremely thin. This small number then causes the product of Pe
and A to be a relatively small number.

The other significant parameter is the solubility parameter
which is defined as below:

ey /Cop

where dy is initial film half-thickness, I'p, is surfactant surface con-
centration at the Plateau border, and cp, is surfactant bulk concen-
tration at the Plateau border. This is a key parameter for this work,
describing the amount of dissolved surfactant relative to the
amount of surfactant on the surface. This parameter is physically
the film thickness relative to a depletion length associated with
transferring surfactant between bulk and surface.

Insoluble surfactant has . — 0, whereas a highly soluble one
has % — oco. Note that for values of & « 1, even though it is possi-
ble to compute the amount of surfactant in the interior of the film,
there is so little surfactant in the interior compared to the surface
that one might as well treat the surfactant as totally insoluble. By
contrast, computing what is happening in the interior of the film is
much more relevant for larger % values. For the parameters that
we examine here, it turns out that . is an order of magnitude or
so greater than unity (see Table S 2).

As already alluded to, film drainage can also be relevant to the
surfactant transport process (see supplementary Sec. S 2). Hence,
we also define a dimensionless film drainage velocity parameter,
denoted V. It is defined such that the typical ratio between drai-
nage flow velocity (Dowson, 1987) and Marangoni flow velocity
is on the order of V. Here V; is expressed as follows:

2307pp
VR =314 4)
where y is the initial film’s half-thickness, yp, is surface tension at
the Plateau border, a is the Plateau border’s radius of curvature and
% is Gibbs elasticity. This is usually a small parameter (see Table S
2), suggesting that film drainage-driven surfactant transport is typ-

3)
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ically rather slower than Marangoni-driven surfactant transport.
That said, in the case of soluble surfactant, it turns out that there
are mechanisms by which Marangoni-driven transport can be slo-
wed down also, so that in relative terms, film drainage-driven trans-
port might become important even though V; is small. This is a
point to which we return later on. Remember also that the focus
here is upon foam fractionation with reflux. Increasing the amount
of reflux flowing through a fractionation column causes the Plateau
borders to swell, increasing a and hence reducing V; and thus
reducing the impact that any film drainage has.

Having defined the dimensionless groups, we also make all sys-
tem variables dimensionless. We scale horizontal coordinates by
the film half-length and vertical coordinates using the film'’s initial
half-thickness. Moreover, we scale surfactant concentrations in the
bulk and on the surface by surfactant concentrations in the bulk of
the Plateau border and on the surface of the Plateau border, respec-
tively. Velocities along the film are also nondimensionalized using
a Marangoni velocity scale. Time is nondimensionalized using the
ratio between the film half-length and the Marangoni velocity
scale. The full details of the nondimensionalization can be found
in supplementary Sec. S 5. In the dimensionless system, it turns
out that the film half-length and the initial film half-thickness
are set to unity, and surfactant concentrations in the bulk and on
the Plateau border surface are also set to unity. Note that from
now on, we only use dimensionless variables unless specified
otherwise.

2.2. Velocity fields

A review of the derivation of dimensional governing equations
is explained in supplementary Sec. S 3. However, here we present
the equations in dimensionless form. The equations giving velocity
fields in the x and z directions (the directions are as indicated in
Fig. 1) are based on lubrication theory and turn out to be
(Vitasari et al., 2013):

u——xS 5 22\ dInT 5)
=567 25) ox (

6 (2 z5\&InT 6
w5+ (G5) ©)
where u, w are dimensionless velocities in x,z directions. Also, § is
dimensionless rate of change of film half-thickness, ¢ is dimension-
less film half-thickness, and I' is dimensionless surfactant surface
concentration on the film. Note that w at z =0 is zero, while at
z =, it equals 5.

Since I' might have an a priori unknown variation with x, Eqs.
(5) and (6) indicate that velocities are a priori unknown functions
of position and time. Because we are dealing with surfactants that
are being advected on the surface, we need to know about surface
velocity. By setting z = 6 in Eq. (5), we obtain an equation for sur-
face velocity u; as follows:

5 & /8InT
”S:_x5_§< ox ) @)
To proceed we also need to know the value of § at any given time t.

The Reynolds drainage formula for a rigid surface (Breward and
Howell, 2002) gives in dimensionless form:

§=—Vgd® (8)

where the respective solution for the film half-thickness is:

6= (1+2Vgt) 2. 9)
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Note the considerable simplifications (see Secs. S 2 and S 3 for
details) that have gone into all these equations. Foam films are
not only assumed to be thin (so lubrication theory applies), but in
addition their thickness is treated as being spatially uniform, albeit
varying in time. In reality foam film thickness can vary spatially as
the foam film drains (Frankel and Mysels, 1962; Yeo et al., 2001;
Joye et al., 1992). However describing that process involves the
complication that the film surface becomes curved, and a normal
stress boundary condition relating pressure to surface tension and
curvature is then required at the surface. Here instead we simplify
as per a previous study (Vitasari et al., 2013) by retaining only tan-
gential surface stresses (due to the Marangoni effect associated
with gradients of surfactant surface concentration). We also assume
as per that previous study (Vitasari et al., 2013) that the film drains
as if it were a uniform thickness squeeze film.

Yet another simplification is that Eq. (5) and (6) are two-
dimensional equations (one dimension along the film, and one
dimension across it). In reality flow is three-dimensional (two
dimensions along the film and one dimension across it). The diffi-
culty however is that the exact three-dimensional flow field that
results depends on the film’s shape, and specifically how many
edges it has. Given that there will be considerable variation from
film to film, not only in terms of film size, but also number of
edges, we have for simplicity assumed a two-dimensional flow
field here.

Having determined expressions for the velocity fields, we can
now start to address the dimensionless mass transfer equations
on and within the film surface.

2.3. Modelling of evolution of surfactant in a foam film

To investigate the evolution of surfactants, we use the dimen-
sionless surfactant mass balance equations within the bulk and
on the film surface. The dimensionless surfactant mass balance in
the bulk follows a general mass transfer equation (Bird et al,
2007; Ubal et al., 2010; Cussler, 2009):

oc
§+V-(uc) =

(A0
:<0 p)

where c is dimensionless surfactant concentration in the bulk, t is
dimensionless time, u = (u, w) is dimensionless velocity in the bulk
in x and z directions and A is the initial aspect ratio. A dimensionless
diffusivity tensor (k) has appeared in the equation because of the
nondimensionalization of the mass transfer equation using different
characteristic lengths in x and z directions. Therefore, the coeffi-
cients of the diffusion terms in x and z directions are A/Pe and
1/(PeA), respectively.

As A is typically an extremely small number (i.e. the film is
assumed to be very thin) and Pe is a relatively large number (see
Table S 2), A/Pe is an extremely small number. This makes the dif-
fusive flux in the x direction along the film negligible in all cases.
Convection then dominates the mass transfer in that direction,
and moreover since we have used a simplified flow field (as
explained in Section 2.2), we have thereby simplified the convec-
tive mass flux. However, when PeA is a reasonably small number,
the diffusive flux in the z direction across the film becomes signif-
icant. Thus, small Pe A refers to the case in which there is a high dif-
fusive flux across the thin film, even though the diffusive flux along
it is negligible. This then is the case to be considered here, as will
be discussed further in Section 2.4. The dimensionless mass trans-
fer equation for surfactant in the bulk can now be simplified as:

1
5V (- Ve) (10)
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1 &
= Ped oz (1)

oc  d(uc)  d(we)
ot 0x 0z

Here c varies in the x direction, but only very weakly in the z direc-
tion due to Pe A being small.

As well as accounting for surfactant in the bulk, we also must
account for surfactant on the surface. Thus, we write general
dimensionless surfactant mass balance on the surface as follows
(Stone, 1990; Cantat and Dollet, 2012):

or owI) & oc

ot ox  PeAdz,,

(12)

where I' is dimensionless surfactant surface concentration, us is
dimensionless velocity on the surface and . is the solubility param-
eter. Some previous works have ignored the term on the right hand
side, which represents transport of surfactant from the surface into
the bulk (Vitasari et al., 2013; Sonin et al., 1994; Jensen and
Grotberg, 1992; Bruell and Granero-Belinchén, 2020; Gaver and
Grotberg, 1990; Jensen, 1995). Here however that term must be
retained. Nonetheless, one effect which is ignored in the present
study is surfactant surface diffusion (Rio and Biance, 2014). The rea-
son is that diffusion along the surface is generally much weaker
than Marangoni flow on the surface.

It is clear from the form of Eq. (12) that we cannot in general
solve for I" unless we also solve Eq. (11), and we know specifically
how c varies with both x and z. Here however, as already alluded to
earlier, we make a simplifying assumption namely the small Pe A
limit, which allows us to progress the analysis even prior to solving
for c. This is the subject of the next section.

2.4. Combining equations in the small Pe A limit

Here we model the evolution of surfactants on and within the
foam film making use of the small Pe A assumption. To have a set
of equations for the evolution of surfactant, regardless of whether
in the bulk or on the surface, we combine mass transfer equations
for the bulk and surface together. To do this, we integrate Eq. (11)
over z from 0 to §, which results in:

6@+cw\ +ﬁ c/judz _ 1o
ot 2= " ox \ Jo " PeA 0z

Notice here that in the final term on the left hand side, the term in ¢
has been taken outside the integral sign. This is because as already
mentioned, in the small Pe A limit, the value of ¢ tends to vary only
weakly across the film thickness. As Section 2.2 discussed, and as
can be obtained from Eq. (6), w at z = 0 is zero (because of the sym-
metry of the model), and w at z = § is 4.

By combining two terms of the left-hand side of Eq. (13) and
multiplying both sides of the equation by the .# parameter, we
obtain:

(13)

z=0

0 o 0 0 & oc
a(4:¢¢(>)+$(c{¢/0 udz) = PeA iz

The term on the right-hand side of the equation is the diffusive flux
from the surface to the bulk, which is the negative of the diffusive
flux from the bulk to the surface as appears in Eq. (12). The combi-
nation of Egs. (12) and (14) leads to the following equation:

(14)

z=0

0 7] 9

—T+cod)+—us[ +c& dz ) =0. 15
at( +c )+8X(uS +c /Ouz) (15)
From Eq. (15), we can see that the rate of surfactant change in the
bulk and on the surface is related to the convection flows, both in
the bulk and on the surface. However, we can only progress if we
can identify a relationship connecting I and c. This can be done
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with an adsorption isotherm, which is the subject of the next
section.

2.5. Adsorption isotherms

So far, we have presented the evolution of surfactant in the form
of a single equation ( Eq. (15)). However, as this formula incorpo-
rates both I" and ¢, we need an adsorption isotherm to link these
two quantities together. Here we choose to express the isotherm
in dimensionless form, which leads, as we will see shortly, to a
rather simple relationship between these quantities I" and c. The
derivation of the original dimensional form and an explanation of
how it is made dimensionless can be found in supplementary Secs.
S4and S 5.

As Sec. S 4 explains, we start with a nonlinear adsorption iso-
therm called the Langmuir isotherm. This is a commonly used
adsorption isotherm, which describes the relationship between
surfactant surface and bulk concentrations (Chang and Franses,
1995; Hiemenz and Rajagopalan, 1997; Shchukin et al., 2001).
The Langmuir isotherm is characterized by a so-called Langmuir
parameter that quantifies the affinity for the adsorption and also
by a maximum amount of surface concentration or surface excess.
It is however possible to simplify the nonlinear isotherm to a linear
one as we now go on to explain.

2.5.1. Approximations to the isotherm

Significant simplifications will arise in the governing equations
if we manage to replace the Langmuir isotherm with a straight line.
To do this, we use two distinct approaches. First, we use a straight
line to join the origin of a ¢, I" plot (see Fig. 2)) to the conditions cpy,
and I'py, at the Plateau border. This we call a global Henry isotherm
approximation. In the other approach, we construct a tangent to
the Langmuir adsorption isotherm, again at the Plateau border con-
ditions, which we call a local Henry approximation. The detail of
how we did this and a schematic representation can be found in
supplementary Sec. S 4 and Fig. 2, respectively. Here as mentioned
the approximate isotherms are to be used in a nondimensional
form, such that cpp, and I'p, are in effect, both normalized to unity.
In this case, the global Henry isotherm in dimensionless form turns
out to be:

r=c (16)

Langmuir
Isotherm

Global Henry
Isotherm

Local Henry
Isotherm

c Ceb

Fig. 2. Schematic of dimensionless global and local Henry isotherms drawn for a
specific Langmuir adsorption isotherm. In the dimensionless system cp,, I'p, and the
slope of the global Henry isotherm (in effect, the global Henry constant) are all
unity. However, the slope of the local Henry isotherm (the local Henry constant) is
smaller than unity.
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The local Henry isotherm is only slightly more complicated. We
define a (dimensionless) local Henry constant (Kyoq)) to be the
slope of the (nondimensionalized) Langmuir adsorption isotherm
at the point at which we construct the tangent, and it turns out to
become:

1
KH(loc) = TKL (] 7)

where K; is a dimensionless Langmuir parameter (see supplemen-
tary Sec. S 5 for how it is obtained). One of the features of a local
Henry isotherm (evident in Fig. 2) is that even if we approach low
concentrations, we have a minimum but still nonzero surface cov-
erage. The minimum amount of surfactant surface concentration
for a local Henry isotherm (I'y,;,), in dimensionless form, becomes:

K.
1+K,

Ihin = (18)
Via Egs. (17) and (18), the dimensionless local Henry isotherm
becomes:

= KH(loc)C + Iﬁmin~ (]9)

Note that Iy is just 1T — Kgoq).

The dimensionless Langmuir parameter K; is what controls the
value of Kpoc), and as can be seen from Egs. (17) and (18), when it
is small (K; < 1), the local Henry constant (Kjo)) becomes almost
unity, and the minimum amount of surfactant surface concentra-
tion (I'min) becomes negligible. Hence, according to Eqgs. (16) and
(19), local and global Henry isotherms would become almost iden-
tical. On the other hand, if K, is large (K, > 1), it follows that Koc
is small, whereas ', is close to unity. There is now quite some
difference between the global and local Henry isotherms.

2.5.2. Considering dimensional variables for isotherms

The above discussion has been formulated, as we have said, in
terms of dimensionless variables, with cp, and I'py, in effect normal-
ized to unity. However, it is also useful to consider what it means
in terms of dimensional variables (such as Sec. S 4 considers).
Using a fractionation process with reflux tends to ensure that the
surfactant concentration of the Plateau border is richer than in a
system without reflux. In that case, and given that the purpose of
fractionation is after all, to concentrate surfactant, the (dimen-
sional) cpp and I'p, are pushed towards the higher surfactant con-
centration part of the Langmuir adsorption isotherm plot, where
surfactant surface concentration no longer changes significantly
with changes in bulk concentration. In this situation, provided
the concentration c in the foam film is not too far away from cpp,
then the tangent to the Langmuir isotherm at the Plateau border
concentration or, in other words, the so-called local Henry iso-
therm describes the system’s behaviour realistically (see e.g.
Fig. S 1). On the other hand, a relatively dilute system could be con-
sidered, such that the surfactant concentration in the Plateau bor-
der is not exceedingly rich even in spite of reflux. In that case the
(dimensional) cp, and I'p, are pushed towards the lower surfactant
concentration part of the Langmuir adsorption isotherm plot,
where the slope of the isotherm is now rather larger. This inciden-
tally tends to increase surfactant depletion length, which would
decrease the value of .# defined via Eq. (3). However, the relevant
point here is that the Langmuir isotherm, global Henry isotherm
and local Henry isotherm are all then rather similar, so the global
Henry isotherm (which mathematically speaking is a little simpler
than the others) would provide an acceptable approximation.

To summarize we have defined so-called global and local Henry
isotherms which, at least in certain parameter domains, are rea-
sonable approximations to an overarching Langmuir isotherm.
Although we could formulate a surfactant transport model utilising
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a Langmuir isotherm directly, we elect here to work with the global
and local Henry isotherms instead. This is convenient as we will
see, because it leads to a governing equation that is linear. Indeed
in certain cases, i.e. without film drainage, we will see that it is
even possible to obtain exact analytical solutions, in the form of
series expansions. In any case, now that we have defined the link
between the amount of surfactant on the surface and in the bulk
and, we proceed to look at the total amount of surfactant (surface
and bulk taken together) and how it evolves.

2.6. Determining total amount of surfactant at any film location

When a fractionation system is used to recover surfactant, the
distribution of surfactant between surface and bulk within the
foam film is less significant than the total amount of recovered sur-
factant and how much the foamate is enriched. To begin to address
this, we define a variable (I'y,), which is the total amount of surfac-
tant present at any location in the film (or strictly speaking half the
total amount at that location, because we consider just half of the
thickness here). This can be expressed formally as:

)
T =T+ / cdz (20)
0

where T' is dimensionless surfactant surface concentration, c is
dimensionless bulk concentration, . is dimensionless solubility
parameter and ¢ is dimensionless film thickness.

For the small PeA limit, such that surfactants in the bulk are
evenly distributed across the film, Eq. (20) can be simplified as:

Tt =T + ¢, (21)

an approximation already used in Eq. (15). Note that only if we con-
sider insoluble surfactant (% — 0), does the value of I'y,; become
almost equal to the amount of surfactant on the surface
(I'ot = I'). For any other % > 0, the values of I'y,c and I' differ. We
can however, eliminate I" and ¢ from Eq. (15) in favour of I'y,;, mak-
ing use of the earlier defined adsorption isotherms.

Moreover, once the value of I',; is known, it can be broken
down into its separate components associated with I' and c. To
show how to do this, we use the local Henry isotherm (Eq. (19))
to derive the relevant equations. This is done because equations
can be easily transformed to those for the global Henry isotherm
if required, merely by setting Kggo) = 1 and I'min = 0. Via Egs.
(21) and (19), we obtain:

| g6\
= (T + 22 ) (1 + > 22
( o KH(loc) KH(loc) ( )
(rtut - 1—‘min) ( S )71
c= 1+ . 23
KH(Ioc) KH(loc) ( )

The combination of Egs. (22), (23) and (15), together with in addi-
tion Eqs. (5) and (7) gives, after some algebra, the equation for
the evolution of I't,. This equation becomes:

Mot S8\ [0\ T 6 (it
i (i) (5) 5 3G re) @9

Eq. (24) is a parabolic partial differential equation. Despite being
linear, it is not always possible to solve analytically, given that coef-
ficients depend on x and also implicitly on t, remembering here that
¢ varies with time, at least when the film is draining. As a result, a
method of solving this equation numerically has been applied,
specifically a “spectral method” (Brio et al., 2010). In this method,
the solution of the equation is expressed as a finite expansion of
some set of basis functions: we employed a Fourier series. Details
of the numerical procedure are found in supplementary Sec. S 6.



H. Rajabi and P. Grassia

When the film is not draining at all, so that 6 = 1 and § = 0, the sit-
uation is simpler still: each term in the Fourier series expansion
then decouples and evolves independently of the others. A separa-
tion of variables solution then results, and so in effect, an exact ana-
lytical solution is obtained. This situation applies regardless of
whether we employ a global or local isotherm, although the rate
of evolution for each Fourier term is influenced by the choice of
isotherm.

We also require initial and boundary conditions. We know that
before the foam fractionation process starts, there is an initial total
amount of surfactant on the film surface and in the film bulk which
we denote I'yo and which is assumed to be uniform with x. Specif-
ically It is selected to reflect that there is less surfactant in the
film initially compared to the corresponding amount in the Plateau
border, remembering here that the Plateau border has been
enriched by reflux. This difference between film and Plateau border
provides (via the Marangoni effect) the main driving force for sur-
factant transport from the relatively surfactant rich Plateau border
towards the relatively surfactant lean film. Note that given the
value of T’y o, we can use Eqgs. (22) and (23) to determine the cor-
responding initial surface concentration I'y and initial bulk concen-
tration ¢o. Alternatively we can use Eq. (21) to recover Iy for
given I'y and cg. Remember that within all these equations, the
value of § is unity initially (see Eq. (9)).

The boundary condition of the model at x=0 s
dI'¢o:/dx|,_o = 0, which is due to the symmetry at the centre of
the film. We also need a boundary condition at x =1 where the
film meets the Plateau border. The challenges of imposing a bound-
ary condition at this particular point have been discussed by
Ruschak (1982, 1985): even though flow in the film is a lubrication
flow with near parallel streamlines, flow in the Plateau border
meniscus itself is generally two-dimensional. Here in the interests
of simplicity, we impose I't|,_; = I'torpp, Where as already men-
tioned in Section 2.5.1, we assume throughout that the dimension-
less cp, and I'p, are fixed at unity. In other words, the Plateau
border is treated as a reservoir of surfactant (Vitasari et al.,
2013). The basis for this assumption however is that there might
be rather more liquid in Plateau borders than in films, at least
when films are thin: surfactant exchange from Plateau border to
film is assumed to affect concentrations in the film, but has little
impact on concentrations within the bulk of the border. A conse-
quence of this though is that Iy pp, i.e. the total amount of surfac-
tant at the location at which Plateau borders connect with films is
actually weakly time-dependent if films gradually become thinner
over time. Specifically it follows from Eq. (21) that
Teotry = (1 +.9°6) where ¢ is given via Eq. (9).

2.7. Determining overall amount of surfactant at any time

To assess the fractionation process performance, we need to cal-
culate the overall amount of surfactant throughout the film (sur-
face plus bulk) at each time. This is obtained by integrating I'i:
over the film half-length (which is unity in our dimensionless sys-
tem). Thus

1
Tove = / T dx. (25)
0

In what follows, we call T'yy. the overall amount of surfactant,
although strictly speaking it is the overall amount within a film
half-length and half-thickness.

This quantity depends on time and hence upon the duration for
which the film and Plateau border are in contact as reflux proceeds.
This duration is dependent on process parameters, such as frac-
tionation column length and velocity of bubbles through it (Shea
et al., 2009). Thus, calculating I'oy. as a function of time can help
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to design or operate a more efficient fractionation column. Note
that later on, we also compare the ratio between the overall
amount of surfactant at each time and the overall amount of sur-
factant at the initial time, and we denote this I'oye /I ove 0. This mea-
sures the extent to which the surfactant recovered in the film is
increased by contacting the film with a surfactant rich Plateau bor-
der. Note that because of the way we select the initial condition
and also the way we normalize length in the dimensionless system,
the value of [y is actually the same as I'ioro.

2.8. Determining effective concentration at any time

Another parameter that helps us evaluate foam fractionation
performance is a so-called surfactant effective concentration
(cefr). This quantity tells us how rich the foamate is at any instant.
It can be expressed as the overall amount of surfactant on the sur-
face and in the bulk at a specific instant, divided by the volume of
the film. As we are dealing with a two-dimensional system with
film half-length equal to unity, the volume can be just expressed
in terms of the film half-thickness (). This leads to

.1
Cetf = /0 Tiot/(#8)dx = Tove/(S9). (26)

Note that according to Eq. (21), the value of effective concentration
Cefr Only matches the bulk concentration within the film in the limit
when .6 > 1, i.e. for soluble surfactants and films that are not too
thin. Otherwise c.; exceeds the bulk concentration.

2.9. Recovery and enrichment

Using the definitions in Sections 2.7 and 2.8 we can proceed to
determine recovery and enrichment which are quantities often
used to assess fractionation performance (Gerken et al., 2006; de
Lucena et al., 1996; Exerowa et al., 2018; Stevenson, 2012). In this
study, enrichment is defined as the ratio between the effective con-
centration of the foamate at each instant relative to the initial feed
bulk concentration (ce/Co). Recovery on the other hand is taken to
be measured just by the value of 'y, Which specifically is the
overall amount of surfactant recovered per film (or strictly speak-
ing, per half-film length and half-film thickness). This differs from a
conventional definition of recovery which would be the overall
amount of surfactant recovered in the foamate relative to the over-
all amount fed to the fractionation column (Exerowa et al., 2018;
Stevenson, 2012; Stevenson, 2014). Clearly, if we know the overall
amount of surfactant recovered per film and also the number of
foam films that enter the foamate, then we have a measure of
the amount of surfactant recovered, which can be compared with
the amount originally in the feed. Hence recovery per film oy is
proportional to the conventional definition of recovery, but it can
be defined conveniently in the current model without needing to
specify either the total number of foam films recovered or the
overall quantity of surfactant in the feed. To summarize, in this
work I'oe represents recovery and c.g/Co represents enrichment.
As we will see later on, generally, there is a competition between
recovery and enrichment (see Section 4.8), with high solubility
parameter .+ favouring recovery and low solubility parameter %
favouring enrichment.

Values of T'tor, [ove and cegr, as well as enrichment and recovery
which derive from them, evolve with time and can approach a final
state in the limit of very long times. This could either be a final
steady state in the absence of film drainage, with an equilibrium
between the Plateau border and film, or if there was film drainage,
a quasisteady-state balance could be reached, as we discuss next.
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2.10. Late time behaviour of the system under consideration

Recall that in Vitasari et al. (2013), the Marangoni flow is found
to be the dominant contribution to the flow field at short times.
However, at longer times, Marangoni tends to decay, such that a
balance between Marangoni flow and film drainage flow then
occurs, which leads the system into a quasisteady-state situation.
Note that strictly speaking, this is indeed a quasisteady state rather
than a true steady state, since the surfactant surface concentration
continues to evolve, albeit slowly, even after Marangoni and film
drainage flow balance. The difference in the present study is that
surfactants are present in the bulk too. As a result, not only does
the Marangoni-driven surface flow turn out to have slower impact
on the surfactant surface concentration owing to surfactant escap-
ing into the bulk (see Section 4.1 and later sections), but also film
drainage removes liquid and hence surfactants from the bulk as
drainage proceeds. Thus, although there is still an eventual balance
between Marangoni flow and film drainage, this will happen at
longer times compared to the insoluble surfactant case (Vitasari
et al., 2013), and will also be further from equilibrating with the
Plateau border (i.e. further from the state reached in the absence
of film drainage). Note also that investigating the quasisteady state
is primarily of interest in the case of the global Henry isotherm.
This is because (as we will see later on, see Section 4.3 onwards)
in the local Henry isotherm case, the impact of the Marangoni
effect upon surfactant transport is slowed down even more signif-
icantly than in the global Henry isotherm case. Hence, for a local
Henry isotherm, a balance between Marangoni flow and film drai-
nage flow would likely only be realized at times much later than a
typical residence time in a foam fractionation process. The follow-
ing analysis focusses therefore on the global Henry case.

Note that thus far we have focussed primarily upon a partial dif-
ferential equation for I'y, (see Eq. (24)). Nonetheless using Egs.
(22) and (23) it is also possible to obtain analogous equations for
I' and c. If we are searching for a quasisteady state, it is easier to
work in terms of I' not I'y,. This is because the boundary condi-
tions for I" are time-independent even with film drainage, whereas
those for I, are not. Specifically for I" we find, still using the glo-
bal Henry isotherm,

or S S\ o/ ar
o= (1+99) <5”(3>ax2>+5<"ax>' (27)

Here Eq. (27) is the general unsteady equation for the evolution of
I'. It is necessary to explore whether or not this equation
approaches a quasisteady state at a sufficiently long time. A descrip-
tion of the approximate analytical solution of Eq. (27) at late times
can be found in supplementary Sec. S 9. In addition, further discus-
sion and a comparison between analytical and numerical solutions
are presented in Section 4.5.

This completes setting up the model in the small PeA limit.
After deriving the equations for the evolution of I'y,; (or equiva-
lently T" or c¢), we need to use simulations to calculate T’y (or
equivalently I" or c) at every film position and every instant. These
simulations are described next.

3. Simulation and benchmarking

Parameters corresponding to sodium dodecyl sulphate (SDS)
have been used for simulation purposes within this study. SDS is
one of the most studied anionic surfactants, and hence, relevant
parameters are readily available in the literature, see Durand and
Stone (2006), El-Dossoki et al. (2019), Elworthy and Mysels
(1966), Johnson and Tyrode (2005), Kolev et al. (2002), Llamas
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et al. (2018), Manko et al. (2017), Matuura et al. (1959), Mysels
and Florence (1973), Sachin et al. (2019), Shen et al. (2002),
Tajima et al. (1970), Vollhardt and Emrich (2000), Wotowicz and
Staszak (2020), Martinez-Balbuena et al. (2017), Nilsson (1957),
Hines (1996), and WeiBenborn and Braunschweig (2019). The ori-
gin of some of the important parameters used in our simulation
and the related tables can be found in supplementary Sec. S 7.

Recall from Section 2.6 that a spectral method has been used to
solve Eq. (24). Full details of the method are given in Sec. S 6. In our
simulation, 38 Fourier terms have been used. Having generated the
Fourier series, we can reconstruct the spatial variation of the solu-
tion from the Fourier series. To do this, we have evaluated at 500
spatial points throughout the film half-length. For the most part,
38 Fourier terms evaluated at 500 spatial points capture the surfac-
tant distribution adequately, except for very slowly evolving sys-
tems at very early times (see e.g. Fig. 6 later on). Moreover, we
have typically solved out to 20 dimensionless time units for the
process duration divided into time steps of 0.001 dimensionless
units. Time stepping is done via the fourth order Runge-Kutta
method (Press et al., 1992). Note that based on the parameters
we have chosen, each time unit is equivalent to 0.125s (see
Table S 1) thereby considering surfactant transport processes tak-
ing on the order of seconds. Note however that in certain cases
(e.g. in Figs. 5 and 11 and also in Sections 4.5, 4.6 and 4.8), more
than 20 time units have been considered to enable us to investigate
the system’s behaviour for somewhat longer times.

To benchmark our numerical method, we have compared our
simulation with an alternative method called the “material point”
method, which had previously been used for the evolution of I" in
an insoluble case (Vitasari et al., 2013). As a result, this particular
comparison has been made for the case in which the solubility
parameter (%) is set to zero. These two numerical methods yielded
almost the same results for I" with a maximum relative difference
of 3 x 107°. Details of the material point method can be found else-
where (Vitasari et al., 2013).

We have carried out another benchmark using two analytical
solutions for the case without film drainage: note that obtaining
these analytical solutions relies on having a linear isotherm (either
a global Henry isotherm or a local Henry isotherm, but not the
Langmuir isotherm which is nonlinear). Neglecting film drainage
then simplifies Eq. (24) and enables us to solve it analytically.
The analytical solutions involve a complementary error function
(erfc) approach or else (as mentioned in Section 2.6) a separation
of variables solution approach, which results in a Fourier series
solution. Both approaches are valid, but the complementary error
function tends to be more convenient to use at early times,
whereas the Fourier series is more convenient at later times.
Details of these analytical solutions can be found in Vitasari et al.
(2013). Further discussion of solutions in the absence of film drai-
nage can also be found in Section 4, e.g. Sections 4.1 and 4.3.

Yet another benchmark used a case in which Marangoni flow
has been switched off, but film drainage could still occur. This
means that there is no mechanism driving surfactant transfer from
the Plateau border toward the centre of the film. However, the
transfer of surfactants from the film to the Plateau border still hap-
pens due to film drainage. This turns out to lead to an analytical
solution, in which I'y is directly proportional to 4, as can be easily
verified from Eq. (24) upon dropping the Marangoni term. Compar-
ing the spectral method with the analytical solution in the so-
called “no Marangoni” case has confirmed the consistency of the
method once again.

Having thereby benchmarked the spectral method solution, we
now consider the results that it predicts, including in cases which
cannot be readily solved analytically.
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4. Results and discussion

In this section, simulations for the evolution of the total amount
of soluble surfactant (I'y:) have been carried out. As already
alluded to, dimensional parameters for the system, assuming that
the surfactant is sodium dodecyl sulphate (SDS), are themselves
presented within supplementary Sec. S 7 and Table S 1. Dimension-
less parameters are then reported in Table S 2. The solubility
parameter (%, see Section 2.1) turns out to be 8.696, whereas
the local Henry constant (Koo, See Section 2.5.1) is 8.77 x 1072,
and the film drainage velocity parameter (Vp, see Section 2.1) turns
out to be 0.0063. The global Henry constant is unity by definition.
Other dimensionless parameters obtained for the system are also
presented in Table S 2 including a check that the parameter Pe A
really is smaller than unity.

To compare analogous conditions for different adsorption iso-
therms, we set the initial bulk concentration equal to half of the
Plateau border’s bulk concentration (¢, = 0.5) as the reference con-
centration. Therefore, Iy is calculated to be 0.5 and 0.9561 for the
global and the local Henry isotherms, respectively (Egs. (16) and
(19) and also Sec. S 8). In the local Henry isotherm case, note that
I'o is already quite close to unity, which has implications that we
discuss later on. Regardless of whether we consider a global or
local Henry isotherm case, once we know I'y and ¢y, we now pro-
ceed to calculate the evolution of I'y.. The evolution of I" and ¢
can also be calculated using Eqgs. (23) and (22).

We begin this section by presenting the results for the case of
the global Henry isotherm in the absence of film drainage in Sec-
tion 4.1. Then, we discuss the global Henry isotherm case in the
presence of film drainage in Section 4.2. After that, we consider
the local Henry isotherm, first without film drainage and then with
film drainage in Sections 4.3 and 4.4, respectively. An approxima-
tion to a quasisteady-state situation is also presented in Section 4.5.
Details of how the quasisteady-state equations have been derived
can be found in supplementary Sec. S 9. Then, in Section 4.6, we
quantify the overall amount of surfactant in the film at any instant
as well as the effective concentration, and compare the various sol-
uble surfactant cases and the insoluble ones, with and without film
drainage. Moreover, we investigate the effect of varying the solu-
bility parameter upon the foam fractionation process: the results
of this particular parametric study are found in Section 4.7. Finally,
the performance of the fractionation column in terms of recovery
and enrichment has been investigated and compared for different
cases in Section 4.8.

4.1. Global Henry isotherm, no film drainage

We first neglect film drainage in the interests of simplicity,
while also using the global Henry isotherm. It is reasonable to
neglect film drainage as a first approximation, because the Vi
parameter is generally small. For the present case, within Eq.
(24) we can set § = 1,5 = 0 and we replace Khoe) by unity, which
simplifies Eq. (24) considerably. Results are plotted in Fig. 3.

Even though in this case Marangoni-driven transport is occur-
ring along the film, it is accompanied by diffusion taking place
across the film. Thus surfactant effectively escapes from the sur-
face into the bulk of the film, and so does not accumulate quite
so rapidly on the surface itself. Hence, compared to the insoluble
surfactant case that has been presented by Vitasari et al. (2013),
the rate of evolution of 'y is slowed down by a 1 + . factor which
is significantly greater than unity. This is as expected because the
extent of the slow down depends upon how much surfactant
enters the bulk, which in turn depends on solubility.

Note that the value of I'i,; at the edge of the film where it
adjoins the Plateau border remains constant in this particular sys-
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Fig. 3. T'\, evolution, calculated for the no film drainage case using a global Henry
isotherm.

tem without film drainage. The constant value is in fact just 1 + .7,
and so is higher for a more soluble surfactant. The system also
reaches a spatially uniform concentration I'y,¢ at very long times,
equilibrating with the Plateau border. However, the time scale to
reach this uniform concentration is much longer than in the insol-
uble case considered by Vitasari et al. (2013). When surfactant is
soluble as in Fig. 3, even at 20 time units some nonuniformities
are still evident, and equilibrium is still not reached.

This completes discussion of the case with a global Henry iso-
therm without film drainage. In what follows, we still consider
the global Henry isotherm, but now, in the presence of the film
drainage.

4.2. Global Henry isotherm, with film drainage

When film drainage is happening along with Marangoni flow,
the surfactant transport process (see Fig. 4a) can be split into three
stages of time. In the first stage at early time, there is a large con-
centration gradient near the boundary but no concentration gradi-
ent at the centre. Therefore, there is a strong Marangoni flow near
the boundary which dominates the film drainage by a large
amount. However, as there is still no Marangoni flow near the cen-
tre of the film, the effect of even comparatively weak film drainage
can decrease slightly the value of I'y, in this zone (Fig. 4a). It is
noted further that, unlike the case considered in Section 4.1, there
is now also continuous reduction in I'y, at the Plateau border. This
is just associated with the thinning process (see Eqgs. (21) and (9)
with I' and ¢ both unity at the Plateau border).

During the second stage occurring at intermediate times, the
surfactant concentration gradient has now reached the centre of
the film. The time scale needed for this to occur is however longer
in the case of soluble surfactant than it is for insoluble surfactant
(contrast the behaviour Figs. 4a and 4b): the reasons for this slower
evolution in the soluble case have already been discussed in Sec-
tion 4.1. During this second stage, the Marangoni flow driving sur-
factant onto the film is the dominant effect. This follows because
there is still a significant difference between surface tension at
the centre of the film and surface tension at the Plateau border,
owing to the difference between the amount of surfactant in these
zones. The film drainage, whilst present, is weaker than the Maran-
goni flow because of the slow film thinning rate.

In the third and final stage at later times, as the difference
between concentrations along the surface becomes less and the
Marangoni flow decays, film drainage is now comparable to the
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Fig. 4. I'i,c evolution, calculated for the soluble and insoluble surfactant cases using a global Henry isotherm.

Marangoni flow but acts in the opposite direction. This situation
might lead to a quasisteady state, to be discussed further in
Section 4.5.

Particularly during this third stage, it is interesting to compare
the soluble surfactant case in Fig. 4a with the insoluble case in
Fig. 4b. When surfactant is insoluble, the amount at any spatial
location always appears to increase with time as Fig. 4b shows.
As has already been mentioned above, in the soluble case however,
this is not the case, as can be seen in Fig. 4a particularly when
focussing on the region close to the Plateau border. At later times,
because a significant amount of surfactant has transferred from the
film surface to the film bulk, and because the film is itself draining,
surfactant can actually be lost from the film.

Indeed the overall amount of surfactant in the film (o) (see
Section 4.6 for details) might start to decrease if the process con-
tinues for long enough. This would happen regardless of the
amount of surfactant actually on the surface I', which always
increases (see Fig. 5). Solubility might therefore actually have an
adverse effect on overall surfactant recovered via foam fractiona-
tion if the film is draining and the process is left to run for too long
in time, a point to which we return later on in Section 4.8.

Detail of what is happening to surfactant concentration I" on the
surface can be seen in Fig. 5. The advantage of plotting I" instead of
It is that, even with film drainage present, the value of I" at the
Plateau border does not depend on time. Hence an easier compar-
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Fig. 5. T evolution, calculated with film drainage (W/D) and with no film drainage
(N/D) using a global Henry isotherm.
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ison between cases with and without film drainage can be per-
formed. It is clear that in the presence of film drainage, the value
of T is slightly lower than in the absence of film drainage. More-
over, in the case with film drainage, slight nonuniformities persist
in T" even at very late times: Fig. 5 extends up to 100 time units
rather than just 20 units as in Fig. 4. Late time behaviour of the sys-
tem is discussed further in Section 4.5.

This completes for now our analysis of the global Henry iso-
therm case. In what follows we switch to the local Henry isotherm,
without film drainage in the first instance.

4.3. Local Henry isotherm, no film drainage

In the local Henry isotherm case (Eq. (19)), I'min iS not zero, and
the initial amount of I" (denoted I'y) for a given ¢, is rather higher
than for the global Henry isotherm. As a result, I'y, in the local
Henry isotherm case starts initially from a slightly higher amount
than for the global Henry isotherm. In addition, in our simulation,
the local Henry constant (Kgoc)) is determined to be 8.77 x 1072, a
relatively small number (see Table S 2). This makes the surfactant
concentration gradient on the surface and hence the Marangoni
term much smaller than in the global Henry isotherm case. In
the global Henry isotherm case, and without film drainage, the
evolution has been slowed down by a 1+ .9 factor because of
the solubility. However, in the local Henry isotherm case, it is slo-
wed down by a 1+ .%/Kyoc factor (see Eq. (24)), which is a much
more significant slow down. The issue is that there is now very lit-
tle capacity to store additional surfactant on the surface, because I
itself is already relatively high. Hence most of surfactant that is
gained contributes to increasing the concentration ¢ within the
bulk of the film. Due to this very slow evolution, we see apparent
oscillation at early times within Fig. 6. However, this is an artifact
of using a limited number of Fourier components. Strictly speaking
we need more Fourier components at those early times (Stroud and
Booth, 2020; Boyd, 2000; Carslaw, 1925), but the oscillations soon
decay away.

As can be seen in Fig. 6 (by contrast with Fig. 3), the local Henry
isotherm starts from a slightly higher initial Iy, than the global
Henry isotherm does. This is owing to having a higher I'y. However
the main effect here is that the rate of increase of I'y,; is much
slower than for the global Henry isotherm. Therefore, even after
20 time units, the Marangoni-driven surfactant transport has only
just barely managed to reach the centre of the film.
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Fig. 6. Iy, evolution, calculated for the no film drainage case using local Henry
isotherm.

4.4. Local Henry isotherm, with film drainage

Now, we consider the case of a local Henry isotherm in the pres-
ence of film drainage. In this case, again, having a small local Henry
constant slows down the Marangoni flow. Apparent oscillations
(which are numerical artifacts due to having a fixed number of
Fourier terms) can again occur in this particular system, but to

10
Time unit
0 0.1 —
02—
0.4
8 0.6 —
0.8 —
3 11—
=7 3
5
6 10
15—
4
0 0.2 0.4 0.6 0.8 1
X
(a) Evolution of I'¢ot
1
Time unit
0.1 —
0.9 02—
0.4
0.8 0.6 —
0.8 —
O 07 1T—
3
5
0.6 10
15—
0.5 ] 20—
0.4
0 0.2 0.4 0.6 0.8 1

(¢) Evolution of ¢

Chemical Engineering Science 265 (2023) 118171

avoid them we simply started plotting from slightly later times.
At the centre of the film, we can now see a reduction over time
in I',r due to film drainage. This reduction is now much more sig-
nificant than in Fig. 4a, which was obtained for a global Henry iso-
therm. The fact that a reduction might be seen suggests it may be
important to manage carefully the foam film residence time in
order to optimize the surfactant recovered, a point we return to
discuss in Sections 4.6 and 4.8. Another possibility to consider to
mitigate this is increasing the reflux flow through the system,
which (see Section 2.1) thickens the Plateau borders and so can
reduce the parameter Vi and hence the film drainage rate.

The value of I'yy; is comprised (see Eq. (21)) of surfactant on the
surface I" plus surfactant in the bulk .# 5 c, where recall . is given
within Table S 2 and the evolution of § is given by Eq. (9). To under-
stand these separate contributions to I'y,, the evolution of I', ¢ and
éc are shown in Figs. 7b to 7d. It can be seen in Fig. 7b that the "
values are always relatively high (i.e. close to unity), as the surface
already has a significant amount of surfactant since the initial time.
Over time, there is a slight Marangoni-driven increase in I" at posi-
tions neighbouring the Plateau border, remembering here that the
value of I at the Plateau border itself is fixed. On the other hand,
there is a slight decrease in I" close to the centre of the film owing
to film drainage.

Meanwhile, it can be seen in Fig. 7c, that changes in c are pro-
portional to the changes in I'. However, the range of c¢ values
encountered (from just less than 0.5 up to 1) is much larger than
the range of I'. However, we can see in Fig. 7d that it is ¢ which
mirrors most closely the value of I'y,;. This reveals then that the
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Fig. 7. Evolution of ', I', c and dc¢, calculated for the case with film drainage, and using a local Henry isotherm.
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evolution of I'yy, as obtained from Eq. (21), is significantly affected
by both surfactant concentration in the bulk and by film drainage.

To date we have analysed numerically the behaviour of surfac-
tant on and within foam films up to some finite time. However it is
also of interest to know how the system behaves in the limit of
long times. Specifically, we want to obtain an approximate analyt-
ical solution for late times. This is the subject of the next section.

4.5. Quasisteady-state approximation for soluble surfactant

Here we discuss the expected long-time behaviour of the sys-
tem, and compare it with the numerical results of the spectral
method. The case without film drainage is simple because the film
equilibrates with the Plateau border. Hence the case we consider
here (as already alluded to in Section 2.10) is the one with film
drainage.

The late-time behaviour for insoluble surfactant with film drai-
nage has previously been discussed by Vitasari et al. (2013). In that
study, it is explained that there is a quasisteady-state balance
between Marangoni flow and film drainage terms at late times. A
similar analysis can be carried out for a case with soluble surfac-
tant (full details are in Sec. S 9). A complication is that (as we have
already seen) soluble surfactant slows down the evolution of the
Marangoni term, and hence delays the process of Marangoni and
film drainage coming into balance. Under these circumstances
(as already explained in Section 2.10), we choose to consider the
global Henry isotherm case. In the local Henry isotherm case, as
we have likewise explained, the evolution of the Marangoni term
is slowed down even more. Marangoni and film drainage would
then only balance after very long times indeed, which would likely
exceed the residence time of a foam film within a foam fractiona-
tion process.

In a system containing soluble surfactants, when film drainage
is active, the relevant parameter to consider when determining
whether a quasisteady state is likely to occur turns out to be
& Vg. We know that Vy is typically a small parameter while & is
typically greater than unity. If &V is a very large parameter, film
drainage effectively dominates Marangoni flow (this case is similar
to the no Marangoni case discussed in Section 3). The case of our
interest is therefore, when .# > 1, but .# Vy is still small compared
to unity. The parameter values in Table S 2 indicate that this is
indeed the case, so Marangoni flow and film drainage can then
eventually come into balance. The derivation to obtain the approx-
imate solution itself is presented, as we have said, in supplemen-
tary Sec. S 9.

Moreover, as Section 2.10 already explains, the approximate
solution is expressed in terms of I' rather than I',, which is con-
venient because I' has a boundary condition that is independent
of time. This approximate solution is a series expansion in powers
of the small parameter Vz. When V vanishes, the only steady state
solution is to have I" equal to unity, i.e. equilibration between the
film and Plateau border. For small but nonzero Vg, perturbations to

I' written as ViI'; (first order correction) and VZRFZ (second order
correction) occur. Here I'; and I'; turn out to be functions of x
and of § but not explicitly of time (although ¢ itself depends on
time, making the solution for I" quasisteady). The value of I'; also
depends on the solubility parameter ., although it turns out that
I'; does not depend on % (see Sec. S 9 for details).

In Fig. 8, we can see a comparison between the results of the
numerical solution and the approximate solution obtained in sup-
plementary Sec. S 9. The data shown here correspond to 100 time
units, for which a quasisteady state is likely to be a reasonable
approximation, even in the case of a soluble surfactant. As can be
seen, the values of I'" that have been predicted with the series
expansion solutions are slightly larger than the values obtained
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Fig. 8. Profile of I' calculated using a quasisteady-state approximation and
numerically via a spectral method at 100 time units using a global Henry isotherm.

numerically from the spectral method. However, including the
second-order correction gives a better fit to the numerical solution
result than including just the first-order correction does. The rela-
tive difference between T' calculated from first-order correction
and the one calculated using the numerical method at x = 0, which
has the greatest difference out of any x value, is equal to

5.47 x 1074, while the analogous difference for the second-order

correction is 2.35 x 107*. It can also be seen that taking into
account the solubility is required to have a more accurate approx-
imation, as when the solubility parameter is ignored altogether,
there is a much smaller difference that results between the first-
order and second-order corrections (see Sec. S 9.2 for details).

4.6. Quantifying overall amount of surfactant in the film

Although profiles of T'y,, I' and/or c plotted against x as consid-
ered to date are relevant to study, what is of primary interest for
the performance of a fractionation process is the overall amount
of surfactant accounting for the entire film. In this section, overall
amounts of surfactant, for different cases have been compared
with each other. These cases consist of global and local Henry iso-
therms, with or without film drainage as well as soluble and insol-
uble surfactant cases.

The first comparison is for the overall amount of surfactant
recovered per film (o) calculated by Eq. (25). Another compar-
ison is the ratio of the overall amount of surfactant in the film with
respect to its initial amount (T'oye/Tovep): this is a measure of how
much extra surfactant is recovered as a result of reflux. In addition,
surfactant effective concentration (c.¢) has been calculated via Eq.
(26) and compared in different cases: this measures how enriched
the foam film is compared to an equivalent volume of bulk solution
within the film itself.

Fig. 9a shows I'y. for different cases up to 100 time units. As is
expected and can be seen from Fig. 9a, using a global Henry iso-
therm rather than a local Henry isotherm, leads to faster growth
in the amount of surfactant at early times. However, in the global
Henry isotherm case with film drainage, despite the comparatively
fast initial increase, surfactant later decreases after reaching a
maximum. A decrease at late times is also seen in the local Henry
isotherm case, but there is now barely any growth in Iy, at all
before the decrease begins.

Another observation is that in the soluble cases, when film drai-
nage is absent, the global and local Henry isotherm cases should
eventually reach the same overall amount of surfactant. However,
the local Henry isotherm case evolves slowly and so on the time
scale of Fig. 9a still remains some way away from what is recov-
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Fig. 9. Evolution of I'oye, I'ove/Toveo and cesr, calculated for soluble and insoluble cases, global and local Henry isotherm, and with and without film drainage.

ered the global Henry case. This implies that the surfactant recov-
ered by the fractionation process would be sensitive to the resi-
dence time (or equivalently fractionation column length and/or
bubble rise velocity). Note also that the lesser amount of surfactant
predicted to be accumulated in the local Henry case has resulted
when comparing the local and global cases at the same value of
. For a particular surfactant though, switching from a local to a
global isotherm corresponds to lowering the target surfactant con-
centration (in dimensional variables) and, as has been explained
already in Section 2.5.2, this could lead to an even lower ¥ in
the global Henry isotherm case. Finally, as is expected, the insol-
uble cases have the least overall amount of surfactant, there now
being no surfactant in the bulk, while the differences between
cases without and with film drainage cases are also very small.

We use another comparison, the overall amount of surfactant at
each time divided by the overall amount at the initial time
(Fove/Toveo), that can be seen in Fig. 9b. This quantity indicates,
as we have said, the amount of surfactant recovered at any given
time relative to the state of the films at initial time, and hence
the impact that the reflux has had. As can be seen in Fig. 9b,
although the insoluble surfactant cases have much smaller Iy
at any given time compared to the soluble surfactant cases, their
T'ove/Toveo values grow more rapidly, with very little difference
between cases without and with film drainage.

The next most rapidly growing I'gve /T'ove o Occurs for the soluble
surfactant case with a global Henry isotherm but without film drai-
nage. The analogous value of I'ge/I'oveo for a global Henry iso-
therm with film drainage starts out similar but then peaks and
decreases. Choosing a residence time close to the time of the peak
would ensure that recovery is benefitting from reflux.
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The slowest growing cases for I'gye/Toveo are those for a local
Henry isotherm, especially when film drainage is present, in which
case Tove/Toveo barely grows at all. In the case without film drai-
nage, I'oeo is actually slightly higher for a local Henry isotherm
than for a global Henry isotherm, which means that T'ove/Toveo
for the local isotherm at long times should always end up just
slightly lower than for the global one. However, at 100 units of
time the local Henry isotherm case is still quite some way from
its final state.

The comparison of ce¢ as obtained via Eq. (26) in various cases
can be seen in Fig. 9c, just considering cases with soluble surfac-
tant. This gives a measure of how rich of the foamate is in surfac-
tant, regardless of the actual amount of surfactant recovered. It is
clear that longer residence times enrich the foamate, even if less
surfactant is recovered. There is now relatively little difference
between cases without and with film drainage, suggesting that
even though drainage might be detrimental to the total amount
of surfactant recovered, it is not detrimental to the concentration
of what is recovered, and in fact sometimes it is beneficial.

4.7. Effect of changing solubility parameter

Recall that the main novelty of this study is the fact that we
introduced the solubility parameter (). We know (see Eq. (3))
that the solubility parameter is dependent on the initial film
half-thickness and Plateau border’s surface and bulk concentra-
tions. Even though, in the particular system of interest here, we
estimated the solubility parameter in Table S 2 to be 8.696, it is
important to do a parametric study with respect to the solubility
parameter.
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Fig. 10. Effect of changing .# on I'gve /T'oveo using global and local Henry isotherms (the upper limit shown is the highest theoretical I'oye /T'ove o corresponding to the film and

Plateau border equilibrating).

In Fig. 10, we used various solubility parameters to show the
effect on the evolution of I'gye /T ove o for both global and local Henry
isotherms. Note that these comparisons have been made specifi-
cally in the case with film drainage, although unlike Fig. 9a we only
considered times up to 20 time units.

By increasing the solubility parameter, the overall amount of
surfactant in the film increases, but this effect is scaled out in
Fig. 10 by comparing I'gve/Ioveo, rather than just I'ge. It can be
seen from Fig. 10a for the global Henry isotherm case, that systems
with higher solubility parameter evolve more slowly, which is in
line with expectations.

In Fig. 10b meanwhile, using the local Henry isotherm, Maran-
goni flow is slowed down very greatly, so the system is dominated
by film drainage in the case when the solubility parameter is high.
As a result, we lose surfactant from the film as the process evolves.
Loss of surfactant from the film occurs sooner for higher values of
the solubility parameter.

In Fig. 11, in addition to numerical data from the spectral
method, we also plot the quasisteady prediction (see Sec. S 9) for
I'ove as a function of time for several .#, with data extending now
up to 100 time units. Eventually, the system does approach a qua-
sisteady state. However, as shown in Fig. 11, in the cases with lar-
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Fig. 11. T’y vs time ¢, calculated using a quasisteady prediction and compared with
numerical solution. A global Henry isotherm is used and various & values are
considered.
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ger solubility parameters, o calculated using the numerical
solution only matches with the I'p. calculated from the quasis-
teady prediction at rather late times.

4.8. Foam fractionation recovery and enrichment

Recovery and enrichment are important quantities that can be
used to assess foam fractionation performance, see Stevenson
et al. (2008, 2009, 2012, 2014, 2018). As Section 2.9 mentions,
enrichment is the ratio between surfactant concentration in a foa-
mate to the initial feed solution concentration and, in our model, is
quantified as cesr/co. Meanwhile I'yye is used here to represent the
recovery of the fractionation column at any instant. Again as Sec-
tion 2.9 explains, strictly speaking this quantifies surfactant recov-
ery per film, but it can be readily converted back to a more
conventional definition of recovery once the number of films
entering the foamate and the overall surfactant amount entering
the feed are specified.

Note that recovery and enrichment usually follow opposite
trends (Saleh and Hossain, 2001; Gerken et al., 2006) and so, in a
given system, to increase one we need to sacrifice the other. If
we change the fractionation operation in some way however, we
may be able to improve the recovery and enrichment performance.
Changing residence time in the fractionation column and/or oper-
ating the fractionation with reflux as assumed here are possible
ways of doing that. In fact, the recovery and enrichment at the ini-
tial instant in a column operated with reflux turn out to give a good
representation of what the recovery and enrichment would be over
a wide domain of times in an equivalent column without reflux.
This follows because in the case without reflux, there is no Maran-
goni driving force tending to transfer surfactant from the Plateau
border to the film. Any changes in recovery and enrichment over
time then rely on film drainage which is comparatively weak. By
the same argument, if operating with reflux is ever to be beneficial
in recovery and enrichment terms, then it is necessary for resi-
dence time of foam films in a fractionation column to be suffi-
ciently long for Marangoni flows to have taken effect.

In what follows, we present two sets of comparisons. First, we
investigate the evolution of recovery and enrichment in the global
and local Henry isotherm cases, both with film drainage. After that,
we compare recovery and enrichment for the global and local
Henry isotherms with and without film drainage, but just at
selected times. In both sets of comparisons, different values of sol-
ubility .# are considered across the domain 0.1 < . < 50.
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4.8.1. Evolution of recovery and enrichment over time

As shown in Fig. 12a for the global Henry isotherm, there is a
clear benefit in allowing the films to reside in the system for
around 20 time units or more. The recovery vs enrichment curve
has moved upward and to the right relative to the recovery vs
enrichment in the initial state.

That said, the benefit of reflux is realised sooner in systems with
small ., i.e. low solubility. In systems like that there is little advan-
tage in extending the residence time much beyond 20 time units.
At even longer times and for these low solubilities, we do see fur-
ther slight improvements in enrichment due to film drainage, but
the improvements are attained only slowly. On the other hand,
for larger & values there is still benefit in extending residence time
out to 50 or 100 time units. In systems with larger &, the Maran-
goni flow induced by the reflux itself impacts the system more
slowly, and so may need longer residence times to take effect.

Chemical Engineering Science 265 (2023) 118171

In the local Henry isotherm case (Fig. 12b), the situation is
somewhat different. We now have more surfactant on the surface
initially, which impacts the initial recovery vs enrichment curve,
particularly at low solubilities for which systems are dominated
by the surface rather than the bulk.

Indeed, across the full set of solubilities, the difference
between the initial state and the state even at 100 time units is
quite modest. We can divide the results plotted in Fig. 12b into
three broad domains: low solubilities (on the bottom right of
the figure), moderate solubilities (in the middle), and high solu-
bilities (on the top left). In the low solubility domain (bottom
right) there is little benefit of reflux at all. The system is domi-
nated by the surfactant on the surface, but for the local Henry
case, the surface concentration on the film already starts off very
close to the surface concentration on the Plateau border, so barely
changes over the course of time.

Time unit
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Fig. 12. Recovery vs enrichment plotted for various solubilities (0.1 < .# < 50) and evolving over time.

50
Time unit
10+ -
o
[
>
[}
o
Q
(12
11 L
0.5 T T
0.5 1 10 50
Enrichment
(a) Global Henry with drainage
50
Global Henry
: no film drainage
p Global Henry
'.'\ with film drainage
"
| A\ Local Henry |
10 .« no film drainage
SR
™ Local Henry ...
§ KX with film drainage
(]
(1
1 L
0.5 , :
0.5 1 10 50

Enrichment
(a) At 20 time units

Recovery

Global Henry
-‘ no film drainage
' Global Henry
s\ with film drainage

v Y Local Hen
10 - S\ e —""

no film drainage r

s Local Henry
. with film drainage

10 50
Enrichment

(b) At 100 time units

Fig. 13. Recovery vs enrichment plotted for various solubilities (0.1 < .# < 50) for systems using different isotherms and with and without film drainage
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In the moderate solubility domain (middle of Fig. 12b) we do
see a gradual shift over time of the recovery vs enrichment curve,
with longer times (even as long as 100 time units) being beneficial.
Note that the equivalent solubilities in the global Henry isotherm
case Fig. 12a had already converged after 20 time units, but in
the local Henry case by contrast, the evolution is slowed down
somewhat, hence the reason longer times are needed.

On the top left of Fig. 12b we see cases which even by 100 time
units have barely shifted away from the initial state. This is
because the effects of large solubility combined with a local Henry
isotherm now slow down the Marangoni-driven evolution very sig-
nificantly, meaning that reflux is yet to impact the system. To ben-
efit from reflux at all, systems like this would need very long
residence times indeed.

4.8.2. Comparison of recovery and enrichment of different systems at
selected times

In this section, comparisons between different isotherms and
with and without film drainage have been made. We examine
the plots at just 20 and 100 time units.

We know that by construction there is no difference between
cases with and without film drainage at the initial time. What
Fig. 13a makes clear however is that there is still little difference
between these cases even at 20 time units. Thus the main differ-
ence we see here at 20 time units is between the global and local
Henry isotherm cases. This then manifests itself in the domain of
larger solubilities (towards the top left of the figure). In the global
Henry case, the film had already begun to acquire surfactant due to
Marangoni-driven reflux (which is then beneficial for recovery and
enrichment), but this has not yet happened in the local Henry iso-
therm case.

Meanwhile at 100 time units as can be seen in Fig. 13b, for less
soluble surfactant (bottom right of the figure) there is little differ-
ence between the results for the two different types of isotherm.
What we can see however is that cases with film drainage are
being enriched slightly compared to cases without film drainage.

Still at 100 time units but now for higher solubilities (top left of
the figure), differences between the global and local Henry iso-
therm cases remain apparent. However, differences between cases
with and without drainage are also clearly seen, with film drainage
leading to less recovery. This is particularly evident in the local
Henry isotherm case, for which loss of surfactant from the film
via drainage has not been compensated by gain of surfactant via
reflux-induced Marangoni flow.

5. Conclusion

Simulation of soluble surfactant transport on and within a foam
film in the context of a foam fractionation column with reflux has
been carried out. Reflux produces a Marangoni flow that drives sur-
factant onto the film. Despite incorporating tangential stresses that
drive the Marangoni flows, the model remains nevertheless highly
simplified: lubrication theory is used to determine flow fields, but
films are assumed to remain uniform thickness, so film surface cur-
vatures and normal stresses associated with them are not invoked.
Likewise a two-dimensional flow field is assumed, recognising that
the exact three-dimensional flow field that would otherwise result
is sensitive to film size and also to number of edges a given film
has. Variation from film to film is thereby expected.

The parameters used in the simulations were taken from rele-
vant literature. As mentioned, this simulation assumes soluble sur-
factant, unlike previous work (Vitasari et al., 2013) which
considered insoluble surfactant only. However, solubilities of dif-
ferent systems vary, and can be quantified by a solubility parame-
ter (). Moreover, a simplifying assumption has been applied in
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our modelling and simulations, namely, a small Pe A limit, in which
a uniform surfactant concentration across the film thickness is
obtained. This is what should happen in a sufficiently thin film
when the diffusive transport across the film is fast compared to
the Marangoni flow along it.

Our simulations consider two different adsorption isotherms: a
global Henry isotherm and a local Henry isotherm. Both can be
considered to arise from an overarching nonlinear isotherm (e.g.
a Langmuir isotherm). The local Henry isotherm in particular is a
new approach in which we use the local slope of the actual surfac-
tant adsorption isotherm data and it gives a better approximation
to the true isotherm in the higher range of concentrations. This is
useful because in a typical foam fractionation process with reflux,
the concentration in the Plateau border could well be situated at a
point on Langmuir isotherm which is not too far from saturation,
such that there is just a comparatively small change in surfactant
surface concentration with respect to change in surfactant bulk
concentration. As a result, a local Henry adsorption isotherm gives
a better approximation in this domain of interest, while a global
Henry isotherm still works reasonably well for significantly lower
surfactant concentrations. Note also however that, for a given sur-
factant, decreasing surfactant concentration may also imply a
decrease in the solubility parameter.

For each adsorption isotherm, two different cases are consid-
ered here, namely, no film drainage and with film drainage. Drai-
nage, when included, is accounted for in a simplified fashion, i.e.
still assuming the film remains uniform thickness but treating it
now as a squeeze film. In the film drainage case, the amount of sur-
factant recovered by the film is less than in the case without film
drainage, although the effective concentration of surfactant may
be higher. The case without film drainage eventually equilibrates
with the Plateau border, whereas the case with film drainage even-
tually approaches instead a quasisteady state. This quasisteady-
state solution can be applied for later times when Marangoni flow
and film drainage flow come into balance. The surfactant on and
within the film then evolves only slowly with time due to a depen-
dence of the quasisteady solution on the film thickness. Increasing
the solubility parameter tends however to reduce the amount of
surfactant on the surface in the quasisteady state, and moves the
system further from equilibrium with the Plateau border.

There is however a question as to whether the quasisteady state
is even reached in a typical residence time of a foam film in a frac-
tionation column. Indeed, it has been found that the solubility
reduces the impact of the Marangoni flow acting along the surface
and so slows down the Marangoni-driven evolution. The reason is
that the surfactant carried along the surface tends not to accumu-
late there but instead can escape into the bulk. This effect is partic-
ularly noticeable for the local Henry isotherm, as there is then little
capacity for surfactant to accumulate on the surface, so a great deal
necessarily escapes to the bulk. There also tend to be very low gra-
dients in surfactant concentration along the surface in the local
Henry isotherm case which slows Marangoni flows.

Moreover adding film drainage (which opposes Marangoni
flow) slows the evolution even more compared to a case without
drainage. Even though drainage is itself nominally weak, because
it acts across the whole film thickness, its impact in mass transfer
terms is not necessarily less than that of the Marangoni flow.

Higher solubilities give at any specified time, less growth in the
overall amount of surfactant relative to its initial amount. This is
due to the previously mentioned fact that higher solubilities slow
down the Marangoni flow. Moreover, as film drainage is now in rel-
ative terms more important, there will be a bigger deviation at
later times from conditions applicable in the Plateau border. The
film drainage might even cause the reduction of the total amount
of surfactant recovered after a certain time, particularly in cases
with significantly slowed down Marangoni flows. This then
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impacts on the amount of surfactant recovered. However, despite
the decreasing recovery, the enrichment always increases because
both film drainage and Marangoni flow contribute to having richer
films.

In summary, the results of the study can help to understand the
evolution of surfactants on and within foam films during foam
fractionation with reflux. It is seen that reflux is beneficial for frac-
tionation even of soluble surfactants. However, systems exhibiting
a global Henry isotherm (or an isotherm approximating to one)
benefit more from reflux than systems with a local Henry isotherm
(or likewise an isotherm approximating to one). Indeed the local
Henry isotherm case would only benefit from reflux if residence
times are very long. This knowledge can help to improve design
and operation of fractionation columns.

Although an often overlooked element, i.e. the solubility
parameter %, has been included in the model considered here,
other improvements to the model are nonetheless still possible.
For instance, the small Pe A assumption employed here is a reason-
able assumption but would only be true in a sufficiently thin film.
The value of the diffusivity coefficient is moreover another factor
that might adversely affect the applicability of the small PeA
assumption. Generally, bulkier molecules tend to have smaller dif-
fusivity coefficients. Therefore, Péclet number and hence PeA for
those bigger molecules (e.g. fractionation of a protein) can be much
greater than for a comparatively small molecule such as SDS as has
been considered here. In addition, by introducing the local Henry
isotherm, we have tried to use the simplicity of a linear isotherm
and simultaneously improve its accuracy over the global Henry
isotherm for a higher range of concentrations. Nonetheless taking
in account the full nonlinearity of the adsorption isotherm would
be another means to improve this model. Additional improve-
ments would involve relaxing some of the simplifying assumptions
already mentioned above, e.g. allowing film thicknesses to be non-
uniform rather than uniform, and allowing flow fields to be three-
dimensional rather than two-dimensional.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

H. Rajabi acknowledges funding from a Faculty of Engineering
International Scholarship from University of Strathclyde. P. Grassia
acknowledges funding from EPSRC grant EP/V002937/1. We
acknowledge support and advice from R. Rosario regarding formu-
lation of the numerical method.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.ces.2022.118171.

References

Chang, C., Wang, N., Franses, E., 1992. Adsorption dynamics of single and binary
surfactants at the air/water interface. Coll. Surf. 62 (4), 321-332. https://doi.org/
10.1016/0166-6622(92)80058-A.

Gerken, B., Nicolai, A., Linke, D., Zorn, H., Berger, R., Parlar, H., 2006. Effective
enrichment and recovery of laccase C using continuous foam fractionation.
Separ. Purif. Technol. 49 (3), 291-294. https://doi.org/10.1016/j.
seppur.2005.09.015.

Matsuoka, K., Sato, Y., Takashima, S., Goto, Y., 2022. Removal of ionic dyes with
different charges by foam separation. J. Molec. Liq. 355, 118994. https://doi.org/
10.1016/j.molliq.2022.118994.

Chemical Engineering Science 265 (2023) 118171

Shedlovsky, L., 1948. A review of fractionation of mixtures by foam formation. Ann.
N.Y. Acad. Sci. 49 (2), 279-294. https://doi.org/10.1111/j.1749-6632.1948.
tb35256.x.

Lemlich, R., 1972. Adsubble processes: foam fractionation and bubble fractionation.
J. Geophys. Res. (1896-1977) 77 (27), 5204-5210. https://doi.org/10.1029/
JC077i027p05204.

Keshavarzi, B., Krause, T., Sikandar, S., Schwarzenberger, K., Eckert, K., Ansorge-
Schumacher, M.B., Heitkam, S., 2022. Protein enrichment by foam fractionation:
Experiment and modeling. Chem. Eng. Sci. 256, 117715. https://doi.org/
10.1016/j.ces.2022.117715.

Cheang, B., Zydney, A.L, 2003. Separation of «-lactalbumin and g-lactoglobulin
using membrane ultrafiltration. Biotechnol. Bioeng. 83 (2), 201-209. https://
doi.org/10.1002/bit.10659.

Schmitt, T.M., 2001. Analysis of Surfactants. CRC Press, Boca Raton FL.

Du, L., Loha, V., Tanner, R.D., 2000. Modeling a protein foam fractionation process.
Appl. Biochem. Biotechnol. 84, 1087-1099. https://doi.org/10.1385/abab:84-
86:1-9:1087.

Mukhopadhyay, G., Khanam, J., Nanda, A., 2010. Protein removal from whey waste
by foam fractionation in a batch process. Separ. Sci. Technol. 45 (9), 1331-1339.
https://doi.org/10.1080/01496391003697382.

Grieves, B., 1975. Foam separations: a review. Chem. Eng. J. 9 (2), 93-106. https://
doi.org/10.1016/0300-9467(75)80001-3.

Rubin, E., Melech, D., 1972. Foam fractionation of solutions containing two
surfactants in stripping and reflux columns. Can. J. Chem. Eng. 50 (6), 748-
753. https://doi.org/10.1002/cjce.5450500612.

Linke, D., Zorn, H., Gerken, B., Parlar, H., Berger, R.G., 2007. Laccase isolation by foam
fractionation: new prospects of an old process. Enzy. Microb. Technol. 40 (2),
273-277. https://doi.org/10.1016/j.enzmictec.2006.04.010.

Ackermann, D.M., Stedman, M.L., Ko, S., Prokop, A., Park, D.-H., Tanner, R.D., 2003.
Effect of invertase on the batch foam fractionation of bromelain. Biotechnol.
Bioproc. Eng. 8 (3), 167-172. https://doi.org/10.1007/BF02935891.

Crofcheck, C., Loiselle, M., Weekley, J., Maiti, L., Pattanaik, S., Bummer, P., Jay, M.,
2003. Histidine tagged protein recovery from tobacco extract by foam
fractionation. Biotechnol. Prog. 19 (2), 680-682. https://doi.org/10.1021/
bp025738u.

Backleh-Sohrt, M., Ekici, P., Leupold, G., Parlar, H., 2005. Efficiency of foam
fractionation for the enrichment of nonpolar compounds from aqueous
extracts of plant materials. ]. Natural Products 68 (9), 1386-1389. https://doi.
org/10.1021/np049743e.

Lockwood, C.E., Bummer, P.M,, Jay, M., 1997. Purification of proteins using foam
fractionation. Pharm. Res. 14 (11), 1511-1515. https://doi.org/10.1023/
a:1012109830424.

Datta, P., Ghosh, A., Chakraborty, P., Gangopadhyay, A., 2015. Foam fractionation in
separation of pharmaceutical biomolecules: a promising unit operation for
industrial process and waste control. J. Fund. Pharm. Res. 3, 33-41.

Buckley, T., Xu, X., Rudolph, V., Firouzi, M., Shukla, P., 2022. Review of foam
fractionation as a water treatment technology. Sep. Sci. Technol. 57 (6), 929-
958. https://doi.org/10.1080/01496395.2021.1946698.

Chang, C.-H., Franses, E.I., 1995. Adsorption dynamics of surfactants at the air/water
interface: a critical review of mathematical models, data, and mechanisms. Coll.
Surf. A: Physicochem. Eng. Aspects 100, 1-45. https://doi.org/10.1016/0927-
7757(94)03061-4.

Lemlich, R., 1968. Adsorptive bubble separation methods: foam fractionation and
allied techniques. Indust. Eng. Chem. 60 (10), 16-29. https://doi.org/10.1021/
ie50706a005.

Stevenson, P., Jameson, G.J., 2007. Modelling continuous foam fractionation with
reflux. Chem. Eng. Process.: Process Intensif. 46 (12), 1286-1291. https://doi.
org/10.1016/j.cep.2006.10.010.

Lemlich, R., Lavi, E., 1961. Foam fractionation with reflux. Science 134 (3473), 191.
https://doi.org/10.1126/science.134.3473.191.

Martin, P.J., Dutton, H.M., Winterburn, ].B., Baker, S., Russell, A.B., 2010. Foam
fractionation with reflux. Chem. Eng. Sci. 65 (12), 3825-3835. https://doi.org/
10.1016/j.ces.2010.03.025.

Stevenson, P., Li, X., Evans, G.M., 2008. A mechanism for internal reflux in foam
fractionation. Biochem. Eng. J. 39 (3), 590-593. https://doi.org/10.1016/j.
bej.2007.11.022.

de Lucena, S.L., Alves Miranda, E., Costapinto Santana, C., 1996. The effect of external
reflux on the foam fractionation of proteins. Appl. Biochem. Biotechnol. 57, 57-
65. https://doi.org/10.1007/BF02941688.

Matzke, E.B.,, 1946. The three-dimensional shape of bubbles in foam:
An analysis of the role of surface forces in three-dimensional cell shape
determination. Am. J. Bot. 33 (1), 58-80. https://doi.org/10.1002/j.1537-
2197.1946.tb10347 x.

Bergeron, V, Walstra, P., 2005. 7 - Foams. In: Lyklema, J. (Ed.), Fundamentals of
Interface and Colloid Science, Soft Colloids, vol. 5. Academic Press, 2005, pp.
7.1-7.38, https://doi.org/10.1016/S1874-5679(05)80011-X.

Exerowa, D., Kruglyakov, P.M., 1997. Foam and Foam Films: Theory, Experiment,
Application. Elsevier, Amsterdam.

Vitasari, D., Grassia, P., Martin, P., 2013. Surfactant transport onto a foam lamella.
Chem. Eng. Sci. 102, 405-423. https://doi.org/10.1016/j.ces.2013.08.041.

Karakashev, S.I., Ivanova, D.S., Angarska, Z.K., Manev, E.D., Tsekov, R., Radoev, B.,
Slavchov, R., Nguyen, A.V., 2010. Comparative validation of the analytical
models for the Marangoni effect on foam film drainage. Coll. Surf. A:
Physicochem. Eng. Aspects 365 (1-3), 122-136. https://doi.org/10.1016/
j.colsurfa.2010.01.054.


https://doi.org/10.1016/j.ces.2022.118171
https://doi.org/10.1016/0166-6622(92)80058-A
https://doi.org/10.1016/0166-6622(92)80058-A
https://doi.org/10.1016/j.seppur.2005.09.015
https://doi.org/10.1016/j.seppur.2005.09.015
https://doi.org/10.1016/j.molliq.2022.118994
https://doi.org/10.1016/j.molliq.2022.118994
https://doi.org/10.1111/j.1749-6632.1948.tb35256.x
https://doi.org/10.1111/j.1749-6632.1948.tb35256.x
https://doi.org/10.1029/JC077i027p05204
https://doi.org/10.1029/JC077i027p05204
https://doi.org/10.1016/j.ces.2022.117715
https://doi.org/10.1016/j.ces.2022.117715
https://doi.org/10.1002/bit.10659
https://doi.org/10.1002/bit.10659
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0040
https://doi.org/10.1385/abab:84-86:1-9:1087
https://doi.org/10.1385/abab:84-86:1-9:1087
https://doi.org/10.1080/01496391003697382
https://doi.org/10.1016/0300-9467(75)80001-3
https://doi.org/10.1016/0300-9467(75)80001-3
https://doi.org/10.1002/cjce.5450500612
https://doi.org/10.1016/j.enzmictec.2006.04.010
https://doi.org/10.1007/BF02935891
https://doi.org/10.1021/bp025738u
https://doi.org/10.1021/bp025738u
https://doi.org/10.1021/np049743e
https://doi.org/10.1021/np049743e
https://doi.org/10.1023/a:1012109830424
https://doi.org/10.1023/a:1012109830424
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0095
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0095
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0095
https://doi.org/10.1080/01496395.2021.1946698
https://doi.org/10.1016/0927-7757(94)03061-4
https://doi.org/10.1016/0927-7757(94)03061-4
https://doi.org/10.1021/ie50706a005
https://doi.org/10.1021/ie50706a005
https://doi.org/10.1016/j.cep.2006.10.010
https://doi.org/10.1016/j.cep.2006.10.010
https://doi.org/10.1126/science.134.3473.191
https://doi.org/10.1016/j.ces.2010.03.025
https://doi.org/10.1016/j.ces.2010.03.025
https://doi.org/10.1016/j.bej.2007.11.022
https://doi.org/10.1016/j.bej.2007.11.022
https://doi.org/10.1007/BF02941688
https://doi.org/10.1002/j.1537-2197.1946.tb10347.x
https://doi.org/10.1002/j.1537-2197.1946.tb10347.x
https://doi.org/10.1016/S1874-5679(05)80011-X
https://doi.org/10.1016/j.ces.2013.08.041
https://doi.org/10.1016/j.colsurfa.2010.01.054
https://doi.org/10.1016/j.colsurfa.2010.01.054

H. Rajabi and P. Grassia

Elfring, G.J., Leal, L.G., Squires, T.M., 2016. Surface viscosity and Marangoni stresses
at surfactant laden interfaces. J. Fluid Mech. 792, 712-739. https://doi.org/
10.1017/jfm.2016.96.

Vitasari, D., Grassia, P., Martin, P., 2016. Surfactant transport onto a foam film in the
presence of surface viscous stress. Appl. Math. Model. 40 (3), 1941-1958.
https://doi.org/10.1016/j.apm.2015.09.033.

Grassia, P., Ubal, S., Giavedoni, M.D., Vitasari, D., Martin, P.J., 2016. Surfactant flow
between a Plateau border and a film during foam fractionation. Chem. Eng. Sci.
143, 139-165. https://doi.org/10.1016/j.ces.2015.12.011.

Coons, J., Halley, P., McGlashan, S., Tran-Cong, T., 2003. A review of drainage and
spontaneous rupture in free standing thin films with tangentially immobile
interfaces. Adv. Colloid Interf. Sci. 105 (1-3), 3-62. https://doi.org/10.1016/
S0001-8686(03)00003-4.

Karakashev, S.I, Nguyen, A.V., 2007. Effect of sodium dodecyl sulphate and
dodecanol mixtures on foam film drainage: Examining influence of surface
rheology and intermolecular forces. Coll. Surf. A: Physicochem. Eng. Aspects 293
(1-3), 229-240. https://doi.org/10.1016/j.colsurfa.2006.07.047.

Breward, C.J.W., Howell, P.D., 2002. The drainage of a foam lamella. J. Fluid Mech.
458, 379-406. https://doi.org/10.1017/S0022112002007930.

Li, Z., Williams, A.L., Rood, M.J., 1998. Influence of soluble surfactant properties on
the activation of aerosol particles containing inorganic solute. J. Atmos. Sci. 55
(10), 1859-1866. https://doi.org/10.1175/1520-0469(1998)055<1859:
10SSP0O>2.0.CO;2.

Stevenson, P., 2012. Foam Engineering: Fundamentals and Applications. John Wiley
& Sons, Chichester.

Jensen, O.E., Grotberg, ].B., 1992. Insoluble surfactant spreading on a thin viscous
film: shock evolution and film rupture. J. Fluid Mech. 240, 259-288. https://doi.
org/10.1017/S0022112092000090.

Bruell, G., Granero-Belinchén, R., 2020. On a thin film model with insoluble
surfactant. J. Diff. Eqs. 268 (12), 7582-7608. https://doi.org/10.1016/j.
jde.2019.11.080.

Jensen, O.E., 1995. The spreading of insoluble surfactant at the free surface of a deep
fluid layer. J. Fluid Mech. 293, 349-378. https://doi.org/10.1017/
S0022112095001741.

Yeo, L.Y., Matar, O.K., Perez de Ortiz, E.S., Hewitt, G.F., 2003. Film drainage between
two surfactant-coated drops colliding at constant approach velocity. J. Coll.
Interf. Sci. 257 (1), 93-107. https://doi.org/10.1016/S0021-9797(02)00033-4.

Roché, M., Li, Z., Griffiths, LM., Le Roux, S., Cantat, 1., Saint-Jalmes, A., Stone, H.A.,
2014. Marangoni flow of soluble amphiphiles. Phys. Rev. Lett. 112, 208302.
https://doi.org/10.1103/PhysRevLett.112.208302.

Tanaka, M., Kaneshina, S., Tomida, T., Noda, K., Aoki, K., 1973. The effect of pressure
on solubilities of ionic surfactants in water. J. Coll. Interf. Sci. 44 (3), 525-531.
https://doi.org/10.1016/0021-9797(73)90331-7.

Fainerman, V.B., Mobius, D., Miller, R. (Eds.), 2001. Surfactants: Chemistry,
Interfacial Properties, Applications, Studies in Interface Science, vol. 13, first
ed. Elsevier.

Stevenson, P., 2014. Foam Fractionation: Principles and Process Design,. Taylor and
Francis, Boca Raton FL. https://doi.org/10.1201/b16483.

Bird, R.B., Stewart, W.E., Lightfoot, E.N., 2007. Transport Phenomena. Wiley, New
York.

Dowson, D., 1987. Osborne Reynolds centenary (1886-1986). Proc. Inst. Mech.
Engin., Part C: J. Mech. Eng. Sci. 201 (2), 75-96. https://doi.org/10.1243/
PIME_PROC_1987_201_091_02.

Frankel, S.P., Mysels, KJ., 1962. On the dimpling during the approach of two
interfaces. J. Phys. Chem. 66 (1), 190-191. https://doi.org/10.1021/
j100807a513.

Yeo, LY., Matar, O.K, Perez de Ortiz, E.S., Hewitt, G.F., 2001. The dynamics of
Marangoni-driven local film drainage between two drops. ]. Coll. Interf. Sci. 241
(1), 233-247. https://doi.org/10.1006/jcis.2001.7743.

Jones, A.D., Robinson, C., 1974. Solvent extraction and adsorptive bubble separation
of metal ions from aqueous solution. II: Adsorptive bubble separation of nickel
(I1) using carboxylic acids and their salts as collectors. ]. Inorg. Nucl. Chem. 36
(8), 1871-1875. https://doi.org/10.1016/0022-1902(74)80527-0.

Joye, J.L., Hirasaki, G.J., Miller, C.A., 1992. Dimple formation and behavior during
axisymmetrical foam film drainage. Langmuir 8, 3083-3092. https://doi.org/
10.1021/1a00048a038.

Ubal, S., Harrison, C.H., Grassia, P., Korchinsky, W.J., 2010. Numerical simulation of
mass transfer in circulating drops. Chem. Eng. Sci. 65 (10), 2934-2956. https://
doi.org/10.1016/j.ces.2010.01.021.

Cussler, E.L., 2009. Diffusion: Mass Transfer in Fluid Systems. Cambridge University
Press, Cambridge, New York.

Stone, H.A., 1990. A simple derivation of the time-dependent convective-diffusion
equation for surfactant transport along a deforming interface. Phys. Fluids A:
Fluid Dynam. 2 (1), 111-112. https://doi.org/10.1063/1.857686.

Cantat, L., Dollet, B., 2012. Liquid films with high surface modulus moving in tubes:
dynamic wetting film and jumpy motion. Soft Matter 8 (30), 7790-7796.
https://doi.org/10.1039/c2sm25790d.

Sonin, A.A., Bonfillon, A., Langevin, D., 1994. Thinning of soap films: the role of
surface viscoelasticity. J. Coll. Interf. Sci. 162 (2), 323-330. https://doi.org/
10.1006/jcis.1994.1046.

Gaver, D.P., Grotberg, J.B., 1990. The dynamics of a localized surfactant on a thin
film. J. Fluid Mech. 213, 127-148. https://doi.org/10.1017/S0022112090002257.

Rio, E., Biance, A.-L., 2014. Thermodynamic and mechanical timescales involved in
foam film rupture and liquid foam coalescence. ChemPhysChem 15 (17), 3692-
3707. https://doi.org/10.1002/cphc.201402195.

18

Chemical Engineering Science 265 (2023) 118171

Hiemenz, P.C., Rajagopalan, R., 1997. Principles of Colloid and Surface Chemistry.
Marcel Dekker, New York.

Shchukin, E.D., Pertsov, A.V., Amelina, E.A., Zelenev, A.S., 2001. Colloid and Surface
Chemistry. Studies in Interface Science, vol. 12. Elsevier, Amsterdam.

M. Brio, G.M. Webb, A.R. Zakharian, Chapter 2 - Discretization methods, in: M. Brio,
A. Zakharian, G.M. Webb (Eds.), Numerical Time-Dependent Partial Differential
Equations for Scientists and Engineers, Vol. 213 of Mathematics in Science and
Engineering, Elsevier, Amsterdam, 2010, pp. 59-108. https://doi.org/10.1016/
S0076-5392(10)21307-3

Ruschak, K.J., 1982. Boundary conditions at a liquid-air interface in lubrication
flows. J.  Fluid Mech. 119, 107-120. https://doi.org/10.1017/
S0022112082001281.

Ruschak, K.J., 1985. Coating flows. Ann. Rev. Fluid Mech. 17, 65-89. https://doi.org/
10.1146/annurev.fl.17.010185.000433.

Shea, A.P., Crofcheck, C.L., Payne, F.A., Xiong, Y.L, 2009. Foam fractionation of -
lactalbumin and g-lactoglobulin from a whey solution. Asia-Pacific J. Chem. Eng.
4 (2), 191-203. https://doi.org/10.1002/apj.221.

Exerowa, D., Gochev, G., Platikanov, D., Liggieri, L., Miller, R., 2018. Foam Films and
Foams: Fundamentals and Applications. CRC Press, Boca Raton FL.

Durand, M., Stone, H.A., 2006. Relaxation time of the topological T1 process in a
two-dimensional foam. Phys. Rev. Lett. 97, 226101. https://doi.org/10.1103/
PhysRevLett.97.226101.

El-Dossoki, F.I, Gomaa, E.A, Hamza, O.K, 2019. Solvation thermodynamic
parameters for sodium dodecyl sulfate (SDS) and sodium lauryl ether sulfate
(SLES) surfactants in aqueous and alcoholic-aqueous solvents. SN Appl. Sci. 1
(8), 933. https://doi.org/10.1007/s42452-019-0974-6.

Elworthy, P.H., Mysels, K]J., 1966. The surface tension of sodium dodecylsulfate
solutions and the phase separation model of micelle formation. ]. Coll. Interf.
Sci. 21 (3), 331-347. https://doi.org/10.1016/0095-8522(66)90017-1.

Johnson, C.M.,, Tyrode, E., 2005. Study of the adsorption of sodium dodecyl sulfate
(SDS) at the air/water interface: targeting the sulfate headgroup using
vibrational sum frequency spectroscopy. Phys. Chem. Chem. Phys. 7 (13),
2635-2640. https://doi.org/10.1039/b505219j.

Kolev, V.L, Danov, K.D., Kralchevsky, P.A., Broze, G., Mehreteab, A., 2002.
Comparison of the van der Waals and Frumkin adsorption isotherms for
sodium dodecyl sulfate at various salt concentrations. Langmuir 18 (23), 9106-
9109. https://doi.org/10.1021/1a0259858.

Llamas, S., Santini, E., Liggieri, L., Salerni, F., Orsi, D., Cristofolini, L., Ravera, F., 2018.
Adsorption of sodium dodecyl sulfate at water-dodecane interface in relation to
the oil in water emulsion properties. Langmuir 34 (21), 5978-5989. https://doi.
org/10.1021/acs.langmuir.8b00358.

Maiiko, D., Zdziennicka, A., Jaficzuk, B., 2017. Adsorption and aggregation activity of
sodium dodecyl sulfate and rhamnolipid mixture. J. Surfact. Deterg. 20 (2),411-
423. https://doi.org/10.1007/s11743-016-1916-6.

Matuura, R., Kimizuka, H., Miyamoto, S., Shimozawa, R., Yatsunami, K., 1959. The
study of adsorption of detergents at a solution-air interface by radiotracer
method. II. The kinetics of adsorption of sodium alkyl sulfates. Bull. Chem. Soc.
Japan 32 (4), 404-407. https://doi.org/10.1246/bcsj.32.404.

Mysels, KJ., Florence, A.T., 1973. The effect of impurities on dynamic surface
tension: basis for a valid surface purity criterion. J. Coll. Interf. Sci. 43 (3), 577-
582. https://doi.org/10.1016/0021-9797(73)90405-0.

Sachin, K., Karpe, S.A., Singh, M., Bhattarai, A., 2019. Study on surface properties of
sodiumdodecyl sulfate and dodecyltrimethylammonium bromide mixed
surfactants and their interaction with dyes. Heliyon 5 (4), e01510. https://doi.
org/10.1016/j.heliyon.2019.e01510.

Shen, A.Q., Gleason, B., McKinley, G.H., Stone, H.A., 2002. Fiber coating with
surfactant solutions. Phys. Fluids 14 (11), 4055-4068. https://doi.org/10.1063/
1.1512287.

Tajima, K., Muramatsu, M., Sasaki, T., 1970. Radiotracer studies on adsorption of
surface active substance at aqueous surface. I. Accurate measurement of
adsorption of tritiated sodium dodecylsulfate. Bull. Chem. Soc. Japan 43 (7),
1991-1998. https://doi.org/10.1246/bcsj.43.1991.

Vollhardt, D., Emrich, G., 2000. Coadsorption of sodium dodecyl sulfate and
medium-chain alcohols at the air-water interface. Coll. Surf. A: Physicochem.
Eng. Aspects 161 (1), 173-182. https://doi.org/10.1016/S0927-7757(99)00335-
0.

Wotowicz, A., Staszak, K., 2020. Study of surface properties of aqueous solutions of
sodium dodecyl sulfate in the presence of hydrochloric acid and heavy metal
ions. J. Molec. Liq. 299, 112170. https://doi.org/10.1016/j.molliq.2019.112170.

Martinez-Balbuena, L., Arteaga-Jiménez, A., Hernandez-Zapata, E., Marquez-Beltran,
C., 2017. Applicability of the Gibbs adsorption isotherm to the analysis of
experimental surface-tension data for ionic and nonionic surfactants. Adv.
Colloid Interf. Sci. 247, 178-184. https://doi.org/10.1016/j.cis.2017.07.018.

Nilsson, G., 1957. The adsorption of tritiated sodium dodecyl sulfate at the solution
surface measured with a windowless, high humidity gas flow proportional
counter. J. Phys. Chem. 61 (9), 1135-1142. https://doi.org/10.1021/
j150555a002.

Hines, ].D., 1996. The preparation of surface chemically pure sodium-dodecyl
sulfate by foam fractionation. J. Coll. Interf. Sci. 180 (2), 488-492. https://doi.
org/10.1006/jcis.1996.0329.

WeiRenborn, E., Braunschweig, B., 2019. Specific ion effects of dodecyl sulfate
surfactants with alkali ions at the air-water interface. Molecules 24 (16), 2911.
https://doi.org/10.3390/molecules24162911.

Press, W.H., Teukolsky, S.A., Vetterling, W.T., Flannery, B.P., 1992. Numerical Recipes
in C: The Art of Scientific Computing. Cambridge University Press, Cambridge.


https://doi.org/10.1017/jfm.2016.96
https://doi.org/10.1017/jfm.2016.96
https://doi.org/10.1016/j.apm.2015.09.033
https://doi.org/10.1016/j.ces.2015.12.011
https://doi.org/10.1016/S0001-8686(03)00003-4
https://doi.org/10.1016/S0001-8686(03)00003-4
https://doi.org/10.1016/j.colsurfa.2006.07.047
https://doi.org/10.1017/S0022112002007930
https://doi.org/10.1175/1520-0469(1998)055&lt;1859:IOSSPO&gt;2.0.CO;2
https://doi.org/10.1175/1520-0469(1998)055&lt;1859:IOSSPO&gt;2.0.CO;2
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0200
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0200
https://doi.org/10.1017/S0022112092000090
https://doi.org/10.1017/S0022112092000090
https://doi.org/10.1016/j.jde.2019.11.080
https://doi.org/10.1016/j.jde.2019.11.080
https://doi.org/10.1017/S0022112095001741
https://doi.org/10.1017/S0022112095001741
https://doi.org/10.1016/S0021-9797(02)00033-4
https://doi.org/10.1103/PhysRevLett.112.208302
https://doi.org/10.1016/0021-9797(73)90331-7
https://doi.org/10.1201/b16483
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0245
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0245
https://doi.org/10.1243/PIME_PROC_1987_201_091_02
https://doi.org/10.1243/PIME_PROC_1987_201_091_02
https://doi.org/10.1021/j100807a513
https://doi.org/10.1021/j100807a513
https://doi.org/10.1006/jcis.2001.7743
https://doi.org/10.1016/0022-1902(74)80527-0
https://doi.org/10.1021/la00048a038
https://doi.org/10.1021/la00048a038
https://doi.org/10.1016/j.ces.2010.01.021
https://doi.org/10.1016/j.ces.2010.01.021
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0275
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0275
https://doi.org/10.1063/1.857686
https://doi.org/10.1039/c2sm25790d
https://doi.org/10.1006/jcis.1994.1046
https://doi.org/10.1006/jcis.1994.1046
https://doi.org/10.1017/S0022112090002257
https://doi.org/10.1002/cphc.201402195
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0305
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0305
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0310
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0310
https://doi.org/10.1017/S0022112082001281
https://doi.org/10.1017/S0022112082001281
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0325
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0325
https://doi.org/10.1002/apj.221
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0335
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0335
https://doi.org/10.1103/PhysRevLett.97.226101
https://doi.org/10.1103/PhysRevLett.97.226101
https://doi.org/10.1007/s42452-019-0974-6
https://doi.org/10.1016/0095-8522(66)90017-1
https://doi.org/10.1039/b505219j
https://doi.org/10.1021/la0259858
https://doi.org/10.1021/acs.langmuir.8b00358
https://doi.org/10.1021/acs.langmuir.8b00358
https://doi.org/10.1007/s11743-016-1916-6
https://doi.org/10.1246/bcsj.32.404
https://doi.org/10.1016/0021-9797(73)90405-0
https://doi.org/10.1016/j.heliyon.2019.e01510
https://doi.org/10.1016/j.heliyon.2019.e01510
https://doi.org/10.1063/1.1512287
https://doi.org/10.1063/1.1512287
https://doi.org/10.1246/bcsj.43.1991
https://doi.org/10.1016/S0927-7757(99)00335-0
https://doi.org/10.1016/S0927-7757(99)00335-0
https://doi.org/10.1016/j.molliq.2019.112170
https://doi.org/10.1016/j.cis.2017.07.018
https://doi.org/10.1021/j150555a002
https://doi.org/10.1021/j150555a002
https://doi.org/10.1006/jcis.1996.0329
https://doi.org/10.1006/jcis.1996.0329
https://doi.org/10.3390/molecules24162911
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0430
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0430

H. Rajabi and P. Grassia Chemical Engineering Science 265 (2023) 118171

Stroud, K.A., Booth, D.J., 2020. Advanced Engineering Mathematics. Red Globe Press, Saleh, Z.S., Hossain, M., 2001. A study of the separation of proteins from
London.

multicomponent mixtures by a semi-batch foaming process. Chem. Eng.
Boyd, ]J.P., 2000. Chebyshev and Fourier Spectral Methods. Dover Publications Inc, Process.: Process Intensif. 40 (4), 371-378. https://doi.org/10.1016/S0255-
New York.

2701(01)00115-5.
Carslaw, H.S., 1925. A historical note on Gibbs’ phenomenon in Fourier's series and

integrals. Bull. Am. Math. Soc. 31 (8), 420-424. https://doi.org/10.1090/s0002-
9904-1925-04081-1.

19


http://refhub.elsevier.com/S0009-2509(22)00755-2/h0435
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0435
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0440
http://refhub.elsevier.com/S0009-2509(22)00755-2/h0440
https://doi.org/10.1090/s0002-9904-1925-04081-1
https://doi.org/10.1090/s0002-9904-1925-04081-1
https://doi.org/10.1016/S0255-2701(01)00115-5
https://doi.org/10.1016/S0255-2701(01)00115-5

	Transport of soluble surfactant on and within a foam film in the context of a foam fractionation process
	1 Introduction
	2 Mathematical model for soluble surfactant transport
	2.1 Dimensionless groups
	2.2 Velocity fields
	2.3 Modelling of evolution of surfactant in a foam film
	2.4 Combining equations in the small [$]{\rm{Pe}} \hskip 0.12em \rDelta [$] limit
	2.5 Adsorption isotherms
	2.5.1 Approximations to the isotherm
	2.5.2 Considering dimensional variables for isotherms

	2.6 Determining total amount of surfactant at any film location
	2.7 Determining overall amount of surfactant at any time
	2.8 Determining effective concentration at any time
	2.9 Recovery and enrichment
	2.10 Late time behaviour of the system under consideration

	3 Simulation and benchmarking
	4 Results and discussion
	4.1 Global Henry isotherm, no film drainage
	4.2 Global Henry isotherm, with film drainage
	4.3 Local Henry isotherm, no film drainage
	4.4 Local Henry isotherm, with film drainage
	4.5 Quasisteady-state approximation for soluble surfactant
	4.6 Quantifying overall amount of surfactant in the film
	4.7 Effect of changing solubility parameter
	4.8 Foam fractionation recovery and enrichment
	4.8.1 Evolution of recovery and enrichment over time
	4.8.2 Comparison of recovery and enrichment of different systems at selected times


	5 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	References


