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Foam fractionation offers a promising solution for the separation of surface-active contaminants from water.
Therefore, this work aims to comprehensively investigate foaming behavior and its correlations with the
interfacial properties. As a case study, we evaluate foaming of per- and polyfluoroalkyl substances (PFAS),
which are one of significant environmental issues worldwide due their pervasive presence in the
environment. Since there is no universal model to describe the foaming behavior of surfactants that can be
applied to PFAS, this research utilizes dimensional analysis to establish a correlation between the foaming
behavior of PFAS solutions—characterized by expansion rate of foaming—and dimensionless numbers that
represent both processing and interfacial characteristics. Foaming parameters, such as gas flow rate and
aeration time, are varied to study their effect on PFAS foamability. In addition, we study PFAS with different
headgroups and with different chain lengths in the presence of electrolytes with different concentrations.
Our study elucidates distinct, condition-specific equations for individual PFAS, revealing that long-chain PFAS
foaming is significantly influenced by interfacial property-related dimensionless numbers, such as the
Boussinesq number. Additionally, the Froude number and Weber number affect the foamability of both
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long- and short-chain PFAS. Moreover, our study identifies specific trends, including a maximum foaming
capacity at a certain Capillary number, aligning with the maximum in dilatational interfacial modulus. The
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1. Introduction

Partially or fully fluorinated synthetic compounds, known as per-
and polyfluoroalkyl substances (PFAS), have gained broad usage in
numerous industries, such as non-stick coatings, aqueous film
forming foams (AFFFs), cleaners, cosmetics, and semiconductors.
This widespread adoption is attributed to their remarkable
chemical and thermal stability, as well as their ability to repel
both water and 0il.>® However, the extensive utilization of PFAS,
coupled with their notable stability attributed to the C-F bond, has
resulted in their ubiquitous presence, emerging as a global
environmental concern. In addition, there are significant concerns
about the toxicity and bioaccumulation of PFAS.>”~® Exposure to
PFAS is linked to an increased risk of obesity, reproductive
dysfunction, elevated cholesterol, liver and kidney diseases, lipid
and insulin dysregulation, and cancer.'*™*

One of the pathways for human exposure to PFAS is through
PFAS-contaminated water sources, with a particular emphasis
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results suggest more studies are needed on bubble interaction and foam film behavior.

on drinking water.’*'® For example, the concentration ranges

of perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic
acid (PFOA) in the United States (U.S.) drinking water are 0.04-
1.80 ppt and 0.02-0.35 ppt, respectively.'” Perfluorobutanesul-
fonic acid (PFBS) has been found with a lower detection
frequency of 0.05%, but with the mean concentrations of 212
and 136 ppt in surface water and ground water, respectively.'®
In ground water, the concentration of perfluorohexanesulfonic
acid (PFHxS) has been reported in 409 ppt to 1600 ppt range.'®
The U.S. Environmental Protection Agency (EPA) has issued
a Maximum Contaminant Levels (MCLs) and a Maximum
Contaminant Level Goals (MCLGs) for PFOS and PFOA in drink-
ing water at 4 and 0 ng L™, respectively.'® Moreover, MCLs have
been defined for other PFAS, e.g., 10 ng L™ for PFHxS, perfluor-
ononanoic acid (PFNA), and hexafluoropropylene oxide (HFPO)
dimer acid and its ammonium salt (GenX)."® These substances
have been employed as alternatives to long-chain PFAS.

In addition to water sources, discharge from industrial
facilities, such as semiconductor manufacturing, represents a
significant contributor to PFAS emissions.® The concentration
of PFAS in industrial wastewaters is typically several orders of
magnitude higher than that in domestic waters, for instance,
reaching a total PFAS concentration of 40000 ng L' in
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industrial wastewater.**>*

Despite this, there is a scarcity of studies
investigating the discharge of PFAS from industrial wastewater
treatment plants (WWTPs) to assess their presence and overall
discharge loads.”® Moreover, industrial WWTPs often exhibit lim-
ited efficacy in PFAS removal, with the transformation of PFAS
precursors into perfluoroalkyl acids (PFAA) occurring during biolo-
gical treatment processes.”® It has been suggested to implement a
pretreatment on industrial wastewaters to eliminate PFAS before
their release into sewer systems or the environment.® The common
PFAS treatment technologies involve adsorption using activated
carbon, high pressure membrane filtration, in situ degradation
(oxidation), anion exchange resins, and foam fractionation.'®*>?**
Nevertheless, these PFAS remediation methods have some chal-
lenges. For instance, the membrane filtration methods, such as
reverse osmosis (RO), are associated with high costs and membrane
fouling, the anion exchange resins are hard to reuse, the oxidation
has a low PFAS degradation efficiency, and secondary PFAS waste is
generated when using adsorbents, such as activated carbon.'®****

Foam fractionation, also known as aeration or foam flotation,
has been determined as a promising remediation method to
remove PFAS from contaminated water due to their surfactancy
nature, enabling them to adsorb at the air-water interface during
foaming,*>***>® Prior to utilization for PFAS removal, foam flota-
tion has been used in other fields, such as enhanced oil recovery
(EOR),>*° and critical materials separation.®* Several groups have
used custom-made aeration collection devices to achieve PFAS
removal.**?® Burns et al®® successfully integrated a surface-
active foam fractionation system into WWTPs for treating
90-110 m* day " of groundwater, aiming to remove PFAS. The
removal efficiency was reported to decrease with reducing air flow
rates (Qa;;) and foaming times (f). According to Meng et al.,** the
lower initial PFAS concentration (0.093 mM vs. 0.382 mM) results in
greater fractional PFAS recovery. In addition, PFAS molecules with
sulfonic acid headgroups (perfluorosulfonic acid), called PFSA, are
easier to be removed compared to the ones with carboxylic acid
headgroups (perfluorocarboxylic acid), known as PFCA.*>%¢ 1t is
worth noting that aeration mostly faces challenges in efficiently
removing short-chain PFAS, exemplified by a removal efficiency of
around 10-30% for PFBS, and no removal for perfluorobutanoic
acid (PFBA).***>*" Lee et al.®® explored the impact of metallic
activators, such as Ca** and Fe**, on the PFOS and PFOA removal
efficiency by using a foam flotation reactor. The introduction of
Fe*" resulted in the highest PFOS removal efficiency, reaching
99.5%. Wang et al.’® also demonstrated that the valence of ions
plays an important role on PFAS removal efficiency.

Another emerging challenge in PFAS cleanup is the lack of fast
and low-cost detection methods. Liquid chromatography-mass spec-
trometry, known as LC-MS, is commonly used for PFAS detection.*
However, LC-MS is expansive and specialized. Except for LC-MS,
electroanalytical approaches, such as interfacial electrochemical
process and porous polymer sensors with a molecularly
imprinted polymers electrode, were reviewed by Lamichhane
et al.*® with a possibility to detect PFAS. In addition, Mahpisha-
nian et al.** developed a liquid phase extraction method, where a
colored methylene blue-PFAS complex is formed, to detect PFAS
via spectrophotometric analysis.
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Dimensional analysis is a powerful tool in various fields of
science and engineering, including the study of foaming pro-
cess. Beyond the studies focused directly on foaming,3* 3942751
dimensional analysis can be applied to investigate and under-
stand foaming process more comprehensively. For instance,
optimization of foaming process, scale-up and scale-down
studies, comparative studies, model validation, and parameter
sensitivity analysis. Nevertheless, only a few studies have
focused on the dimensional analysis of foaming process based
on interfacial and colloidal parameters. Bois et al.>> applied
dimensional analysis to surfactant solutions (sodium laureth
sulfate, Tween 20, and Brij L23) to study the influence of
processing parameters on their foamability. Expansion rate of

Hi
foaming, Ff (where Hy is the foam height and H, is the liquid
1

height) was used to characterize the foaming behavior of
surfactant solutions, and it was found that the dimensionless
numbers of Reynolds number (Re) and mixing time number
control the foaming process occurring in a mechanically agi-
tated vessel. However, the effect of interfacial properties was
not taken into account. Noting that the key variables that
influence the foaming behavior are the interfacial properties,
such as surface tension () and dilatational interfacial modulus

)
(E).24274448-51 por instance, Gibbs stability (E > é) was intro-

duced as the criteria for determining the stability of interface
stabilized by particles, and thus, the foam stability.**™*” Mary
et al.>® also used dimensional analysis to predict the bubble
size of the surfactant solutions, and they demonstrated that the
bubble size of foams is mainly controlled but not limited by
Capillary number (Ca). They also suggested that the impact of
more parameters, such as interfacial rheology and kinetic diffu-
sion of surfactants to the interfaces, needs to be investigated.
This work aims to comprehensively investigate the foaming
behavior (foamability) and its correlations with the interfacial
properties. Therefore, we study PFAS with different headgroups
and with different chain lengths in the presence of electrolytes
with different concentrations as a case study. However, the study
is not limited to PFAS and can be applied to other surfactants. The

He
foaming behavior characterized by ﬁt is systematically analyzed
1

by carrying out the dimensionless analysis of a lab-scale foaming
column. This theoretical methodology is reinforced by conducting
experiments, where processing parameters are altered, and the
progression of H; with ¢ is observed. Considering that interfacial
parameters of PFAS are measured and reported in our recent
work,** the objective of this study is to enhance our comprehen-
sion of the primary physical phenomena that predominantly
influence foam formation in the aeration process.

2. Experimental and methods
2.1. Materials

KPFOS (heptadecafluorooctanesulfonic acid potassium salt, >98.0%,
CAS: 2795-39-3), PFOA (perfluorooctanoic acid, 95%, CAS: 335-67-1),
and KPFBS (potassium nonafluoro-1-butanesulfonate, 98%,

This journal is © The Royal Society of Chemistry 2024
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CAS: 29420-49-3) were purchased from Sigma-Aldrich. The
chemical structure of PFAS compounds used in this work is
shown in Fig. 1. Sodium chloride (NaCl) and calcium chloride
(CaCl,) were purchased from Fisher BioReagents (=>99.0%,
CAS: 7647-14-5) and Thermo Scientific (97%, CAS: 10043-52-4),
respectively. All samples were prepared using deionized water
produced through Millipore Synergy” Water Purification System
and no additional purification of the chemicals was conducted.
Lower-concentration PFAS aqueous solutions were prepared
through a dilution of higher-concentration PFAS stock solutions.
Table 1 presents the composition of the PFAS aqueous solutions
analyzed in this study.

2.2. Foaming behavior analysis

The dynamic foaming behavior of PFAS aqueous solutions was
recorded and analyzed by using the foam analyzer (Kriiss
Scientific, DFA 100) with ADVANCE software. The setup is
shown in Fig. S1A (ESIt). About 30 mL of PFAS aqueous
solution was added into a prism column (CY4572) of 40 mm
inner diameter with a max volume of 230 mL, which was fixed
onto the sample holder. An O-ring was placed onto the sample
holder, followed by a glass filter and another O-ring for sealing
as seen in Fig. S1B (ESIt). Two glass filters with a pore size
ranging of 16-40 pm (FL4503, ¢ 50 mm) and 40-100 pm
(FL4502, ¢ 50 mm), respectively, were used to aerate the PFAS
aqueous solution (Table 2).

The PFAS aqueous solution in the prism column was sparged
with air at various Q;; ranging from 0.2 to 1.0 L min ™ for different ¢
of 30, 60, 120, and 300 s to create the PFAS aqueous foams. The
video showing the foaming process is available as ESL{ The Q.;; and
¢ play important roles in determining the properties of created
foams. Given the Q,; at 0.2 L min~", 30 s is enough for KPFBS and
PFOA foams to reach the steady state, while it takes about 100 s for
KPFOS foams to reach the dynamic equilibrium. Two liquid content
sensors were placed inside the prism column, and each of the
sensors has seven chips to measure the liquid content (¢) and
resistance (the inverse of the electrical conductivity) across the foam
at different heights, and one chip on the bottom as the reference
(Fig. S1B, ESIT). A camera (2 fps at 1280 x 1024 px), of which the
vertical position can be changed, was used to record the foam
structure during the foaming process through the prism attachment
of the prism column as seen in Fig. S1C (ESI}). Trials for this
experiment were conducted at room temperature and the pH was
not adjusted. For each formulation, at least two replicates were done.

2.3. Dynamic surface tension

To determine the y of PFAS aqueous solutions at 25 + 0.5 °C,
the Wilhelmy plate tensiometer (Dataphysics, DCAT 25) was

F
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Table1l Composition of PFAS aqueous solutions used in the present work

PFAS Concentration (mM)  Salt Concentration (mM)

KPFOS 0.01-1.11 Nacl 0.5, 1, 5, 10, 50, 100, and 200

CaCl, 0.1,0.5,1, 5, 10, 50, and 100
PFOA  0.40 NaCl 0.5, 1, 5, 10, 50, 100, and 200
KPFBS 0.40 CaCl, 0.1 and 100

utilized. The y data points were recorded over a 1 h period, with
a minimum of two replicates conducted for each composition.
The instrument was calibrated prior to use. The platinum plate
was meticulously cleaned by using a Bunsen burner before each
measurement to ensure its dryness and cleanliness. The equili-
brium surface tension was determined from the intercept of
dynamic surface tension against ¢~ %°.>*

2.4. Dilatational interfacial rheology

The pendent drop tensiometer (Attension KSV Instruments,
Biolin Scientific, Finland) was used to characterize the dilata-
tional interfacial rheology of the PFAS-adsorbed air-water inter-
face at room temperature. The pendent drop volume periodically
oscillated in the linear viscoelastic range at 0.5 Hz, and the
oscillation of y and surface area (4) were recorded accordingly.
The y was determined by the software according to the Young-

Laplace equation.>* The definition of E is as follows:**>>">’
Ay dy
E=4 = 1
A4~ dIn4 @)

where A, represents the average surface area and an amplitude
area variation (AA) occurs around the 4y, and Ay is the amplitude
of the y deviation from the average y,. E is a complex number
comprising the dilatational storage modulus, E’ (dilatational
surface elasticity), as its real part, and the dilatational loss
modulus, E’, as its imaginary part. The eqn (2a) and (2b) are
used to obtain the E' and E":>**°°

E' = |E| cos(¢) (22)

E" = |E| sin(¢) = 27fns (2b)

where f is the frequency, and 5, is the dilatational surface
viscosity. The details were described in our previous work.>*
Each measurement was repeated three to five times to obtain
the average and standard deviation.

A) F F F F F g F ‘o B) F P F g F F. F ) T g I0I
NS NN — N N N e \/ O\ ok
F—C Cc c c = F—C (o] c c / _-C c
/ \c/ \c/ \c/ \c/ \ -/ \c/ \c/ \c/ \c F \C/ \c/ \
’ /\ /\ /\ /\ o J /\ 7\ /\ \ /\ /\ °
F - E ¢ F ok F ok F F ¢

F F F F F

F

Fig. 1 Chemical structure of (A) KPFOS, (B) PFOA, and (C) KPFBS.
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Table 2 Setup of DFA 100

Glass filter pore size range (Dg, pm) 16-40 and 40-100

Sample volume (mL) 30
Qair (L min™") 0.2-1.0
te (s) 30-300

60 mm from Hj,
(initial liquid level)

Camera position

3. Results and discussion
3.1. Foaming capacity of PFAS aqueous solutions

Two important foaming characteristics are capacity (foamabil-
ity) and stability, both of which are affected by the foam
preparation parameters, ¢ and Q,i, and cross-section area of
foam column. For example, Pal et al. prepared foams stabilized
by gemini surfactants and reported that 300 s of agitation
resulted in the foams with largest volume, while a smaller
volume was obtained by stirring the system for 400 s due to the

increased bubble rupture tendency.**** In this study, we only

A

KPFOS
2001 m 02 ® 04 A 0.6 L/min(40-100 um)
O 02 O 04 A 0.6 L/min(16-40 um)

H; (mm)

Q,,=0.4 Limin
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® PFOA
1201 A& kpFBs

€
E 801 -— ]
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Fig. 2 (A) Foam height of 0.4 mM KPFOS aqueous foams during 30 s of aeration by using various air flow rates of 0.2, 0.4, and 0.6 L min™,
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discuss foamability and the foam stability will be presented in
future works. Fig. 2A shows the H; of 0.4 mM KPFOS aqueous
foams during the 30 s of aeration by using Q- of 0.2, 0.4, and
0.6 L min ', and two glass filters with Dy of 40-100 and
16-40 um, respectively. The Hy increases with an increase in Qaj,.
It should be mentioned that the use of the filter with a smaller D;
has no significant impact on the H, while the kinetics of foaming,
i = 4
dr
the beginning of foaming by using the Q. of 0.2 L min™
smaller Dr. Furthermore, the Hy does not approach the equili-
brium status at 30 s for KPFOS. The system can be considered to
reach the equilibrium once the Hy measurements show that the
changes fall below a predetermined threshold, and the corres-

, is slightly affected. For example, lower H is obtained at

L and

ponding time is noted as the equilibrium time (¢.). The equation
below is used to define the Hy change:

Hf,t+At - Hf,l
f,1+At

\AH;| = x 100% @)

S
o

100-@ ;
:

Q,;=0.2 L/min
o KPFOS
y o PFOA
107" A KPFBS 7
0 20 40 60 80 100 120
t(s)
D) 10— : : : :
0.84 o6/i 5 |
02 il .“
0.6 I ’
8 00 5 10 15 20 25 3
w
041 J Q,,=0.4 Lmin |
.l m KPFOS
® PFOA
0.2 -' ° A KPFBS ]
u
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! and

two filters with different pore size ranges of 16-40 and 40-100 um, respectively. (B) Foam height of 0.4 mM KPFOS, PFOA, and KPFBS aqueous

foams as a function of aeration time, showing the various times used to approach the equilibrium status. The air flow rate was 0.2 L min

-1 and

the filter size was 40-100 um. (C) Foam height of 0.4 mM KPFOS, PFOA, and KPFBS aqueous foams during 30 s of aeration, indicating that the foaming

capacity has the following order: KPFOS > PFOA > KPFBS. The pore size range of filter was 40—-100 um, and the air flow rate was 0.4 L min

-1

(D) corrected liquid content of 0.4 mM KPFOS, PFOA, and KPFBS aqueous foams during 30 s of aeration based on the values provided by
the first sensor chip. The inset is the corrected liquid content of 0.4 mM KPFOS at various heights of foam. The shaded area shows the experimental

error bar.
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If the |AH;| is smaller than 1.5% within 10 s, then the
beginning of this 10 s period is considered as the ¢.
Examples of Hy equilibrium status are shown in Fig. 2B. After
the equilibrium, H¢ drops a little bit and undergoes a small
oscillation because the foam structure is separated by some
large air bubbles. According to Amani and Firouzi,”® the flow
regime in a vertical tube/pipe during the aeration includes (1)
bubble, (2) foamy bubble, (3) slug flow, (4) churn flow, and
(5) annular flow, depending on the Q,;,. Our result suggests
that when slowly sparging the solutions, the KPFOS foaming
flow regime transits from foamy bubble to slug flow/churn
flow once the H; reaches the steady state. When the Q,;, >
0.2 L min~", the equilibrium status for KPFOS foams cannot
be reached by using DFA 100 due to the overflow alarm, for
instance, the Hy reached the overflow alarm height at 36 s
when the Q,;; was 0.4 L min™", yet the equilibrium status was
not even approaching.

Compared to KPFOS, PFOA and KPFBS reach equilibrium
status in shorter durations when the Q. is 0.2 L min "
(Fig. 2B). However, at 0.2 L min~", PFOA and KPFBS only have
a thin layer of bubbles on the top of solutions. Fig. 2C shows
the Hy of 0.4 mM KPFOS, PFOA, and KPFBS foams within
the 30 s of aeration for Qu; of 0.4 L min~ ", implying that the
KPFOS have the best foamability. When increasing the Q,;, to
0.6 L min~", the KPFOS still have the best foaming capacity as
seen in Fig. S2 (ESIt). Furthermore, the ¢ of foams is another
crucial concept determining the structure of foams,**>® which
is defined as follows:

Viiquid
£E=— 4
Vfoam ( )

where Vijquiq is the volume of liquid in the foams with a volume
of Vioam.”> Bubble deformation is no longer observed as jam-
ming transition is approached when ¢ ~ 0.36, whilst the bubbly
liquid is formed if ¢ > 0.36.>°° On the other hand, the foams
have polyhedral bubbles if ¢ < 0.05.* For 0.4 mM KPFOS
foams (Dr was 40-100 um and Qi was 0.2 L min~ "), only the
first two sensor chips have the reading for 30 s foaming,
whereas all sensor chips have the reading when ¢ is increased
to 120 s. The ¢ across the foams can be correlated with the foam
conductivity (0fam) and liquid conductivity (o, according
to resistance obtained from the chip on the bottom) as
follows:**:49:60

~ 30(l+1l0)
f0 = 11250 + 1002 ()

where ¢ is the ratio of ggam/0rer, called relative conductivity.
Fig. 2D is the &, _; (the first sensor chip position) of 0.4 mM
KPFOS, PFOA, and KPFBS aqueous foams, indicating that the
KPFOS foams hold more water, whereas the KPFBS foams are
relatively drier. Additionally, the ¢., ; of PFOA foams keeps
increasing slightly beyond the time that foam height has
already approached the equilibrium status. When the Q,;; is
0.4 L min~", the foams only reach the first sensor chip for PFOA
and KPFBS, but for KPFOS, six sensor chips have the readings
as shown in the inset of Fig. 2D.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 shows the foam structure at ¢ of 10, 20, and 30 s for
0.4 mM PFAS foams created by employing different conditions.
During foaming, the camera captures the bubbles at 13-15 s for
KPFOS foams when the Q,;, is 0.2 L min~'. Different types of
bubble radius are obtained from DFA 100. Fig. S3A (ESIY)
shows the average bubble radius (R,v.) and Sauter mean
bubble radius (R3,) of KPFOS foams. The bubble size
becomes smaller with aerating. The R;, keeps decreasing
until reaching the steady state approximately close to equi-
librium H;. Fig. S3B (ESIt) depicts the bubble count per
mm?®. Expectedly, the D¢ has an impact on the bubble size of
PFAS foams. Smaller bubble size is obtained by using
the filters with a smaller Dy as shown in Fig. 3A and B.
However, when the steady state is reached, the foams
sparged by a smaller D have a greater Rz, as seen in Table
S1 (ESIt). The greater difference between R,,. and Rj,
indicates the presence of very large bubbles when using
smaller Dy, leading to increased drainage and reduced
foam stability. In this study, the R;, is used for discussion,
and the last 10 data points before stopping aeration are
used to obtain the final bubble radius as R. Fig. S4 (ESIY)
presents another foam trial for 0.4 mM KPFOS but
extending the ¢ to 120 s. It is clear that the bubble size
distribution becomes narrower as the KPFOS foam reaches
the steady state.

For 0.4 mM PFOA and KPFBS aqueous solutions, the
bubbles were not captured by the camera due to the insuffi-
cient H; for camera field of view at 0.2 L min ' flow rate.
When Q,;, is 0.4 L min~" and Dy is 40-100 pum, as seen in
Fig. 3C and D, PFOA have the smaller bubble size, while
KPFOS have larger bubble size. For PFOA, the foam
approaches equilibrium status at around 15-18 s, whereas
the t. is around 7-10 s for KPFBS. The t. is increased to
around 30 s for PFOA foams with increasing the Q,j; to 0.6 L
min !, whilst it takes around 12-18 s to reach the equili-
brium status for KPFBS foams. In other words, the ¢,
becomes greater with increasing the Q,;,. Furthermore, Q,;,
in the studied range has no significant effect on the PFAS
foam bubble size. Comparing PFOA and KPFOS results in Fig.
2 and 3, it indicates that smaller bubble size does not
necessarily lead to higher foam capacity.

The concentration of PFAS also influences foam structure.
Taking the example of KPFOS, the foamability is not linearly
correlated with the bulk concentrations. Fig. 4 depicts the foam
structure of KPFOS foams with various bulk concentrations,
ranging from 0.05 mM to 0.8 mM. A layer of bubbles is obtained
when the KPFOS bulk concentrations are 0.01 and 0.02 mM.
Nevertheless, the H; is too small to be recorded. Below
0.01 mM, the KPFOS solutions cannot be foamed. Ranging
from 0.01 to 0.4 mM, the foamability is enhanced (ie., H
is increased) with increasing the concentration due to the
increased KPFOS concentration at the air-water interface.’"%*
Additionally, the bubble size of KPFOS foams becomes more
uniform and smaller with an increase in concentration.
Increasing the KPFOS concentration beyond 0.4 mM, the
bubble size further becomes smaller and more monodispersed.
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Foaming 10 s

A)

0.4 mM KPFOS
0.2 L/min
16-40 pm

B)

0.4 mM KPFOS
0.2 L/min
40-100 pm

0.4 mM KPFOS
0.4 L/min
40-100 um

D)

0.4 mM PFOA
0.4 L/min
40-100 um

E)

0.4 mM KPFBS

0.4 L/min
40-100 um

Foaming 20 s

View Article Online

Soft Matter

Foaming 30 s

Fig. 3 Foam structure at 10, 20, and 30 s during 30 s of foaming for different PFAS with the same bulk concentration of 0.4 mM by using different

aeration conditions. The scale bar is 4 mm. The micrographs show bubbles of 0.4 mM KPFOS aqueous foams by using the air flow rate of 0.2 L min

~tand

sparged by using the filter with pore size range of (A) 40—-100 pm, and (B) 16-40 um; and bubbles of (C) 0.4 mM KPFOS, (D) 0.4 mM PFOA, and (E) 0.4 mM
KPFBS aqueous foams by using air flow rate of 0.4 L min~* and the filter with pore size range of 40-100 pm.

Nonetheless, the H; is reduced as seen in Fig. 4F. Above
0.8 mM, the foam bubbles cannot be recorded due to the small
Hg. Only a thin layer of bubbles is obtained when the concen-
tration is near the KPFOS solubility limit (1.1-1.2 mM) in water.
It should be noted that the KPFOS does not reach the critical
micelle concentration (CMC) before solubility limit. A similar
reduction in foam height by concentration was reported by
Behara et al.®” for a mixture of sodium dodecyl benzenesulfo-
nate (DOBS) and sodium lauryl ether sulfate (SLES), which was
attributed to the reduction in Gibbs elasticity of the plateau
borders.

Soft Matter

3.2. Dimensional analysis of foaming behavior: expansion
rate of foaming

Hy . .
Ff is related to several dimensionless numbers, such as Re and
1
Ca.>>?%%% we consider the equilibrium status of foams for
. H . -
studying Ff and use the Buckingham n theorem by listing all
1

independent variables as follows:
Hf :fl(pyy;r]y”]s;EyteyQainR7Dc;nyHlyg) (6)
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Foaming 20 s Foaming 30 s

Fig. 4 Foam structure at 10, 20, and 30 s during 30 s of foaming process for (A) 0.05 mM, (B) 0.1 mM, (C) 0.2 mM, (D) 0.4 mM, (E) 0.6 mM, and (F) 0.8 mM
KPFOS aqueous foams by using the air flow rate of 0.2 L min~* and the glass filter with pore size range of 40-100 pm. The scale bar is 4 mm. Below 0.05
mM and above 0.8 mM, the foamability is worse and the foam height is not high enough to be captured by the camera.

where p is the density of PFAS aqueous solutions, # is the bulk
viscosity of PFAS aqueous solutions, D, is the diameter of the
prism column, and g is the gravitational acceleration. The p,
Q.ir, and Hy, (the initial liquid level) variables are selected as

This journal is © The Royal Society of Chemistry 2024

the basic (repeating) variables, which include the basic units
of length (m), time (s), and mass (kg). The n groups are
determined according to k = n — m, where n is the total
number of variables and m is the number of basic variables
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selected in the system. Then eqn (6) becomes:

e = (" = = g
¥r 1= ) - )
H pl- Quis? - Hyp™? Pl Qair! - Hyp™!
ns E
n3 = , T4 = ,
pl : Qair1 pl . Qair2 ' 1'11073 ( )
7
e R D,
M= —— = ——. U7 =
T Qe U Ho YT HoU T Hyl
Dy g )
Mg = 2, Mo = oy s
Hy! Quir® - Hip™>

Eqn (7) can be rearranged by combining variables to form
the known dimensionless groups as follows:

Hy

12 o1 2
— =fi(Rep=my 'y °-mg, Ca=1;"' -y 77 7,
Hy
-4 4
Web = T s M7 - T, Frb =T7 -T9 - Mg,
-1 -1 -1 (8)
Bg=m m3-m ,0=m 14 ,
fe R D. D;
= QT " Ty Ho' Fo
Qair 10°" Hio, Hio" Hio

where the Reynolds number for the case of bubble rising is
Rey, = (0 Qair-R)/(11-D.”), the Capillary number is Ca = (Qair1)/(y-
D.?), the Weber number for bubble rising is Wey, = (p-Qair>-R)/
(y-D.%), the Froude number for bubble rising is Fry, = Qui,>/(D.*
R-g), the Boussinesq number is Bq = #4/(n-R), interface number
O =v/E is the ratio of surface tension to dilatational interfacial
modulus, and processing number is {, = (te~Qair)/Hlo3. Due to
the limited experiments with smaller Dy, only 40-100 pm as the
Dy is considered in the dimensional analysis. The eqn (8) can be
rewritten as follow:
Hy

., R D¢ Dy
7 :f4 (Reb7ca Web Ffb7Bq7@7é sy _7—)
Hyp 7 ’ " Hy," Hi' Hyo

3.2.1. KPFOS aqueous solutions. The foamability was
tested for KPFOS solutions at different concentrations by varying
processing parameters of ¢ and Q,j. As a result, various ¢.s are
obtained. We used t. instead of ¢ for the dimensional analysis
since the equilibrium status was considered. The KPFOS solu-

. . . . H, .
tions used for the dimensional analysis of H—f function have no
10

salts added because the steady state cannot be achieved due to
the foam overflow. Fig. 5A-G show the effect of various dimen-

. H,
sionless numbers on the —— of KPFOS foams.
10

One can see from Fig. 5A, the H—f is clearly correlated with
10

Hy .
Rey,. The correlation of H—f with Rey, follows Freundlich model
10

(lines in Fig. 5A), and the fitted equations are shown in Table S2
(ESIt). The Rey, represents the ratio of inertial force and viscous
force during bubble rise. The low Re}, indicates that the flows
are laminar, where the viscous force is dominant. This result
explains the spherical bubble shape seen in Fig. 3 and 4 as the
bubbles will become non-spherical at high Re;, (>500).%%

Soft Matter
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o . . Hp . .
A significant increase in . with a decrease in Rey, is observed
10

for different Q,;;. In Bois et al.’s work, it was claimed that the
lower foaming expansion rate in the high Re,, regime is due to
the transition from intermediate flow to turbulent, where the
bubble breakup is easier to take place.** However, this is not
the case for our system since all PFAS foaming experiments
remain in laminar flow. In addition, at the same Rey, higher
Qair gives rise to higher foamability. Therefore, the observed
trend in Fig. 5A is dominated by the bubble size.

The Ca measures the effect of viscous force versus interfacial
force across the gas-liquid interface. It was reported that the
increase of Ca is associated with the change of bubble size and
shape. Mary et al.>® used the Ca to predict the R and found the
inverse relationship between the bubble size and Ca. Drenckhan
et al® pointed out that the elongation of bubbles is associated
with the greater Ca. Fig. S5 (ESIT) shows the R as a function of Ca.
A minimum is observed in R against Ca variation for all three Q,;s.
Additionally, a peak is also observed for the relationship between

H,
the H—f and Ca. From our previous work,* the highlighted areas in
10

Fig. 5B and Fig. S5 (ESIT) have the highest E, which occurs in the

. H
concentration range of 0.2-0.4 mM. Hence, the appearance of H—f
10

peak and R minimum versus Ca coincides with the maximum E.>*
Considering very small Ca in all experiments, the interfacial force
dominates the viscous force. According to our previous work,
Gibbs adsorption is the dominant mechanism before the max-
imum, whereas the molecular exchange of PFAS between the
interface and bulk prevails on the right side of £ maximum.®®

H,
Thus, the correlation between the H—f of KPFOS and Ca has regime
10

I and II before and after the peak, respectively. In adsorption-
dominated regime I, the foamability increases and the bubble
size decreases with increasing the Ca, whereas in the
molecular exchange-dominated regime II, the foaming behavior

2
becomes worse with increasing the Ca. The equation y = e ****9

. ) H . . ' .
is used to fit the H—f as a function of Ca, with the fitted equations
10

showing in Table S2 (ESIf). It should be noted that this
equation form was used for easing the linearization of

. . Hyp, oy . e
final equation. Since — increases with increasing the air injection
10

rates, some data points are not considered for fitting to correctly
show the trend. For example, the highlighted points for 0.2 L min ™"
are excluded (Fig. 5B) since the same concentrations show overflow

before reaching the steady state for 0.4 and 0.6 L min .

The variation of H against Wey, also follows the Freundlich
model as seen in Fig. I%C, and the fitted equations are shown in
Table S2 (ESIT). The We,, is used to determine the significance of
foam’s inertia in comparison to interfacial forces. As seen, the
foamability increases with a decrease in the Wey, thus, the
foamability is improved when the effect of interfacial forces

becomes more significant than inertia. The H—f is linearly related
10

- . . . H,
to Frp as seen in Fig. 5D. The linear relationships of H—f as a
10
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Fig. 5 Evolution of foam expansion rate for KPFOS aqueous solutions with varied concentrations as a function of (A) Reynolds number, (B) Capillary
number, (C) Weber number, (D) Froude number, (E) Boussinesq number, (F) processing number, (G) interface number, and (H) Gibbs stability.
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function of Fry, for various Q,;;s are shown in Table S2 (ESIt). The
Fr, refers to the ratio of inertial force and gravitational force.
In our case, the foaming capacity of KPFOS increases with
increasing the effect of inertial force compared to the gravita-
tional force, with this trend being less sharp for higher Q,j.

H,
As seen in Fig. 5E and Table S2 (ESIf), H—f is linearly
10

correlated with Bq. The importance of the surface-to-bulk
viscous forces is given by the Bq, when the Reynolds number
is small.®® It was reported that the liquid drainage velocity
is correlated with the interfacial shear viscosity represented
by Bq.°”®® In this work, since PFAS are small molecules
(i.e., soluble surfactants), measuring interfacial shear viscosity
is challenging. Thus, we calculated the Bq from the measured
interfacial dilatational viscosity. The Bq can also represent the
surface mobility since the 5, is the effective parameter to
characterize the surface mobility.®® Since E’ and #; are related
to the surface mobility, the surfactant flow in the plateau
borders is regulated by the adsorption behavior occurring at

Hy

the surface of node.®® One can see from Fig. 5E that o
0

increases with increasing the Bq. For 0.2 L min™ ", as pointed
in Fig. 5E, the samples having greater values of Bq also have
higher E. It can be concluded that the effect of 55 on the

1

H,
foaming behavior of KPFOS is significant. Lower H—f obtained
10

for lower ns can be attributed to the increased mobility of
molecules at the air-water interface.

Hy . .
As for (,, the H—f increases with (, due to the increased ¢,
10

. . H,
(see Fig. 5F and Table S2, ESIt). The correlation between H—f
10

2
(@x+bx+) shown as the

and @ was fitted with equation y = e
dashed lines in Fig. 5G (fitted parameters are shown in Table
S2, ESIf). Lower O, corresponding to better foamability,
indicates a lower surface tension and/or higher E influence.
The dimensionless numbers that can be analyzed are not
limited to the ones mentioned above, but more details will
not be discussed in this study.

Gibbs stability can be used as the criterion to determine the
stability of air-water interfaces, as suggested for Pickering
foams.***” The eqn (10) is originally used to predict bubble
coarsening:”°

P 2y

Tr= <0 (10)

where P is the bubble capillary pressure. For the surfactant
solutions, eqn (10) is always true since y is independent of R.
This destabilization is to some extent counteracted by introdu-
cing the E.”° Therefore, the eqn (10) becomes:
dp 2y 4E
— =4 =G 11
dRr R? + R? (11)
where G is Gibbs stability, and E >% is known as the Gibbs

. oo . H,
stability criterion.”””* Fig. 5H shows the H—f versus G for KPFOS
0

foams. Negative G implies that the Gibbs stability criterion is

Soft Matter
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not fulfilled for KPFOS foams. Unexpectedly, the foamability
decreases as the system is approaching the Gibbs stability
criterion, at least for KPFOS aqueous foams without any

additives. In other words, since in our system E < %’ when E

approaches é, the interface is more likely to resist against

surface area reduction and Ostwald ripening, thus, it is
expected that foamability is enhanced. However, this is not
the case and as Maestro et al.’® also pointed out, the Gibbs
stability criterion is essential to prevent the bubble coarsening,
but it is not sufficient to determine the bubble stability.

3.2.2. PFOA aqueous solutions. Given a concentration of
PFOA, various concentrations of NaCl were tested. Different t.s
are obtained as the processing parameters ¢ and Q,; were
varied. The systems reaching steady state are taken into

. . . H,
account in this case. Fig. 6A-G show the dependency of H—f
10

. Hy . .
on the dimensionless numbers for PFOA. The H—f is negatively
10

correlated with the Rey, as shown in Fig. 6A. Linear relationships
can be used to describe their correlation, and the fitted parameters
are shown in Table S3 (ESIf). The Re;, is smaller than 1.5,
confirming the laminar flow. The open points in Fig. 6A are the
PFOA foams without adding NaCl, corresponding to low foamabil-
ity. Nonetheless, the foamability is not linearly increasing with
increasing the NaCl concentration. For example, the highest foam-
ability of PFOA is obtained when the NaCl concentration range is 5-
50 mM as pointed out in Fig. 6A. Ndiritu et al.”” studied the effect of
NaCl on the foamability of cricket proteins, and they found that
there is a certain NaCl concentration at which the highest foam-
ability is obtained. They discussed that the increased foamability is
due to the enhanced protein solubility, and the further decrease in
the foaming capacity is due to the charge-screening and enhanced
hydrophobic interaction and intermolecular cohesion between
protein molecules.””® Similar explanation may be considered for
the foaming of PFOA aqueous solutions.

The peak of # as a function of Ca is also observed for PFOA

10
foams containing various concentrations of NaCl (Fig. 6B).

The fitting equations for different Qs are shown in Table S3
(ESIT). We call the NaCl concentration range where the highest
foamability over the Rey, is obtained (as indicated in this figure) as
the optimum range. The linear relationship is used to fit with the
H . ) . .

H—f as a function of Wey,, and the fitted equations are shown in

10
Table S3 (ESIt). When the NaCl concentration is in between 5-50

H,
mM, smaller Wep,s and higher H—f ratios are obtained.
10

A single equation can be used to describe the relationship
between the and Fry, for all PFOA samples as seen in Fig. 6D
(see Table S3, ESIt). At a certain point, the effect of inertial
force with respect of gravitational force on PFOA foamability

is no longer significant as H—f is reaching a plateau. While the
10

highest Bq (largest #5) corresponds to the optimized NacCl

. H .
concentration range, the H—f does not show a considerable
10
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Fig. 6 Evolution of foam expansion rate for 0.4 mM PFOA aqueous solutions containing different concentrations of NaCl as a function of (A) Reynolds
number, (B) Capillary number, (C) Weber number, (D) Froude number, (E) Boussinesq number, (F) processing number, (G) interface number, and (H) Gibbs
stability. The unfilled markers are for the PFOA foams without NaCl.
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dependence on the Bq (Fig. 6E). Addition of NaCl increases
the {, (Fig. 6F and Table S3, ESIf) due to the enhanced f..

H,
However, the dependency of H—f on the {, becomes less
10

C e . Hy .
significant for higher Q,;. In the case of @, the H—f increases
10

with @ in the 6-14 range, which is unexpected since higher @
means higher surface tension or lower interfacial modulus. The
crossed points in Fig. 6G have the NaCl concentration of 10 mM,
above which the foamability decreases (solid points refer to the
other NaCl concentrations, both lower and higher than 10 mM).
Fig. 6H depicts the H—f against G. The G is still negative for

PFOA foams with and 1gvithout NaCl. Therefore, the Gibbs
criterion is not fulfilled within the studied regime for PFOA.
Additionally, adding NaCl reduces the G, but the foamability
increases. Also, the foamability is independent of the G within
the optimum NaCl concentrations as highlighted in Fig. 6H. In
the case of non-optimum NaCl concentrations, as the E is

getting closer to %, the foaming capacity is somewhat hindered.

The results suggest the significance of colloidal forces between
bubbles, which is not considered in Gibbs criterion.

3.2.3. KPFBS aqueous solutions. The foaming capacity of
KPFBS is weaker compared to that of KPFOS and PFOA at the
same molarity. Even for Q;; of 0.4 L min ™", only top part of the
foams can be recorded by camera. Therefore, the KPFBS foams
obtained by the Q. of 0.6, 0.8 and 1.0 L min™ " are studied. The
KPFBS foams in steady state are presented. CaCl, salt was added
to the KPFBS foams because the sulfonic acid group is observed
to form complex structure in the presence of divalent salts
according to our study (to be published separately). Only two
concentrations of CaCl, were tested to qualitatively compare the
effect of high and low CaCl, concentration. Fig. 7A-F show the

Hy . . .
dependency of 7. ©on various dimensionless numbers for
10

- . Hy
KPFBS. We observe similar correlations between e and Rey,
10

Ca, Wey, Fry,, and {, for KPFBS similar to that of KPFOS and

H,
PFOA. As an example in Fig. 7A, the H—f decreases when the
10

effect of inertial force becomes more significant. Since the data
points are to some extent superimposed, one equation can be
used to describe the relationship as seen in Table S4 (ESI}).
Additionally, the introduction of CaCl, does not remarkably
enhance the foamability of KPFBS. However, higher concentra-
tions of CaCl,, such as 100 mM, tend to weaken the foaming
capacity of KPFBS and increase the Rey, as highlighted in Fig. 7A.

In Fig. 7B, 0.2 and 0.4 L min~" were also included to

. . . H, .
determine the relationship between the H—f and Ca since
10

bubble size is not required (it should be noted that if the foam
height does not reach the camera’s field of view, the bubble
size data is not available). The fitted equations are shown in
Table S4 (ESIT). Due to the limited concentrations of either

. H,
KPFBS or CaCl,, the R* is reduced. However, the peaks of H—f
10

are still appearing. Moreover, the addition of CaCl, increases
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the Ca for KPFBS foams, revealing that the viscous force effect

becomes more important. In Fig. 7C, the Freundlich model was
. . H

used to describe the correlation between the -~ and Wey,
10

for which the equations are shown in Table S4 (ESIt). The linear
1

H,
relationships between the H—f and Fry, for 0.6, 0.8, and 1.0 L min~
10

are shown in Table S4 (ESIt) and Fig. 7D. The foaming capacity
decreases with increasing the We;, and Fry,. Furthermore, higher
concentration of CaCl, tend to enhance the We,, and reduce the
Frp, and at the same time, the foamability is hindered.

From our previous work,>* dilatational interfacial rheology of
0.4 mM of KPFBS could not be measured due to its high solubility
and weaker amphiphilicity, thus, the E is not considered. Hence,
the Bq and @ are not discussed for KPFBS foams. No significant
influence of adding CaCl, on {, is observed according to Fig. 7E,

H,
although the H—f increases with increasing the {,, (Table 54, ESIf).
10

The more scattered points in Fig. 7E compared to KPFOS results
can be due to the worst foamability of short-chain KPFBS. In other
words, the KPFBS foams always have a relatively poorer quality in
terms of bubble imaging due to the fastest bubble film rupture.
However, the effect of processing on KPFBS foams is still sig-

Hy

nificant. In addition, similar to KPFOS and PFOA systems, the i
10

is reduced as KPFBS samples reach the Gibbs stability criterion.
Also, adding CaCl, does not dramatically enhance or decrease the G
as shown in Fig. 7E. Nonetheless, if only considering the KPFBS
foams with CaCl,, higher CaCl, concentrations (100 mM) qualita-
tively make the systems approach the Gibbs stability criterion.
3.2.4. Prediction of foaming expansion rate. The concen-
tration of PFAS solutions is far below than their critical micelle
concentration (CMC);** therefore, p and 5 are taken as the
values of pure water, remaining constants. In addition, D, H,

D D .
and Dy are also taken as the constants, thus, H—C and H—f remain
10 10

constant. Generally, the dimensionless numbers of Rey, Fry, {,

R . .
and i represent the processing parameters, while Ca, Wey,
10

Bq, and O indicate the effect of interfacial properties. Conse-
quently, the eqn (9) can be simplified as follow:

Hy

R
— = Rey, Ca, Wey, Fry,, Bq, © — 12
o fs( ev, Ca, Wey, Fry, Bq, anaHl()) (12)

The eqn (12) can be written, for example, as the monomial
form shown below:

H 252G , ,
_12 — Cy - Ref - e(P1CH92C) Lwee . Frd . Bg¢
( ) R h
Lelr1e?+r20) ps [ 13
e & <Hm) (13)

where Cy, a, b1, b2, ¢, d, e, f1, f2, g, and & are constants. The data
were fitted to obtain the constants. More details about acquir-
ing the coefficients can be found in the ESL{ Data in Table S5
(ESIT) were used to fit the eqn (13) and identify the proper
coefficients for KPFOS solutions. The fitted values for eqn (13)
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Fig. 7 Evolution of foam expansion rate for KPFBS aqueous solutions containing CaCl, as a function of (A) Reynolds number, (B) Capillary number,
(C) Weber number, (D) Froude number, (E) processing number, and (F) Gibbs stability. The filled markers are the KPFBS foams containing CaCl,, and the
unfilled ones are for the foams without CaCl,.

with a R* of 0.86605, suggesting that the experimental values
are reasonably fitted with the model.

The foamability of KPFOS is affected by all dimensionless
numbers, but one should notice that the relatively larger power

are in good agreement with the experimental values as shown
in Fig. S6 (ESIYt), resulting in:

ﬂ —1587.63 - Reb’”z . e(79.00x107-Cal+2oox10“40(1) ~Web*0'44

R
coefficients of Re, and I in eqn (14) suggest the relatively
10 10

more significant influence of Re, and R on the foamability of
KPFOS in the studied concentration range. The Q,;; and R have
the major effects on the expansion rate of KPFOS foams, and
both Q,;; and R influence the Rey,. Additionally, the We}, and Fr;,

. R\ 285
- Fry %2 . Bq"72 . o(0.097.0~1.07-0) | §p0,45 . (_)
Hio

(14)
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Table 3 Correlation between the PFAS foaming behavior and dimensionless numbers

KPFOS aqueous foams

PFOA aqueous foams KPFBS aqueous foams

Dimensionless number Foaming expansion rate Significance Foaming expansion rate Significance Foaming expansion rate
Rey v 5 X - X

Ca v 6 v 5 v

Wey, v 3 X — X

Frp, v 2 v 1 v

Bq v 1 v 2 X

(] v 4 v 4 X

& v 7 v 3 v

R v — v — X

Hy

also contain Q,;; and R, and higher coefficients for Re;, and Fry,
suggest that the inertial force effect is significant for KPFOS
foamability. Moreover, comparing Wey, to Bq, higher coefficient
for Bq suggests that the interfacial viscosity affects the KPFOS
foamability much more than expected. The tick marks in
Table 3 indicate whether a dimensionless number significantly
contributes to the foaming behavior. Given the range of
dimensionless numbers according to Fig. 5, we can further
estimate the influence of each number on the KPFOS foam-
ability. For example, the Rey, ranges from 0.2 to 2.2, giving the
Re, '7? range between 0.26 and 15.93. If the range is close to 1,
the effect will be negligible. Also, the numbers in Table 3 rank
the effect of each dimensionless number.

For PFOA, as shown in Fig. S7 (ESI), the R” of the fit (R* =
0.96797) to eqn (13) based on Table S6 (ESIt) implies good
agreement between the model values and experimental values

H,
of —_ with following equation:
H

Hy _ 8.Ca2 4
— 3.06 . e(—1:00x105-Ca’+1.00x10%Ca) 24l . B3

0 0.42
R\
@026 . £ 016 ( ) 15

P Hy (15)

The coefficients of Re, and Wey, are small and can be estimated
as zero without affecting the R*. The greater coefficients of Fry,

R
and I in eqn (15) reveal that the foamability of PFOA in the
10

presence of NaCl highly depends on the Q,;; and R. Table 3
shows that the addition of NaCl improves the foamability of
PFOA through affecting the interfacial properties, represented
by Bq. Fig. S8 (ESIf) shows the prediction of foaming
capacity for KPFBS solutions with a R* of 0.73937. One of the
possible reasons for the lower R> of fitting for KPFBS foaming
behavior could be the absence of ® and Bq experimental values
for dimensional analysis. It might also be due to the weak
adsorption activity of KPFBS.>* The monomial equation is
shown below:

He _ 12.30 x o(~400x107xCa?) Fr®5! x Cp0.37 (16)
10

The case of KPFBS is simple, and the foamability only depends
on three dimensionless numbers of Ca, Fr, and (.
The dependency of expansion rate of KPFBS foaming on R

Soft Matter

R
(e, H—) in this study is not significant. Table S7 (ESIt) sum-
10

marizes the universal equations for the studied PFAS foams.

4. Conclusions

In this present study, the foaming behavior of three PFAS,
which are KPFOS, PFOA and KPFBS, is studied by aerating their
aqueous solutions with varied processing parameters of air flow
rate and foaming time. Generally, the foaming capacity follows
the order of KPFOS > PFOA > KPFBS. The foaming capacity of
KPFOS, PFOA and KPFBS is further investigated by using
dimensional analysis approach to correlate the expansion rate
of foaming with several different dimensionless numbers.
PFAS bulk concentration affects their foaming behavior.
Taking the example of KPFOS, there is a concentration (around
0.4 mM) at which the highest foam height is obtained.
However, the bubble size continuously decreases with increas-
ing the bulk concentration. Both processing and interfacial
parameters influence KPFOS foamability with the Boussinesq
number affecting the expansion rate of foaming the most in the
studied regime. The addition of salt, NaCl, and its concen-
tration affects PFOA foaming behavior. The NaCl concentration
range of 5-50 mM improves PFOA foaming capacity by influen-
cing the Boussinesq number. Interestingly, the maximum value
of foam height with changing the Capillary number and inter-
face number appear around this NaCl concentration range. The
situation of KPFBS is much simpler. According to our previous
study, 0.4 mM KPFBS has negligible dilatational interfacial
modulus. Therefore, Boussinesq and interface numbers could
not be considered for KPFBS. The foaming expansion rate for
KPFBS is governed by the Froude number. Our study suggests
that lower CaCl, concentration is helpful to obtain the relatively
higher foaming expansion rate for short-chain PFAS, coinciding
with lower Reynolds and Weber numbers, as well as Gibbs
stability. Nevertheless, the lower accuracy of the fit for KPFBS
foaming expansion rate suggests the significant role of PFAS
interfacial properties when predicting their foaming properties.
Compared to the processing parameters, our study demon-
strates the significant impact of interfacial properties, repre-
senting by Capillary, Weber, Boussinesq and interface numbers
on foaming behavior, which could be also the case of other
surfactants. A maximum PFAS foaming capacity with changing

This journal is © The Royal Society of Chemistry 2024
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the Capillary number is observed, coinciding with the appear-
ance of highest dilatational interfacial modulus. In this work,
the interfacial rheology parameters are for the first time con-
sidered for performing the dimensional analysis on foaming of
surfactant solutions, providing an insight into the scale-up of
foam fractionation for removal of emerging contaminants.
Moreover, the Gibbs criterion is not fulfilled, implying the
PFAS foams are relatively unstable, which may be beneficial
in real application since the collected foam after fractionation
should be destabilized for chemical degradation of PFAS.

Finally, the models for different PFAS do not superimpose,
likely due to the lack of data accounting for bubble interactions
and foam thin film behavior. Therefore, further studies
are needed to incorporate these effects and move towards a
universal model.
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