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Summary






The movement of a bubble in a solution of a surface-active substance, its collisions with
the liquid/gas surface, and the accompanying adsorption process are elementary
phenomena underlying the creation of dispersed systems that are very important from a
practical point of view, i.e. foams. Bubble movement analyzed in article D1, stability of
thin liquid film (TLF) discussed in article D3 and article D4, as well as real foams
discussed in article D5, depend on many physicochemical factors, including the presence
and architecture of the dynamic adsorption layer (DAL) induced by a bubble movement.
Analyzes of the local velocity profile (L\VVP) of an air bubble rising in a surfactant solution
indicate two critical areas informing about the hydrodynamic boundary conditions at the
liquid/gas interface: (i) the first, when the maximum velocity is reached, with more
symmetrical adsorption layer and (ii) the second one, when the velocity reaches a limiting
value and the distribution of surfactants becomes significantly asymmetric. In the second
case, uneven distribution of adsorption coverage leads to the formation of a surface
tension gradient, causing the so-called Marangoni effect, which is a surface flow in the
direction opposite to the drag force of the continuous phase. This immobilizes the
interface, inhibits the internal gas circulation inside the bubble, and increases the drag of
the liquid medium, which manifests itself in a gradual reduction and then establishment
of a constant (terminal) velocity of the rising air bubble, which is much lower than its
velocity in a pure liquid. In recent years, many theoretical models have appeared, trying
to explain and predict the kinetics of DAL formation in aqueous solutions of surfactants
with different surface activities in a mathematical way. However, the basic limitation of
the applicability of the existing models is the fact that they only describe stationary
conditions, i.e. they allow for calculations of the bubble velocity for a fully formed DAL
when the bubble velocity is constant (steady-state conditions). Currently, there is no
general theory describing the kinetics of DAL formation in solutions of surfactants with
different surface activity for a wide range of Reynolds numbers (Re). The bubble velocity
depends primarily on the properties of the interphase boundary (which is modified by the
adsorption of surfactants). In pure liquids, however, the basic parameter influencing the
bubble velocity is the physicochemical properties of the continuous phase. In many
industrial processes in which bubbles are a crucial element of the system (i.e. froth
flotation, bioprocessing, food beverage manufacturing, oil recovery, foam generation and
fractionation, treatment of wastewater, as well as in natural in oceans where aerosols are
produced by rising bubbles, influencing the global climate), these properties are modified
by changing the temperature of the liquid, which primarily affects its viscosity, density,
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and surface tension. Due to the controversy existing in the literature on the influence of
temperature on the velocity of air bubbles in water, it was decided to conduct systematic
research, which allowed for the formulation of many valuable conclusions (article D1).
To verify the largely contradictory observations existing in the literature, LVP analyses
were carried out using two independent techniques in thermostated conditions. An
experimental approach was supported by the CFD (Computational Fluid Dynamics)
numerical calculations. The first experimental approach was a well-known (classic)
method based on recording (using a high-speed camera) and analyzing a sequence of
photos of a rising bubble. The second, alternative method, described for the first time in
the literature in this application, was the method of determining LVP using ultrasounds.
Research supported by the CFD calculations showed that changes in liquid temperature
in the range of 5 — 45° C do not change the hydrodynamic boundary conditions of a rising
bubble in clean water, and its surface is completely mobile. Based on experimental
relations and CFD calculations of the bubble shape for the tested temperature range, it
was shown that the equilibrium diameter of the bubble changes as a function of
temperature to a negligible extent. However, significant changes in bubble deformation
were demonstrated, which could be predicted with very good accuracy based on existing
semi-empirical models. Based on the dependences of the Webber and Reynolds numbers
as a function of deformation and Moore's equations, the drag coefficient was determined,
showing (according to the predictions assuming the total mobility of the liquid/gas
interface for water) that the temperature, and more precisely associated changes in
physicochemical parameters (density, viscosity, surface tension), practically do not
change the value of this coefficient. Determined dependence of the Weber and Reynolds
numbers as a function of temperature allowed for the derivation of empirical equations
relating to the basic parameters describing the movement of an air bubble in water, which
may have practical applications because these dependencies are satisfied in a wide range
of Reynolds numbers. In the case of experiments with n-pentanol solutions, it was shown
that the temperature causes the terminal velocity to be established more quickly. This
rising velocity is lower for the higher temperature, which means that the increase in
temperature causes (i) an increase in the adsorption coverage of the bubble surface (the
coverage increases faster over time) and (ii) the DAL on the surface of the rising bubble
is established faster and the liquid/gas surface becomes immobilized earlier. Both of these
observations are consistent with the laws of diffusion. For the tested systems, it was also

shown that the minimum bulk concentration of surfactant causing complete
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immobilization of the bubble surface (described based on the CMV parameter -
Concentration at Minimum Velocity) is constant and does not depend on temperature.

An important phenomenon influencing the physicochemical properties of the gas/liquid
interface and the stability of TLF (as described in article D3 and article D4), and finally
the stability of real foams (as shown in article D5), apart from the DAL formation (article
D1), is the adsorption process itself. Because article D5 describes the tests performed on
real foams stabilized with new amino acid surfactants, an important issue was the
description of the adsorption properties of these surfactants, which would allow for the
determination of basic parameters related to their conformation and configuration in the
adsorption layer. The research described in article D2 shows an experimental and
theoretical description of the adsorption properties of newly synthesized, "green™ and
biodegradable surfactants (AAS - Amino-Acid Surfactant), containing a hydrophilic part
based on an amino acid molecule modified with an aliphatic C1> carbon chain. The study
of the surface properties of AASs was based on measurements of equilibrium surface
tensions using two independent measurement techniques, i.e. the Wilhelmy method and
the bubble shape analysis method. The theoretical description of the adsorption properties
was carried out based on the HFL (Helfand-Frisch-Lebowitz) isotherm, using additionally
the results of parallel calculations by means of molecular dynamics and DFT (Density
Functional Theory) methods. In addition to the description of the adsorption parameters
of the tested amino acid surfactants, it was shown that the AASs have the ability to form
hydrogen bonds (HB), which are of key importance in the case of characteristic ability of

the AASs to reduce the surface tension and stabilize real foams (article D5).

The research described in article D1 confirmed the significant impact of dynamic
conditions and the presence and concentration of surface-active substances on the
hydrodynamic boundary conditions on a moving liquid/gas surface. According to the
literature on the subject, surface properties are a parameter that determines the stability
of thin films (TLF), therefore, in the next stage, the influence of the presence of DAL on
the drainage rate of single foam films formed in dynamic conditions was examined. The
TLF stability tests for the considered hydrodynamic conditions were carried out in an
automatic measurement system adapted to record the lifetime of a single bubble on the
free surface of solutions. The experimental work was supplemented with theoretical
calculations using the RDI (Radoev-Dimitrov-lvanov) model describing the drainage

kinetics of the foam film, which took into account the different architecture of the



adsorption coverage at the liquid/gas interfaces. Calculations and experiments showed
that the stability of the foam film varies, depending on whether the film is formed by a
bubble colliding with the free surface of the surfactant solution at maximum or terminal
velocity. For the first time, it was decided to look at the observed phenomenon
quantitatively by determining directly the time evolution of the TLF thickness (article
D4). Research using the interferometric method (Dynamic Fluid-Film Interferometry -
DFI) showed a significant differences in the kinetics of films drainage depending on the

DAL architecture, proving therefore strong impact of the DAL on the TLF stability.

In the last part of this dissertation (article D5), using the results of the experiments
described in article D1-D4, the foaming properties of systems stabilized by the
previously described AASs (article D2) were examined in mixtures with n-octanol -
CgOH (a model non-ionic surfactant that was used in the studies described in articles D3
and D4). The aim of these studies was to search for potential synergistic effects. The
adsorption properties of the mixtures were checked by measuring the surface tension
using the bubble shape analysis method. The foamability and foam stability of pure AASs
solutions and their mixtures with n-octanol were tested using the DFA method (Dynamic
Foam Analysis). Aggregation analysis was performed using the dynamic light scattering
(DLS) method. The experimental results were supported by molecular dynamics (MD)
calculations. It was shown that in the case of all tested AASs solutions, the addition of
the CsOH caused a synergistic effect, which, although small in the case of changes in
equilibrium surface tension, was spectacular in the case of the solutions foamability. A
thorough analysis of the tested systems showed that aggregates ,which did not form in
pure solutions of both the AAS and CsOH, were formed in mixed solutions. Time stability
of aggregates depended on the AASs concentration . It has been proven that the
synergistic effect observed in the foam formation process is a consequence of the
development of micelles (aggregates). Under equilibrium conditions, they act as a buffer,
stabilizing the surface tension and allowing its minor changes, only, while under dynamic
conditions, when the interface area is rapidly developed, these aggregates may
disintegrate supplementing the solution with molecules that stabilize the emerging foam

films.



Streszczenie






Ruch pecherzyka w roztworze substancji powierzchniowo-aktywnej, jego zderzenia
z powierzchnig ciecz/gaz oraz towarzyszacy temu proces adsorpcji, jest elementarnym
zjawiskiem lezagcym u podstaw tworzenia bardzo waznych z punktu widzenia
praktycznego uktadow zdyspergowanych, tj. pian. Ruch pe¢cherzyka analizowany
z artykule D1 oraz stabilno$¢ cienkich filméw pianowych (ang. TLF — Thin Liquid Film)
omawianych w artykule D3 i D4, jak rowniez pian rzeczywistych (w artykule DS),
zalezy od wielu czynnikow fizykochemicznych, w tym od obecnosci i architektury
indukowanej ruchem pecherzyka dynamicznej warstwy adsorpcyjnej (ang. DAL —
Dynamic Adsorption Layer). Analizy profili prg¢dkosci (ang. LVP — Local Velocity
Profile) pecherzyka powietrza unoszacego si¢ w roztworze surfaktantow wskazuja dwa
krytyczne obszary, informujace o hydrodynamicznych warunkach brzegowych na
granicy faz ciecz/gaz: (i) pierwszy, kiedy to ustala si¢ maksymalna predko$¢, a warstwa
adsorpcyjna jest bardziej symetryczna oraz (ii) drugi, kiedy to predkos¢ przyjmuje
warto$¢ graniczng, a rozktad surfaktantow staje si¢ wyraznie niesymetryczny. Ten ostatni,
nierownomierny rozktad pokrycia adsorpcyjnego, prowadzi do powstania gradientu
napigcia powierzchniowego, powodujacego tzw. zjawisko Marangoniego, bedace
przeptywem powierzchniowym w kierunku przeciwnym do dzialania sity oporu fazy
ciaglej. Powoduje to unieruchomienie powierzchni miedzyfazowej, zahamowanie
wewnetrznej cyrkulacji gazu w pecherzyku oraz wzrost oporu os$rodka ciektego, co
objawia si¢ stopniowym zmniejszaniem, a nast¢pnie ustaleniem statej predkosci
unoszacego si¢ pecherzyka powietrza, ktora jest znacznie mniejsza niz jego predkosé
w czystej cieczy. W ostatnich latach pojawilo si¢ wiele teoretycznych modeli probujacych
wyjasni¢ i przewidzie¢ kinetyke tworzenia si¢ DAL w roztworach wodnych surfaktantow
o roéznej aktywnosci powierzchniowe] w sposob matematyczny. Podstawowym
ograniczeniem stosowalno$ci istniejacych modeli jest fakt, iz opisuja one tylko warunki
stacjonarne, tj. pozwalajg na obliczenie predkosci pecherzyka dla w petni utworzone;j
DAL, kiedy to predkos¢ pecherzyka przyjmuje warto$¢ stalg. Aktualnie nie istnieje
og6lna teoria opisujaca kinetyke tworzenia si¢ DAL w roztworach zwigzkoéw
powierzchniowo czynnych o réznej aktywno$ci powierzchniowej oraz dla szerokiego
zakresu liczb Reynoldsa. Predkos¢ pecherzyka zalezy przede wszystkim od wlasciwosci
granicy mig¢dzyfazowej (ktéra modyfikowana jest poprzez adsorpcje substancji
powierzchniowo czynnych). W czystych cieczach jednakze podstawowym parametrem
wplywajacym na predkos¢ sa wiasciwosci fizykochemiczne fazy ciaglej. W wielu

procesach przemystowych, w ktorych pecherzyki stanowia kluczowy element uktadu (tj.
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flotacja, bioprzetwarzanie i produkcja napojow spozywczych, odzysk ropy naftowej,
frakcjonowanie piany, oczyszczanie $ciekéw, a takze w naturalnych oceanach, gdzie
aerozole powstaja w wyniku wznoszacych si¢ pecherzykow, wplywajac na globalny
klimat), wiasciwosci te modyfikowane sg poprzez zmian¢ temperatury cieczy, ktora
wptywa przede wszystkim na jej lepkos$¢, gesto$¢ oraz napigcie powierzchniowe. Z uwagi
na istniejace w literaturze przedmiotu kontrowersje dotyczace wptywu temperatury na
predkosci pecherzykow powietrza w wodzie, zdecydowano si¢ na przeprowadzenie
systematycznych badan, ktore pozwolity na sformutowanie wielu cennych wnioskow
(artykul D1). W celu weryfikacji istniejacych w literaturze, w duzej mierze
wykluczajacych si¢ obserwacji, przeprowadzono analizy LVP z wykorzystaniem dwoch
niezaleznych technik w warunkach termostatowanych, wspartych obliczeniami
numerycznymi CFD (ang. Computational Fluid Dynamics). Pierwsza z nich byta dobrze
znana (klasyczna) metoda, oparta na analizie zarejestrowanych przy pomocy szybkiej
kamery sekwencji zdje¢ unoszacego si¢ pecherzyka. Druga, alternatywna, pierwszy raz
opisang w literaturze w tym zastosowaniu, byla metoda wyznaczana LVP
z zastosowaniem ultradzwigkow. Badania wsparte obliczeniami CFD wykazaty, iz
zmiany temperatury cieczy w zakresie 5—45°C nie powoduja zmiany
hydrodynamicznych warunkow brzegowych unoszacego si¢ pecherzyka w czystej
wodzie, a jego powierzchnia jest catkowicie ruchliwa. W oparciu o zalezno$ci
eksperymentalne oraz obliczenia CFD ksztattu pecherzyka dla badanego zakresu
temperatur wykazano, ze Srednica rownowagowa pecherzyka w funkcji temperatury
zmienia si¢ w stopniu zaniedbywalnym. Wykazano natomiast powazne zmiany
w deformacji pecherzyka, ktore z bardzo dobra doktadnoscig mozna byto przewidzie¢ na
podstawie istniejagcych modeli pétempirycznych. W oparciu o zaleznosci liczb Webber’a
oraz Reynolds’a w funkcji deformacji oraz rownah Moore’a wyznaczono wspotczynnik
oporu, wykazujac (zgodnie z przewidywanymi wynikajacymi z catkowitej ruchliwos$ci
granicy faz ciecz/gaz dla wody), ze zmiany temperatury, a $cislej wynikajace z nich
modyfikacje parametréw fizykochemicznych cieczy (gestos¢, lepkos¢, napigcie
powierzchniowe), nie zmieniaja praktycznie wartosci tego wspotczynnika. Okreslenie
zalezno$ci liczb Weber’a 1 Reynolds’a w funkcji temperatury pozwolito na
wyprowadzenie empirycznych roOwnan wigzacych ze sobg podstawowe parametry
opisujace ruch pecherzyka powietrza w wodzie, co moze mie¢ praktyczne zastosowanie,
poniewaz zalezno$ci te sg spelnione w szerokim zakresie liczb Reynolds’a. W przypadku

eksperymentdw z roztworami n-pentanolu wykazano, ze temperatura powoduje szybsze
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ustalenie si¢ predkosci granicznej. Predkos$¢ ta jest tym mniejsza, im wyzsza jest
temperatura, co oznacza, ze wzrost temperatury powoduje (i) wzrost pokrycia
adsorpcyjnego powierzchni pecherzyka (pokrycie szybciej narasta w czasie) oraz, ze (ii)
DAL na powierzchni unoszacego si¢ pecherzyka jest szybciej ustalana 1 wczesniej
dochodzi do unieruchomienia powierzchni ciecz/gaz. Obie te obserwacje sa zgodne
z prawami dyfuzji. Dla testowanych uktadow wykazano rowniez, ze minimalne st¢zenie
objetosciowe surfaktantu, powodujace catkowite unieruchomienie powierzchni
pecherzyka (opisane w oparciu o parametr CMV - ang. Concentration at Minimum

Velocity) jest stale i nie zalezy od temperatury.

Waznym zjawiskiem wplywajacym na wilasciwosci fizykochemiczne granicy faz
gaz/ciecz i stabilno$¢ TLF, o ktorym mowa w artykule D3 i artykule D4, oraz finalnie
na stabilno$¢ rzeczywistych pian badang w artykule D5, poza efektami
hydrodynamicznymi generujacymi powstawanie DAL (artykule D1), jest sam proces
adsorpcji. Poniewaz w artykule D5 opisano badania jakim poddawano piany rzeczywiste
stabilizowane nowymi surfaktantami aminokwasowymi, waznym zagadnieniem byt opis
wlasciwosci adsorpcyjnych tychze surfaktantéw, ktory pozwolitby na okreslenie
podstawowych parametrow zwigzanych z ich konformacjg oraz konfiguracjag w warstwie
adsorpcyjnej. Badania opisane w artykule D2 dotycza eksperymentalnego
1 teoretycznego opisu wlasciwos$ci adsorpcyjnych nowo syntetyzowanych, ,,zielonych”
1 biodegradowalnych substancji powierzchniowo czynnych (AAS — Amino-Acid
Surfactant), zawierajacych hydrofilowa cze$S¢ oparta o czasteczke aminokwasu
modyfikowang alifatycznym fancuchem weglowym Ci2. Badanie wlasciwosci
powierzchniowych AASs opieralo si¢ na pomiarach réwnowagowych napigé
powierzchniowych z wykorzystaniem dwoch niezaleznych technik, tj. metody
Wilhelmy'ego 1 metody analizy ksztattu pecherzyka. Teoretyczny opis wihasciwosci
adsorpcyjnych przeprowadzono w oparciu o izoterm¢ HFL (ang. Helfand-Frisch-
Lebowitz), wykorzystujac do tego celu dodatkowo wyniki rownolegle przeprowadzonych
obliczen metodami dynamiki molekularnej oraz DFT. Oprécz opisu parametrow
adsorpcyjnych badanych surfaktantow aminokwasowych wykazano, ze AASs maja
zdolno$¢ tworzenia wigzanh wodorowych (HB) co ma kluczowe znaczenie
w przypadku ich charakterystycznego wplywu na zdolno$¢ obnizenia napigcia

powierzchniowego 1 stabilizacji pian rzeczywistych (artykule DS).
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Badania opisane w artykule D1 potwierdzity istotny wplyw warunkéw dynamicznych
oraz obecnos$ci 1 stezenia substancji powierzchniowo-aktywnych na hydrodynamiczne
warunki brzegowe na poruszajacej si¢ powierzchni ciecz/gaz. Zgodnie z literaturg
przedmiotu witasciwosci powierzchniowe sg parametrem decydujagcym o stabilnosci
cienkich filmow (TLF), dlatego w kolejnym etapie przebadano wplyw obecnosci DAL na
szybko$¢ wyciekania filméw pianowych utworzonych w warunkach dynamicznych.
Badania stabilnosci TLF dla rozpatrywanych warunkow hydrodynamicznych
przeprowadzono w automatycznym systemie pomiarowym przystosowanym do
optycznej rejestracji czasu zycia pojedynczego pecherzyka na swobodnej powierzchni
roztworéw (TLF). Prace eksperymentalne uzupelniono obliczeniami teoretycznymi
z wykorzystaniem modelu RDI (Radoev-Dimitrov-Ivanov) opisujacego kinetyke
wyciekania filmu pianowego, ktory bral pod uwage rdézng architekture pokrycia
adsorpcyjnego na granicach faz ciecz/gaz. Obliczenia oraz eksperymenty pozwolity
wykazaé, ze stabilnos¢ filmu pianowego jest rézna, w zaleznosci od tego, czy film ten
tworzy pecherzyk poruszajacy sie¢ w roztworze surfaktantu z maksymalng lub graniczng
predkoscia. Po raz pierwszy zaobserwowanemu zjawisku postanowiono przyjrzec si¢
w sposob ilosciowy, wyznaczajac kinetyki wyciekania TLF w sposob eksperymentalny
(artykul D4). Badania z wykorzystaniem metody interferometrycznej (ang. Dynamic
Fluid-Film Interferometry - DFI) wykazaty istotny wplyw DAL na dynamike wyciekania
filmow pianowych. Wykazane w sposob ilosciowy (na podstawie zmierzonych wartosci
zmieniajacej si¢ w czasie grubosci filmow) roznice w kinetyce wyciekania filmow
swiadczyly o istotnym wptywie DAL na modyfikacje hydrodynamicznych warunkow na

powierzchni pecherzyka.

W ostatniej czesci tej rozprawy (artykule DS), wykorzystujac wyniki eksperymentow
opisanych w artykule D1-D4, zbadano wlasciwosci pienigce uktadow stabilizowanych
opisanymi wcze$niej AASs (artykul D2) w mieszaninach z n-oktanolem (modelowym,
niejonowym surfaktantem, ktéry wykorzystywano w badaniach opisanych w artykule
D3 1 artykule D4), poszukujac potencjalnych efektoéw synergistycznych. Wiasnosci
adsorpcyjne mieszanin sprawdzano poprzez pomiar napi¢cia powierzchniowego metoda
analizy ksztaltu pecherzyka. Spienialno$¢ czystych roztworéw AASs oraz ich mieszanin
z oktanolem, jak rowniez stabilno$¢ piany testowano metoda DFA (ang. Dynamic Foam
Analysis). Analize agregacji przeprowadzono metoda dynamicznego rozpraszania

swiatta (DLS - Dynamic Light Scattering). Wyniki eksperymentow poparto symulacjami
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metoda dynamiki molekularnej (MDS). Wykazano, ze w przypadku wszystkich badanych
roztworow AASs, dodatek CsOH powodowat efekt synergistyczny, ktory cho¢ niewielki
w przypadku zmian réwnowagowego napigcia powierzchniowego, byl spektakularny
w przypadku spienialnosci roztwordw. Doktadna analiza badanych uktadéw pozwolita
wykazaé, ze w mieszanych roztworach dochodzi do powstawanie agregatow masowych,
ktore nie tworzg si¢ w czystych roztworach zaréwno AAS jak i CsOH, a ktérych
stabilno$¢ czasowa jest zalezna od stg¢zenia AASs. Udowodniono, ze przyczyna
obserwowanego w procesie powstawania pian efektu synergistycznego jest rozwdj miceli
(agregatow). W warunkach rownowagowych dziatajg one na zasadzie buforu, stabilizujac
napigcie powierzchniowe i pozwalajac tylko na niewielkie jego zmiany, natomiast
w warunkach dynamicznych, kiedy dochodzi do szybkiego rozwinigcia powierzchni
adsorpcyjnej, agregaty te moga ulega¢ rozpadowi, dostarczajac w ten sposob do roztworu

czasteczek stabilizujacych powstajace filmy pianowe.
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Symbols:

A5y — effective radii

A — area of surface

Ar — Archimedes number

a — spherical molecules of a diameter
b — adsorption constant

¢ — concentration

C, — drag coefficient

dp— bubble equivalent diameter

F,— buoyancy force

F,;— drag force

G — Gibbs free energy

Gy — geometric coefficients

G (4, p) — contact correlation function of molecules touching a A-cule

G (1, p) — contact radial distribution function, for pure systems of particles characterized
by a diameter a

G(1,p,p;) — contact radial distribution function between two typical molecules in a
system

g — gravitational constant

H(,) — geometric coefficients

H; — parameter describing molecular interactions between neighboring adsorbed
surfactants

k — Boltzmann constant

L — distance between capillary and free solution surface
p — pressure

R — gas constant

R, — bubble equivalent radius (deq/2)

Re — Reynolds number

S — entropy

T— temperature

u; — bubble terminal velocity
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u(r) — molecule-molecule potential function
u(r/2A) — molecule-solute interaction potential
V, — bubble volume

W —work

We — Weber number

y, — close-packing varies

Greek symbols:

I' — surface concentration

I',,— limiting surface concentration
A-cule

u — chemical potential

p — density

p; — liquid phase density

p — particle number density

pa— A-cule density

pG (4, p) —density of rigid sphere molecules of diameter a in contact with a single "solute™
sphere

o — surface tension
x — bubble deformation ratio
w — single parameter related to the area per molecule in the close-packed surface

layer

Abbreviations:

AAS — aminoacid surfactant
BoD — bubble-on-demand
C12-Ala — N-lauroyl-L-alanine
C12-Val — N-lauroyl-L-valine

Ci2-Leu — N-lauroyl-L-leucyne
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C12-Pro — N-lauroyl-L-proline

C12-Phe — N-lauroyl-L-phenylalanine

CMC — critical micelle concentration

CFD — computational fluid dynamics

CSC — critical synergistic concentrations

CCD - charge-coupled device camera

CTAB — N-hexadecyltrimethylammonium bromide
CsOH- n-octanol

DTAB — N-dodecyltrimethylammonium bromide
DFT- density functional theory

DAL — dynamic adsorption layer

DFI — dynamic film interferometry

DNS — direct numerical simulations

DFA — dynamic foam analysis

DLS — dynamic light scattering

HB — hydrogen bonding

HFL — Helfand—Frisch—Lebowitz adsorption model
L-Ala — L-alanine

L-Val — L-valine

L-Leu — L-leucine

L-Pro — L-proline,

L-Phe — L-phenylalanine

LVP- local velocity profile

MDS — molecular dynamics simulations
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NMR — nuclear magnetic resonance
RDI — Radoev-Dimitrov-lvanov model

RSC — rear stagnant cap

SDS —sodium dodecyl sulfate

STDE — surface quasi-two dimensional electrolyte

TLF — thin liquid film

Triton X-100 — 2-[4-(2,4,4-trimethylpentan-2-yl)phenoxy]ethanol
Tween 20 — polyoxyethylene (20) sorbitan monolaurate

Tween 60 — polyoxyethylene (60) sorbitan monolaurate

Tween 80 — polyoxyethylene (80) sorbitan monolaurate
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Theoretical background
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1. Introduction

As shown in Fig. 1 foam is a dispersed system consisting of a huge number of small air
bubbles separated by a thin liquid film (TLF) in a continuous liquid phase. Moreover,
TLF being a thin layer of the solution contains two adsorption layers (interfaces)
stabilized with surface-active compounds or mixtures of them. In the second case,
stabilizing synergistic or antagonistic effects can be considered. Foamability and foam
stability are two crucial factors that can be used to define each foam-dispersed system
created by TLFs. These two parameters mainly refer to how much

Bubble movement Adsorption layer Thin liquid film Real foam
o
= ,
<]
(&)
(4]
Drag coefficient Aminoacid surfactants Bubble lifetime Foamability
Temperature effect HFL model Kinetic drainage Synergistic mixtures

Figure 1. From the hydrodynamic description of the air bubble rising, across the adsorption layer
stabilized by aminoacid surfactants, described by the Helfand—Frisch—-Lebowitz model, and estimation of
stability of thin liquid films (DFI image) to stability of real foam stabilized by synergistic systems besis of
aminoacid surfactants.

foam a given system produces at a given airflow and how stable the obtained foam is over
time. However, these two factors are closely related to the characteristics of the foam and
the distribution of the size and shape of the bubbles creating TLF and finally the real
foam. A convenient tool representing TLF-creating foam is a system in which a rising air
bubble creates a TLF with a free surface of solution. The described situation is used as a
laboratory model to predict the stability of foam films creating real foams and, ultimately,
the foams themselves. Since the process of foam formation is a dynamic phenomenon, its
contributions should be considered in the same categories. This means that the foam film
can be formed under various conditions covering the surface of the bubble. Two cases of
asymmetry in the distribution of surface coverage are considered: the first one is when
the coverage is symmetrical, and the second one is when it is not symmetrical. The
existence of both cases effectively differentiates factors such as disjoining pressure or
Laplace pressure which have a strong influence on the stability of foam films created in
these conditions. Complementary to the presented description of dynamic adsorption
layer formation factors affecting TLF and its stability is the hydrodynamic description of
the rinsing bubble. However, apart from the symmetry of the adsorption covering, another
factor that has a huge impact on the stability of TLF as well as real foams is surfactants’
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adsorption at the interfaces. The theoretical description of the adsorption equilibrium
using an appropriate adsorption model leads to obtaining fitting parameters characteristic

for a given compound.
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2.  Bubble motion in liquids

Scientists have been fascinated by the phenomenon of a single bubble rising in water for
many years. The gas bubbles motion in a liquid has huge practical importance and often
determines the efficiency and overall profitability of industrial processes in chemical and
petrochemical (oil recovery?), mineral processing industries (foam flotation? %) industrial
processes (bioprocessing®, food beverage manufacturing®, foam fractionation, treatment
of wastewater) as well as in natural (e.g. in oceans where aerosols are produced by rising
bubbles, influencing the global climate®®). For all of the aforementioned processes, the
air bubble's drag coefficient while rising through the liquid medium is a parameter of

crucial importance for a rising bubble dynamics.

2.1. Drag coefficient

The forces of gravity and drag are experienced by every body moving through a viscous
material. In the case of a bubble, two scenarios are usually considered - movement in pure
liquids and in surfactant (mostly aqueous) solutions. Regardless of the physicochemical
parameters of the liquid, the theoretical description of the bubble movement and the
calculation of its velocity require knowledge of the drag coefficient. For many years,
scientists have tried to predict the C; value by developing many models® (such for
example Levich, Moore, and Clift models), both for pure liquids and surfactant solutions,

to calculate the terminal velocity (u;) of moving bubbles.

When the bubble rises with a terminal velocity u;, under steady-state conditions, the force

of buoyancy F,, is equal to the force of drag F; of a continuous medium:

Fd = 05ACdplu? Eq 2

where V,, is a bubble volume, Ap is a difference between gas and liquid phases (for gas
bubbles Ap = p;), g is the gravitational constant, A is a bubble projected area and p; is
the density of a liquid phase. A comparison of these equations, assuming a bubble
spherical shape, leads to the general equation for the u; of a bubble rising in pure liquids

and surfactant solutions:
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4d,A
Ur = b2Pg Eq 3
3Cap

Trivial mathematical transformations of Eq. 3, lead to the equation for the drag

coefficient:

8Rbg
C., =
47 3u2

Eq. 4

where R,, is a bubble radius. This is a general formula that can be applied to any system
when the bubble is moving at a terminal velocity. The bubble velocity can be calculated
directly only for so-called creeping flow conditions, i.e. for very low Reynolds numbers
(Re << 1), therefore for applications very limited from the practical point of view. For
most of the interesting cases, the drag coefficient can be approximated using

mathematical models, either purely theoretical or semi-empirical.

In general, according to the Moore theory the drag coefficient C; for mobile liquid/gas

interface (pure liquid) can be expressed as:

48 Hep
_ G | X)_ Eqg. 5
Ca Re @ [1 Re0-5 q

The coefficients G,y and Hy,, are geometric coefficients, depending on the deformation
of the bubble (y = d,/d,, where d; and d, are horizontal and vertical diameters,

respectively), which can be approximated with good accuracy by the polynomial

equations'® *:

Gep = 0.4466)2 + 0.4256) + 0.1287 Eq. 6
Hipy = 0.0195x* — 0.2134x3 + 1.7026)% — 2.1461y — 15732 Eq. 7

For the case of a bubble rising in pure liquids, where a liquid/gas interface is completely
mobile (fluid), the early model was described by Levich®2. It is satisfied for Re > 50 and
the bubble diameter d;, > 0.5 mm. Above this value, the ascending bubbles undergo
strong deformation during the motion, leading to the adoption of a spheroidal shape, for
which an increase in drag coefficients is observed. For those hydrodynamic conditions of

medium flow, the Moore model is better fulfilled which assumes energy dissipation in
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the near-surface layer. Another description of the drag coefficient of a rising bubble was
shown by Clift** in the form of a semi-empirical equation, which is fulfilled
for Re < 150. A similar semi-empirical analysis was given by Masliyah et al.'* for
bubble motion in pure water, which is satisfied when Re > 130. A different approach to
description of the drag coefficient was presented by Karamaneva'® ‘¢, who proposed an
expression for the velocity of the bubble related to its geometry. In addition, the drag
coefficient has been expressed more thoroughly - its value depended not on the Reynolds
number but on the Archimedes number (Ar). Another description was proposed by
Rodrigue et al.”- 18 by applying characteristic flow (FI) and velocity (Ve), whose values
were introduced by Hassan®®. Comparison of the models discussed above, with
experimental data obtained for a wide range of bubble diameters by Pawliszak et al.® and
Zawata & Niecikowska?! is shown in Fig. 1a. The presented dependences show that no
above-mentioned model allows for an accurate description of the bubble velocity within
the broad diameter ranges. Also, Moore's model, which is assumed to show good
agreement over a wide range of Re (100 < Re < 10000), does not allow for an accurate
description of the bubble velocity for d;, > 1.2 mm, which was previously noted by Clift
et al.X® and Duineveld et al.?2. Such differences may result from different degrees of water
purity, because bubble velocity is a very sensitive parameter to minimal impurities.
A new approach to use the Moore model to calculate the velocity of deformed bubbles
with a wide range of diameters: 0.6 — 2 mm, was shown by Manica®!, who applied
empirical equation derived by Legendre et al.° to capture the bubble deformation. This

model is shown in Fig. 2a as a pink line.
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Figure 2. a) Comparison of experimental values of bubble terminal velocity in pure liquids (points) with
results calculated from various theoretical models (lines) for various bubble diameters. b) Comparison of
experimental terminal bubble velocities in solutions of non-ionic and ionic surface-active substances
(points) and theoretical predictions of selected models (lines), as a function of bubble diameter.
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In the case of bubble motion in a surfactant solution, the problem with the value of C, is
similar — it can be predicted only for very small Reynolds numbers. The main theoretical
and experimental studies of ascending bubble motion in surfactant solutions are focused
on the bubble motion with a completely immobilized surface. In this case, the bubble
behaves as a solid sphere of similar density. Such bubble behavior is a consequence of
motion-induced immobilization of the liquid/gas interface, caused by so-called dynamic
adsorption layer (DAL) formation (more details on the DAL formation and structure are
presented in theoretical section 4.1). The DAL means uneven distribution of surfactant
molecules at a rising bubble surface, which causes surface tension gradients, and
Marangoni stresses leading to a significant increase of the hydrodynamic drag of a
continuous medium. It has been shown that in the case of laminar flow, the drag
coefficient of a bubble with a completely immobilized interface can be described by the
Stokes equation®3. For much larger Reynolds numbers (Re < 800), it is possible to apply
a model proposed by Schiller and Naumann®2. On the other hand, Clift’s analysis of the
data for bubble motion in pure liquids and surfactant solutions allowed to derive a semi-
empirical equation for the bubble terminal velocity®®. Ng et al.?® 24, according to the
equation describing Oseen's law, proposed the value of the drag coefficient for 0.2 <
Re < 20000. Comparison of terminal bubble velocity calculated according to selected
models with velocities determined experimentally are shown in Fig. 2b. Theoretical
relations for the Clift, Moor, and Manica model for the bubble velocity in pure water are
also shown, as well as the predictions of the Ng and Schiller-Naumann models, which
assume complete immaobilization of the liquid/gas surface.

As seen in Fig. 2b, the terminal velocity of a single bubble varies within the limits
predicted by models developed for a completely mobile and completely immobilized
liquid/gas interface. Intermediate velocities indicate only partial retardation of the fluidity
of a bubble surface and depend strictly on the surfactant concentration and coverage of
the dynamic adsorption layer. Existing models allow for determining the bubble terminal
velocity, only (i.e. under steady-state conditions, when the DAL is fully formed at the
bubble surface, there is a balance between F, and F,, and Cy is practically constant).
Unfortunately, there is no general theory describing the kinetics of DAL formation,
therefore, up to now, it is not possible to predict initial bubble velocity variations (before

terminal velocity establishment) for a wide range of Re (despite several latest attempts?).

28



2.2. Temperature effect

The influence of liquid temperature on bubble motion parameters has not been fully
systematized so far, although this effect has significance for engineering and industrial
applications. In the literature many different, sometimes even contradictory data are
shown, and the current knowledge on this effect is incomplete. As an example the data
on bubble terminal velocities as a function of temperature for pure water presented by
Leifer et al.?5, are shown in Fig. 3a. Experiments for different liquid temperatures ranging
from 0 to 40° C showed a decrease in the rising terminal velocity, the magnitude of which

was influenced by the bubble diameter.
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Figure 3. a) Noted rise terminal bubble velocity as a function of temperature for 1003, 2087, and 3447 um
mean radius bubbles. b) Bubble terminal velocity vs. temperature in different stagnant liquids.

Similar studies but with opposite conclusions were conducted by Issaoui and Ben
Mansour?’ for the motion of bubbles between 30 and 60° C. These experiments indicated
a slight increase in bubble velocity with increasing temperature. Zhang et al.?® showed
the profiles of bubble velocity in tap water and Triton X-100 surfactant solutions in the
temperature range of 6 — 40° C. The conducted research has shown that the maximum and
final velocity of the bubbles also increases with the increase in temperature (Fig. 4a-c).
Moreover, they proved that the terminal velocity of the bubble was reached faster when

the temperature was higher.
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Figure 4. a) The velocity profiles for an ascending bubble with d;, = 0.8 mum in tap water in various three
temperatures. b) The velocity profiles for an ascending bubble with d, = 0.8 mm in 12.5x 1075 M
aqueous solutions of Triton X-100 in various three temperatures. ¢) The velocity profiles of ascending
bubbles with d;, = 1.5 mm for solution in the variation of temperature and concentration of Dowfroth 250.

In contrast, practically no temperature influence on the terminal velocity in distilled water
for 0 - 100° C for a bubble of 3.3 - 6.1 mm has been shown by Liu et al.?® (Fig. 4b).

Okawa et al.>* studied the temperature effect on a single bubble rise in distilled water, but
this work was focused mostly on a comparison between the influence of the temperature
on bubble path oscillations and the method of bubble formation. Only two temperature
values, low (15° C) and high (90° C) were studied, and in the majority of cases, the
terminal velocities differed significantly from the theoretical predictions, assuming slip

boundary conditions at the liquid/gas interface.

The presented literature is controversial and shows contradictory results. This was the
main reason to study the influence of temperature on the drag coefficient of a single rising
bubble in pure water as well as in a surfactant solution, to verify the dependence of the
C, value on the liquid temperature. The results of these studies are discussed later in the
experimental part of this thesis (1 chapter of the experimental section, based on article
D1).
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3.  Gas/liquid interfaces

The rising of an air bubble in surfactant solutions, properties of the dynamic adsorption
layer, stability of thin liquid films as well as real foams are influenced by adsorption
processes. Therefore, this chapter takes into consideration the adsorption of surfactants at
the interface with particular attention to the description of the adsorption properties of a
new class of biodegradable, green, highly surface-active amino acid surfactants AASS.
Description of the adsorption properties of surfactants is carried out by the use of
mathematical models that allow obtaining adsorption parameters such as adsorption
constant b, surface concentration I', and area per one adsorbed molecule w, for which the

properties of the tested compounds can be compared.

3.1. Fundamental adsorption models

The thermodynamic Gibbs model assumes a mathematically divided surface with
arbitrarily chosen interfacial regions. The properties of this virtual space-dividing surface
are zero thickness and volume®. The main assumption of this model is to change its
parameters discretely; in both phases, the concentration of component i is constant.
Considering the surface equilibrium conditions in the bulk, surface tension (o) can be

expressed by the following equation:

9G
o= (_> Eq. 8
0A)

where G is Gibbs free energy and A is an area, thus, the Gibbs adsorption isotherm can

be formulated as:

1 do
= ~ BT dine Eqg. 9
where c is its bulk concentration, R is the gas constant and T is temperature. Nevertheless,
the afore-provided description covers only the basis behind the well-known Gibbs model,
thus, one should note that a wide variety of models aiming to describe interface adsorption
processes exist, and the Gibbs model is just one of them. Other more complex models
based on the Gibbs model are models such as a model for describing proteins®*-3 taking
into account the conformation of the protein, surface quasi-two dimensional electrolyte

(STDE) model proposed by Warszynski et al.>® %637 where the importance of the charge
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is considered. One of the important models is the Frumkin model, which is an extension
of the Langmuir model and assumes interactions of hydrocarbon chains.

The Frumkin adsorption model can be derived based on assumptions of the Langmuir
model, however, it additionally presumes additional interactions between molecules in

the adsorption layer®® *°. The isotherm’s formula can be expressed as*:

l'w

bc = —
¢ 1-Tw

e—ZHSFa) Eq 10

where Hg is the parameter describing molecular interactions between neighboring
adsorbed surfactants. It should be noted that for H; = 0, the term e ~2/5T¢ js equal to 1,
which means that the Frumkin isotherm is simplified to the Langmuir isotherm. Solving
Frumkin’s isotherm (Eqg. 10) numerically leads to obtaining a non-trivial dependence of
[y, as compared with the Langmuir approach. The advantage of this model is that it

describes the adsorption of many types of surfactants more accurately.

This model was used in the first attempt to describe the adsorption properties of amino
acid surfactants. Satisfactory fitting parameters were achieved for equilibrium surface
tension, but not for dynamic conditions. Bearing in mind these preliminary results for the
Frumkin model, another model was used, i.e. Helfand—Frisch—Lebowitz model, for which
satisfactory fitting parameters were obtained (see discussion in 2 chapter of the
experimental section, based on article D2). Therefore, the next chapter contains a

detailed description of the model used in the experimental part.

3.2. Helfand—Frisch—Lebowitz model

The HFL (Helfand—Frisch—Lebowitz) isotherm is based on the assumption that molecules
are two-dimensional, hard disk-like particles*'. The HFL approach relies on defining first
a radial distribution function G (4, p), such that pG (4, p) is the density of the rigid,

spherical molecules of a diameter a, which are in touch with a single “solute” sphere of
a diameter b, where: Aa = 1/2 (a + b) with p being the particle number density (N/A ).

The importance of A can be seen when considering a typical molecule-molecule potential
function - u(r), employing A allows to evaluation of the molecule-solute interaction
potential, which is given by u(r/4). As a result, even for more complex potentials, the

solute is effectively a scaled-down version of the regular molecules. Such a scaled particle
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has been termed an A-cule. The value of A can vary from 0 to infinity. When A = 0, the
A-cule is able to completely penetrate all molecules and become a free particle. On the
other hand, when it increases to 1 = 1/2, it is considered critical, because it is the first
point at which the A-cule may interact with more than one molecule at the same time.
When A = 1, it implies that b = a, making the A-cule particle the same as the other
molecules. Thus G (1, p) should be considered as a contact radial distribution function,
for pure systems of particles characterized by a diameter a. Finally, when the value 4

approaches to o , the A-cule may be seen as a planar rigid wall.

The pressure p, and chemical potential u, of a two-dimensional fluid of rigid spheres, are

given by:
P i inaeqp Eq. 11
ka 2 p lp q'
" 1
T InpA? + anazf AG(A, p)dA Eqg. 12
0

The work W, arising from expanding the A-cule, can be evaluated by computing the

correlation function of the contacting molecules, as in the equation:

W (1)

G, p) = 2npaAkT)~ !
(4 p) = (2mpa ) Py

Eq. 13

Fora<1/,:

G, p) = Eq. 14

(1 — mpa?1?)

Moreover, introducing the thermodynamic relation p = fop p’(au/ap')T dp', allows to

express the G parameter to be expressed in terms of p and u, as written below:

1 1 p 1
EH'DZG(L p) = pzf 2mAG(A, p)dA —f p’dp’f 2mAG (A, p')dA Eq. 15
0 0 0

Eqg. 15 can be simplified by introducing Eq. 14, and differentiating with respect to p:
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, 0G(1,p)
ap

+2pG (1, p)

Eq. 16

1 a6,
P ( p)d/1

——— |+4p | AG(A,p)dA+4p? | A
1-— (%) 1/2 1/2 dp

1
2

Finally, an infinite condition has been found by equating Eq. 11 to p/kT = pG (),

which holds in two dimensions as well:

1
G(o) =1+ EnpazG(l) Eq. 17

If the form of G in A is known, these conditions can be used to determine the equation of

state. The G function is related to a function Q by the equation:

A

QA p) = —pazf 2 G(AN, p)dA' — p?a?
0

Eq. 18

a6,

j 22 L8P 3 4 moa? 226 (A, p)
0 dp
and Q is formulated by:
9G(1,p,p,)
1 2

Q@.p) = —5mp*a® ——— =0 Eq. 19

dp,

where: G(1,p,p;) is the contact radial distribution function between two typical
molecules in a system, with a molecular density of p, and for A-cule density equal to p;.
When differentiating the functions G and Q with respect to A, certain derivatives may
exhibit discontinuities, which implies that these functions can be closely approximated

only by analytical solutions. The form which interpolatesa A = coand A = 1/2 reducing

behavior of Q is:

2 Eg. 20

Q0 = (o) (1)
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Eq. 18 shows that such a Q is consistent with a G of the form:

B(p) Eq. 21

G = ¢p(pA*) + Ap) +t—

The function ¢(pA?) vanishes, because when considering the limit pA? = const. leads to

the G function in form:

G = A(p) +¥ Eq. 22

The fundamental thermodynamic equation for work, i.e. dW = pdV + adS, when

describing the expanding of a A-cule, is expressed as:

dW = 2mpa?AdA + 2noadl Eqg. 23
where the o is independent of A, by EqQ. 13, is entered into the form (Eq. 22) for A.

Using the continuity of G to match (Eq. 21) to (Eq. 14) at A = 1/2 and the infinity
condition (Eq. 17), the parametric functions of p, A(p), and B(p) may be found. As a
substitute for the infinity requirement, the integral equation (Eg. 15) can be

employed. The equation of state obtained in this manner is:

p 1

kT = a= )2 Eq. 24
where y, = mpa? /4 for close packing varies from 0 to 0.907.
The complete function G (4, p) is determined by:
Gp) =11 —-y)?I7t +1/2{(Q —y) " = [(A —y2)?] ' ]2} Eq. 25

Following Eq. 13, 22, and 23, relates to the surface tension by the following formula:

1
pakT = > [(A-y) P =1 —y)?] Eqg. 26
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4.  Thin liquid films

Motion of a single bubble can be considered as an elementary act of a foam formation,
which is formed when the number of bubbles arriving at the solution surface exceeds the
number of rupturing ones. The stability of foams (similar to other dispersed systems),
strictly depends on the stability of the separating thin liquid (foam) films (TLFs).
Bubbles’ coalescence and timescale of foam collapse can be correlated to the kinetics of
drainage of TLFs, which rupture when so-called critical thickness (associated with
intermolecular interactions) is reached. In the literature, there are many different
approaches for the assessment of a single TLF stability. In this thesis, the approach
allowing consideration of dynamic conditions of the TLFs formation was used. The
stability of foam was assessed by measurements of single bubble stability at a solution
surface. In this type of experiment, it is possible to consider the influence of the “bubble
history” before the TLF formation, mainly a state of the dynamic adsorption layer on the
stability of the TLF formed under dynamic conditions. The effect related to the state of
DAL and the stability of the foam film formed under such conditions was investigated by
two independent approaches: (i) quantitative (single bubble lifetime technique — see
discussion in chapter 3 of the experimental section, based on article D3) and (ii)
qualitative (interferometric methods — chapter 4 of the experimental section, based on
article D4).

4.1. Dynamic adsorption layer

In contrast to a bubble at rest, a gas bubble rising in a solution of a surface-active
substance (SAS) has a distinct, specific distribution of adsorption layer*? (DAL - Dynamic
Adsorption Layer). The continuous medium's viscous drag, which pulls adsorbed
surfactant molecules toward the rear of the bubble, causes the DAL to form. As a result,
the top pole of the bubble has a depletion zone, and in the limiting scenario, can be entirely
devoid of surfactant molecules*?. According to Levich's analysis, a rising bubble surface's
leading pole continuously expands as its rear portion is compressed*’. Adsorbing
molecules fill the newly formed part of the bubble surface, while the adsorbed surface-
active molecules must desorb in the compressed rear part. As a result, the bubble surface
covering exhibits a concentration gradient that leads to the Marangoni effect which
immobilizes the surface, with the I'(@) increasing in the direction perpendicular to the

bubble motion. The amount of adsorbed surfactants increases from the leading pole
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(6 = 0) to the rear pole (8 = m) (see Fig. 5b). In a limiting scenario, the leading part of
the bubble is almost completely free of surfactant molecules and mobile, while the rear
part, where so-called “rear stagnant cap” (RSC) is formed, is covered by a compressed
adsorption layer and remain immobile. The cap angle y (Fig. Sb) can be used to identify
the RSC when there is a strong transition between these two portions. As a result, the
adsorption layer on the surface of a rising bubble differs from that of a bubble at rest.
Dynamic adsorption layer is the name given to such an adsorption layer that depicts
a concentration gradient along the surface. A quantitative dynamic theory should therefore
take into consideration the common solution of the diffusion equation, but it also has to
include how surface motion affects the adsorption-desorption processes. The impact of
the adsorption layer on the motion of the surface must also be incorporated into the

hydrodynamic equations. However, a quantitative DAL theory is necessary for this

purpose.
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Figure 5. a) Diagrammatic visualization of the gas circulations inside a bubble moving in liquid. b) The
SAS molecule's distribution in homogeneous at the surface of a rising bubble in surfactant solutions.

The fact that present theories have only addressed the structure of the DAL under steady-
state conditions (bubble terminal velocity) is a severe disadvantage. The formation of the
DAL is a dynamic process having its own kinetics, which depends on surface-activity and
concentration of surfactants. These kinetics of the DAL formation can be tracked by the
monitoring of the bubble motions and determination of the bubble LVP. For a proper
description of the stage of DAL formation (before steady-state conditions) for a
quantitative interpretation of experimental data, a determination of the non-steady DAL

theory is needed.
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4.2. Symmetry of coverage

Depending on the stage of the DAL formation, influencing the architecture of the
adsorption layer, bubbles, during mutual collisions, can form symmetrical or non-
symmetrical liquid films. The stability (lifetime) of a non-symmetrical foam film is
always different from that of a symmetrical one with initial equilibrium and non-
equilibrium surfactant coverage on both interfaces. This is because the magnitude of the
surface tension gradients induced, and thus the surface rheological properties of the foam
films, are determined not only by the average degree of adsorption coverage but also by
surfactant distribution during the foam film formation. Due to the flow of the solution out
of the thinning film in the case of the symmetrical film, surface concentration gradients
are induced, and both surfaces can be partially or completely immobilized. The upper
interface of the non-symmetrical film has the equilibrium surfactant surface
concentration, whereas the lower interface formed by the top part of the rising bubble is
assumed to be initially surfactant depleted. It means that, while the fluidity of upper

surface of the film can be retarded, the lower surface is completely mobile.

The main experimental studies on the stability of foam films formed in dynamic
conditions as pioneers were conducted by Jachmiska, Warszynski & Matysa*“°. The
direction of these studies was based on the determination of the stability of foam films
formed in conditions when a symmetrical and non-symmetric foam film is formed with a
non-equilibrium surface coverage**. The average lifetime of the bubbles was found to be
shorter when the free surface of the n-butanol solution was placed farther (L = 39.5 cm)
from the point of a bubble formation than when the surface was placed closer (L = 4 cm).
The same research team conducted similar experiments for n-octanol solutions. Fig. 6
shows how the concentration of a) n-butanol and b) n-octanol solution affects the average
duration of bubbles at the solution surface located “far" and “close”. Results shown as
squares are related to locations "close"”, while results for locations "far" are shown as
hollow squares. The bubble durations (lifetimes) are longer for location "close" (L =

4 cm) across the whole range of the examined for n-butanol and n-octanol concentrations.
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Figure 6 a) The average bubble lifetime for n-butanol solutions concentration for a distance of 4 cm (close
square) and 39.5 cm (open square) from capillary to the free solution surface (Reproduce from Jachimska
et al.**). b) The average bubble lifetime for n-octanol solutions concentration for a distance of 4 cm (close
square) and 39.5 cm (open square), (taken from Jachimska et al.*®).

Due to the fact that there are no direct methods to show if a dynamic adsorption layer
exists at a rising bubble surface, the experiments described above were used to prove it
indirectly. Jachmiska, Warszyski & Matysa tried to check whether DAL is formed and
affects the stability of a single foam film and the kinetics of its coalescence. In this sense,
the lifetime of a bubble at a solution surface was used as a sensitive probe of the film’s

interfacial properties.

In the experimental part (chapter 3 of the experimental section, based on article D3),
the extension of the method developed by Jachmiska, Warszyski & Matysa (with a bubble
trap allowing control over bubble adsorption coverage) was presented. In addition, for the
first time, variations in foam film drainage kinetics caused by the DAL existence were
determined quantitatively using a specially designed set-up employing the dynamic

interferometry method (chapter 4 of the experimental section, based on article D4).
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5. Foams

The ability of a foam to hold its shape and fend off collapse over time is referred to as
foam stability. For many industrial uses, including the processing of food and drink,
cosmetics, and oil and gas extraction, it is crucial to comprehend foam stability. The most
common foams employed in formulations are aqueous foams, which are gas dispersion
in aqueous solutions. However, due to their thermodynamic instability, these systems
defoam by evaporation, coarsening (also known as Ostwald ripening), liquid drainage,
and coalescence, among other defoaming mechanisms. Foam stabilization has
traditionally involved the use of polymers, surfactants, or combinations of these materials.
Therefore, these types of systems are constantly being developed, not only to achieve

high industrial parameters but also to be in harmony with the environment.

5.1. Foam stability

Foam is defined as a two-phase system in which gas is dispersed in a liquid. A liquid
film's face between two bubbles is a lamella, and junctions with three or more bubbles
are plateau boundaries. A vertex is created where four Plateau borders intersect.

a) v b) Larg

¢ and dry bubbles
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-
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Figure 7. a) The elementary structure of real foam dispersed system. b) The bubble shape distribution
under the foaming process.

The amount of liquid or gas in the foam determines how the bubbles are shaped. A shift
in bubble shape indicates the progression from a wet foam to a dry foam, as seen in Fig.
7b. Along the edges of the Plateau, the foam grows more polyhedral as the liquid drains

out and the bubbles combine.

Foam stability is determined by the relation between surface tension o and excess
pressure Ap and it is the law of Laplace and Young for a single bubble: Ap = 40 /r where

r is bubble radius. The bubble's surface area is driven to be as small as possible by surface
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tension, but the excess pressure balances this effect, and the bubble size reaches
equilibrium. Factors affecting the surface energy and mechanism of foam stability are the
film elasticity effect (Gibbs and Marangoni effects), viscous surface layer formation,

reduced gas diffusion through the lamellae, and electric double-layer repulsion“®.

5.2.  Synergistic systems

The interactions between mixed adsorption layer molecules at a multicomponent interface
can lead to obtaining better macroscopic system features than would be anticipated from
the properties of each single component*8, Synergism refers to the strengthening of the
effects under consideration. It is well-known in the literature that binary surfactant
mixtures improve surface properties (surface tension, foamability, or floatability) than
pure surfactant solutions at lower concentrations. A binary surfactant mixture's
physicochemical characteristics can be efficiently modified by properly designed
additives. The formation of strong hydrogen bonds between the hydrophilic additives and
water molecules, created with the addition of additive molecules, cause the three-
dimensional matrix of water (solvent) molecules to break.*® Additionally, additives have
been investigated as morphological modifiers and lead to efficient charge filtering and
cause a shift in micelle morphology from spherical to wormlike®. Such changes in
adsorption efficiency, foamability, or flotability or any physicochemical parameter in the
surfactant mixture, unexpectable relative to the individual component contribution, are
called synergistic effects . The main types of synergistic systems based on surfactants are
nonionic-anionic surfactants (this type of synergistic mixtures - amino acid surfactants &
n-octanol is considered in the experimental part), nonionic-cationic and anionic-cationic.
The properties of these types of systems are discussed below.

Nonionic-anionic surfactant mixtures have found usage in a variety of processes,
including increased oil recovery®, adjusting interfacial curvature®, phenanthrene
adsorption utilizing activated carbon®2, and more®:. The anionic surfactant has a negative
charge on its head, in contrast to the nonionic surfactant's absence of charge. A
considerable amount of research has been done on the micellization behavior of a binary
mixture of sodium dodecyl sulfate (SDS) and nonionic surfactants in five different forms
(Triton X-100, Tween 20, Tween 60, Tween 80, and Tween 85)°*. Through their binary
mixes, they have demonstrated a synergistic effect. Stronger interactions between ionic
surfactants with hydrophobic sections and somewhat longer tails and the hydrophobic

portions of SDS result in the creation of mixed micelles. The SDS-Tween 80 micellar
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system had the greatest synergistic effect, whereas the SDS-Tween 85 micellar system
had the opposite effect. This is most likely because each of its three hydrophobic tails
included a double bond, which kept the system sterically rigid.

Nonionic-Cationic surfactant mixtures contain an anionic surfactant that has a negative
charge on its head, in contrast to a nonionic surfactant's absence of charge. Numerous
studies have been conducted on the micellization behavior of a binary mixture of sodium
dodecyl sulfate (SDS) and nonionic surfactants in five distinct forms (Triton X-100,
Tween 20, Tween 60, Tween 80, and Tween 85)°4. Through their binary mixes, they have
demonstrated a synergistic effect. Stronger interactions between ionic surfactants with
hydrophobic sections and somewhat longer tails and the hydrophobic portions of SDS
result in the creation of mixed micelles.

Anionic — Cationic surfactant system is possibly one of the mixed micellar systems that
have been investigated the most, and there are great evaluations of it accessible in the
literature®®. High-performance detergents have been created using the strong electrostatic
interaction between the cationic and anionic head groups, which facilitates micellar
aggregation®. Solubilization, phase separation, and surface modification can all be
precisely controlled by carefully adjusting the content of the anion-rich or cation-rich
component®’. Since cationic and anionic surfactants have oppositely charged heads, when
they are combined in an identical ratio (stochiometric ratio) at pre or post-micellar
concentration, they mutually neutralize their charges. The precipitation redissolves when
one of the components (cationic or anionic) is increased, causing micelles to form in the
combined solution, demonstrating the effect of the micellization process®®-°. The ratio of
each component surfactant determines whether a binary mixture of this type of surfactant
has a synergistic or antagonistic impact. Systems of cationic and anionic surfactants, or
cationic surfactant solutions, are distinct from one another. Due to the synergistic effect,
the CMC in a mixed surfactant system is lower than in a pure surfactant system 61-63,
Another considered system, based on macromolecular frothers and low molecular
surfactants, are synergistic mixtures containing proteins®*, polyelectrolyte®®, polymer®® as
well as nanoparticles®®.

The origin of synergistic and antagonistic effects is mainly caused by electrostatic, non-
covalent, and hydrogen interactions. The most important contributions to these effects are
described below.

Electrostatic interaction is one of the most important driving forces behind the

aggregation as well as the micellization process®’. The micellar aggregation is facilitated
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by electrostatic repulsion between molecules of like-charged surfactant®”. This has been
accomplished throughout the years by the introduction of counterions with opposing
charges®®® . Smaller counterions are more productive in electrostatic charge screening,
resulting in lower CMCs and micellization enthalpies®® .

Noncovalent interactions such as cation-r and n- 7 can stabilized micellar aggregates in
solution such as in drug delivery in biological systems’. CMCs are reduced at low
concentration regimes as a result of the cation-cation interaction between cationic
surfactants and the electron cloud of the electron-rich additive or co-surfactant. At
increased concentration, the same can result in significant morphological changes of the
micellar aggregates and can also reduce (ultralow) equilibrium surface tension of the
mixed micellar system and affect other physicochemical properties like surface excess,
interaction parameters, etc.

Hydrogen interactions between the cationic head groups of the surfactant monomers
and the interfacial water molecules cause the micelle to be anchored, improving its
stability’>"3, inside the bulk solvent, in the case of single chain’ as well as double chain
cationic surfactant micelles. In non-aqueous solvents, such as toluene, stable core-shell
micelle formation was caused by hydrogen bonding between two polystyrene-based block
copolymers’. The micelle's monomeric surfactants are bonded much stronger thanks to

the presence of numerous hydrogen bonds”7®.
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1. Influence of temperature on rising bubble dynamics in water and
n-pentanol solutions - (article D1)

The investigation of bubble motion in water and pentanol solutions and the impact of
temperature are the topics of the first article (D1) of the experimental part of this
dissertation. The useful technique in the description of the hydrodynamic properties of
the liquid/gas interface is a measurement of the local velocity profiles (LVP) of the rising
bubble. Experiments were carried out using two independent measurement techniques.
The first one is well-known and widely described in the literature. In this method, a high-
speed camera, which allows for the registration of the bubble movement sequences, is
used. This method enables the simultaneous registration of a bubble deformation and
velocity profiles. It is highly accurate, however requires a lot of time and complex image
analysis. An alternative method, described and implemented for this application by the
author of this dissertation for the first time in the literature, is much faster and can be used
when information on a bubble deformation is not required. This method of LVP
measurement utilizes an ultrasound approach. This approach is especially effective in
opaque or turbid solutions, where camera observations are difficult or impossible. On the
other hand, a precise value of the speed of sound in a liquid is required for proper
calculation of a rising bubble velocity, which can depend on solution composition,
temperature, and potential presence of dispersed solid particles. The application of this
method is based on a special measuring probe and an ultrasonic controller where a sound
wave is generated with an appropriate frequency matched to the size of the bubble, to be
able to observe the signal in the form of a scattered wave on this object. The tests were
carried out in a thermostatic system, which allowed for the monitoring of changes in the
hydrodynamic properties of the liquid medium and its integration with the gas phase as a
function of temperature. In addition to the experiments, computational fluid dynamics
(CFD) calculations were also carried out using the Gerris”’ open-source solver which
enables the numerical solution of governing equations, describing the conservation of
momentum and mass of incompressible viscous liquid with a given viscosity and surface
tension, and the bubble interface reconstruction and tracking with the volume-of-fluid
approach. By applying specific physicochemical parameters moderated by temperature
I.e. (density, viscosity, surface tension), it was possible to recreate the variations in the
shape of the bubble with very good accuracy (compared to experimentally determined
bubble shape).
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During CFD calculations a constant bubble size was assumed. This assumption has been
confirmed experimentally (also in article D4), where it has been shown that the bubble
equivalent diameter changes to a very small extent as a function of temperature.
Experiments performed using two independent experimental methods, supported by
numerical calculations and an analysis of the results, showed that, for a clean system, the
temperature did not change the hydrodynamic boundary conditions at the rising bubble
surface. Under various temperatures of pure water, the hydrodynamic boundary
conditions of the bubbles of a given size remained unchanged and was fully slip.
Concerning the bubble’s diameter, an increase in the temperature from 5 to 45° C caused
only a slight size modification. In turn, the bubble deformation varied significantly: the
deformation ratio increased with the water temperature and its value was accurately
quantified using Legendre’s equation. Further hydrodynamic considerations were based
on parameters that are more useful in fluid mechanics and industry, i.e. Reynolds (Re)
and Weber (We) dimensionless numbers. The dependence of the bubble shape as a
function of Weber number can be approximated with a very good correlation with the
empirical dependence described by Legrende. However, in the case of a bubble shape
defined by Reynolds numbers as a function of Weber numbers, the situation was more
complex. For measurements at a constant temperature, the Re vs. We relation could be
approximated by a linear relationship, while for measurements at different temperatures,
a non-linear dependence was revealed. According to We and Re number relation and
deformation for different temperatures, the drag coefficient according to the Moore
equation was calculated. Based on these calculations, very large differences were noticed
in the case of the equation describing the drag coefficient of a bubble with a completely
immobilized surface (characteristic to solid particle) and with a completely mobile
surface (pure liquids, where there is no surfactant adsorbed at a rising bubble surface).

In addition to the previous analysis, the empirical relation between Weber and Reynolds
numbers i.e. bubble terminal velocity as a temperature function u;(T), Reynold’s number
as Weber number function Re(We), and Weber and Reynolds number as temperature
function were presented (see Table 3 in article D1). These empirical relations have
various scientific as well as industrial applications because are satisfied in a wide range
of Reynolds numbers. From the ultrasonic measurements of a bubble velocity as a
function of temperature, it was shown that the temperature increase caused the terminal
velocity to be established faster. Moreover, temperature increases resulted in lower
terminal velocity values. This means, that (i) the coverage of the bubble surface was
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greater (it was increasing faster over time), (ii) the dynamic structure of the adsorption
layer was established faster, and (iii) the bubble surface became immobilized earlier,
which is consistent with laws of diffusion. It was shown, moreover, that the concentration
values at minimum bubble velocity (CMV), calculated from experiments of a bubble
rising in n-pentanol solutions of different concentrations, were practically identical for all
temperatures. It meant that, despite the difference in the absolute bubble velocity, the
concentration, causing the complete immobilization of the rising bubble surface (above

which no further velocity decrease could be noticed) was temperature-independent.
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2. Experimental and theoretical study of adsorption of synthesized amino
acid core-derived surfactants at air/water interface - (article D2)

The adsorption performance of surfactants and parameters allowing the description of this
process are very important factors for understanding the effect of modification of the
physicochemical properties of the gas/liquid interfaces and stability of thin liquid foam
films (considered in article D3 and article D4) and real foams (article D5). Since article
D5 deals with real foams stabilized by amino-acid surfactants (AASS), in this chapter, the
basic adsorption properties of the AASs and theoretical description of this process will
be discussed (based on article D2 and the theoretical background presented in
theoretical section 3.2).

In the presented research, an experimental and theoretical description of the adsorption
properties of synthesized, “green” and biodegradable surface-active substances, with the
hydrophilic aminoacid part (L-alanine, L-valine, L-leucine, L-proline, and L-
phenylalanine) modified by aliphatic carbon chain Ci> was undertaken. The high
chemical purity (> 98%) of AASs was confirmed by NMR spectra and melting point.
The study of the surface properties of AASs was based on the measurements of the
equilibrium surface tensions with the use of two independent measurement techniques,
i.e. the Wilhelmy plate and the analysis of the bubble shape methods. Moreover, the pKa
was determined based on the measurements of pH and conductivity. The experimentally
determined values of dissociation constants were within the range from 4.61 for C12-Pro
to 5.41 for C1o-Phe, which proves that the tested compounds are weak acids. Therefore,
based on dissociation constants, the dependence of the degree of dissociation as a function
of pH was plotted. The fraction of the non-dissociated form of surfactants was always
above 0.1. Having this in mind, in further studies, contribution from the dissociated part

was considered, only.

The theoretical description of the adsorption properties was carried out with the use of
HFL (Helfand-Frisch-Lebowitz) isotherm based on 2D hard disk-like particles. The
verification and validation of the theoretical model were examined by a simulation with
the use of literature surface tension isotherms data for tert-isopropyl phosphine oxide and
n-alkyl dimethyl phosphine oxides with the hydrophobic chain length from 7 to 13 carbon
atoms. The effective radii, A.¢r and the limiting surface concentration, I, of the
examined surfactants' hydrophilic headgroups were calculated using molecular dynamics

simulations (MDS) to give physical meaning to the isotherm parameters concerning their
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molecular characteristics. Density functional theory (DFT) calculations using the CAM-
B3LYP functional and the 6-31G + (d, p) basis set were used to calculate the optimized
structures for each AAS. The optimized structures were then imported into the YASARA

Structure Molecular Dynamics Software.

The acquired data showed that, as anticipated, the hydrophobicity of the amino acid side
group enhances the surface activity of the surfactants. Additionally, the surface activity
of AASs is substantially higher than that of a typical cationic surfactant with twelve
carbon atoms in the alkyl chain, dodecyltrimethylammonium bromide (DTAB), and it
follows the gradation of hydrophobicity of amino acids PRO < ALA < VAL < LEU <
PHE. While the surface activities of C1o-VAL, C12-ALA, and C12-PRO were intermediate
between those of dodecanol and dodecyl-trimethyl ammonium bromide (DTAB), those
of C12-PHE and Ci2-LEU were similar to those of dodecanol. This is caused by an
increase in the proportion of the molecule's neutral form that has a protonated carboxylic
group as well as the hydrophobicity of the amino acid headgroup. At room temperature,
the examined surfactants lack a CMC, and their surface activity is constrained by their
solubility. The AASs have the ability to form HB (hydrogen bonds) and this feature will
be crucial in the interpretation of the results presented in article D5. As a result, the AASs
can create intermolecular hydrogen bonds between their molecules, causing high surface
coverage. By executing the optimization geometry of the dimers, the energy of
dimerization for all AASs has been calculated.

Although numerous papers have demonstrated the studied compounds' capacity to lower
solution surface tension, there have been very few attempts to theoretically describe the
adsorption process using a model that would allow for the extraction of useful
physicochemical parameters. This research was aimed to fill this gap. The use of the new
AASs in conventional surfactant applications is promising, and testing of other desired
properties will follow. These tests include those for foamability, determining the kinetics
of dynamic adsorption layer formation at the interface of rising bubbles, determining the
stability of single liquid films, and studying the crystalline structure of the obtained AASs
to comprehend the dimerization of AASs. Some of the research directions mentioned
above have been implemented, while the foaming properties of these compounds are part

of this dissertation and are included in article D5.
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3. Effect of initial adsorption coverage and dynamic adsorption layer
formation at bubble surface in stability of single foam films - (article D3)

As was shown in the theoretical and experimental (article D1) part concerning the
movement of a bubble in a solution of a surfactant, the bubble velocity undergoes
significant variations before terminal velocity establishment and depends on surfactant
concentration. The local velocity profiles of the rising air bubble in solutions of
surfactants are characterized by two critical regions. The first one is associated with
maximum velocity and the second with terminal velocity. As was already discussed, this
fact is a consequence of the DAL formation and can be used to assess the kinetics of this
process. In this part of the dissertation, the influence of the state of the dynamic adsorption
layer on the single TLF stability probed by the bubble lifetime approach is presented
(based on the results published in the article D3 and the theoretical background presented
in theoretical section 4.2).

Tests of TLF stability were carried out in an automatic measuring system, where the
lifetime of a single bubble on a free surface of solutions was measured using a CCD
camera. The measuring system consisted of a glass column filled with the test solution, a
single bubble generation set-up (“Bubble-on-demand” generator with precise adsorption
time control), a glass trap used to control the adsorption time, and a bubble recording
system with a camera connected to a PC with developed recording software. In the
research, n-hexadecyltrimethylammonium bromide (CTAB), polyoxyethylenesorbitan
monooleate (Tween80), and n-octanol were used as model surfactants.

The experiments were carried out without and with the use of a trap to control the
adsorption time. In each case, the lifetime of the bubble on the free surface was tested for
two distances, between capillary and free surface, i.e. (i) L = 15 cm (terminal bubble
velocity), and (ii) distance for which the maximum velocity of the rising air bubble was
observed for a given compound with a given concentration. Experimental work was
supplemented by theoretical calculations using the RDI model (Radoev-Dimitrov-
Ivanov). This model was used to determine the drainage kinetics of foam films and the
critical thickness of foam film rapture.

As was already noted, the goal was to check how the DAL structure, in conjunction with
the degree of initial bubble adsorption coverage, affected the stability of a single foam
film created when a bubble collided with the free surface of the solution. The lifetime of
foam films created by bubbles colliding with solutions surfaces with impact velocities
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equal to: (i) terminal velocity - u, (indicating that the DAL structure is fully formed and
the bubble surface is partially or completely immobilized during the rising period), and
(if) maximum velocity - u,,,,, Where the DAL formation has just begun but the bubble
surface is still mobile, has been investigated.

It was shown that the bubble lifetime was different, as evidenced by a comparison of the
lifetime of a liquid film formed by a bubble traveling across a range of distances in a
solution of surface-active substances. Since the DAL architecture had been fully
constructed over a longer distance, the concentration of surfactant molecules at the top
pole of the bubble forming the bottom interface of the liquid (foam) film was depleted.
The hydrodynamic boundary conditions in such case was shifted towards more slip and
drainage of the liquid film was quicker. At shorter distances, due to the fact that the DAL
had not yet been established, the bubble adsorption coverage was uniform. As a result,
the liquid film that was created was symmetrical and drained far more slowly. The
theoretical calculations of liquid film drainage, based on the RDI model, provided
additional evidence that this analysis and findings were accurate. The liquid film attained
similar thickness in all of the examples under consideration, regardless of the bubble's
travel distance, which is typical of an equilibrium liquid film.

These studies showed that the stability of liquid films formed by bubbles with various
starting adsorption coverage degrees can be similar. This effect should be associated with
a similar degree of liquid/gas (bubble) interface immobilization, according to the analysis
of liquid film stability for a range of initial adsorption coverage values. Additionally, it
was indirectly demonstrated that the final degree of bubble adsorption coverage can reach
the equilibrium value in some circumstances (for a long enough distance covered by the
bubble before the liquid film formation).

The presented research will be continued in article article D4 where the observed effects
will be shown quantitatively for the first time in the literature. Understanding the effects
of the stability of foam films is also crucial in the analysis of real foams discussed in
article D5.
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4. Coalescence of surface bubbles: The crucial role of motion-induced
dynamic adsorption layer - (article D4)

Hydrodynamic analyses of bubble rising in surfactant solutions conducted in article D3
confirmed the existence of two critical regions associated with the bubble motion: (i) at
terminal velocity, due to the DAL presence of the hydrodynamic boundary conditions at
a top pole of the rising bubble surface were strongly shifted towards more slip, (ii)
characteristic shape of the bubble velocity profiles, with maximum velocity existence,
indicates starting point of the DAL formation — before this point bubble surface coverage
can be assumed symmetrical. Previous, qualitative studies, based on bubble lifetime
measurements (article D3) have shown how important the existence of a motion-induced
dynamic adsorption layer at a rising bubble surface is for a single foam film drainage
Kinetics. The conducted tests showed that TLF formed under conditions when the surface
is immobilized (bubble maximum velocity) is characterized by greater stability than that
under slip conditions (bubble terminal velocity and full DAL development). This part of
the experimental dissertation (article D4) provided the first quantitative proof of the
importance of the state of the dynamic adsorption layer on the stability of thin liquid foam
films. For the first time, quantitative measurements of the drainage kinetics of foam films

formed under dynamic conditions have been shown.

The experiments were carried out using the system with a CCD camera. Subsequent
bubble motion stages were systematically analyzed to take into account the bubble history
before the TLF formation: (i) bubble motion (local velocity profile - LVP) (ii) bubble
collisions with a free surface and (iii) the liquid film drainage. The stage No. (iii) was
carried out using the dynamic film interferometry (DFI) method, allowing direct
determination of the thickness of the thin liquid foam film formed between the free
solution surface and the bubble as a function of time. Experimental studies were
supported by theoretical calculations of adsorption kinetics according to the Frumkin
model (discussed wider in the theoretical part) using the IsoFit software package
developed by E. Aksenenko as well as Direct Numerical Simulations (DNS) allowing for

modeling the surfactants distribution along the bubble surface.

In studies on bubble motion, it has been shown that, for the chosen surfactant
concentration range, the bubble equivalent diameter depends to a small extent on

surfactant concentration.
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The bubble velocity upon the arrival on the surface for the short column differed greatly
from the velocity under steady-state conditions established in the long column due to the
occurrence of maxima at the LVPs. Therefore, attempts were made to analyze the bubble
bouncing. It was discovered that these velocity discrepancies have a significant impact
on the dynamics of colliding bubbles bouncing at the air/solution interface of the free

surface.

Time evolutions of the thin liquid film thickness (drainage kinetic) were calculated using
image analysis for low concentrations that were determined by the LVP method.
Measurements were carried out for both column lengths (distances “close’ and “far”’) and
the same concentrations under similar humidity conditions. Since all curves significantly
overlap, the surfactant dosage has a minimal impact on the dynamics of thinning for
L =1 cm (distance “close”). On the other hand, when the concentration is altered, the
L = 40 c¢m (distance “far”) instance exhibits behaviors that are fundamentally different,
where the kinetics depend more strongly on the concentration. Moreover, when
comparing the kinetics for the same concentrations for L = 1 cmand L = 40 cm, greater
differences in drainage dynamics are observed for lower concentrations. A significant
influence of the evaporation effect on the drainage kinetics was also demonstrated for
conditions L = 40. When comparing humidity-saturated conditions (RH > 85%) with
non-saturated conditions, for ¢ = 1 x 10~* M, for the short column, has been that late-
time thinning is dominated by evaporation. While the film thickness in saturated
conditions (> 85%) still follows the power law, it decreases for RH = 40% due to

quicker evaporation in the late thinning regime.

Several numerical simulations were run using the same computational approach to show
the redistribution of surfactant molecules at a bouncing bubble surface. During the

simulation, very good agreement with the experimental data was obtained.

The conducted research confirms the research hypothesis adopted in article D3,
concerning the strong influence of the dynamic adsorption layer on the kinetics of foam

film drainage, formed in dynamic conditions.

56



5. Amino-acids surfactants and n-octanol mixtures — sustainable, efficient,
and dynamically-triggered foaming systems - (article D5)

As was mentioned above, the motion of a single bubble having a surfactant adsorption
layer is a fundamental step of foam formation. After the characterization of elementary
parameters related to this phenomenon, real foam systems were investigated. In this part
of the research, the foaming properties of synergistic systems based on the previously
described biodegradable amino acid surfactants described in article D2, mixed with n-
octanol (CsOH, tested as a non-ionic surfactant in article D3 and article D4) were
examined. The adsorption behavior of the mixtures was tracked by tensiometry (surface
tension measurement with analysis of a bubble shape method). The foamability and foam
stability were carried out by dynamic foam analysis (DFA). The aggregation analysis was
based on dynamic light scattering (DLS). Experimental results were supported by
molecular dynamics simulations (MDS).

In all surface tension measurements for mixtures C12-ALA and C1-LEU (for lower and
higher concentrations of n-octanol), a synergistic reduction of surface tensions was
demonstrated. The greatest effect was observed in the case of the less branched chain
head of amino acid surfactant, i.e. Ci>-ALA. In the case of Ci>-PHE, antagonistic
adsorption properties were noted. According to these data, critical synergistic

concentrations (CSC) for surface tensions were determined.

Following that, experiments on foambility and foam stability were conducted. Pure
solutions of amino acid surfactants at the studied concentrations showed very weak
foamability. Moreover, the foamability of the tested n-octanol solutions was also
examined. Finally, the synergistic foaming properties of the mixtures containing
aminoacid surfactant with n-octanol were investigated. Strong synergistic foaming
properties were demonstrated for all the tested systems. In addition, the critical synergistic

concentration of foambility was also determined.

Molecular dynamics simulations have confirmed the observed synergistic effects in
surface tension measurements and especially in foamability tests. In addition, the
simulations indicated the possibility of the formation of aggregates that could be behind
the observed foaming effects. This issue was the subject of the dynamic light scattering
analysis. The number of hydrogen bonds between the AAS-AAS (also computed by DFT
calculations in article D2) and AAS-CgOH in the systems with a greater CgOH
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concentration was estimated to better understand the behavior of the AAS surfactants.
Compared to systems without hydrogen bonds (such as CTAB/CgOH), additional
interactions might change the surfactant ordering in the monolayer. The AAS-CsOH
hydrogen bond formation affinity decrease could be ordered as follows: C12-ALA > Cyz-
LEU > Ci-PHE. This represented the degree of AAS and CgOH interaction and,
consequently, the stability of such mixtures at the interface. Due to hydrogen bonding

interactions, the C1o-ALA and CsOH formed a relatively stable interfacial monolayer.

As shown above, according to the MD simulations, adding CsOH can result in aggregates
formation in the majority of the investigated mixed surfactant systems, and this effect
should get stronger as the concentration of AASs rises. To verify this assumption,
dynamic light scattering measurements were performed. For the Ci2-ALA/CsOH

mixtures aggregates’ presence in the bulk was revealed.

It can be concluded that for all of the AASs under study, adding CsOH to the solution
causes a synergistic effect that, while modest for changes in equilibrium surface tension,
Is spectacular for solution foaming performance. When combined with AASs, CsOH
causes the production of bulk aggregates, which are not present in pure AASs solutions
and whose time stability is dependent on the concentration of AASs. The development of
micelles (aggregates), which under equilibrium conditions results in slight fluctuations in
surface tension, is thought to be the cause of the synergistic effect for all AASs under
investigation. The aggregates are carried by convection (by continuous mixing) to the
newly generated air/liquid interface under highly dynamic conditions of the foam

formation.
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The bubble movement analysis conducted in section 2 of the theoretical background and

experimental investigation of bubble motion in water and n-pentanol solution and the

impact of temperature conducted in article D1 and described in section 1 of the

experimental part allowed for the following conclusions:

temperature (5 — 45° C), in the case of water, does not change the hydrodynamic
boundary conditions of the rising bubble. Independently on the temperature value the
bubble surface remains fully slip,

the drag coefficient was determined, showing in line with the expectations resulting
from the total mobility of the liquid/gas interface for water, that the temperature and
the physicochemical parameters resulting from its change (density, viscosity) do not
change it to a significant extent,

the dependencies of the Weber and Reynolds numbers as a function of temperature
were presented,

for n-pentanol solutions, it was shown that the temperature causes the terminal velocity
to be established faster, but it is also lower, which means that the bubble surface
coverage is greater (it increases faster over time) and that the DAL is established faster
and the bubble surface is immobilized earlier, which is consistent with the laws of

diffusion.

In addition to the hydrodynamic effects described above, the stability of thin liquid films

and real foams is also influenced by adsorption. The research on surface properties of

newly synthesized, biodegradable aminoacid surfactants AASs conducted in article D2

and described in section 2 of the experimental part together with the theoretical

description using HLF isotherms, described in more detail in section 3.2 lead to the

following conclusions:

procedures for the synthesis of amino acid surfactants have been developed,
description of adsorption properties of aminoacid surfactants using physicochemical
parameters resulting from the HFL isotherm used and characteristic for the surface
adsorption properties of a given compound,

using molecular dynamics simulations, the geometries of amino acid surfactants and
the Van der Waals surface of their hydrophilic groups have been computed,
possibility of formation of the AAS dimers driven by hydrogen bonds was revealed

which is crucial for the interpretation of the results presented in article D5,
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e energy, enthalpy, and free energy of dimerization by DFT computations have been
estimated.
The research conducted in article D1 regarding the hydrodynamic description of bubble
rising in the liquid phase and previous studies of stability of thin liquid films formed under
dynamic conditions pioneered by Jachimska, Warszyski & Matysa analyzed in section
4.2 of theoretical background were continued in article D3 and described in section 3 of

the experimental part. The conducted experiments led to the following conclusions:

e the strong influence of the state of the dynamic adsorption layer on the foam film
created under given conditions,

o the results of the studies conducted revealed that the TLF formed under conditions of
surface immobilization (bubble maximum velocity) is more stable than that formed

under slip conditions (bubble terminal velocity and full DAL development).

The conclusions made in the previous article D3 were verified for the first time in the
literature in a quantitative manner using the dynamic film interferometry (DFI) supported
by DNS simulation. The unique experimental results regarding the kinetics of TLF
drainage under the dynamic condition shown in article D4 and described in section 4 of

the experimental part lead to conclusions:

e it was shown that the collision of a bubble with a free solution surface at different
stages of the DAL formation has a significant impact on the dynamics of colliding
bubbles bouncing at the air/solution interface,

e the surfactant dosage does not affect the dynamics of thinning for L = 1 ¢m (distance
"close™), as all curves greatly overlap, on the other hand, the L = 40 ¢m (distance
"far") instance demonstrates behaviors that are fundamentally different when the
concentration is changed, where the kinetics depend more heavily on the
concentration,

e additionally, significant differences in drainage dynamics are seen for lower
concentrations when comparing the kinetics for the same concentrations for L = 1 cm

and L=40 cm; higher concentrations cause these discrepancies to vanish.

Finally, the high surface active amino acid surfactants described in article D2 and section
2 of the experimental part, characterized by the ability to form surface hydrogen bonds,
were used together with n-octanol the well-described nonionic surfactant (article D2 and

article D3) as synergistic foaming mixtures in article D5. According to the assessments
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of the mixture’ surface activity, foamability and foam stability, and volumetric mass

aggregation, it was found that:

o all of the examined AASs experience a synergistic effect when CgOH is added to the
AASs solution. This effect is modest for changes in equilibrium surface tension but
spectacular when it comes to solution foaming performance,

e the amount of CgOH in the mixture causes the production of bulk aggregates, which
are not present in pure AASs solutions and whose temporal stability relies on the
concentration of AASs,

¢ the development of micelles (aggregates), which under equilibrium conditions results
in slight fluctuations in surface tension, is thought to be the cause of the synergistic
effect for all AASs under investigation. The aggregates are carried by convection (by
continuous mixing) to the freshly generated air/liquid interface because of the dynamic

conditions of the foam formation.

The conducted research not only fills the gap in the available, sometimes contradictory
literature regarding the hydrodynamic description of the bubble movement in liquids of
different temperatures but also constitutes a continuation of the decade’s work on the
stability of foam films. The presented experiments are often filled for a wide range of
Reynolds numbers, which allows for many industrial applications indicated in the

literature review.

Moreover, new surface-active compounds (aminoacid surfactant — AASs) with high
development potential were used as surfactants and described in the research, which are
and will be the subject of continued work under several grants remaining in the interests

of the author of this dissertation.

Additionally, during the conceptual work, several uniqgue measurement apparatuses were

developed:

e automatic, ultrasonic system for recording the local velocity profiles (LVP) of an
ascending bubble liquid medium in thermostated conditions,

e automatic system for recording the lifetime of a single air bubble on the surface of a
free solution,

¢ interferometric system for dynamic measurement of the thickness of liquid foam films.
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Abstract: Data in the literature on the influence of water temperature on the terminal velocity of a
single rising bubble are highly contradictory. Different variations in bubble velocity with temperature
are reported even for potentially pure systems. This paper presents a systematic study on the
influence of temperature between 5 °C and 45 °C on the motion of a single bubble of practically
constant size (equivalent radius 0.74 £ 0.01 mm) rising in a clean water and n-pentanol solution
of different concentrations. The bubble velocity was measured by a camera, an ultrasonic sensor
reproduced in numerical simulations. Results obtained by image analysis (camera) were compared
to the data measured by an ultrasonic sensor to reveal the similar scientific potential of the latter. It is
shown that temperature has a significant effect on the velocity of the rising bubble. In pure liquid,
this effect is caused only by modifying the physicochemical properties of the water phase, not by
changing the hydrodynamic boundary conditions at the bubble surface. In the case of the solutions
with surface-active substances, the temperature-change kinetics of the dynamic adsorption layer
formation facilitate the immobilization of the liquid/gas interface.

Keywords: temperature; bubble; drag coefficient; terminal velocity; dynamic adsorption layer

1. Introduction

The hydrodynamics of a single bubble are a crucial matter for such engineering
and environmental applications as froth flotation, foam fractionation, waste treatment,
oil recovery, pulp and paper, distillation, the aeration of water reservoirs and pipe flow
(cavitation) [1-4]. Moreover, bubble motion is important for the design of bubble columns
and reactors, where the motion is strictly correlated to mass transfer rates [5]. Furthermore,
the description of bubble motion in solutions of surface-active substances (SAS) is used to
determine the evolution and development of the dynamic adsorption layer (DAL) [6], the
properties of which are essential for predicting real foam stability [7].

The current state of the subject in the literature consists of a vast number of reports
showing the impact of bubble size and shape [8,9], surface tension [10], density, viscosity in
both phases [11-13] and the type of surfactant [14-17] on single-bubble motion characteris-
tics. Surprisingly, reports on the influence of temperature on the velocity of rising bubbles,
even in pure liquids, are quite scarce, despite the fact that this effect has significance for
engineering and industrial applications. Moreover, they show considerable contradictory
data and trends. Leifer [18] showed that for clean bubbles in water at different temperatures
an increase from 0 to 40 °C caused a decrease in the rising velocity, the magnitude of which
was influenced by the bubble diameter. Okawa et al. [19] considered the temperature effect
on single bubble rise characteristic in distilled water, but this work was focused mostly on
a comparison between the influence of the temperature on bubble path oscillations and the
method of bubble formation. Only two temperature values, low (15 °C) and high (90 °C)
were studied, and in the majority of cases the terminal velocities differed significantly
from the theoretical predictions, assuming slip boundary conditions at the liquid/gas
interface. Zhang et al. [20] determined the bubble rise velocity profiles in tap water and
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solutions of Triton X-100 surfactants in the temperature range 640 °C and found that,
with an increasing temperature, the bubble maximum and terminal velocity also increased.
Moreover, they showed that the bubble terminal velocity was reached faster when the
temperature was higher. The bubble characteristics in a bubble column between 30 and
60 °C was studied by Issaoui and Ben Mansour [21]. They found that an increase in liquid
temperature caused only a slight increase in the bubble rise velocity. Liu et al. [22] reported
no temperature influence on the terminal velocity in distilled water for 0-100 °C for bubble
of 3.3-6.1 mm.

As can be seen, the literature is full of conflicting information. The most probable
reason is a surface purity issue and the rising bubble’s great sensitivity to presence of
even traces of surface-active contaminants, which was recently analyzed in a high-quality
study by Pawliszak et al. [23]. It seems that, except for the work by Zhang et al. [20],
who were perfectly aware of the properties of the system they studied, the experiments
were conducted in undefined systems (i.e., contaminated liquids), where velocity was
randomly influenced by uncontrolled concentrations of surface-active impurities. In this
paper, special care was taken to reduce the number of parameters influencing bubble
hydrodynamics (i.e., a constant bubble radius was used). In addition, we were sure that,
according to the conclusions given in Pawliszak et al. [23], we were working in a bubble
size range where the liquid/gas interface was fully mobile in distilled water. In addition, to
check the temperature influence on the kinetics of the dynamic adsorption layer formation
at the rising bubble surface, the experiments were also carried out in several chosen
concentrations of n-pentanol. The research was conducted using two techniques (visual
observations and ultrasonic sensor readings) to increase the certainty of the results and to
check the reliability and usefulness of the ultrasonic sensor for determining bubble velocity
profiles. The ultrasonic technique, based on the well-known Doppler effect, is not new in
fluid dynamics [24]; however, the literature is limited to reports on the determination of
bubble velocities in columns [25,26] or tubes (Taylor bubbles) [27,28]. To the best of our
knowledge, the use of ultrasound has never been reported for the monitoring of a single
bubble rise velocity to determine the kinetics of the formation of the dynamic adsorption
layer at the liquid / gas interface.

2. Materials and Methods
2.1. Materials

Commercially available n-pentanol (>99%), a non-ionic surfactant, was purchased
from Merck. All solutions in experiments were prepared in ultrapure water (Direct-Q3 UV
Water Purification System by Millipore, Burlington, MA, USA, conductivity <0.7 uS/cm).
The values of surface tension, density and dynamic viscosity at studied temperatures were
taken from the engineering tables [29]. Details on the temperature-dependent physical
properties of the water were taken from [29] and are given in Table 1.

Table 1. Physical properties of water under various temperatures, studied in the paper.

No Temperature Density Viscosity Surface Tension
) O (kg/m®) ((Pa-s x 10~3) (mN/m)
1 5 999.9 1.52 74.9
2 15 999.1 1.14 73.5
3! 20 998.2 1.00 72.8
4 25 997.0 0.89 72.0
5 35 994.1 0.72 70.4
6 45 990.2 0.60 68.8

! experimental data on bubble velocity and deformation from [30].

2.2. Methods

Variations in the local velocities of a single bubble rising in an aqueous phase of
different physicochemical properties (tuned by a temperature modification), according to
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the values given in Table 1) were determined using digital camera observations coupled
with image analysis and ultrasonic sensor data. The set-ups used for both experimental
approaches are schematically illustrated in Figure 1, and, in both cases, the main parts
were identical: a square glass column (40 mm x 40 mm x 400 mm) with a thick-walled
glass capillary (inner diameter d. = 0.0753 mm) sealed at the bottom and an automatic
bubble generator (Bubble-on-Demand [28]) to form a single bubble with control over its
detachment frequency (adjusted to 60 s). Moreover, in both experimental approaches, the
column with the tested liquid was placed and sealed inside the larger, outer square glass
column (60 mm X 60 mm X 400 mm) to maintain the liquid’s temperature in the inner
column at the desired level. Before each experimental series, the temperature was adjusted
using a circulating water bath (Thermo Scientific SC100-A10, Waltham, MA, USA), and this
process was controlled by an electronic thermometer immersed in the inner column liquid.

Outlet of
thermostatic fluid

»>

Thermeostatic glass
chamber

Square glass “

column

Rising bubble of air

High-speed camera W
Source of light

Ultrasanic sensor
connected to driver

Inlet of
thermostatic fluid

Glass capilary

-«

Alr from
bubble generator 4

Figure 1. Schematic illustration of the experimental set-up used to determine bubble rising velocity
in the aqueous phase of various temperatures using camera and an ultrasonic sensor.

It has to be added here that, for experiments in pure water, only the period of rectilinear
bubble motion was analyzed. It was observed during the experiments that, after a given
distance, the bubble path deviated from a straight line. Moreover, the distance at which this
deviation was noticed was generally shorter for higher water temperature. This distance,
however, was much larger than needed for the bubble to reach terminal velocity, but an
analysis of a temperature-dependent bubble path was beyond the of scope of this paper.
For n-pentanol, establishment of terminal velocity strictly depended on the kinetics of the
dynamic adsorption layer (DAL) formation. For this particular reason, longer distances
covered by the bubble were analyzed, and for a particular pentanol solution concentration,
the terminal velocity was calculated from the period where the bubble’s oscillatory motion
was observed.

2.2.1. Velocity Determination by Camera and Image Analysis

Details on the experimental protocol and image analysis algorithms used for bubble
velocities determination by visual observations can be found elsewhere [10,30,31]. Briefly,
in this method, the local bubble velocity could be calculated from analyzing the bubble
photos recorded by a CCD camera at equal time intervals. In our case, bubble motion was
recorded by the SpeedCam MacroVis (Ettlingen, Germany) at 100 fps. The frame-by-frame
analysis of the collected movies was automatized by an in-house-written Python script
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(using OpenCV 3.4.13 and PIL 7.2.0 modules). The values of a local rising bubble velocity

were calculated as:
"y — AL 1)
At

where AL = (x;,1 — xi,l)z + (Yiv1 — yi,l)z, while (x;.1 — x;_1) and (y;41 — y;_1) are the
vertical and horizontal coordinates of a subsequent position of the rising bubble geometrical
center within a time interval that matched the camera frequency. For experiments in pure
water, the significance of the vertical coordinates’ constituents was negligible. Furthermore,
with pictures of the rising bubble, the so-called equivalent bubble diameter (d,) and ratio
of the bubble deformation () were calculated as:

deg = \/ dod)? @

_ dy
X_dj, (©)]

where d, and d), are the bubble’s vertical and horizontal diameters, respectively. These
parameters were used further to analyze the hydrodynamics of the rising bubble under
different temperature conditions.

2.2.2. Velocity Determination by Ultrasound

In this approach the ultrasonic sensor mounted on the bottom of the liquid column,
transmitted and received at 5 MHz. The bubble rising velocity was determined analyzing
the variations in the temporal evolution of a position of the registered signal formed as
a result of ultrasonic waves reflected from the rising bubble surface. An example of the
signal as a function of distance of the bubble from the capillary is presented in Figure 2.
The parameters of the sensor and the time dependent signal position were controlled and
recorded by the driver (OPBOX 2.0 mini ultrasonic box), and the software was elaborated
by PBP OPTEL (Wroctaw, Poland) [32]. The bubble position of the maximum signal value
was acquired in constant time intervals of 87.8 ms. The values of the local bubble velocities
were calculated by differentiating the temporal evolution of the signal position. For each of
the selected temperatures (see Table 1), the velocity as a function of time was measured
independently for 10 subsequent single bubbles. It is worth highlighting that, for an
accurate determination of the signal temporal evolution, the information about the speed of
sound in the liquid phase was necessary. Its values, presented in Table 2, were temperature
d-pendent and taken directly from the engineering tables [29].

Distance [mm]

Figure 2. (A) Example of the signal registered during bubble rise in the liquid (aqueous phase) as a function of distance;
(B) magnified signal (magnification area marked by the red line).
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Table 2. Speed of sound used to determine the rising bubble using an ultrasonic sensor (taken from
Eng. Toolbox [29]).

Temperature Sound Velocity in Pure Water
No. 5

Q) (m/s)
1 5 1427
2 15 1465
3 25 1495
4 35 1518
5 45 1534

2.2.3. Numerical Calculations

Modelling of rectilinear bubble motion in liquid of properties of water under different
temperature conditions (according to Table 1) was performed using spatial discretization
and numerical scheme implemented in a Gerris Flow Solver (release on 6 December 2013),
which is described in detail elsewhere [33-35].

The numerical algorithms of Gerris were used to solve the governing equations de-
scribing the conservation of momentum and mass of an incompressible liquid in the form:

p(?;; +u- Vu) =—-Vp+ V- (2uQ) + oxésn 4)
V-u=0 ©)
Q= %(vw (V") ©)

where Q is a strain rate tensor; u is the fluid velocity vector; p is the fluid density and p is
its viscosity; p is pressure; ¢ is time; o is surface tension; J; is a Dirac distribution function
(expressing the fact that the surface tension term was concentrated at the interface); x
and n are the curvature and normal unit vector to the interface, respectively [33]. The
liquid column of height H = 150 mm and radius L, containing a gas bubble of radius
Ry, = 0.745 mm, was described by an axisymmetrical cylindrical coordinate system. The
chosen value of L was directly related to the numerical (adaptive) grid size, as discussed
by Popinet [33] and Zawala [36], and was adjusted for results convergence. It was found
that, to obtain the converged data, the L had to be at least 10 mm, which corresponded to
the minimum size of the numerical grid cell equal to 4.9 um. This was consistent with the
results of similar calculations presented by Zawala [36]. Initially, at t = 0, the center of the
motionless spherical bubble was set 3 mm above the bottom of the liquid column at the
symmetry axis (x = 0). After acceleration, constant speed (terminal velocity) of the bubble
was established after ¢ = 0.10 s. The bubble motion parameters were calculated for the time
period t = 0.14-0.16 s. The liquid density, viscosity and surface tension were taken from
Table 1 to mimic the bubble rise in the aqueous phase of different temperatures.

A comparison between experimentally obtained photos of the rising bubble under
steady-state conditions and the corresponding numerically reproduced bubble outlines is
presented in Figure 3. A very good qualitative agreement between these sets of data was
found. The quantitative analysis of the data is presented further in the paper.

Buoyant force

Figure 3. Qualitative comparison of the bubble shapes observed experimentally and determined by
means of numerical calculations.
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3. Results
3.1. Bubble Rising in Pure Water

Values of the bubble radius (Rj = deq/2), calculated from the camera registered rising
bubble photos are presented in Figure 4 (d. = 0.0753 mm). In addition, the values reported
by Zawala and Niecikowska [30] acquired for bubbles formed at capillaries of various
d but a constant temperature T = 21 £ 1 °C were given for comparison. The solid line
represents the theoretical size of the bubble detaching from the capillary, which can be
calculated by balancing the buoyant (detaching) force:

F, = VyApg (7)

and capillary (attachment) force:
F. = mtd.ocos (8)

where Vj, is the bubble volume; Ap is the density difference between the liquid (p;) and
gas (pg) phases; ¢ is the surface tension; 6 is the contact angle (equal to 0 for a clean glass
capillary surface); g is the gravitational constant. At the moment of bubble detachment,
Fj, equaled F,, and this relation could be rearranged to give an equation known as Tate’s
law [20,37]:

1/3
3d.o /
Ry= (- )
4 Apg
1 0.77
A. B
various T (d, = 0.0753 mm) o wvarious T{d_= 0.0753 mm)
L \d
o Zawala & Niecikowska 2017 o o Zawala & Niecikowska 2017
08~ —— Eq. 9 (Tate's law) 2 076 " Eq. 9 (Tate's law)
s !
0.8 &
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o 0.74 (= :
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Figure 4. Radius of the bubble rising in water (measured by image analysis) as a func-
tion of (A) capillary orifice diameter and (B) water surface tension variations caused by the
temperature changes.

As seen in Figure 4A, a very good agreement between the experimental data and
theoretical predictions of Equation (9) for water at T = 21 & 1 °C was obtained [30]. The R}
values measured in water of different T were also consistent with the predictions; never-
theless, slight deviations from the theoretical line could be observed, caused by variations
in the water physicochemical parameters, especially surface tension values. Figure 4B
presents a comparison of the Ry, as a function of water surface tension (Table 1), and a quite
good match between experimental and theoretical values was found. This proved that
the bubble was generated (by the elaborated BoD generator [30]) under conditions that
allowed the establishment of an equilibrium between F, and F,, so the bubble R, could
also be considered at equilibrium. It was seen that a decrease in the ¢ value caused by the
water temperature increased from 5 °C to 45 °C, resulting in only a slight variation in the
Ry, (from 0.757 = 0.005 to 0.734 & 0.005).

A comparison of the terminal bubble velocities () is presented in Figure 5. The
terminal velocity was shown as a function of the temperature. For T = 20 °C, the value
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from Zawala and Niecikowska’s [30] paper was used. The dashed lines in Figure 5 are
second-order polynomials fitted separately to each of the datasets. The solid line is the
average polynomial fit. It was evident that the bubble velocity measured by the ultrasonic
sensor (us) was higher than for the image analysis (). However, the fitted dashed lines
indicated that the relative difference between the camera and ultrasonic datasets was
similar, so it was caused by a systematic rather than a random factor. It can be presumed
that this difference was probably caused by assumptions made on the sound wave speed
in the water phase and the different temperature values for which were taken directly from
the engineering tables (see Table 2). The difference could have been caused, for example,
by wave interference with the column walls. As seen in the inset in Figure 5, the difference
between data obtained by both techniques, quantified by the us/1u, ratio, was of order of
2-5%. The average second-order polynomial fit, which accurately described the trend of
terminal velocity variations (in cm/s) with temperature (expressed in °C) within the range
(solid line in Figure 5) was given as:

u(T) = —0.003 - T2 +0.3195 - T + 29.827 (10)

For CFD data, an agreement with the experimental results decreased with an increas-
ing temperature. This effect was a consequence of an increasing bubble deformation (see
Figure 3), i.e., the increase in the bubble dj, caused an increase in the drag force resulting
from column wall proximity, which could be associated with the so-called wall effect).
As seen, both for the ultrasonic and camera methods, the standard deviation values for
average terminal velocity were quite small, indicating a good reproducibility. It should
be highlighted, however, that, for the camera method, the terminal velocity was calcu-
lated from only one experimental run. The ultrasonic sensor, because of its simplicity and
swiftness of measurement, allowed for multiple measurements of a bubble velocity profile,
which increased the statistical soundness of the terminal velocity values.

]
38 - ¢ ultrasonic methad ] ’,,:—_‘"'"
»®  camera e
L 4 CFD
iy Eq. 10 A
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Figure 5. Terminal velocity of the rising bubble formed at orifice of d. = 0.0753 mm in water of
temperature ranging from 5 °C to 45 °C (see Table 1 for details), determined using ultrasonic and
camera techniques.

Usually, to characterize the bubble dynamics in liquids, various dimensionless num-
bers are used to allow correlation and comparison between variations in the bubble motion
parameters and shape pulsations under different physicochemical conditions. This helps
to determine the useful general expressions and dependencies, which could be extended
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for other systems with comparable bubble shape changes and flow regimes. In our case,
for a description of bubble dynamics, the deformation ratio x (determined on the basis of
image analysis) and the rising velocities measured by the two different techniques under
different physical conditions (see Table 1), were described using Reynolds (Re) and Weber’s
(We) numbers, which allowed a direct comparison with the relations in the models in the
literature. In addition, this comparison was used to assess the reliability of the ultrasonic
method for determining the bubble dynamics in the aqueous phase. The Re and We were
calculated as:

d
Re — ‘ealitt (11)
I3
d 2
We = # (12)

Figure 6A presents experimentally determined x values as a function of the Weber
number calculated for experimental data by Zawala and Niecikowska [30] and for the
data obtained in our studies under various temperatures. Moreover, the data from the
numerical calculations were given for comparison. In addition, the empirical relation by
Legendpre et al. [38] in the form:

1

- (13)
9
1- & We

X
was plotted in Figure 6A as a solid line. Quite a good agreement between the data and
the relation given by Equation (9) was found. Again, the most significant difference was
registered for the ultrasonic method. This was a consequence of the above-mentioned
difference in the u; values. Nevertheless, it can be assumed that, in the R, range, the
variations in the bubble x vs. We were reasonably described by the Legendre relation [38].
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Figure 6. Dependence between (A) rising bubble deformation ratio and Weber number, and
(B) Reynolds number and Weber number determined on the basis of various techniques.

The dependence of Re on We is given in Figure 6B. Here, it was possible to compare
the data with the literature results by Pawliszak et al. [23] (experiments at room tempera-
ture) and the theoretical predictions reported by Manica et al. [13,39], which allowed the
calculation of terminal velocities for rising bubbles of different shapes, assuming a slip
hydrodynamic boundary condition at the liquid/gas interface (i.e., when there was no
adsorption layer at the bubble surface). As was seen, the agreement of the different sets of
literature data, i.e., the bubble velocities determined at the room temperature (21 £ 1 °C),
was almost perfect. This was, however, not the case for the u; determined for various T,
where a completely different trend was revealed. Intuitively, it could have been expected
that this new trend would have been caused not by a modification of the bubble hydrody-
namic boundary conditions, but by the liquid physicochemical parameters only. To show
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the correctness of this claim, the results presented in Figure 6B were analyzed according to
the model by Moore, allowing a direct calculation of the bubble drag coefficient (Cp). For
this purpose, a common relation between We and Re (necessary for further calculations)
was quantified. For experiments at room temperature (literature data) the relation between
Re and We was almost linear and was approximated (in the considered R range) by:

Re = 185.90We +- 66.88 (14)

while for various temperature conditions by the Equation (see solid green line in Figure 6B):
Re(T) = 251.29 - (00449 We(T)’ (15)

To calculate the theoretical drag coefficient associated with the rise of the deformed
bubbles in water (clean liquid /gas interface) at various temperatures, the relation elabo-
rated by Moore [38], which is confined to a thin viscous sublayer according to his theory of
viscous flow around the bubble, was used:

48 2.21- H(x)
Com) = R*EG(X) : [1 - Relﬂ} (16)
where G(x) and H(x) are geometrical factors calculated by Moore [40], which were accu-
rately approximated by the equations given by Loth [41] and Rastello et al. [42]:

G(x) = 0.1287 + 0.4256 - x + 0.4466 - x> (17)

H(x) = 0.8886 + 0.5693 - x — 0.4563 - x2 (18)

To calculate the values as a function of Re, the empirical relations between ) and We
(Equation (13)) as well as Re and We (Equations (14) and (15)) were used. The drag coeffi-
cient of the experimentally observed bubbles was calculated from the general expression
for the drag force (F;) acting on the object moving in a liquid phase:

E; = 0.5ACpp;us? (19)

where A is the object projected area (for the spherical bubble equal to 7TR;?). Under steady-
state conditions, when the rising velocity was constant (terminal), the F; = F,. After
rearrangement, assuming that for the rising bubble the Ap ~ p;, the Cp was calculated
using experimentally determined Rj, and u; values, as

. SRbg

CpH =
b 3ut2

(20)

Figure 7 presents the determined Cp as a function of Re, calculated using Equa-
tions (11)-(20). In addition, the values of the drag coefficient of a particle with no-slip
hydrodynamic boundary conditions [43] in the form:

0.42
1+ 42500Re—1/16

Cp(e) = 2, (1 +0.15Re°~687) +

Re (21)

were also plotted. As could be expected, the Moore model very accurately described
the literature data, obtained at room temperature in pure water. It was seen, moreover,
that, after considering the temperature effect by means of Equations (14) and (15), the
experimental data (determined both by ultrasonic and camera techniques) were also very
well described. It showed evidence that, under various temperatures of pure water, the
hydrodynamic boundary conditions of bubbles of various sizes remained unchanged and
could be assumed as fully slip.



Minerals 2021, 11, 1067

10 of 17

o Zawela & Niescikowska 2017
i X ultrasonic method - various T
+  camera - various T
KA o CFD
L Clift et al. (no slip)
——= Moore (20°C)
0.6 ====== Moare (various T)
=]
o L
04
'N.‘__ a
02 = lxa -
T - Xef-o-aQ- 07
7 i
0 1 | 1 1 L | 1
200 400 600 800 1000
Re

Figure 7. Drag coefficient of the bubble rising in water of various temperatures. Points—experimental
values calculated according to Equation (20); lines—theoretical predictions of Clift et al. (immobile
liquid/gas interface) and Moore (mobile liquid/gas interface).

Moreover, the above analysis showed that the ultrasonic method of bubble velocity
determination was reliable but not as accurate as visual observations because it depended
on an arbitrarily chosen speed of the sound value, which had to be used during the velocity
analysis. Moreover, it did not allow for the determination of the bubble deformation ratio.
Nevertheless, the ultrasonic method was significantly faster and gave a much better level
of statistical confidence in a remarkably reduced time. In our opinion, it can be successfully
used as a reliable tool for single bubble velocity measurements, especially in opaque or
turbid solutions where camera observations were difficult or impossible.

In addition, experiments on the bubble motion in water of different temperatures
allowed for the determination of the useful relations between the dimensionless numbers
and the T values. These relations, which are presented in Figure 8, could be expressed as:

We(T) = —3.18-107*- T2 +0.043 - T + 1.775 (22)
Re(T) =15.45-T +222.49 (23)
s2r 1000 —
F' o ultrasonic mettiad 2/,/ f) ultrasonic method 0
~ camera
S = T %P L Zawala & Niecikowska 2017
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Figure 8. Temperature dependence of (A) Weber number and (B) Reynolds number associated with

a bubble rising in water.
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All the empirically determined relations between the various parameters during the
period of rectilinear bubble rising under a steady-state condition in water of different
temperatures are shown in Table 3. We believe that these relations could also be used for
different bubble shapes and sizes under rectilinear motion.

Table 3. Empirical relations between various parameters useful for the description of bubble dynamics in water of different

temperature (for 200 < Re < 1000).

Empirical Relation (Valid for Bubble in Water

No. Dependence Tat emperature = 5-45 °C)
1 Terminal velocity vs. Temperature ut(T) = —0.003 - T? + 0.3195 - T + 29.827 (Equation (10))
2 Reynolds vs. Weber number Re(T) = 251.29 - (00449 We(T)? (Equation (15))
3 Weber number vs. Temperature We(T) = —3.18-10%- T2 +-0.043 - T + 1.775 (Equation (22))
4 Reynolds number vs. Temperature Re(T) = 15.45 - T + 222.49 (Equation (23))

3.2. Bubble Velocity Variations in n-pentanol Solutions of Various Concentrations
and Temperature

3.2.1. Analysis of the Local Velocity Profiles in Different Temperatures

Profiles of the local bubble velocity (i.e., velocity variations as a function of the distance
covered by the bubble in various concentrations of n-pentanol solutions) are presented in
Figure 9. The data redrawn from Zawala et al. [44] were compared with corresponding
profiles taken by the ultrasonic sensor. The literature data were obtained using the classical
camera technique and manual frame-by-frame image analysis [44].

#® Camera Ultrasonic method (25°C)
30
)
el
&
&
Z20 .
8 P u e U ‘r"
— : 2 : RO, e IO EFHH
g g Qu'_ ; ’g,‘ﬁs; fn:."' !’.‘;’ '. ﬁae;rj%%.‘i x,‘_x— ;
b —O— water ;
10 £ —&— 5x10°" M
O 1x100°' M
1.5x10°3 M
f —8- 2x1003 M
i 3x10 * M §
h —%— 5x10°3 M |
0 " | L | 1 | I ! | ) | ! | 1
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Distance (mm)

Figure 9. Comparison of the bubble local velocity profiles obtained on the basis of camera and image
analysis approach (data redrawn from [44]) and using ultrasonic technique.

Despite the slightly different temperatures of the solutions (our measurements were
performed in 25 °C, while the literature results were reported at 21 °C), quite a good agree-
ment between the two sets of data was seen. All characteristic bubble velocity changes,
including the maximum deceleration and the moment of the terminal velocity establish-
ment, were accurately captured. It is well established that these characteristic velocity
variations can serve as fingerprints for the dynamic behavior of the adsorption/desorption
processes at the solution/air interface [31]; in other words, they can be used to track the
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development and stages of the formation of the so-called dynamic adsorption layer (DAL).
For example, the maximum bubble velocity was an indication that the DAL did not yet
form but just started [45]. The terminal velocity establishment meant that the DAL was
fully formed; that is, there was an uneven distribution of surfactant molecules, with a
depletion zone at the bubble top pole [6,44,45]. As seen in Figure 9, the ultrasonic method
can be used as a complementary tool for these purposes. As already mentioned, a main
advantage was its speed—there was no need for a time-consuming image analysis step. On
the other hand, ultrasonic measurements did not provide any information about bubble
size and deformation or the evolution of bubble shape with time or distance. As was shown
by Krzan et al. [45], this is an additional important parameter that can be used to analyze
the DAL formation at moving liquid /gas interfaces.

To elucidate the influence of the temperature on kinetics of the DAL formation, each
bubble velocity profile, taken in the n-pentanol solution of considered temperature (Table 1)
was normalized according to the maximum velocity value (u4x). The 145y values for cho-
sen n-pentanol concentration are presented in Table 4. As seen, the bubble maximum
velocity increased with the temperature—this result was consistent with the reports by
Zhang et al. [20], who observed a similar trend in Triton X-100 solution of concentration
1.25 x 10~% mol/m?3. Figure 10 presents a comparison of normalized velocity for three cho-
sen n-pentanol concentrations. The concentration 1 x 10~* and 5 x 1073 M corresponded
to the concentrations where the DAL was established just after the bubble acceleration
period, while the concentration 1.5 x 10~3 M was intermediate, where the DAL formation
was associated with a maximum velocity existence.

Table 4. Temperature dependence of the bubble maximum velocity in n-pentanol solution of concen-
tration 1.5 x 1073 M.

c Temperature Umax
(mol/dm?) (@) (cm/s)
5 24.6
15 29.9
1.5 x 1073 25 30.3
35 33.0
45 34.6
Hl  1x10°4 M 1 1.5x10°3 M 5x10°3 M
> 06 § -
3E |
&
= ! h
0.4 B . u
—8— 5°C
= " —— 15°C
E_ —8— 25°C
021 [ s 350(C
'] 5. b —4%— 45°C
h
0 I T T TR IR SN VN O (S T Y TR [N N N T I
0 50 100 150 200 0 50 100 150 200 0D 50 100 150 200 250

Distance (mm)

Figure 10. Comparison of profiles of the bubble velocity for three chosen concentrations of n-pentanol
solutions of different temperatures.
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As seen for 1 x 107 M and 1.5 x 1073 M, the effect of increasing the solution
temperature was similar to that of increasing the solution concentration (compare with the
data in Figure 9). It was especially pronounced for 1.5 x 1073 M, where the terminal velocity
decreased as the temperature increased and, in addition, the moment of its establishment
shifted slightly towards shorter distances (i.e., the DAL was established a little bit faster).
The explanation of this effect was rather obvious: a higher temperature meant a higher
bubble velocity and a simultaneous increase in the rate of convective diffusion transport of
the n-pentanol molecules to the rising bubble surface. Similar trends were shown in the
solution of Triton X-100 by Zhang et al. [20]

3.2.2. Analysis of Terminal Velocity (at a Distance of 200 mm)

The effect of temperature on the terminal velocities was further analyzed according to
the empirical equation developed by Kowalczuk et al. [17]:

Up = Upyin + (uw - umin) : 673(@5”/)2 (24)

where 1y, is the bubble velocity in water (maximum possible); 1, is the minimum velocity
of the bubble (with fully immobilized interface); c is the surface-active substance bulk
concentration; CMYV is the so-called concentration at minimum velocity. As was discussed
elsewhere [14-16], the CMV can be used as a very useful tool for characterizing the kinetics
of surfactant adsorption at the rising bubble interface (the kinetics of bubble surface
immobilization), solution foaming properties and a comparison of these factors for different
types of surface-active substances.

Figure 11A presents the u; values for bubble velocity at 200 mm. In the great majority
of experiments, this distance was enough to establish terminal velocity in all #n-pentanol
concentrations, except for 1x1073 M (see Figure 9). For this specific case, especially for
lower temperatures, the calculated u; values were slightly higher than those corresponding
to the fully developed DAL. The points presented in Figure 11 were experimental data,
while the lines were predictions of Equation (24), which described the u; vs. ¢ dependence
very accurately for all temperature ranges. As expected, the CMV values, calculated as a
fitting parameter of Equation (24) and presented in Table 5, were practically identical for all
temperature values. That meant that, despite the difference in absolute bubble velocity val-
ues, the concentration that caused the complete immobilization of the rising bubble surface
(above which no further velocity decrease was noticed) was temperature-independent.
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Figure 11. Influence of temperature on (A) bubble terminal velocity as a function of n-pentanol
concentration and (B) normalized velocity ((u¢ — i)/ (Umax — Upmin)) as a function of ¢/CMV (data
acquired using the ultrasonic method).
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Table 5. Values of the concentration at minimum velocity (CMV) for n-pentanol solutions of
different temperatures.

No Temperature CMV
' ()] (mol/dm?3)
1 5 29 x 1073
2 15 30 x 1073
3 20 3.0x 1073
4 25 32 x 1073
5 35 3.0x 1073

By plotting the normalized bubble velocity (u; — uyiy )/ (4w — tyin) vs. ¢/CMV val-
ues, all experimental data taken for different temperatures were seen to converge in one
universal curve, which indicated that the n-pentanol influenced the bubble rising velocity
in a similar manner. It was the final evidence that the temperature, in this case, influenced
only the kinetics of adsorption of the n-pentanol at the liquid /gas interface.

4. Conclusions

Experiments performed using two independent experimental methods, supported by
numerical calculations and an analysis of the results, showed that, for a clean system, the
temperature did not change the hydrodynamic boundary conditions at the rising bubble
surface. Under various temperatures of pure water, the hydrodynamic boundary con-
ditions of the bubbles of a given size remained unchanged and could be assumed to be
fully slip. An increase in the rising velocity was caused only by modifying the physic-
ochemical parameters of the water (density, viscosity and surface tension). Concerning
the bubble’s diameter, an increase in the temperature from 5 to 45 °C caused only a slight
size modification. In turn, the bubble deformation varied significantly: the deformation
ratio increased with the water temperature and its value was accurately quantified using
Legendre’s equation.

It was shown, moreover, that the concentration values at minimum bubble velocity
(CMV), calculated from experiments of a bubble rising in n-pentanol solutions of different
concentrations, were practically identical for all temperatures. It meant that, despite
the difference in the absolute bubble velocity, the concentration, causing the complete
immobilization of the rising bubble surface (above which no further velocity decrease
could be noticed) was temperature-independent. The temperature only influenced the
timescale of the bubble surface immobilization. This observation confirmed the results
presented by Zhang et al. [20], which associated this effect with an increase in diffusion
kinetics of the surfactant molecules.

The results and analysis showed that the ultrasonic method of determining the rising
velocity of a single bubble was reliable, yet not as accurate as a visual observation because
the ultrasonic sensor depended on an arbitrarily chosen speed of sound in a liquid phase,
which had to be used during calculations. Moreover, it did not allow for the determina-
tion of the bubble deformation ratio, which (according to the literature) is an important
parameter for helping to quantify the dynamic adsorption layer formation stages. On the
other hand, the ultrasonic method was significantly faster and gave a much better level of
statistical confidence in a remarkably reduced time. In our opinion, it can be successfully
used as a reliable tool for single bubble velocity measurements, especially in opaque or
turbid solutions, where camera observations are difficult or impossible.
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Nomenclature

dc diameter of the capillary orifice

deg  bubble equivalent diameter

d,  horizontal (major) bubble axis

dy  vertical (minor) bubble axis

Ry,  bubble equivalent radius (deq/2)

p;  liquid phase density

pg  gas phase density

g gravitational constant

o surface tension

F,  buoyant (attachment) force

F.  capillary (detachment) force

F;  drag force

0 contact angle between air and water phases
V,  bubble volume

u;  bubble terminal velocity

us  bubble terminal velocity by ultrasonic method
e bubble terminal velocity by image analysis
We  Weber number

Re  Reynolds number

Cp drag coefficient

A bubble’s projected area

X bubble deformation ratio
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The adsorption characteristics of amino acid surfactants, synthesized as substances with different volumes
and hydrophilic head properties, have been previously described experimentally, without robust theoretical
explanation. A theoretical model enabling the characterization of the adsorption behavior and
physicochemical properties of this type of biodegradable surfactants, based on molecular structure, would
be beneficial for assessment of their usefulness in colloids and interface science in comparison with
typical surface-active substances. In this paper, the adsorption behaviour of synthesized amino acid
surfactants at the liquid/gas interface was analyzed experimentally (by surface tension measurements
using two independent techniques) and theoretically by means of an elaborate model, considering the
volume of the surfactant hydrophilic “head” and its ionization degree. It was shown that the adsorption
behavior of the synthesized compounds can be successfully described by the proposed model, including
the Helfand—Frisch—Lebowitz isotherm based on the equation of state of 2D hard disk-like particles, with
molecular properties of surfactant particles obtained using molecular dynamics simulations (MDS). Model
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Introduction

Due to the characteristic molecular structure responsible for
their surface-active properties, surfactants are widespread in a
vast number of important industrial and technological applications
and everyday human life. They are widely used as detergents,
foaming enhancers, emulsifiers, wettability modifiers, and coating
agents in many different fields such as detergency, fibers, food,
polymers, pharmaceuticals, the pulp-paper industry, as corrosion
inhibitors as well as in mineral processing and oil recovery
applications."™ In most applications, synthetic surfactants are
used, and their production, which exceeds millions of tons per
year, is cheap and well optimized. On the other hand, usage of
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intermolecular hydrogen bonds allow the formation of surfactant dimers with high surface activity.

such large quantities of surface-active substances in industry and
households is one of the greatest sources of environmental
pollution (60 wt% of total surfactants produced enters the aquatic
environment>®). Due to environmental concerns, the potential
replacement of synthetic surfactants by environment-friendly
alternatives is extensively investigated.*>®

To replace conventional surfactants, new ‘“green” compounds
must retain functional properties while simultaneously reducing
their environmental impact. One of the groups of compounds
having the potential to become superior to conventional surfactants
are amino acid surfactants (AASs). These are simple compounds
with tunable features and great potential as sustainable, low toxicity
and biodegradable substances. AASs properties depend on their
synthesis path. Suitable, properly chosen synthesis pathways allow
for AASs’ extensive structural diversity affecting their physicochem-
ical properties,* determining the sites of alkyl chain substitution (N-
substituted, C-substituted, or both N- and C-substituted compounds)
and the number of attached chains (linear chain, Gemini, and
bolaamphiphile forms). The type of proteinogenic amino acids
chosen for the synthesis determines the final product polarity,
adsorption features, surface activity and acid-base behavior.>”™®

The search for environment-friendly surfactants requires
their thorough characterization, including the determination

This journal is © the Owner Societies 2022
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of molecular structure and surface activity. This paper presents
the analysis of the adsorption behavior of five AASs based on
alanine, valine, leucine, proline, and phenylalanine, with an
amide bond connecting the polar head-group (originating from
natural amino acids) and a hydrophobic tail (originating
from lauric acid, a natural fatty acid). The adsorption of the
synthesized compounds at the liquid/gas interface is analyzed
experimentally and a theoretical model is proposed for AASs
adsorption behavior and surface activity. The model integrates
the results of molecular dynamics of surfactant molecules at
the interface with the conventional description of the adsorption
in terms of the surface tension isotherm. The proposed model
uses the HFL (Helfand-Frisch-Lebowitz) isotherm based on the
equation of state of 2D hard disk-like particles, with the effective
headgroup size obtained using molecular dynamics simulations
(MDS). Applying DFT (density functional theory) computations,
we also demonstrate that intermolecular hydrogen bonds
between amide groups of surfactants can contribute to the
formation of dimers that affects the surface activity of the
investigated surfactants.

Materials and methods
Chemicals

All the amino acid surfactants (AASs) studied in this paper were
synthesized by condensation of proper amino acid (r-alanine,
-valine, 1-leucine, -proline, and 1-phenylalanine) with dodecanoyl
(lauroyl) chloride (Fig. 1), obtained from the reaction of lauric acid
with thionyl chloride. The synthesis details are described in
Appendix A. The chemicals used in the synthesis of lauroyl chloride
and of the final products were purchased from Avantor Perfor-
mance Materials Poland S. A. and Merck KGaA. The solutions of
synthesized surfactants used in the study were prepared with
ultrapure water (Direct-Q3 UV Water Purification System by
Millipore, conductivity <0.7 puS em™ " and surface tension equals
724 mN m™ " at 22 °C).

The structural formulas of five surfactants with different
hydrophilic heads (amino acid), namely: N-lauroyl-i-alanine
(C12-ALA), N-lauroyl-t-valine (C12-VAL), N-lauroyl-i-leucine
(C12-LEU), N-lauroyl-i-proline (C12-PRO), and N-lauroyl-t-
phenylalanine (C12-PHE), are shown in Appendix B, together
with the results of the purity analysis of the synthesized
compounds. The purity of the AASs was verified by NMR
spectra, and by the melting point (Mp.) determination.
'H NMR (500 MHz) and *C NMR (125 MHz) spectra were
recorded on a Bruker AVANCE 500 MHz spectrometer using

i 0
R 4] y! ol
{CH;)y, Cl . |
ujcf - NaDH (ag.). dioxane 3 Illl———————\l
B OH 0
4] i
L

%

R - H, My, Pl (LS LI
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R? -, CII
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Fig. 1 Synthesis of the amino acid surfactants (AASs).
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CDCl; (deuterated chloroform) as a solvent. All the physical and
spectral data of the synthesized AASs was consistent with those
found in literature'®'! and are listed in Appendix B.

Methods

All measurements of interfacial and bulk physicochemical
properties of the AASs were carried out at controlled temperature
(21 £ 1 °C). Standard cleaning procedures were followed
before each measurement, including careful cleaning of the
sample vessel with a cleaning agent (Mucasol - a commercially
available laboratory cleaning liquid) and thorough rinsing with
ultrapure water. In a typical experimental run, the surfactant
solution of a given concentration was tested according to the
following sequence: (i) determination of equilibrium value of
surface tension, (ii) determination of solution pH, and (iii) its
conductivity.

Equilibrium surface tension measurements

Equilibrium values of surface tension were measured using
two independent methods: (i) Wilhelmy plate method in a
Kriiss Tensiometer, Type K11 and (ii) bubble shape method
in PAT-1 tensiometer (SINTERFACE Technologies, Berlin,
Germany). In the Wilhelmy plate technique, a standard
platinum plate (wetted perimeter 40.198 mm) and 60 mL solution
were used for each measurement. The surface tension of the
solution was measured for 1000 s, recorded at 2-second intervals.
Equilibrium surface tension for a given solution concentration
was calculated as the average from the values being constant
in time. In the bubble shape method, the surface tension
values were determined by analyzing the shape of a submerged
bubble attached to a U-shaped needle. The Young-Laplace
equation, relating the curvature of a liquid meniscus and
its surface tension, was fitted to describe the bubble shape.
The surface tension in this case was measured for 2 h, and
the equilibrium surface tension values were calculated
accordingly.

Solution pH and conductivity determination

The conductivity and pH of the tested solutions were measured
using a WITW conductometer, Type LF 330i, with probe Tetra-
Con 325, covering a conductivity range: 0.1 uSem™* -2 S em ™%,
and a WTW pH meter, Type 340i, with probe SenTix 41. Before
each series of measurements, the measuring electrodes were
thoroughly rinsed with ultrapure water (reference values: pH

~5.8 and conductivity ~0.7 uS em ™).

Determination of the acid dissociation constant

The values of the acid dissociation constant K, were
determined by the weak acid titration method, using NaOH
solution as a strong base.’” Detailed experimental and data
evaluation procedures are described in Appendix C. The titra-
tion procedure was monitored independently by pH and
conductivity measurements using an Elmetron CPS-505 pH/
conductivity meter equipped with the electrode Elmetron EPS-1
for measuring pH and an Elmetron EC-60 for measuring
conductivity.
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Theoretical description of the adsorption process - adsorption
isotherm

The HFL (Helfand-Frisch-Lebowitz) isotherm based on the
equation of state of 2D hard disk-like particles*® was used to
describe the synthesized AASs adsorption at the water/air inter-
face. That exact equation for the 2D equation of state can also
be derived based on the scaled particles theory'* and extended
to mixtures of hard disks with various diameters.'®> Accounting
for the intermolecular interactions in the adsorbed layer in the
Frumkin-like manner'® and applying the Gibbs adsorption
equation for the adsorption equilibrium,'” the equation for
the adsorption isotherm was obtained in the form:

Cn 20% - 30,
a(l — 9;«,) exXp |:(1_0n)2:| = 9,, eXp(szsen/RT) (1)

where: ¢, is the concentration of surfactant, ¢, is the surface
activity of the surfactant, a measure of the standard free energy
of adsorption, 0, = I',/I',,, is the relative surfactant surface
concentration, where I',, is surface concentration, while I',,, is
the limiting surfactant surface concentration of the closely
packed monolayer and Hj is the surface interaction parameter,
accounting mainly for the attractive lateral intermolecular
interaction between adsorbed surfactant molecules (e.g. London
dispersion, dipole-dipole, hydrogen bonding). In the scaled
particles theory, the limiting surface concentration is directly
dependent on the size of the hard disk:

1

Foo = ——5—
" NamAZ,

(2)
where: N, is the Avogadro constant and A.g is the hard disk
radius. By the numerical solution of eqn (1), the dependence
between relative surface concentration of surfactant and its
concentration in the bulk was found and the surface tension
isotherm was described by the integration of the Gibbs equation
for a diluted solution of non-ionic surfactant:

dy = —RT&dcn (3)

Cn

The calculated isotherm can be fitted to the experimental
data with three fitting parameters (Aes, o, Hs) to obtain the
parameters of the model for a given AASs with different amino
acid head group. The quality of the fit was evaluated based on
the %* value defined as:

e

2 (ve — ”/f)z
C=) (4)

-1 e

where: 7. and y¢ are the experimental and fitted values of
surface tension, and 7. is the number of experimental points
for a given isotherm.

To assign physical meaning to the isotherm parameters with
respect to the molecular properties of the studied surfactants,
molecular dynamics simulations (MDS) were used to determine
the effective size of the surfactants’ hydrophilic part, 4., that can
be used in the eqn (1) and (2). The following procedure was applied:
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e The optimized structures of all AASs were obtained by
quantum mechanics computations, using density functional
theory (DFT) with CAM-B3LYP functional and 6-31G + (d, p)
basis set. Solvation effects (water) were accounted for applying
the SMD (solvation model) variation of the Polarizable
Continuum Model,'® while the partial atomic charges were calcu-
lated according to the Merz-Singh-Kollman method." All DFT
calculations were carried out using the Gaussian 09 program.*

e The optimized structure, obtained in the previous step,
was imported to the YASARA Structure Molecular Dynamics
Software,”" placed in the simulation box with the size of 6 x 6 x
3.5 nm and filled with water molecules (TIP3P, density
1 g dm ). The simulation was run for 20 ns using AMBER 14
force field** to equilibrate the system.

e Next, the simulation box was extended in the z coordinate
to 12 nm to obtain a water slab with two interfaces. When the
simulations were running, the transfer of a surfactant molecule
to one of the interfaces was observed.

The simulations were continued for 35 ns, and at least ten
snapshots were randomly taken. Representative snapshots for
all the AASs are illustrated in Fig. 2. The conformation of the
surfactant at the interface was analyzed at every snapshot and
the hydrophilic headgroup of the surfactant that preferentially
contacted with water sub-phase was determined (marked by the
grayish contour in Fig. 2).

Fig. 3. shows the optimized structures of surfactants with
marked hydrophilic parts of molecules. The effective radii of the
hydrophilic part of surfactants were determined using the formula:

3V
=5 ®)

Aeff
where V is the van der Waals volume of the hydrophilic head
group shown in Fig. 3. and S is the respective van der Waals
surface. Their values and the radii of gyrations of surfactant head-
groups were calculated using algorithms implemented in the
YASARA Structure software.”’ The A were then used in eqn (1)
for the fitting to the experimentally obtained adsorption isotherms.
Therefore, the number of adjustable parameters in eqn (1) was

Fig. 2 Example of results obtained by molecular dynamic simulations: selected
snapshots of amino acid surfactant molecule at air/water interface respectively
for (a) C12-ALA (b) C12-VAL, (c) C12-LEU, (d) C12-PRO, (e) C12-PHE.
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Fig. 3 Optimized geometries of amino acid surfactants for (a) C12-ALA (b)
C12-VAL, (c) C12-LEU, (d) C12-PRO, (e) C12-PHE. The van der Waals
surface of the hydrophilic headgroup is marked by the grayish contour.

reduced to two, o, and H,, as the third one, A.y, could be
determined independently.

Energy of dimerization

The minimized structures of AASs dimers were obtained by
quantum mechanics computations, using density functional
theory (DFT) with wB97XD functional, which includes corrections
for the London dispersion and long-range interactions, using
6-31G + (d,p) basis set. Solvation effects (water), as above, were
accounted for applying the SMD variation of the Polarizable
Continuum Model. The calculations started by placing two
molecules with minimized geometries with parallel oriented
hydrophobic chains and random orientation of the headgroup.
Then the optimizing procedure was run until convergence was
achieved and the energy and free energy of the dimer
were obtained. The optimizing procedure was repeated three
times for different initial orientations of headgroups and the
conformation with the lowest energy was selected. The energy,
enthalpy, and free energy of dimerization were calculated
according to: AEgimerization = Edimer T 2Esurfactant- All calculations
were carried out using the Gaussian 09 program.>’

Results and discussion

To verify and validate our theoretical description of surfactant
adsorption at the air/water interface, we selected literature data
on surface tension isotherms of model non-ionic surfactants,
namely tert-isopropyl phosphine oxide®® and n-alkyl dimethyl
phosphine oxides** with the hydrophobic chain length from 7
to 13 carbon atoms. The surface tension isotherms for those
model surfactants are illustrated in Fig. 4, together with fits of
the theoretical model based on their molecular size. The best-fit
parameters are resumed in Table 1. Tert-isopropyl phosphine
oxide is a disk-like molecule; therefore, it seems to be a perfect
model surfactant to verify the HFL model for the hard disk based
on its molecular size. Due to its branched structure, its surface
activity is low, with no lateral interactions between adsorbed
molecules (H; = 0).>* After determining the effective size from the
molecular data (Aeg = 0.248 nm), we could perfectly describe the
experimental surface tension isotherms with only one adjustable
parameter. For the homologous series of n-alkyl dimethyl phos-
phine oxides, we successfully fit the model with a single size
of the headgroup (marked in Fig. 4B) and two adjustable
parameters, o, and H,. The logarithm of the first one exhibits
a linear dependence on the number of carbon atoms in the
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Fig. 4 Surface tension isotherms and molecular structures of: A — tert-
isopropyl phosphine oxide and B — n-alkyl dimethyl phosphine oxides.
Lines represent fits of the theoretical model.

Table 1 The effective diameter and the best-fit parameters of the
theoretical model, based on the molecular dimensions, to the experi-
mental isotherms of model surfactants. Adjustable parameters in bold

Surfactant Acge [nm] a,, [mol dm ™3] H; [k] mol™] * [(mN m™")?]
Tert-isopropyl  0.334 5.5 x 107> 0.0 0.02
phosphine oxide

N-alkyl dimethyl

phosphine oxide

C, 0.248 2.90 x 10> 0.0 0.50
Cg 8.00 x 10°* 0.3 0.26
Co 3.00 x 10°* 0.9 0.21
Cio 9.00 x 107° 1.2 0.07
Ci1 450 X 10°° 4.5 0.23
Cio 135 x 10°° 4.9 0.24
Cis 7.70 x 10°° 7.4 0.26

hydrophobic chain, in agreement with the Traube rule. The
second one, Hg, shows the odd-even effect in the hydrocarbon
chain length as described in.>*

After the initial validation, the model was used to describe
the adsorption performance of the synthesized AASs. In con-
trast to amino acids, AASs do not assume a zwitterionic form at
moderate pH. They behave as weak acids with pK, determined

Phys. Chem. Chem. Phys., 2022, 24, 3854-38364 | 3857
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Table 2 Experimentally determined pK, values of the studied amino acid
surfactants

No. surfactant pKa
1 C12-ALA 4.63
2 C12-VAL 5.13
3 C12-LEU 5.41
4 C12-PHE 5.40
5 C12-PRO 4.61

by the protonation of a carboxylic group. The experimentally
determined pK, values of all studied AASs surfactants are
presented in Table 2. Based on these pK, values and on the
measured pH of the surfactants’ solutions, the dependence of
the degree of dissociation (¢) on their concentration was
determined using the mass action law:

~ Ka -+ 10-PH(

%(c) (6)

where K, is the dissociation constant of the carboxylic group of
the surfactants and c is the total concentration of surfactant in the
solution. The results are illustrated in Fig. 5, where the depen-
dence of the fraction of non-dissociated surfactant (1 — «(c)) on

60 r v r 1.0
!._-.Ao.s.,:r :
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Fig. 5 Experimentally determined dependence of the pH of the solution
on the concentration of amino acid surfactants (symbols, dashed line) for:
(A) C12-ALA, C12-VAL, C12-LEU; (B) C12-PRO, C12-PHE. The respective
dependence of the fraction of non-dissociated surfactant calculated using
eqn (6). is shown as solid lines.
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total surfactant concentration is given (solid line) together with
the experimentally determined dependence of pH.

As illustrated in Fig. 5, the fraction of the non-dissociated
form of surfactant is always above 0.1. In our previous
studies,>>*® we demonstrated that non-ionic surfactants with
the same hydrocarbon chain are much more surface active than
the respective ionic ones, and the difference in concentration
of the onset of surface activity was near two orders of magni-
tude. This feature in particular was revealed when analyzing the
pH dependence of the surface activity of alkanoic acids.”
Therefore, in the analysis of surface tension isotherms of the
studied AASs, we neglected the effect of ionic (dissociated)
surfactant form and considered non-ionic form only, with the
concentration given by:

Cn =1 — ofc)] (7)

where ¢ is the total surfactant concentration. The equation of
the adsorption isotherm (eqn (1)) used to describe the AASs
system could be rewritten as:

e[l —a(c)] (20, —30,)| 2H,0,
T(l —0,) exp {(10’1)2} =0, exp(— RT ) (8)
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Fig. 6 Experimental surface tension isotherms of the amino acid surfac-
tants (determined by Wilhelmy plate method - squares, bubble shape
analysis — circles) for (A) C12-ALA, C12-VAL, N-C12-LEU; (B) C12-PRO,
C12-PHE. Solid lines — best fits of the theoretical model to experimental
points obtained using bubble shape analysis method. The experimental
isotherms for dodecanol and DTAB are given for comparison.
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Table 3 Calculated and best-fit parameters of the theoretical model fitted to the experimental adsorption isotherms (fitted parameters in bold)

Parameter C12-ALA C12-VAL C12-LEU C12-PHE C12-PRO
Aegr [nm] 0.257 0.276 0.284 0.280 0.272
Rghg[nm] 0.204 0.233 0.256 0.241 0.231
I'45-107 1% [mol em™?] 8.002 6.938 6.553 6.741 7.144
2,107 [mol dm™ 3] 4.2 £0.2 2.0 £ 0.2 0.86 £ 0.05 0.77 £ 0.05 2.0 £ 0.2
Hy [k] mol™'] 14.3 + 0.4 11.3 + 0.3 13.2 + 0.4 13.4 + 0.4 10.0 + 0.4
72 [((mN m™)?] 0.38 0.15 1.23 1.37 0.61

The experimental surface tension isotherms for the investi- 5§ — T : m
gated AASs are illustrated in Fig. 6, together with the best fits of i
the theoretical model. Results obtained using two experimental al 4
methods, Wilhelmy plate (squares) and bubble shape analysis =
(circles), are presented. Almost perfect agreement between the ,_% sl ]
two sets of data (indicating lack of diffusion limitation effects g
that may occur in surface tension measurements at low surfac- ° L[ 1
tant concentrations®®) was revealed. o —— C12-ALA

. . o1s — C12-VAL |

The effective radii of .the' .hydrophlhc headgroul?s of the . | C121EU ]
surfactants, A.s, and the limiting surface concentration, I';,.., r —— C12-PRO |
were calculated based on the MDS procedure and - eqn (2) and 8 ! = R _|?12'PIHIIE )

(5), respectively, using van der Waals volumes of the hydro-
philic headgroups (c¢f Fig. 3). All the calculated and fitted
isotherm parameters are presented in Table 3. The effective
radii of the headgroups were ca. 0.4 A bigger than their
respective radii of gyration (Rghg). The fits to experimental
surface tension isotherm were obtained with two adjustable
parameters only, o, and Hs.

The obtained results revealed that, as could be expected, the
surfactants’ surface activity increases (o,, parameter decreases)
with the hydrophobicity of the amino acid side group: N-
Lauroyl (L)-phenylalanine having benzene ring is more surface
active than N-Lauroyl (v)-proline with more hydrophilic pyrro-
lidine loop. Moreover, the surface activity of AASs follows the
gradation of hydrophobicity of amino acids PRO < ALA < VAL <
LEU < PHE? and it is much higher than the one of a typical
cationic surfactant with twelve carbon atoms in the alkyl chain --
dodecyltrimethylammonium bromide (DTAB), which has the
onset of surface activity at the concentration 10> mol dm™>
(the studied AASs have surface activity onset at concentrations
below 10~* mol dm3) and the critical micelle concentration
(CMC) above 10~> mol dm 3. The surface activities of C12-PHE
and C12-LEU were similar to dodecanol (cf. Fig. 6), while those
of C12-VAL, C12-ALA and C12-PRO were in-between the one of
dodecanol and dodecyl-trimethyl ammonium bromide (DTAB).
That is due to increasing both hydrophobicity of the amino acid
headgroup and the fraction of the neutral form of the molecule
with a protonated carboxylic group.

The calculated dependencies of surface concentration versus
surfactant concentration in volume for the studied AASs are
illustrated in Fig. 7. The investigated surfactants do not have a CMC
at room temperature and their surface activity is limited by solubi-
lity. At the surfactant concentration corresponding to the respective
solubility limit, the surface concentrations range from 4.6 X
10" mol em™? for C12-ALA to 3.7 x 10~ '° mol em > for C12-
PHE and are much smaller than the ones determined by the effective
molecular dimensions of surfactant headgroups (cf Table 3).
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Fig. 7 The calculated dependence of surface concentration vs. bulk
concentration resulting from the fitting of the model to the experimental
surface tension isotherms.

The proposed theoretical model describes the experimental
results very well with the ;> less than 1, except for C12-LEU and
C12-PHE. The AASs are capable of making hydrogen bonds (HB).
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Fig. 8 The optimized structures of AAS dimers resulting from the DFT
calculations.
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Table 4 The energy, enthalpy and free energy of dimerization resulting
from DFT computations
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Table 5 Comparison of the efficiency of adsorption of the new AASs with
ionic surfactants with lipophilic lauroyl tail

Energy of Enthalpy of Free energy of
dimerization dimerization dimerization
Surfactant [keal mol ] [keal mol ] [kecal mol ]
C12-ALA 23.07 23.66 3.71
C12-VAL 21.07 21.67 0.79
C12-LEU 24.72 25.31 5.53
C12-PHE 27.11 27.70 5.43
C12-PRO 18.30 18.89 1.29

The C12-ALA, C12-VAL, C12-LEU, C12-PHE have 3 HB acceptors
(oxygen in carboxylic and amide group) and 2 donors (hydro-
gens of carboxylic and amide group), while C12-PRO has 3 HB
acceptors (oxygen in carboxylic and amide groups) but only 2
donors in carboxylic group. Due to competition with water
molecules, the carboxylic groups preferably participate in
hydrogen bonds with hydration water. On the other hand, the
amide group is adjacent to the hydrophobic tail and more
exposed to the gas phase (¢f Fig. 2). Thus, at high surface
coverage, it can form intermolecular hydrogen bonds. We
attempted to evaluate the energy of dimerization for all AASs
by performing the optimization geometry of the dimers. The
resulting structures of the dimers are illustrated in Fig. 8, and the
values of the energy, enthalpy and free energy of dimerization are
given in Table 4. The determined free energy of dimerization was
the highest for C12-LEU and C12-PHE and the lowest for C12-VAL
and C12-PRO that agrees with the shape of surface tension
isotherms. Strong intermolecular interactions can be evidenced
by a high values of interaction parameter, Hy (¢f Table 3) for
C12-ALA, C12-LEU and C12-PHE. Those values are much higher
than for phosphinoxides despite similar size of the bulky head-
groups (¢f Table 1). The latter are mainly determined by the
dispersion interaction between hydrocarbon chains at the inter-
face. For C12-PRO, the hydrogen bond can form between amide
oxygen and the hydrogen of the carboxylic group that is entropi-
cally unfavorable.

As can be observed in Fig. 6, for C12-LEU and C12-PHE the end
part of the isotherms, close to the solubility limit, is characterized
by a steep slope. That can be a manifestation of the formation of
highly surface-active dimers stabilized by hydrogen bond and for
phenylalanine-based surfactant, additionally by a n—n stacking.*°

Conclusions

Amino acid surfactants are biodegradable compounds with
promising adsorption properties competitive to typical
surface-active substances.>>>> Although their ability to reduce
solution surface tension is presented in many papers,>®>>~**
there is an acute lack of reported attempts for the robust
theoretical description of the adsorption process by means of
a model, allowing extraction of useful physicochemical para-
meters of the studied compounds. Our studies aim to fill this
gap. Five amino acid based surfactants (AASs), derived from r-
alanine, r-valine, 1-leucine, L-proline, and r-phenylalanine, were
successfully synthesized. The synthesized AASs present an

3860 | Phys. Chem. Chem. Phys., 2022, 24, 3854-3864

New AASs DTAB*® SDS?*¢

4.55-5.1 2.00 2.50

PCao

amide bond connecting the polar head-group to a lipophilic
lauroyl tail. The solutions of AASs at natural pH (i.e., without
any pH adjustments) contain both deprotonated, anionic and
protonated non-ionic forms. Since, according to previous
studies,?” the non-ionic forms are much more surface active,
their presence dominates the interfacial behavior. Therefore,
the AASs adsorption isotherms could be successfully character-
ized by a theoretical model, based on the Helfand-Frisch-
Lebowitz isotherm derived from the equation of state of 2D
hard disk-like particles. The effective sizes of the hydrophilic
headgroups of the AASs were obtained by molecular dynamics
simulation and the adsorption isotherms were fitted by adjusting
only two parameters, the surface activity of the surfactant and the
surface interaction parameter. The new AASs show higher effi-
ciency of adsorption (lower pC20°®) than typical ionic surfactants
(Table 5) but lower than rhamnolipids.*® Their surface activity is
comparable with non-ionic Triton or Tween,>”® and relative
surface activity correlates with increasing hydrophobicity of the
amino acid (Table 6). The use of the new AASs in typical surfactant
applications is promising and the testing of other desired
properties will follow: foamability tests, determination of the
kinetics of dynamic adsorption layer formation at the interface
of rising bubbles, stability of single liquid film, as well as studies
of the crystalline structure of the obtained AASs to understand the
AASs dimerization.
List of symbols and abbreviations.

Cp The concentration of surfactant’s form adsorbed
at liquid/gas interface

c The total concentration of surfactant

0y Surface activity of the surfactant being the mea-

sure of the standard free energy of adsorption
r, Surface concentration

) . Limiting surfactant surface concentration of the
closely packed monolayer

0, Relative surfactant surface concentration

Hg Surface interaction parameter approximating the
attractive lateral interaction among the adsorbed
surfactant hydrophobic tails

Acsr Effective radii of the hydrophilic head of surfactants

1% van der Waals volume of hydrophilic head group
of surfactants

Table 6 Relative hydrophobicity of the investigated amino acids and the
efficiency of adsorption and surface activity of their respective AASs

b

Amino acid Phe” Leu Val Ala Pro
Hydrophobicity*! 2.00 1.68 1.11 0.15 —-0.25
pCao 5.10 4.95 4.65 460 455
oy X 107° [mol dm™?] 0.77 0.86 2.0 3.9 1.5

“ most hydrophobic. ? least hydrophobic.
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S van der Waals surface of hydrophilic head group of
surfactants

Y Surface tension of solution
Dissociation degree

Ka Dissociation constant of carboxylic group of the
surfactant

X Measure of the difference between the model pre-
diction and the experimental data

Ny Avogadro constant

PC2o Negative log of the bulk phase concentration neces-
sary to reduce the surface tension by 20 mN m™"

Rgng Radius of gyration

R Gas constant

T Temperature

AASs Amino acid surfactants

DFT Density functional theory

MDS Molecular dynamics simulations

SDM Solvation model density

DMF Dimethylformamide

T™MS Tetramethylsilane

C12-ALA  N-lauroyl-i-alanine

C12-VAL  N-lauroyl-i-valine

C12-LEU  N-lauroyl-i-leucine

C12-PRO  N-lauroyl-L-proline

C12-PHE  N-lauroyl-i-phenylalanine

Conflicts of interest
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Appendix A (Synthesis of Lauroyl
chloride and Amino acid surfactants)

Lauroyl chloride

300 mL of toluene, 0.5 mL of DMF (dimethylformamide) and
43 g of lauric acid (0.22 mol) were placed into the 500 mL round
bottom flask equipped with a magnetic stirrer and a reflux
condenser with a pipe for gas trapping of HCl (hydrochloric
acid) and SO, (sulphur dioxide) produced in the reaction.
31 mL of SOCI, (0.44 mol) was added to the mixture, which
was gently stirred. The mixture stirring was continued for 10 h,
in mild reflux conditions, heated in the oil bath. The liberated
gases were absorbed with sodium hydroxide solution. After
completing the reaction, the reflux condenser was replaced
with an adapter for simple distillation, and the majority of
the solvent (about 250 mL) was distilled at ambient pressure.
The remaining solvent was distilled under the vacuum at a
temperature below 100 °C. The obtained lauroyl chloride was
used in the AASs syntheses without additional purification.

N-Lauroyl-t-alanine (typical procedure)

A 250 mL round bottom flask equipped with a magnetic stirrer,
dropping funnel, placed in an ice bath, was charged with
t-alanine (4 g, 0.045 mol) and 30 mL of dioxane. A solution of
NaOH (sodium hydroxide, 3.9 g, 0.098 mol) in 30 mL of water

This journal is © the Owner Societies 2022
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was slowly added to the stirred slurry, while the temperature
was maintained at +5 °C. The solution of lauroyl chloride (10 g,
0.046 mol) in 30 mL of dioxane was slowly added to the stirred
solution of freshly obtained sodium alaninate, maintaining the
reaction temperature below +5 °C. The stirring at that temperature
was prolonged for one more hour, and for the next 16 hours at
ambient temperature, then 20 mL 12% HCI] was added. The
organic phase was diluted and separated with 50 mL of ‘BuOMe
(methyl tert-butyl ether), washed with 30 mL of 2M HCI, and
30 mL of water, then dried with anhydrous MgSO, (magnesium
sulfate). The drying agent was removed by filtration, solvents
evaporated off under reduced pressure of rotary evaporator, and
the product was purified by crystallisation from the mixture
heptane/’BuOMe to yield 8.5 g (71%) of product.
N-Lauroyl-i-leucine was prepared according to the typical
procedure. The product was purified by crystallisation from the
mixture hexane/toluene/DCM to yield 64% of the product.
N-Lauroyl-t-proline was prepared according to the typical
procedure. The product was purified by crystallisation from the
mixture hexane/toluene to yield 86% of the product.
N-Lauroyl-i-valine was prepared according to the typical
procedure. The product was purified by crystallisation from
the mixture hexane/toluene to yield 79% of the product.
N-Lauroyl-t-phenylalanine was prepared according to the
typical procedure. The product was purified by crystallisation
from the mixture hexane/toluene/DCM to yield 82% of the
product.

Appendix B (Purity analysis and
chemical structure of the synthesized
amino acid surfactants)

Melting points (Mp.) were determined in open capillaries and
are given as uncorrected values. The chemical shifts are
reported in ppm, and calibrated to residual solvent peaks at
7.27 ppm and 77.00 ppm for "H and *3C, respectively, or 0.00
ppm for TMS (tetramethylsilane) used as internal reference
compounds (Fig. 9-13).

N-Lauroyl-t-alanine (C12-ALA)

Mp. = 85.0-86.0 °C.

'H NMR (500 MHz, CDCl;): § = 10.03 (bs, 1H), 6.28 (bd, J =
6.9 Hz, 1H), 4.59 (q, J = 7.1 Hz, 1H), 2.25 (t, J = 7.6 Hz, 2H), 1.63
(bg,J = 6.6 Hz, 2H), 1.46 (d, J = 6.9 Hz, 3H), 1.35-1.22 (m, 17H),
0.88 (t, J = 6.6 Hz, 3H). ">*C NMR (DEPT, 125 MHz, CDCl;): =
48.26, 36.45, 31.91, 29.60, 29.47, 29.33, 29.30, 29.18, 25.58,
22.69, 18.11, 14.11.

N-Lauroyl--valine (C12-VAL)

Mp. = 97.0-99.2 °C.

'"H NMR (500 MHz, CDCl;): § = 9.23 (bs, 1H), 6.12 (d, J =
8.5 Hz, 1H), 4.60 (dd, J = 8.5 Hz, 1H), 2.29-2.22 (m, 3H), 1.64 (q,
J=7.1Hz, 2H), 1.35-1.25 (m, 16H), 0.99 (d, J = 6.9 Hz, 3H), 0.96
(d,J = 6.6 Hz, 3H), 0.88 (t,J = 6.9 Hz, 3H). 13C NMR (125 MHz,

Phys. Chem. Chem. Phys., 2022, 24, 3854-3864 | 3861
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Fig. 9 The NMR spectrum of N-Lauroyl-L-alanine (C12-ALA).
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Fig. 10 The NMR spectrum of N-Lauroyl-L-valine (C12-VAL).

CDCI3): & = 175.38, 174.12, 57.01, 36.67, 31.89, 30.98, 29.59,
29.47, 29.32, 29.30, 29.21, 25.73, 22.67, 18.97, 17.69, 14.10.

N-Lauroyl-t-leucine (C12-LEU)
Mp. = 105.3-105.5 °C.
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Fig. 11 The NMR spectrum of N-Lauroyl-L-leucine (C12-LEU).
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Fig. 12 The NMR spectrum of N-Lauroyl-L-proline (C12-PRO).
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Fig. 13 The NMR spectrum of N-Lauroyl-L-phenylalanine (C12-PHE).

'H NMR (500 MHz, CDCl,): = 8.40 (bs, 1H), 5.97 (bd, J =
8.2 Hz, 1H), 4.62 (td, J = 8.5 Hz, 1H), 2.26 (t, J = 7.6 Hz, 2H),
1.76-1.68 (m, 2H), 1.76-1.68 (m, 2H), 1.67-1.57 (m, 3H), 1.35-
1.25 (m, 16H), 0.96 (t, J = 5.0, 6H), 0.89 (t, ] = 6.9, 3H). *C NMR
(125 MHz, CDCl,): 6 = 176.39, 174.06, 50.86, 41.12, 36.50, 31.90,
29.60, 29.47, 29.30, 29.19, 25.58, 24.90, 22.82, 22.67,
21.87, 14.10.

N-Lauroyl-L-proline (C12-PRO)

Mp. = 55.1-56.3 °C.

"H NMR (500 MHz, CDCl,): § = 10.55 (bs, 1H), 4.59 = 4.58 (m,
1H), 3.61-3.57 (m, 1H), 3.50 = 3.45 (m, 1H), 2.41 = 2.33 (m, 3H),
2.10-1.97 (m, 3H), 1.66 (q, J = 7.3, 2H), 1.40-1.20 (m, 16H), 0.88
(t, J = 6.9, 3H). "*C NMR (125 MHz, CDCl;): § = 59.80, 47.81,
34.48, 31.90, 29.60, 29.47, 29.38, 29.32, 29.31, 27.58, 24.75,
24.54, 22.68, 14.11.

N-Lauroyl-L-phenylalanine (C12-PHE)

Mp. = 97.4-98.6 °C.
'"H NMR (500 MHz, CDCl,): 6 = 8.45 (bs, 1H), 7.31-7.24
(m, 3H), 7.17-7.15 (m, 2H), 5.99 (dd, J = 13.4, 5.5 Hz, 1H), 3.24
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(dd,J = 14.0, 5.5 Hz, 1H), 3.24 (dd, J = 14.0, 5.5 Hz, 1H), 2.18 (m,
2H), 1.60-1.50 (m, 2H), 1.35-1.20 (m, 16), 0.88 (t,J = 6.7 Hz, 3H).
3C NMR (125 MHz, CDCl,): § = 174.66, 174.00, 135.65, 129.32,
128.64, 127.21, 53.14, 37.22, 36.44, 31.90, 29.32, 29.28, 29.13,
25.52, 22.67, 14.10.

Appendix C (Determination of the acid
dissociation constant, Ka)

The values of the acid dissociation constant K, were deter-
mined by the weak acid titration method, using NaOH solution
as a strong base.'” The titration procedure was monitored
independently by pH conductivity determination
(see Fig. 14).

The titration process consisted of the gradual addition of
NaOH solution from a burette to an Erlenmeyer containing
50 mL of the AAS solution, which was stirred continuously.
The initial concentrations of the AASs and base solutions were
identical. The experiment was aimed for the determination of
the so-called equivalence point (see Fig. 14), at which the
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Fig. 14 Graphical determination of pK, from pH and conductivity data: (A)
determination of the equivalence (inflection) point using pH derivatives
and (B) determination of the as a half of the inflection point approximated
by the pH and conductivity measurements (data for C12-ALA).
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concentrations of the dissociated ([A-]) and non-dissociated
([HA]) form of the AAS are identical. To increase the accuracy
of the pK, determination, the equivalence point was approxi-
mated using 1st and 2nd derivative of the pH values (Fig. 14A).
For conductivity results, the inflection point could be accurately
determined from the raw data. The pK, was determined as half
of the equivalence point value, at which, according to the
equation the [A-] = [HA], thus pK, = pH.
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ARTICLE INFO ABSTRACT
Keywords: The paper presents the experimental studies on influence of degree of initial adsorption coverage and structure
Bubble of the dynamic adsorption layer over a rising bubble on stability of single foam films formed at surfaces of
Liqlfid film solutions of surface-active-substances namely n-octanol, n-hexadecyltrimethylammonium bromide (CTAB) and
Drainage polyoxyethylenesorbitan monooleate (Tween80). Stability of single foam films formed by the colliding bubble
Adsorption coverage . . s . . . .
Thickness under different experimental conditions were determined on the basis of systematic measurements of a single
Lifetime bubble lifetime in self-elaborated set-up. The experiments were supplemented by theoretical calculations of
values of rupture thicknesses of the foam films, determined according to the Radove-Dimitrov-Ivanov model of
drainage, which allows to consider formation of symmetrical and unsymmetrical foam films, depending on
estimated structure of the dynamic adsorption layer. It was found that film lifetime depends strongly on the
structure (stage of development) of motion-induced dynamic adsorption layer over the rising bubble surface.
Moreover, it was shown that the bubble with completely different degree of initial adsorption coverage can form
foam film of similar stability. This effect was attributed to the fact that eventual degree of the bubble adsorption
coverage can reach comparable (and in some cases even equilibrium) value before film formation with identical
structure of the DAL and degree of liquid/gas interface immobilization.
1. Introduction composed of gas dispersed into a liquid phase. It is very important type
of dispersed system, commonly utilized in either everyday life
Liquid foam is thermodynamically unstable two-phase system (cleaning, washing, shaving, cosmetics etc.) or many important
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technological, social and industrial applications (fire-fighting, froth
flotation, oil recovery, foam fractionation, treatment of wastewater
etc.). Foam, as every dispersed system, is formed and initially exists
under dynamic conditions, as a consequence of energy input needed for
dispersion of immiscible phases. Therefore, the initial stage of foam
formation takes place in quite a non-equilibrium environment with lots
of disturbances and perturbations related to violent collisions between
gas bubbles. Bubbles collisions lead to the liquid film formation, i.e.
layer of liquid (aqueous phase) separating the interacting liquid/gas
interfaces. Mechanism of rupture of a single foam film formed by the
bubble colliding with the free liquid surface (liquid/gas interface) has
been studied both experimentally and theoretically by many authors
[15-25]. According to the literature the stability of liquid films at the
initial stage of their formation cannot be described using equilibrium
quantities. Before reaching quasi-static conditions, the average thick-
nesses of such films are much larger than the range of specific forces of
interactions in thin liquid layers (DLVO theory and disjoining pressure
[1-3]1). Such forces attain a meaningful value only at the liquid film
thicknesses of the order of 100 nm (related to the so-called critical
thickness of rupture), therefore they can be a decisive factor only, if the
conditions of a system have a chance to be shifted (with time) towards
quasi-equilibrium state. Under dynamic conditions such factors as non-
equilibrium and non-uniform adsorption coverage, magnitude of liquid
film thickness non-homogeneities [26] as well as interfaces area
changes, leading to inducement of the surface elasticity forces, are
dominant [1,27] and they determine if the liquid films can survive
initial external disturbances and drain to thicknesses where forces of
specific interactions start to operate [28].

Liquid film is a fundamental “brick” of the foam system, composed
of millions of liquid layers separating interacting bubbles. It is well
known that single foam film can be used as a probe of properties of the
foam system as a whole. By studying properties of a single film, it is
possible to determine factors responsible for its stability, which can be
extrapolated (with some limitations) to much more complex system.
Therefore, the liquid film properties have been extensively studied by
many authors [3-9]. Overwhelming majority of such studies have been
carried out under static conditions, with the use of specially designed
equipment, where a great care has been undertaken to avoid external
disturbances [3-9]. Undoubtful advantages of this methodology is
ability to study very thin liquid layers, what makes it a very powerful
tool for determination of magnitude of the interactions between sepa-
rated phases at a molecular level (different components of disjoining
pressure). Nevertheless, as described above, the real system is always
formed under dynamic conditions, so the history related to magnitude
of disturbances and degree of deviation from equilibrium can influence
its further behaviour. This factor is very important and can be con-
sidered only, when experiments are carried out in the dynamic system.
One of such extremely important factors is formation of dynamic ad-
sorption layer (DAL [10-13]) over the surface of the rising gas bubble,
prior to its collision with other liquid/gas interface [14-16], which can
affect significantly the kinetics of drainage of the liquid (foam) film.

The rising velocity of a gas bubble in an aqueous phase is governed
by the difference in densities of the liquid and gas phases, liquid visc-
osity, bubble size and shape, changes in the hydrostatic pressure, as
well as state of adsorption layer. Generally, higher the adsorption
coverage, lower the bubble speed. However, adsorption layer on a
surface of a gas bubble rising in solution of surface-active substance
(SAS) is different from that on a bubble in rest [10]. State of the DAL at
rising bubble surface depends on a distance covered by the bubble in
the liquid phase. The DAL is formed as a result of viscous drag of
continuous medium, which pushes adsorbed SAS molecules towards
bubble rear part. As a consequence, there is a depletion zone at the
bubble’s top pole, and in the limiting case the top part of the bubble can
be completely free of the SAS molecules [10]. This gradient of coverage
induces Marangoni effects, opposing shear flow and leads to im-
mobilization of the bubble surface, which degree depends on the SAS
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concentration. The DAL formation is not instant phenomenon and
usually some time is needed for complete development of its final ar-
chitecture. The time-scale of the DAL formation is concentration-de-
pendent. Recently it was shown that kinetics of the DAL formation
depends strongly on degree of initial adsorption coverage at the de-
taching bubble surface [13] and can be quite different for constant bulk
concentration but various (independently controlled) initial degrees of
adsorption coverage. Development of the DAL can be successfully
tracked by monitoring of rise velocity of a gas bubble is the SAS solu-
tions [13,29]. Generally, three to four different bubble motion stages
can be distinguished, depending on the SAS concentration [13,29-31]:
(i) acceleration, (ii) maximum velocity, (iii) deceleration and (iv)
terminal velocity. The maximum velocity means that the DAL is not
established, yet, but the process of its formation is about to start.
Equilibrium between opposed surface tension gradient forces and shear
forces is being established during the deceleration stage. Terminal ve-
locity establishment means that this equilibrium is reached and the DAL
architecture is formed completely [13,29-31].

The paper presents experimental investigations on stability of a
single foam film, formed by the bubble colliding with free surface of
solutions of various surface-active substances. To estimate the influence
of various factors such as solution concentration, state of the DAL at the
colliding bubble surface and degree of initial adsorption coverage over
the detaching bubble, improved methodology adapted from Jachimska
et al. [14,15,20] was applied. It was shown that state of the DAL is
crucial for kinetics of drainage of the liquid films formed. Moreover, it
was proved that if the structure of the DAL induced before the liquid
film formation is similar, the film stability is practically identical and
independent on the initial bubble adsorption coverage (in solution of
identical bulk concentration).

2. Materials and methods
2.1. Reagents

The experiments were carried out in solutions of commercial re-
agents (surface-active substances — SAS of different adsorption kinetics)
of the highest available purity, purchased from Sigma Aldrich, namely:
n-octanol, n-hexadecyltrimethylammonium bromide (CTAB) and poly-
oxyethylenesorbitan monooleate (Tween80). The value of critical mi-
celle concentration (CMC) of CTAB and Tween80 was 2 x 10~ * M and
1 x 103 M, respectively. Ultra-pure water (Millipore, conductivity <
0.05 S-cm™ and surface tension 72.4 mN m™) was used for solutions
preparation. Before each experimental series, all involved glass parts of
the laboratory equipment were washed with the diluted solution of
Mucasol® - Schiilke (commercially available laboratory cleaning liquid)
purchased from Sigma Aldrich and then rinsed several times with large
amount of the Milli-Q water. The glass capillary used for a single bubble
formation was cleaned with diluted chromic mixture and rinsed re-
peatedly with ultra-pure water.

2.2. Experimental set-up

The lifetime of a single foam film formed by a bubble colliding with
a free surface of SAS solutions of various concentrations was measured
automatically in the apparatus developed in our laboratory, which is
schematically presented in Fig. 1. The apparatus consisted of: (i) cy-
lindrical glass column (40 mm in diameter) with the thick-walled ca-
pillary (inner diameter 0.075mm) sealed at the bottom, (ii) single
bubble generator (BoD — Bubble-on-Demand [32]), (iii) bubble trap
connected to stepper motor for control over a degree of initial ad-
sorption coverage (0;) at the liquid/gas interface (detaching bubble
surface) [33], (iv) camera for the bubble lifetime determination, (v)
polytetrafluoroethylene (Teflon) ring (inner diameter 38 mm, height
40 mm), mounted at the top of the column for formation of a liquid
convex meniscus - it was focusing the bubble in the column center
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Fig. 1. Scheme of the experimental set-up and pictures presenting a) live camera top view, b) camera top view with threshold (bubble present at the solution surface),

c) camera top view with threshold (no bubble at the solution surface).

during the period of drainage of the formed liquid film and (vi) a light
source. A single bubble (equivalent diameter equal to 1.48 mm) was
generated at the capillary with use of the BoD. The bubble diameter was
precisely controlled and its changes were negligible due to very small
variations in surface tension of the studied solutions [13]. The fre-
quency of a single bubble formation (At,) was controlled by the BoD
settings. Generally, in the majority of experimental runs, the At;, was
equal to 60 s. For experiments with the bubble trap the At;, was adjusted
to experimental conditions and was longer, accordingly.

Precise control over the initial adsorption coverage at a detaching
bubble surface (8;) was possible using the bubble trap. It was a glass
dome attached to a glass stick connected to the stepper motor. The trap
was controlled by the BoD software. After detachment, the bubble could
be captured inside the dome for precisely adjusted time, also controlled
by the BoD settings. This was an additional time (ty.p) available for
adsorption of the SAS molecules at the liquid/gas interface. After the
desired time, the trap could be rotated, releasing the bubble saturated
with the SAS molecules to a desired degree. As a result, the total time
available for adsorption was as follows [13]:

lads = tgrowth + lrap 1

where tgowem is a time of bubble area expansion before detachment
from the capillary orifice (time of the bubble growth). The values of 6;
and equilibrium surface coverages were calculated theoretically, ac-
cording to the approach presented in details elsewhere [13]. To prevent
the bubble from attaching to the glass trap surface in CTAB cationic
surfactant solutions (due to electrostatic interactions), the negatively
charged liquid/glass interface was covered with a poly(diallyldi-
methylammonium chloride) (PDADMAC) layer [34].

The lifetime of a single bubble was measured using a camera
mounted above the free solution surface, located at the top of the glass
column (where Teflon ring was mounted). The bubble lifetime was
calculated from the camera top view images as a time span between a
moment of the bubble appearance at the liquid/gas interface (i.e. col-
lision with solution surface and single foam film formation — see
Fig. 1B) and the moment of bubble rupture, registered by the camera
(see Fig. 1C), which was controlled using the Python script with

OpenCV and PIL modules. To avoid light reflections perturbing the
video image and bubble lifetime measurements, the outer side of the
trap as well as the cylindrical column was painted black. Special care
was taken to thoroughly clean the painted glass elements and to check
whether the paint would not affect the water quality. In order to study
the influence of structure of the dynamic adsorption layer (DAL) formed
over the rising bubble surface on stability of the single foam films, two
lengths of columns - 50 and 150 mm was used, allowing measurements
of the bubble lifetime after various distances covered by the bubble in
the SAS solutions.

The glass column was automatically filled with the tested SAS so-
lutions before each experimental run and emptied after its finish using
pumps controlled by a liquid level sensor. Drainage of the foam film is
the stochastic phenomenon, therefore to obtain reasonable statistics,
the lifetime of 200 single bubbles was measured for each studied SAS
concentrations. Based on the lifetime distribution histograms, the most
occurring (expected) value was determined using Gauss function fitting.

2.3. Calculations of kinetics of liquid film drainage and critical thickness of
rupture

To estimate the kinetics of drainage of a single foam film formed by
the bubble colliding with the free surface of the studied SAS solutions,
the model of thinning developed by Radoev et al. [35-37] was used.
This model, referenced further as RDI (Radoev-Dimitrov-Ivanov) model
[16], takes into account the fluidity of the liquid/gas interface (hy-
drodynamic boundary conditions), which depends on the SAS surface
concentration (I') and state of the dynamic adsorption layer at the
bubble at the moment of liquid film formation. According to the RDI
model, the liquid film thinning velocity (V) can be expressed as
[35-37]:

dh _ 2h*AP
-— = (1 + a)
i 3ukj @

where h is a liquid film thickness, t is time, AP is a total pressure
causing the drainage, | is a fluid viscosity and Ry is the radius of the
formed liquid film, which for a bubble of radius Ry, in liquid of density p;
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and surface tension o, under the gravitational acceleration g, can be
calculated as:

1/2
R = 4gRI;1Pz
I 30

3

The first term of Eq. (2) is the Reynolds equation, describing thin-
ning velocity of a liquid layer between two no-slip, parallel surfaces.
Parameter o is introduced to consider different hydrodynamic
boundary conditions at the bubble surface creating the film, which is
interrelated strictly to the structure of adsorption layer. When equili-
brium surface concentration (I'ey) is assumed both at the free solution
surface (I's) and bubble surface (T'), i.e. when I's = I', = I'¢q, the liquid
film formed is symmetrical and the parameter a is given by [35,36]:

h

by s
F=0r )

Coefficients b and hg from Eq. (4) can be calculated as:
b= 3uD
Ly (00,4/3c) )

_ 6uDy
Teq (ao'eq/areq) ©

S

where D is SAS bulk diffusion coefficient and Dy is surface diffusion
coefficient. In our calculations, original symmetrical case given in
[35-37] was modified and it was possible to consider the situation,
where I'y = Teq and I', = I}, where T} is initial surface concentration at
the bubble after given value of the t,4s.

For unsymmetrical liquid film, i.e. for the case where I'y = I'eq and
I', = 0, the a is given by [35,36]:

hy

a=3+4b + E @

In all calculations it was assumed that D for CTAB and n-octanol is
equal to 4 X 10~ cm?/s, while for Tween80 equal to 1.8 x 10~ 6 cm?/
s [13]. The D, was assumed as 4 x 10°> cm?/s for CTAB and n-octanol,
and 1.8 x 10° cm?/s for Tween80 [13]. To calculate the values of T;
and I'¢q, the parameters of Frumkin isotherms and the numerical ap-
proach given in [13,38] (Ward-Tordai equation), was used. The value of
Oeq Where taken from [13].

3. Results and discussion

As was mentioned above, our aim was to determine the influence of
the DAL structure, interrelated additionally with the degree of initial
bubble adsorption coverage, on the stability of single foam film formed
by the bubble colliding with the free solution surface. To this end, the
distance (L) between the capillary orifice (or bubble trap) and the free
surface was adjusted basing on the local bubble velocity profiles (i.e.
variations in velocity of the rising bubble with covered distance) de-
termined for the tested SAS by Kosior and Zawala [13], for different
values of the t,qs. The profiles, redrawn from the ref. [13], for n-octanol,
CTAB and Tween80 solutions of various concentrations and t,qs values
are shown in Fig. 2. Note that the velocity profiles were determined on
the basis of the bubble images taken by the side CCD camera [13]. Note
also that for Tween80 the concentration was constant and only the t,q4s
were changed gradually.

In order to elucidate the importance of the DAL state and t,4s values
on a single foam film stability, we decided to compare the lifetime of
foam films formed by the bubble colliding with the solutions surface
with impact velocity equal to: (i) terminal velocity - u, (indicating that
the DAL structure is fully formed and the bubble surface is partially or
fully immobilized during rising period) and (ii) maximum velocity -
Umax, Where the DAL formation has just started but the full architecture
of the DAL is not established, yet. The values of distance corresponding
to the maximum bubble velocity in each SAS concentrations and for
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different t,qs values were taken directly from the Fig. 2 (see vertical
dashed lines L;-Lg) [13]. Increased t,qs values are illustrated at velocity
profiles with lines of different thickness (thicker line means longer taqs).
As seen in Fig. 2, for n-octanol and CTAB the t,4s (and simultaneously
0;) increase did not cause the shift of the maxima position in respect the
distance. Only the value of maximum velocity was smaller for higher
tads values. Moreover, distance at which u, was established was affected
in similar manner - for longer t,qs this distance was shorter, indicating
that the full structure of the DAL was established faster. In the case of
Tween80, t,qs increase caused diminishing of the value of maximum
velocity as well as shift of the maxima positions towards shorter dis-
tances. The experimental conditions were summarized in the Table 1.
Values of the L;-Lg indicating distance where the bubble reached its
maximum velocity are presented there and called L,,.. In addition, the
tadss 0; and ©; / B.q values (where 6., is the equilibrium adsorption
coverage), are shown in Table 1. In all experiments, the L, was assumed
to be equal to 150 mm.

3.1. Influence of adsorption coverage on stability of foam films formed by a
bubble with terminal velocity

In the first series of experiments, lifetime of the single bubble col-
liding with the free surface of SAS solutions of different concentrations
were determined for the L, =150 mm, i.e. for the distance enough for
the rising bubble to reach its terminal velocity. Fig. 3 presents values of
the bubble lifetime at CTAB solution surface as a function of number of
arriving bubbles. In Fig. 3A data for different CTAB concentrations and
constant t,qs value are presented, while in Fig. 3B results for constant
concentration and various t,qs are shown. It is seen clearly in Fig. 3A
that for tags = tgrowtn = 1.6 s (experiments where the bubble trap was
not used) the lifetime was longer for higher concentration. This is, of
course well-known and expected effect — generally, stability of liquid
films increases with increased SAS solutions concentration [1,3]. Much
more interesting effect can be observed in Fig. 3B. Here, there is
practically no difference between lifetime values for different t,gs It is
rather surprising, as values of 8; presented in Table 1 vary significantly
— as seen 6; for t,qs = 301.6s is twice as higher as for t,gs = 1.65.

Fig. 4 presents corresponding distribution histograms of the lifetime
values presented in Fig. 3. The lines are Gauss function fitted to de-
termine the expected values of the bubble lifetime. Determined average
lifetime values are given for each fitted curve. The data presented in
Fig. 4 confirmed above-described observation - only the solution con-
centration increase caused significant prolongation of the bubble life-
time from 1.2 to almost 8 s. The lifetimes for different t,qs values were
practically identical.

The average lifetime values determined for all studied n-octanol and
CTAB solutions of different concentrations as well as t,qs values are
summarized in Fig. 5. In Fig. 5A the lifetime values as a function of n-
octanol and CTAB solutions concentration are shown, while in Fig. 5B,
corresponding data are given as a function of the t,qs. As was expected,
similarly to the CTAB case, also for n-octanol the average bubble life-
time increases with the solution concentration increase, but this effect
is less steep in the considered n-octanol concentration range (Fig. 5A).
Moreover, it is seen (Fig. 5B) that for identical concentration, average
bubble lifetime is practically constant. This effect can be observed not
only for n-octanol and CTAB solutions but also for Tween80, for which
only one concentration but seven different values of t,qs were ex-
amined.

On first sight, it is rather surprising that the bubble detaching from
the capillary with completely different value of the adsorption coverage
(6;) forms a foam film of practically identical stability. To explain this
effect, several facts need to be analyzed. The constant, terminal velocity
of the rising bubble indicates that, independently on the 6; value, the
DAL is fully formed at the bubble surface. It has to be kept in mind that
the 6; given in Table 1 were initial adsorption coverages, calculated for
detaching bubble. After the distance L equal to L,
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Fig. 2. Local bubble velocity variations as a function of distance covered by the bubble in (A) CTAB, (B) n-octanol and (C) Tween80 solutions of different con-
centrations, for various t,qs values. Vertical lines denoted as L,-L¢ indicates the values of distance where the bubble reached its maximum velocity (Lyay in Table 1).

Table 1
Distances between capillary and free surface, taken from Fig. 2, for different
SAS concentration and t,qs values for which experiments were carried out.

SAS C [M] taas [s] Linax 6; [%] 6; / Beq
[mm]
CTAB  1x107° 16/21.6/ 40 0.34/0.61/ 0.41/0.75
301.6 0.76 /0.92
3x10°° 25 1.01/1.84/ 0.41/0.75
2.27 /0.92
5x10°° 17 1.68/3.06 / 0.41/0.75/
3.77 0.92
octanol 3 x107° 1.6 /151.6 45 0.33 /7 0.39 0.83 / 0.99
6x107° 30 0.66 / 0.79 0.82 /0.98
1x10°° 25 1.11 / 1.33 0.82 / 0.98
3x107° 18 3.39 / 4.10 0.81 /0.98
Tween 1x107°% 1.6 30 0.76 0.01
3.6 30 1.32 0.01
10.6 25 2.01 0.02
20.6 20 2.71 0.03
50.6 17 412 0.04
100.6 17 5.68 0.06

*L, was taken as 150 mm for all studied S.

coverage of surface-active molecules at the bubble surface increases,
as a result of adsorption during bubble rising period. In addition, the
terminal velocity establishment for all 0; values indicates similar state
of the DAL formed at the bubble surface. In turn, similar state of the
DAL means that bubble interface was immobilized in similar degree.

Practically identical stability of the liquid film was additional proof of
this effect. Moreover, analyzing the data from Table 1, it can be seen
that in the case of experiment performed for n-octanol and CTAB so-
lutions with the highest t,qs applied, bubble leaved the trap with the
adsorption coverage almost equal to its equilibrium value. This means
that during the bubble rising period, negligible amount of surface-ac-
tive molecules was able to be adsorb at the bubble surface, because it
was almost completely saturated and the 6; /8.4 was practically equal to
1 (equilibrium value). Identical stability of liquid films for different t,qs
indicates that during the liquid film formation not only the liquid/gas
(bubble) interface was immobilized in the comparable degree and the
DAL state was comparable but also resultant adsorption coverage was
similar, i.e. was very close to equilibrium. Thus, similar stability of li-
quid film for different 6; values is most probably a consequence of the
fact that eventual degree of the bubble adsorption coverage can reach
the equilibrium value before film formation or at the initial stage of its
drainage, with identical structure of the DAL and degree of liquid/gas
interface immobilization.

Additional proof for correctness of this hypothesis is presented in
Fig. 6, where values of calculated liquid film thickness (RDI model) at
the moment of bubble rupture (after corresponding lifetime determined
during experiments) are presented. Here, due to the fact that the DAL
was fully formed at the bubble surface, unsymmetrical case given by
Egs. (2-6), and schematically presented in the picture inserted in the
Fig. 6, was considered in calculations. As seen, in all cases the liquid
film was stable enough to reach the thickness, whose order of

magnitude can be associated with its equilibrium value (thicknesses
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Fig. 3. Lifetime of the bubbles at CTAB solution surface for a) constant t,qs but different CTAB concentrations, b) constant CTAB concentrations but various t,qs

values.

around 100 nm). Moreover, irrelevantly on the t,q values, the rupture
thicknesses for each studied SAS are practically identical. This is rather
strong indication that the kinetics of liquid film drainage, determined
by the state of adsorption layer at the film interfaces, was similar.

3.2. Influence of adsorption coverage on stability of foam films formed by a
bubble with maximum velocity

Similar above-presented analysis was performed for the liquid films
formed by the bubble which collided with maximum velocity with the
surface of the SAS solutions. As already discussed, position of the
maximum at the bubble velocity profile is concentration-dependent,
therefore different values of distance between the bubble starting point
and solution surface, corresponding to the L., were adjusted, de-
pending on the SAS type and concentration (see Fig. 2 and Table 1).

Experimental results for all SAS studied are presented in Fig. 7,
where interrelation between lifetime, solution concentrations and t,qs
value is shown. As seen, again clear and expected effect of concentra-
tion is visible. Independently on the t,qs value, liquid film lifetime in-
creases with increasing concentration of n-octanol (Fig. 7A) and CTAB
(Fig. 7B). Nevertheless, unexpected decrease of the stability of liquid
film can be noticed for constant concentration and prolonged t,gs. This

effect is the most pronounced for the highest concentration of the stu-
died SAS and can be observed for n-octanol, CTAB as well as Tween80
(Fig. 7C).

In order to approximate the source of this unexpected effect, the
calculations of rupture thickness of the liquid film were again per-
formed using the RDI drainage model. However, in this case, due to the
fact that the DAL was not established yet at the bubble surface (max-
imum velocity), we applied the mode of the model which considers
formation of symmetrical liquid film (see inserted scheme in Fig. 8)
with uniform SAS coverage over the bubble surface equal to 6;. To take
into account influence of the additional adsorption time, different de-
gree of uniformly distributed adsorption coverages, corresponding to
tgrowth OF tirap, respectively, were considered.

Fig. 8 presents the calculated rupture thicknesses after t,qs = 1.6,
i.e. for the case where the bubble trap was not used, and for maximum
taas applied for each studied SAS, resulting in different 6; values. As seen
in Fig. 8, the overall picture is similar to that presented in Fig. 6 — the
draining liquid film the thicknesses, which are comparable with equi-
librium values characteristic for the film formed and existing under
quasi-static conditions. This situation can be observed for all SAS and
solution concentrations, except 1 x 10~® M CTAB where the calculated
thickness was higher and equal to 174 nm. This was the only deviation,

a

- g

s00] =121 CHAB 140 CTAB

-5 ! G =1x10°M 1] C=8x10°M 77 b= 168

BEEle, =3x10%M L, = 150 mm B t 0= 2168

8 160 G, =5x 10%M $100 t,=7.565 [T t,,~3016s
2 140 toy=18s 2 4, =8.19s
§120— ,=523s L, = 150 mm g - t,=7.95s
=]
E 1001 t,=7.85s £ =
€ 3= F. £ 604
E 80+ E N|
< 504 1 < 40

40

20 & K L

0 e G AV S A SN ; . 2 0 | 2DV N
6 2 4 8 8 10 12 14 18 0 2 0 12 14 18

Lifetime of bubbles (s)

Fig. 4. Bubble lifetime distribution histograms, based on the results presented in Fig.

values.

Lifetime of bubbles (s)

4, with fitted Gauss function, used for determination of the expected lifetime



M. Borkowski, et al.

Colloids and Surfaces A 589 (2020) 124446

Fig. 5. Lifetime of a bubble at free surface of studied SAS solutions as a function of (A) solution concentration, (B) t,qs values (lines added to guide the eye, values of

c; - ¢4 for each SAS given in Table 1).
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Fig. 6. Thickness of rupture of the single liquid film as a function of n-octanol
and CTAB solutions concentrations. On the right plot, evolution of the thickness
in time for the highest and lowest studied SAS solutions concentrations is
presented.

but was observed for this concentration not only for L = L; but also
L = Lyax (see below). However, except this only deviation, for constant
concentration, clear decrease in the liquid film stability can be observed
with t,qs increase, and this effect is the most pronounced for higher
concentrations. These results indicate that higher is the bubble ad-
sorption coverage, the higher is the thickness of rupturing. There is only
one reasonable explanation of this effect — it was caused most probably
by the bubble trap, which rotation disturbed the drainage as a result of
convectional flow of the liquid induced near the free solution surface.
Additional liquid flow acted as external disturbances, which perturbed
the quasi-static conditions of the liquid film drainage. This conclusion is
additionally supported by the fact that effect of decrease in the bubble
lifetime is the highest for the smallest distances between the free so-
lution surface and the moving trap surface (higher solution con-
centration), i.e. for the case where the disturbances are expected to be
the strongest.

In the case of Tween80, similar calculations did not show corre-
sponding trends. Independently on the L and t,q4s values, the decrease of
thickness in time followed the trend characteristic for unsymmetrical
liquid film, where 8; = 6.4 and 6y, = 0, despite the fact that experi-
mental data indicated significant difference in kinetics of drainage be-
tween L., and L, cases. Most probably it was caused by the values of
adsorption coverage of Tween80 molecules at the liquid/gas interface
(see Table 1), which were too low to induce significant changes in rate
of film drainage determined according to the RDI model.

3.3. Stability of liquid film formed by the bubble with different structure of
dynamic adsorption layer — a comparison

Above presented analysis revealed that conditions of the liquid film
drainage are different for Ly and L. In the case of L, liquid film was
formed and existed (was draining) in undisturbed environment, which
was isolated from significant external disturbances. The bubble trap did
not influence the drainage, because the distance between the trap and
free solution surfaces was long enough. In the case of L = L.y, and
experiments with the bubble trap (t,qs > 1.6s), the trap rotation and
induced liquid flow caused perturbation of the film drainage and was a
reason of higher values of the film’s rupture thicknesses. Therefore, in
order to elucidate the influence of structure of the DAL induced at the
colliding bubble surface on the liquid film stability, only the bubble
lifetime values for t,gs = 1.6 s (no trap) was used, because only for this
case the liquid film had a chance to reach its equilibrium values and the
data for L; and L,,x can be compared.

Comparison between lifetime of the liquid film formed by the
bubble at L = L; and L = Ly« for t,qs = 1.6 s are presented in Fig. 9. As
seen, clear difference between the bubble lifetime values for these two
distances can be observed both for n-octanol and CTAB. This is a con-
sequence of different DAL structure. For L; the DAL architecture was
established fully, therefore the top pole of the bubble was practically
completely devoid of any surface-active substances [10,11], as sche-
matically presented in the picture inserted into Fig. 6. After liquid film
formation, the bottom film interface was free of SAS molecules (the film
was unsymmetrical), therefore hydrodynamic boundary conditions
were strongly shifted towards more slip and the drainage was sig-
nificantly faster, comparing to the L.« case. For Ly, the adsorption
coverage was uniform, because, as a result of short distance covered by
the rising bubble, the DAL was not established yet (see inserted picture
in Fig. 8). As a consequence, liquid film formed was symmetrical and its
drainage was significantly slower. In the case of Tween80 similar effect
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Fig. 7. Lifetime of a bubble at free surface of studied SAS solutions as a function of solution concentration and t,qs values for (A) n-octanol, (B) CTAB and (C)

Tween80 (1 X 107° M).

Fig. 8. Critical thickness of rupture of the liquid film formed by the colliding
bubble in CTAB and n-octanol solutions after various t,gs

was observed — the bubble lifetime for L. = L, was equal to 6 s, while for
L = Lyax equal to 11s.

Interestingly, lack of above analyzed effect for higher t,qs values (i.e.
for the cases where the trap was applied) is an additional proof for
correctness of the hypothesis of disturbances induced by the bubble
trap. As presented in Fig. 10, the effect of the DAL existence, presented
in Fig. 9, disappears for higher t,q45 values. In the case of n-octanol and
CTAB the effect of DAL is negligible for all t,4s studied. In the case of
Tween80, the effect of DAL is visible only for smaller t,qs (higher L., —
see Table 1) and can be neglected for t,qs > 50s.

4. Conclusions

Structure of the dynamic adsorption layer over the colliding bubble
surface is crucial for kinetics of drainage of formed foam films.
Comparison between lifetime of a liquid film formed by the bubble
covering different distances in solution of surface-active substances
revealed that the bubble lifetime is different. For longer distance the
DAL architecture was established fully, therefore the top pole of the
bubble was practically completely devoid of any surface-active

AN

Fig. 9. Average bubble lifetimes determined for L, and L.y, showing effect of
the DAL formation in kinetics of the foam film drainage (t,qs = 1.6s, experi-
ments without bubble trap).

substances so as the bottom interface of the formed liquid film. This
caused shift of the hydrodynamic boundary conditions towards more
slip and faster film drainage. For shorter distances covered by the
bubble the adsorption coverage was uniform because the DAL was not
established yet. As a consequence, the formed liquid film was symme-
trical and its drainage was significantly slower. Additional proof of
correctness of this analysis and conclusions was provide by the theo-
retical calculations of liquid film drainage. In all considered cases, in-
dependently on the distance covered by the bubble, the liquid film
reached similar thickness, which was characteristic for equilibrium li-
quid film.

The performed experiments revealed that the stability of liquid film
formed by the bubble with completely different degree of initial ad-
sorption coverage can be similar. Analysis of liquid film stability for
several different initial adsorption coverage values indicated that this
effect should be related to similar degree of liquid/gas (bubble) inter-
face immobilization. Moreover, it was proved indirectly that in certain
cases (for long enough distance covered by the bubble prior the liquid
film formation) eventual degree of the bubble adsorption coverage can
reach the equilibrium value.

The experiments and calculations performed to determine the liquid
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Fig. 10. Average bubble lifetimes determined for L; and Ly, for higher t,45 values (for experiments where the bubble trap was applied).

film stability during initial stage of the DAL formation revealed that the
rotation of the applied bubble trap disturbed the drainage as a result of
convectional flow of the liquid induced near the free solution surface.
Additional liquid flow acted as external disturbances, which perturbed
the quasi-static conditions of the liquid film drainage and caused its
rupture at significantly higher thicknesses. Therefore, to study the in-
fluence of the DAL for higher values of the t,4;, new modified con-
trolling algorithm or completely different bubble trap design has to be
elaborated.
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ARTICLE INFO ABSTRACT

Keywords: The formation of motion-induced dynamic adsorption layers of surfactants at the surface of rising bubbles is a
Bubble widely accepted phenomenon. Although their existence and formation kinetics have been theoretically postu-
Coalesc'ence ) lated and confirmed in many experimental reports, the investigations primarily remain qualitative in nature. In
FDg:;nE]C;dsorpmn layer this paper we present results that, to the best of our knowledge, provide a first quantitative proof of the influence
Interferometry of the dynamic adsorption layer on drainage dynamics of a single foam film formed under dynamic conditions.
Drainage This is achieved by measuring the drainage dynamics of single foam films, formed by air bubbles of millimetric

size colliding against the interface between n-octanol solutions and air. This was repeated for a total of five
different surfactant concentrations and two different liquid column heights. All three steps preceding foam film
rupture, namely the rising, bouncing and drainage steps, were sequentially examined. In particular, the
morphology of the single film formed during the drainage step was analyzed considering the rising and bouncing
history of the bubble. It was found that, depending on the motion-induced state of adsorption layer at the bubble
surface during the rising and the bouncing steps, single foam film drainage dynamics can be spectacularly
different. Using Direct Numerical Simulations (DNS), it was revealed that surfactant redistribution can occur at
the bubble surface as a result of the bouncing dynamics (approach-bounce cycles), strongly affecting the
interfacial mobility, and leading to slower rates of foam film drainage. Since the bouncing amplitude directly
depends on the rising velocity, which correlates in turn with the adsorption layer of surfactants at the bubble
surface during the rising step, it is demonstrated that the lifetime of surface bubbles should intimately be related
to the history of their formation.

Direct numerical simulations

1. Introduction and Levich [5,6] that the convective-diffusive kinetics, involving

adsorption and desorption of surfactant molecules at the bubble surface,

The motion of an air bubble in a Newtonian liquid can be divided
into two limiting cases. The first case concerns so-called “clean” bubble
rising due to gravity in clean liquids, free of surface-active molecules.
The second case is encountered in solutions of surface-active species. In
the former, the interface of the bubble and the continuous phase (air/
liquid interface) is fully mobile leading to a lower viscous drag at the
bubble surface as compared to that when surface-active species are
present at the bubble interface. The rising velocity in the former case is
higher in comparison to a solid sphere of identical size and density
[1-5]. Similar to the latter case, it was theoretically shown by Frumkin

leads to a surface concentration gradient on a moving bubble, reducing
its surface mobility. This situation is schematically illustrated in Fig. 1A.
As a consequence of the bubble motion, the surface concentration of
surfactants at the bubble rear pole is higher than the equilibrium value,
while the top pole is largely depleted. In other words, the adsorption
coverage at the bubble surface increases in the direction opposite to the
bubble motion. In a limiting case, the leading part of the bubble can be
almost free of surfactant molecules and hence fully mobile, whereas the
rear part (so-called rear stagnant cap, RSC) is covered by a compressed
adsorption layer and hence immobile [1,2,7-12]. This uneven
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Fig. 1. (A) Dynamic adsorption layer according to the Rear Stagnant Cap (RSC) theory, where ¥ is the polar angle of the RSC, indicating the immobile part of the
liquid/gas interface ([9]), (B) local velocity profiles (LVP) for an air bubble of radius 0.74 mm rising in n-octanol solutions of different concentrations (based on data

taken from [3]).

distribution of surfactant molecules at the bubble surface leads to
Marangoni stresses causing a retardation of the liquid/gas interface
mobility, an increased drag coefficient and, consequently, a lower
bubble rising velocity. The uneven adsorption layer formed under the
above-described dynamic conditions is called the dynamic adsorption
layer (DAL) [2,9].

The existence and kinetics of the development of the DAL, as well as
the implication of its presence on the stability of liquid foam films once
the bubble has collided with the solution/air interface, has been a sub-
ject of many theoretical and experimental studies [2,7-10,12-21]. It
must however be underlined that all the experimental attempts under-
taken so far were qualitative, and no direct evidence has been reported
to date. The presence of theoretically postulated motion-induced DAL on
the surface of a rising bubble has been confirmed in experiments, where
the variations of the rising velocity of a bubble with time or distance
traversed in a liquid column were determined [2,9,14,16,22-24]. It is
known that the measurements of the bubble local velocity profiles (LVP)
offer an insight into the development of the DAL structure and kinetics,
which no other technique provides. An example of the LVP determined
for n-octanol solutions of different concentrations and bubble of radius
0.74 mm is given in Fig. 1B [3]. It was experimentally observed that
after the acceleration stage and before reaching the steady-state condi-
tions (i.e., terminal velocity), the bubble velocity can pass through a
maximum, the height and width of which are proportional to the solu-
tion concentration [3,4,9,18,25-29]. Next, when steady-state conditions
are reached, the bubble rises with a terminal (constant) velocity, which
is an indication of the existence of the fully developed DAL structure at
its surface. Therefore, it is commonly accepted that the LVP, reflecting
the parameters of a single bubble motion, is an indirect measure of the
kinetics of the DAL formation [3,6,8,16] and dynamic changes in the
drag coefficient. As seen in Fig. 1B for all studied n-octanol concentra-
tions (in the range 3 x 10°°-1x 107 M) and the particular bubble
radius (0.74 mm), a distance of 15 cm was sufficient for steady DAL
establishment [3,4]. The value of this distance, however, increases with
the bubble radius [16,30].

The presence of DAL was also confirmed in experiments, where the
stability of single foam bubbles [31-34] and wetting [7,14,35,36] films
formed by a colliding bubble were assessed. In these experiments, the
distance L between the bubble formation point (orifice) and the liquid/
air or liquid/solid interfaces was adjusted to reflect the different stages
of the DAL development at the rising bubble surface before its collision
and liquid film formation. Two lengths of liquid columns were used for
this purpose (short, where L was of the order of few centimeters, and
long, with L ranging between 15 and 40 cm). It was found that the time
of rupture of a single liquid film formed by the colliding bubble was

significantly shorter for high values of L, despite the fact that a consid-
erable increase in the equilibrium adsorption coverage at the bubble
surface was expected since the bubble travelled a longer distance in the
liquid column of a higher length L. The results suggested that despite the
higher coverage, the drainage rate of the liquid film was higher in the
longer column. This argument was used as a proof of a higher degree of
mobility and the existence of a zone of depleted surfactant concentration
at the bubble apex. This experimental argument, however, was based on
the measurement of an indirect quantity, namely the lifetime of the
bubble at the solution surface. It was supplemented by theoretical cal-
culations using a model assuming wave-induced foam film drainage by
Sharma and Ruckenstein [37], with the assumption of a non-uniform
adsorption coverage at a liquid/gas interface as described by Ivanov
et al. [38]. No experimental evidence of this phenomenon during the
time evolution of the liquid film drainage was available to show varia-
tions of the bubble interface mobility. Recently, a new interesting
experimental method, called “bubble in flow field” was reported [8],
which mimics the situation of a rising bubble in surfactant solutions. A
bubble was fixed at the capillary tip and the influence of the liquid flow,
over the bubble surface, on the dynamic surface tension was determined
using a capillary pressure tensiometer. Unfortunately, the experiments
did not provide straightforward evidence for the DAL formation
because, as the authors concluded, “...the redistribution of pre-adsorbed
surfactants does not seem significant or does not lead to a measurable
pressure change ...”. Therefore, the more direct quantitative proof of
this phenomenon has not yet been obtained.

In all the experiments aimed at obtaining a direct proof of the DAL
presence at a rising bubble surface by assessment of a single foam sta-
bility reported in the literature so far, the step of bubble bouncing,
occurring after the collision with a solution surface, has been dis-
regarded. It was assumed instead that due to large differences between
timescales of bubble bouncing (up to 100-150 ms [39,40]) and foam
film drainage formed by the colliding bubble (usually seconds and even
minutes for surfactant solutions [41-43]), the bouncing should not
significantly affect the DAL structure and, hence, the interfacial
mobility. Although not obvious (due to negligible bubble mass), bubble
bouncing is a well-established effect, discovered thanks to the use of
high-speed videography [44]. The bubble bouncing kinetics at various
interfaces has been widely investigated experimentally and theoretically
[45-53], to elucidate the bubble coalescence dynamics and hence the
mechanism of liquid film rupture. It is commonly accepted that bubble
bouncing is a consequence of exchange between the kinetic energy
associated with its motion (and accumulated in the liquid phase) and
surface energy, which increases at the moment of collision, due to the
bubble area enlargement [48,54,55]. Consecutive approach-bounce
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cycles of the bubble, related to this phenomenon, are associated with
viscous losses causing a decrease in the bouncing amplitude and even-
tual capture of the bubble beneath the interface, where a liquid film is
formed, and drainage initiates. For pure liquids, this picture was
experimentally demonstrated both at liquid/gas and liquid/solid in-
terfaces, where it was shown that supply of the kinetic energy to the
system from an external source can cause formation of so-called
immortal bubbles, bouncing indefinitely even at the surface of silicone
oils of very low surface energy, of pure water or even of highly hydro-
phobic substrate [40,56-58]. In surfactant solutions, all the experi-
mental and theoretical attempts were related to the investigation of
bubble bouncing dynamics by assessment of the so-called restitution
coefficient, which compares the rebound and approach velocities
[50,59-63]. It was shown that the ability of the bubble to bounce from
an interface is related to the degree of fluidity of the two interacting
interfaces [64]. Moreover, as reported, due to lower bubble surface
mobility, the bubble bouncing amplitude and duration decrease with
increasing surfactant concentration and can be practically totally dam-
ped above a threshold concentration value, as a results of lower bubble
approach speed and surface deformability, related to its immobilization
as well as higher viscous dissipation of energy[23,61,65-69]. Increase in
the concentration of surfactant in solution causes a decrease in restitu-
tion coefficients [70]. Due to lack of sufficient experimental tools for
direct estimation of variations in surfactant distribution over the
bouncing bubble surface, this important problem remains very poorly
examined.

In this work, we present the experimental results on the influence of
the distance traversed by a single bubble in a column filled with a sur-
factant solution (n-octanol - fatty alcohol chosen as a simple model of
surface-active agent) on the time-evolution of the thickness of a single
foam film formed at a free solution surface. Every step of the bubble’s
journey, from its creation and detachment to its coalescence at the
surface, through the rising, bouncing and thinning steps are

bouncing (dt = 2 ms)
W -89S ="SB8 g g
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Fig. 2. Schematic illustration of the experi-
mental set-up comprising glass liquid column
either with square (A) or circle (B) cross-section,
7 with the needle sealed at the bottom. A single
+*% bubble of radius R, was generated using an
automatic single bubble generator (C2). The
rising step of the bubble was monitored as a
Fy function of distance from the capillary tip using
high speed camera (A). Collision of a bubble
with the solution surface located at two different
distances (L = 1 and 40 cm) from the needle tip
(A and B) was monitored either by (A) high
speed camera to obtain data on the bubble
bouncing dynamics and (B) DFI device (top CCD
camera with filter) allowing for determination of
interference patterns inside the foam film of
radius Ry, and its thinning dynamics (D). Post-
processed spatial distribution of thickness of
the foam film (E). The relative humidity was
measured by the RH sensor mounted above the
solution surface (C1).

thickness [um]

characterized experimentally and thoroughly examined. The aim of this
paper is to study the influence of the non-homogeneous coverage of
surfactants along the rising bubble surface (the DAL) on the drainage of
the subsequently formed foam film at the solution surface. In our studies
we adapted the experimental approach reported by Jachimska et al.
[31,33] and Warszynski et al. [32], and supplement it with independent
interferometry measurements, allowing direct determination of a single
foam film drainage dynamics (after its formation by a bubble of rela-
tively large size — radius 1.04 mm - and Reynolds numbers ranging be-
tween ca. 350-700), with the additional possibility of visualizing the
liquid film morphology. Two different release depths for the bubbles
have been prescribed, i.e. 1 cm (short column) and 20 or 40 cm (long
column), in order to investigate the effect of a presumably different DAL
on the bubble bouncing dynamics and liquid film drainage rates. The
experimental investigations have been supplemented by Direct Nu-
merical Simulations (DNS) allowing for reproduction of the bubble ris-
ing and bouncing steps, and providing valuable informations on the
redistributions of surfactants during these steps. Overall, these results
provide strong confirmation of the existence of the DAL on the rising
bubble interface, which will be used to provide a plausible explanation
of our results.

2. Experimental approach
2.1. Integrated set-up

Similar to many other experimental investigations, motion parame-
ters of a single bubble rising and colliding with air/n-octanol solution
interfaces were determined by means of video observations and image
analysis [12,16,41,71]. Our experimental set-up is presented schemati-
cally in Fig. 2A. More details on the measurement methodology as well
as algorithms used for determination of a bubble velocity were pub-
lished elsewhere [22]. Briefly, a single bubble of equivalent radius R
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was formed at a steel needle tip (inner diameter d. = 0.21 mm) in a
liquid column of square cross-section (40 x 40 mm). To maintain
controlled release time delays between two successive bubbles (At), an
automated bubble generator, the details of which can be found in [72],
was employed. The growth time for a bubble was 100 ms, small enough
to avoid full coverage of the interface by surfactants before release (see
below) Motion of a single bubble released from the needle tip was
monitored at the distance of 20 cm, using side high-speed camera
(SpeedCam MacroVis, 100 frames per second). This distance was far
enough for a bubble of sufficient size to reach its terminal velocity
(steady-state conditions) in all studied cases (see Fig. 4C). Bubble ve-
locities were calculated from the spatial evolution of its geometrical
center position in time (considering only the vertical coordinate - y(t))
by a frame-by-frame analysis of the recorded images (using script
written in Python 3.7). Bubble collision with the solution surface was
recorded by this same high-speed camera with recording frequency
increased to 1000 fps. The bubble dynamics beneath the air/solution
interface were determined for two distances (L) covered by the bubble
from the moment of its release to the moment of collision, namely: 1 cm
(short column) and 20 cm (long column). The distance L was adjusted by
tuning the volume of liquid in the column.

Details on materials used in the experiments are provided in Ap-
pendix A.

2.2. Dynamic fluid-film interferometry (DFI)

A schematic illustration of the set-up used to determine the drainage
dynamics of a single foam film formed by a bubble colliding upon the
liquid bath surface is presented in Fig. 2B. Similar to the experiments
described above (bubble motion parameters determination), single
bubbles of identical equivalent radii R, (1.04 + 0.04 mm) were used.
The bubble was formed at the needle tip mounted at the bottom of the
round glass columns of two different lengths, where the distance (L)
covered by the bubble from the moment of its release to the moment of
liquid film formation was equal to 1 cm (short column) and 40 cm (long
column). According to the rear-stagnant cap theory, after terminal ve-
locity establishment (under steady state conditions) the architecture of
the dynamic adsorption layer does not change with the distance trav-
elled by a bubble in solution of soluble surfactants (due to equilibrium
between adsorption/desorption processes), therefore similar DAL states
(and resultant surface concentrations) could be assumed both for L = 20
and L = 40 cm. The thinning dynamics of the foam (thin) film of lateral
extension Ry was then measured using the Dynamic Fluid-Film Inter-
ferometer (DFI), which construction specific details were described
elsewhere [73-75] and in the references therein. After its release from
the needle tip and free gravity-driven rise in the liquid column, the
bubble enventually partially protrudes through the surface, thus form-
ing a thin liquid film (foam film). During the experiments reported in
this paper, the original DFI set-up was modified to be suitable for the
observation of the interference patterns observed at the surface of the
film when appropriately illuminated with white light. In addition, the
relative humidity (RH) above the liquid bath was monitored using a RH
digital sensor. More details about the DFI procedure and liquid film
thickness measurements are given in Appendix A (section A2 and A3).

2.3. Adsorption kinetics

To estimate concentration-dependent adsorption kinetics of n-octa-
nol molecules at the liquid/gas interface, the freely available software
developed by E. Aksenenko [76] was applied. The literature data for the
parameters of the Frumkin isotherm, given by the following relations
[77,781:
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Table 1
Literature parameters [22] of the Frumkin adsorption
isotherm used in adsorption kinetics calculations.

b [dm®/mmol] 1.34
o [m?/mol] 1.60 x 10°
T+ [mol/cm?] 6.25 x 10710
a 1.0
E; [kJ/mol] 2.5
7x1078
6x1076
,__,5><10‘E
9 6
£ 4x10°
Sy
o~
£, 3x10°6
L
2x1076

1076

0
1075 10~ 107% 102 10" 10° 10' 102 10°
time [s]

Fig. 3. Variations of calculated surface concentration as a function of time for
all studied n-octanol bulk concentrations (short dash line - 5 x 10~° mol/dm?,
dash-dot line - 1 x 10~* mol/dm?, dot line - 2.5 x 10~* mol/dm?, long dash line
-5 x 10~* mol/dm?, solid line - 1 x 10~ mol/dm?) — vertical doted and dashed
lines indicate, respectively, the bubble growth time and the minimum equili-
bration time of the bath surface between each experiment. Points mark the time
needed to reach 90% of I';, value corresponding to the plateau value.

n= 7% [In(1 - T'w) +a(Tw)* (5)

were used in calculations. These parameters are tabulated in Table 1. In
Egs. (4)-(5), I1 is the surface pressure, R is the gas constant, T is the
temperature, " is the surface concentration, w is the area per one
adsorbed molecule in the close-packed monolayer (equal to 1/I'y), b is
the adsorption constant and a is a parameter related to the interaction
(with some characteristic energy H;) between adsorbed molecules,
which is proportional to — H,/RT. Using Frumkin isotherm constants
and assuming diffusion-controlled adsorption kinetics, the development
of the surface concentration at a liquid/gas interface as a function of
time was calculated by numerical solution of the Ward-Tordai eq. [77]:

rt) = 2\/§<cmﬂ - Aﬁ c(o,tt’)dﬁ> (6)

where tis time, D is the surfactant diffusion coefficient in the solution, ¢y
is the surfactant bulk concentration and c(0,t) is the surfactant con-
centration in the surface sub-layer. The calculations were performed for
flat liquid/gas interfaces (the radius of curvature tending towards in-
finity). The calculation results for all studied n-octanol concentrations,
performed for the parameters obtained from Frumkin isotherm (see
Table 1) are shown in Fig. 3. The bubble maximum growth time (100
ms) is marked with dotted vertical line. The vertical dashed line in-
dicates minimum time maintained for bath surface equilibration (min-
imum time interval between bubble rupture and subsequent bubble
arrival). Points indicate the time needed to reach 90% of I';y (I'—),
which we arbitrarily take as representative of an adsorption timescale.
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Fig. 4. Data on (A) equivalent radius (Rj) of a rising bubble as a function of n-octanol solution concentration. Bubble snapshots after release from the needle at the
origin of the vertical axis) in (B) superimposed by intervals of 10 ms for each full movie frame (37 mm). (C,D) Vertical velocities (y-component) of the rising bubbles
as a functions of the distance from the needle tip, showing the acceleration stage (outlined with red dashed line in B), maximum velocity and terminal velocity
establishment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Sequential bubble history
3.1. Bubble rising

After release from the needle tip, the bubble accelerates in the liquid.
As was previously reported in many papers [2-4,9,79,80], the bubble
motion dynamics depend on the concentration of surface-active sub-
stances present in an aqueous phase. Fig. 4 presents the data on the
motion parameters (local velocity profiles — LVP) of a single bubble
observed in our studies. As seen in Fig. 4A, increase in n-octanol con-
centration did not affect much the Ry values (defined as the radius of the
equivalent circle that has a surface area equivalent to the observed
bubble), which remained almost constant in all experimental series,
essentially because in most of the studies, the generation time (100 ms,
see Fig. 3) was faster than the typical adsorption timescale. For the
highest concentrations, slight decreases in Rj can be observed due to
higher surface concentration, hence lower surface tension. For all cases
presented in Fig. 4BCD, a clear bubble acceleration period is observed,
magnitude of which determines the value of the bubble maximum ve-
locity. As reported in the literature [3,4,22], the heights and widths of
maxima in the LVPs depend on solution concentration. In our case the
maxima widths were comparable, while their heights diminished with n-
octanol concentration, being the biggest for 5 x 10~° mol/dm?, inter-
mediate for 1 x 10~* mol/dm?® and the smallest (or even negligible) and
almost constant for 2.5 x 107% 5 x 107 and 1 x 10~ mol/dm®
(compare the areas outlined with red dashed lines in Fig. 4B). It is
commonly accepted that the existence of a maximum in the LVP is an
indication of formation of the DAL at the bubble surface, where the
interface has not been yet immobilized by the surfactant non-uniform
distribution and Marangoni effect. Gradual immobilization of the

bubble surface starts just before the maximum, beyond which the bubble
enters the deceleration stage, which indicates an increase in the hy-
drodynamic drag (Cp). Maximum Cp values are reached when the
bubble starts to rise with the terminal (constant) velocity. It can be seen
in Fig. 4CD that the moment of full immobilization of the bubble surface
took place after ca. 30-40 mm for all studied n-octanol concentrations,
what means that for distances >40 mm, the bubble velocity was sta-
tionary. Observed bubble path instabilities (referred sometimes as Leo-
nardo’s paradox [81]) have been the subject of many papers reporting
experimental [82-86] as well as numerical studies [85,87-89]. As seen
in Fig. 4B, the bubbles adopted a zig-zag path, rather than straight line,
even in the case of water (after distance > ca. 50 mm). Detailed analysis
of this phenomenon is out of the scope of this paper. It is, however,
worth highlighting that, according to the analysis done in the literature
on the basis of Galilei (Ga = p\/gRyRp/pt) and Bond (Bo = pgRy?*/0)
numbers [88,90], describing the ratio of the gravitational force to the
viscous and surface tension forces, respectively, our bubbles should rise
in asymmetric and oscillatory regimes [90]. The oscillatory motion,
therefore, is consistent with the observations already reported in the
literature.

The LVPs given in Fig. 4C justify the column heights chosen to
exhibit the effect of the DAL on the bubble once it reached the solution/
air interface. Whatever the concentration, any height above 5 cm is
enough to recover a constant ascension velocity and therefore, pre-
sumably, a steady adsorption layer. On the other hand, when the column
height is 1 cm the velocity for the lowest concentrations is not yet steady
and therefore the amount of adsorbed surfactants and their distribution
are different from the steady velocity case and depend on concentration.
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Fig. 5. Bubble velodity at the first collision with the air/liquid interface for the
two column heights, as a function of n-octanol concentration.

3.2. Bubble bouncing

Because of the presence of maxima at the LVPs, the bubble velocity at
the arrival on the surface differs significantly for the short column as
compared to the velocity under steady-state conditions for the long
column. Fig. 5 directly presents this comparison. As could be already
deduced from the data presented in Fig. 4, the most significant differ-
ence in velocities at these distances can be observed for the smallest
concentrations (5 x 107> and 1 x 1074 rnol/dm3), where the difference
between velocity at the L = 1 cm and terminal velocity was equal to ca.
12 and 6.5 cm/s, respectively. For higher concentrations, where the
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maxima at the LVPs were hardly definable (0.25-1 x 1073 mol/dmg’),
there was no such a difference.

It was found that these velocity differences have a profound influ-
ence on the colliding bubble bouncing dynamics at the air/solution
interface. Fig. 6 presents the time evolutions of the bubble geometrical
center position (vertical component y.) and the bubble velocity during
collision at the air/solution interface. The moment of bubble collision
was adjusted to match the value of time equal to zero, so negative time
values correspond to the bubble approach period. Fig. 6AC present the
data for L = 1 cm, while Fig. 6BD for L = 20 cm. Clear differences in
bouncing amplitudes and velocities of each subsequent bounce for cor-
responding concentrations can be observed. Due to significantly higher
impact velocities for L = 1 cm, the bubble bouncing amplitudes and
resultant velocity variations are the most pronounced for concentrations
5x 107> and 1 x 10~* mol/dm?>. For L = 20 cm, no significant differ-
ences in bouncing amplitudes and velocity changes can be observed for
all ranges of the n-octanol concentrations, due to practically identical
impact velocities in all cases (see green triangles in Fig. 5).

3.3. Film drainage

Time evolutions of the average liquid film thickness determined by
means of image analysis for concentrations 5 x 107>, 1 x 10~* and 2.5
x 10~* mol/dm® are presented in Fig. 7. Each data point corresponds to
the average of the reconstructed thickness maps (an example is given in
Fig. 2D and presented in the Appendix A, section A3). For both column
lengths, a repetition of the measurements was made with different
bubbles and two different experimentalists to show the good repro-
ducibility of the process (c = 5 x 107> M). The thinning dynamics for L
=1 cm are only weakly affected by the surfactant concentration, as all
curves feature a significant overlap. On the other hand, the L = 40 cm
case shows intrinsically different behaviors when the concentration is
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Fig. 6. Variations in the positions of the bubble geometrical center (A, B) and velocity (C, D) as a function of time, during a bubble collision and subsequent bouncing
at the air/solution interface for different n-octanol concentrations, for L = 1 cm (movies) (A, C) and L = 20 cm (B, D) (movies).
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Fig. 8. Log/log representation of thickness measurements as a function of time, for all concentrations and column heights.

changed. In particular, the first measured thickness (the first frame
where a clear pattern is observable with DFI) is lower for the two
smallest concentrations as compared to the other ones.

Another representation of the thinning data is given in Fig. 8, in
logarithmic scales, which compares the thinning behaviors for short and
long columns for each concentration. For the three highest concentra-
tions, the thinning dynamics are weakly affected by the column height.
This is in line with the fact that the ascension velocity at one centimeter
corresponds to the steady rising velocity (Fig. 4) of the system, sug-
gesting that the surfactant concentration distribution is the same for
both cases. Correspondingly, the approach velocity is the same for these
concentrations (Figs. 4CD and 5) and so are the bouncing dynamics
(Fig. 6). On the other hand, for the two smallest concentrations, where
significant differences between the approach velocity are recorded at 1
cm and at 40 cm, the thinning dynamics are different in both cases. The
first measured thickness is significantly smaller for the long column as

compared to the short one, as if the system was ‘shifted’ to smaller
thicknesses while featuring somewhat similar thinning dynamics
revealing a power-law bahaviour, as will be discussed in the next sec-
tion. The thinning dynamics were also recorded close to saturation
conditions for the relative humidity (by closing the measurement cell) to
assess the influence of evaporation.

4. Discussion
4.1. Role of the dynamic adsorption layer

Sequences of experimentally acquired photos of a single foam film at
its initial stage of drainage for short and long columns for various n-
octanol concentrations and a short qualitative analysis are presented in
Appendix A (section A3). An important qualitative outcome of these
series of images is that for all experiments we observe thin portions of
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the film appearing at the bottom of the bubbles and progressively
colonizing the entire film. This is reminiscent of the so-called marginal
regeneration observed in flat films [91,92] as well as on bubbles
[93,94]. These thin film patches arise from the destabilization of the
pinch that forms at the connection between the thin spherical cap and
the thick meniscus [95]. Its extension is prescribed by the pressure jump
between these two zones and determines the magnitude of the pressure
gradient that drives the drainage.

Numerous authors have considered the problem of small draining
surface bubbles in the presence of surfactants [93,96-98]. By small, we
mean that the driving force both for the drainage and the shape of the
bubble has a capillary origin. This implies that the bubble has a spherical
cap shape beneath the original surface height with an unchanged radius
of curvature. The protruding part of the surface bubble, where the thin
foam film forms, however, must then have a radius twice as large, since
there are two interfaces, to satisfy the equality of the pressure every-

4y

where in the bubble according to: Rom = %. When the film becomes

relatively thin, of the order of 1 pm, two contributions must be
considered to describe the thinning of the film [99]: the capillary-
induced drainage and the evaporation. Lhuissier &Villermaux [93]
showed that under experimental conditions similar to our own, the
drainage is limited by the existence of a pinch at the transition region
between the top of the meniscus that connects the thin film to the bath.
This region corresponds to the portion where the capillary pressure
gradient between the thin film and the meniscus, that drives the flow, is
set. This model provides the best scaling analysis to date to explain the
power-law dependence of the thickness to time with an exponent — 2/3.
The data shown in Fig. 8 are all consistent with this dependence of the
thickness at early times, as is illustrated with the corresponding slope for
c=1 x 10~* M. We also observe at later times (this is particularly true at
high concentration) a faster thinning regime, which is expected when
evaporation starts to overcome the contribution of drainage to the
overall thinning of the film. We actually observe this for all experiments
far from humidity saturated conditions (the measured relative humid-
ities values RH are given in the legend). The fact that late time thinning
is dominated by evaporation is demonstrated for ¢ = 1 x 10~% M for the
short column, when comparing humidity-saturated conditions (RH >
85%) with non-saturation conditions. As seen for RH = 40% the film
thickness drops down due to faster evaporation in the late thinning
regime, while the film thickness in saturated conditions (> 85%) still
follows the power law.

All these considerations suggest a scenario where, rather than
impacting the drainage dynamic itself, the DAL presence affects the first
instant of the drainage, say the initial thickness of the draining film, that
is extremely difficult to access experimentally for the following reasons:
(i) when it protrudes through the bath surface, the bubble conserves
vibrational motions until the initial kinetic energy is completely dissi-
pated: this renders the focusing of the interferometer complicated, (ii) if,
as a crude approximation, we apply a Landau-Levich-Derjaguin model
for the initial thickness of the film with an extraction velocity of 0.18 m/
s (corresponding to most data, see Fig. 4), we find that the initial
thickness is tens micrometers: well beyond the coherence length of
visible light and out-of-range for interferometry. This initial thickness is
in line with literature data obtained (a few hundreds of milliseconds
after protrusion) by measuring the retractation velocity of the hole and
applying a Taylor-Culick model to get the thickness [93,99], (iii) the
film is still very thick at early times so unlikely to spontaneously burst;
manual bursts are doable but not with a good precision and it was only
done for t > 1 s [99], so the initial draining thickness measurement is not
accessible with the Taylor-Culick model.

Describing the whole journey, step by step, first the bubbles are
formed and released at the needle tip, which lasts 100 ms. This time
scale is short in comparison to the adsorption time scale, so we can
consider that small amounts of surfactants are adsorbed at this step.
Then, the bubbles rise to the solution surface during a time that scales as
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%, where V, ~ 0.18 m-s™! is the terminal velocity. The rising time is
roughly 60 ms for the short column and >2 s for the long one. During
this step, surfactants adsorb onto the surface and are swept towards its
bottom as the stagnant cap forms. Next, as the bubble impacts the sur-
face, our measurements show that bouncing occurs only for the short
column with the two lowest concentrations: 5 x 10 >Mand 1 x 10 M.
This is because the velocity of impact, and thus the kinetic energy, is
higher in these cases (Fig. 4). These bubbles then experience an inver-
sion of the sense of the flow which should sweep the surfactants towards
the bubble apex. We can therefore assume that some surfactants are
present in these cases when the thin foam film is formed. On the other
hand, when no bouncing occurs, that is, when the impact velocity and
the associated kinetic energy are lower (terminal velocity of the rising
bubble with fully or at least significantly developed stagnant cap), the
upper surface of the bubble, where the foam film is formed, is initially
free of surfactant. If the liquid is free of surfactant, no shear occurs on the
interfaces and the drainage is expected to be extremely fast. Considering

an initial inertia-limited flow, the timescale would be ,/”%3 ~1072%s.

This is contradicted by our experiments since the bubbles live roughly
three orders of magnitude longer than this estimate. The DFI images
show that there is a pinch at the bottom of the bubbles for all experi-
ments. This pinch was studied theoretically by Aradian et al. [100] in a
framework where a no-slip boundary condition was applied (the ve-
locity at the interface is zero). On the other hand, Howell and Stone
[101] showed that in the opposite case of a fully mobile film (the shear
at the interface is zero), the pinch cannot form because the capillary-
driven suction of the fluid is instantaneously transmitted throughout
the film. We can argue that (i) if the upper surface of the bubble can be
free of surfactant, the free surface, despite its deformation, must be at
least partially mobile because marginal regeneration otherwise does not
occur, (ii) as the mobile film falls within the meniscus, a local accu-
mulation of surfactants at the bottom of the film leads to a local rigid-
ification of the interface. For these reasons, the necessary quantity of
surfactants to obtain a pinch is extremely small but it has a dramatic
impact on the system. The model of Lhuissier&Villermaux predicts a
lifetime of ~50 s but when accounting for the evaporation, as was done
by Poulain et al., we recover timescales in line with the duration of our
experiments (~10 s).

The scenario that we propose is therefore that for the three higher
concentrations, the adsorption of surfactants is fast enough so that short
and long columns present no significant difference. The faster adsorp-
tion timescale and rehomogenization of surfactant concentrations on the
surface of the newly created thin film led to equivalently fast pinching
and therefore equivalent drainage dynamics. On the contrary, for
smaller concentrations, significant differences emerge between short
and long columns. The long column case features an impact with no
bouncing as discussed above. Since the concentrations are small, two
arguments plead for a delayed rehomogenization as the new thin film is
created: (i) the upper surface of the impacting bubble is full bare at the
moment of impact, that is also the moment of the formation of the film
(no bounce), (ii) the adsorption rate is lower for lower concentrations,
which holds for both interfaces (there is indeed also a depletion of
surfactants at the bath surface during the protrusion of the bubble) (iii)
the stagnant cap angle on the bubble surface is also smaller for lower
concentrations, leading to longer distances to be travelled by the sur-
factants to reach the thin film region. This delayed rehomogenization
supports the scenario that the forming film initially drains without
surfactant and therefore without pinch, as for bare bubbles. After few
milliseconds, the rehomogenization of the interfaces allows for the for-
mation of the pinch and both marginal regeneration and a dependence
h«t=2/3 are then recovered. Even if this rehomogenization delay only
lasts few milliseconds, the drainage being exponential for bare bubbles,
it can explain why the first measured thickness with the DFI is approx-
imately twice smaller as compared to essentially all other experiments
(see Fig. 8). For the corresponding short-column case, the impact
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velocity is significantly higher. Because of the higher kinetic energy of
these bubbles, pronounced bounces are observed, which leads to a
rehomogenization of the surfactant before the thin film is created. The
pinching therefore occurs equivalently faster in these situations as
compared to experiments at higher concentration.

4.2. Flow redistribution of surfactants at a bubble surface

To visualize the redistribution of surfactant molecules at a bouncing
bubble surface a few numerical simulations were conducted using the
same numerical approach than the one presented in [102-104], and
summarized in Appendix B. Due to computing limitations, the upper
surface was treated as a rigid wall (as if the bath surface were non-
deformable and rigidified by the presence of surfactants). The simula-
tion results for the short-column case at 1 x 10> M and 2.5 x 10~ M
are given in Fig. 9 and compare satisfactorily to the experimental results
for the velocity of the bubbles as they approach the interface. For 1 x
10~3 M, the bounces are very well captured by these simulations, both in
terms of the amplitudes (and their damping) and frequency. For 2.5 x
10~* M, the amplitude of the bounces is overestimated, probably
because the energy dissipation due to the upper surface deformation is
not accounted for (which is more pronounced experimentally in this
case because the surface tension is higher for lower concentration). Yet,
we consider these simulations as qualitatively representative of the
system and we next analyze them in terms of convective transport and
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surface distribution of surfactants during this process. located close to the needle tip. Comparison of the experimental obser-
Fig. 10 provides the surfactant distribution along the bubble surface vations with result of complementary numerical simulations, allowed
for different times. The first one (1) is the moment just before the for reproduction of all the stages of the bubble’s journey and revealed
deceleration due to the presence of the interface. A very clear stagnant- that more uniform surface concentration at the top bubble surface in
cap-like structure is observed, with a bare interface near the apex and a short column during the drainage stage is caused by the rehomogeni-
covered interface everywhere else, i.e. in the cap region. The smaller zation of the surfactant molecules before the thin film is formed. This
surface concentration at the rear compared to, say, § = 1.5 rad, is due to effect is a consequence of bubble bouncing related to higher bubble
the wake structure that creates a stagnation point where surfactants are impact velocity, causing inversion of the liquid flow, which sweeps the
swept from the back of the bubble (visible in Fig. 10, panel 1). The molecules towards bubble upper part during every bubble approach/
second time (2) is when the deceleration of the bubble is such that it is bounce cycle. Using the single foam film as a sensitive tool for probing
already deformed by the upper surface, but the apex is still free of sur- the liquid/gas interfaces properties, we unveil a new strong confirma-
factant. The velocity field shows that the upstream flow due to wake tion of existence of the DAL at the rising bubble interface, and both
inertia is pushing upwards until time (3), where this flow has pushed qualify and quantify its effect on the fate of surface bubbles.
almost all surfactants to the apex of the bubble. However, at time (3), the Supplementary data to this article can be found online at https://doi.

bubble is essentially undeformed because of its backwards motion due to org/10.1016/j.cis.2023.102916.
the bounce: the final thin film has not emerged yet. On the contrary, (4),
(5) and (6) show that, when the thin film is formed after the bubble has

bounced, the rehomogeneization of the surfactants caused by the first Declaration of Competing Interest
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Appendix A. Coalescence of surface bubbles: the crucial role of motion-induced dynamic adsorption layer
A.1. Materials

N-octanol (simple fatty alcohol having 8 carbon atoms in a hydrophobic chain), purchased from Sigma Aldrich, was used in all experiments as a
surface-active agent (purity >99%). Hellmanex III® and Mucasol®, commercially available glass cleaning liquids, were purchased from Sigma
Aldrich. Milli-Q water (with a resistivity of 18.2 MQ-cm) was used for the preparation of n-octanol solutions of various concentrations, ranging from 5
x 107 to 1 x 10~ mol/dm? as well as for the final cleaning of all the glass components of the experimental set-up in all conducted experiments.

A.2. Dynamic Fluid-Film Interferometry experiments

The experiments were carried out at room temperature (21 °C + 1°). To acquire the data on ambient relative humidity (RH), an RH sensor (coupled
with the Raspberry Pi) was mounted just above the solution surface, acquiring the RH value every 2 s. The experiments were performed either for the
liquid column open to the atmosphere, where the ambient relative humidity was ranging between 20 and 40%, or for the column covered by a glass
slide. For covered columns, the experiments were started when the RH > 80%.

To faithfully acquire the interference patterns (by the top IDS camera equipped with the LED illumination and Edmund Optics 457/530/628 nm
optical filter), the shape of the upper solution/air interface was kept curved in form of a spherical cap, so that the arriving bubble was self-centered at
the apex. To extract the time evolution of the thickness of the foam films, an analysis of the reflection interference data, described in detail in ref. [74]
(main text), was performed. A typical DFI image is given in Fig. 2D (main text of the paper). One can see the colored interference fringes that are then
analyzed to provide a thickness map of the thin film (Fig. 2E in main text of the paper). This is obtained by observing the bubble vertically from the top.
The much larger bubble extension, beneath the surface can also be observed, which is reminiscent of the small Bond number of the system (the radius
is small as compared to the capillary length but large enough for a thin film to protrude above the bath surface).

The radius of the liquid film (Ry), defined in Fig. 2D (main text of the paper), formed at the solution surface was calculated as:

12
R — (M) o)

o

10
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while the bubble radius (Rp) was calculated according to:

3 d.o 173
w8

resulting from balancing buoyancy (F, = 3 7R3 Apg) and capillary forces (F; ~ rnd.0), where d. is the needle tip diameter. The theoretically calculated
bubble radius for surface tension ¢ = 72.4 mN/m, phases density difference Ap = 999 kg/m® and gravity g = 9.81 m/s? was equal to 1.05 mm. It was
found that with MilliQ water, the experimentally determined R, was equal to 1.04 + 0.04 mm, i.e. matched perfectly the theoretical value. Moreover,
it was found that the average values of the R¢/R;, ratio measured experimentally (image analysis — see Fig. 2D in main text of the paper), were equal to
0.43 + 0.02 and 0.44 + 0.04 mm for short and long column respectively, i.e., in perfect agreement with the theoretical predictions calculated ac-
cording to Egs. (1)-(2) (using values of surface tension of studied n-octanol solutions). This was a good confirmation that, during the experiments, the
whole liquid film area was captured and could be further quantitatively analyzed.

In all experiments, the generation time delay between two successive bubbles (At;), was equal to at least 60 s, and was adjusted according to the
bubble lifetime, in order to maintain equilibrium adsorption coverage at the solution surface (i.e. top liquid film interface), which could be disturbed
during bubble rupture (coalescence). This time delay was chosen in accordance with the adsorption dynamics of n-octanol described in section 2.3 of
the main text. Similarly, the generation time for the bubbles was reduced to 100 ms to be able to consider an initial ‘bare’ condition for the surfactant
coverage (concentration of adsorbed surfactants is zero).

A.3. Analysis of time evolution of thickness of single liquid films formed by a bubble

Sequences of experimentally acquired photos (DFI method) of a single foam film at its initial stage of drainage for short and long columns for n-
octanol concentration of 1 x 10~* mol/dm® are presented in Fig. A1A and A1B, respectively. The images for comparable drainage times are shown.
The color scale bar on the right of the image sequences illustrates the distribution of the film thickness in microns. The bubble/solution surface
collision was adjusted for times equal to t = 0 s, which corresponds to the first instance where surface deformation is observed on the DFI images. The
first image of each sequence corresponds to the moment of appearance of the interference patterns, which were clear enough for reliable image
analysis. As a consequence, the sequence (and quantitative results on film thickness shown later in the paper) are shifted by a fraction of second. This
short time shift (< 1 s) is related to the bubble collision, bouncing and motion before reaching the curved solution surface apex. For L = 1 cm
(Fig. A1A) the interference patterns indicate that the drainage is much more homogenous and symmetrical as compared to that at L = 40 cm
(Fig. A1B).

The effect of column length in film drainage dynamics for n-octanol concentration of 1 x 10~* mol/dm? is illustrated also in Fig. A2, where chosen
sequential images from the entire bubble lifetimes are shown for the short (Fig. A2A) and long (Fig. A2B) columns. In addition, spatial distributions of
the film thickness obtained from image analysis are provided (bottom sequence for each column length showing the “maps” of thicknesses and
illustrating the film topography at the mentioned time instant). As seen, in all cases the drainage of the film is very dynamic with large thickness
inhomogeneities. However, as was already discussed above, the interference patterns for L = 1 cm are initially more symmetrical. After ca. 4 s they
break into more random and complex shapes.

‘ 2.0
0.38s 0.61s 0.85s 1.08 s 1.32s 1.56 s 1.79s 2.03s 2.26s 2.50s
1.0
B. ’
‘ 0.5
0.23s 0.25s 0.67s 0.89 s 1.128 1.34s 1.56s 1.7555 2.01s 2.23s b6

Fig. Al. Sequence of experimentally acquired DFI images of a foam film illustrating initial stage of its drainage in (A) short column and (B) long column at n-octanol
solution of concentration 1 x 10~* mol/dm? (see movie in the supplementary material). Values of time from the moment of the bubble collision and liquid film
formation are given below each image.
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Fig. A2. Sequence of DFI images and corresponding color maps, illustrating spatial distribution of the thickness of a single foam film formed at 1 x 10~* mol/dm? n-
octanol solution in (A) short column and (B) long column. Values of time from the moment of the bubble collision and liquid film formation are given below
each image.

Similar qualitative analysis for 5 x 10~* mol/dm® n-octanol solution is presented in Fig. A3 for comparison (for t < 3 s). In this case, the inter-
ference patterns indicate slower drainage for both L values, which seem to be of similar rate. It is to be noted that for L = 40 cm, patterns at5 x 10~*
mol/dm® n-octanol concentration are much more symmetrical, compared to the corresponding case in 1 x 10~* mol/dm®. Comparison of the last
image of each sequence in Fig. A3A and A3B (t ~ 2.5 s) with the color scale bar suggests, however, that even at 5 x 10~ mol/dm? n-octanol con-
centration, drainage rate is a bit higher for L = 40 cm. This effect is, however, more subtle compared to the lower concentration (1 x 10~* mol/dm®).

2.0
A.
v 1.5
0.42 s 0.65s 0.88s 1.11s 1.34s 1.57 s 1.80s 2.03s 2.26s 2.49s
1.0
B.
0.5
0.43 s 0.67s 0.90s 1.14s 1.38s 1.62 s 1.86s 2.09s 2.33s 2.57s 0.0

Fig. A3. Sequence of experimentally acquired DFI photos of a foam film illustrating initial stage of its drainage in (A) short column and (B) long column at n-octanol
solution of concentration 5 x 10~% mol/dm? (see movie in the supplementary material). Values of time from the moment of the bubble collision and liquid film
formation are given below each image.

Appendix B. Coalescence of surface bubbles: the crucial role of motion-induced dynamic adsorption layer

This appendix gives information about the geometry and parameters that were used to obtain the simulation results presented in Figs. 12 and 13 of
the main text. It also gives a summary of the numerical method.

B.1. Geometry

The geometry consists of an axi-symmetric bubble at a vertical distance of L = 5d from a solid wall, where d = 2 mm is the bubble diameter. At
initial time, the liquid contains surfactants at concentration Cy, whereas the bubble surface is clean I'y = 0 mol/m3.
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Fig. B1. Schematic of geometry of the computational domain used for the simulation. An initially spherical bubble with a diameter d = 2 mm is initialized at a
distance of 10 mm from a solid surface. The bubble is immersed in a liquid (aqueous octanol solution) that has an octanol concentration of Cy. Gravity is acting
downwards. The computational domain is divided into 3 blocks along the r and z directions. For the sake of clarity, only the blocks along the z direction are depicted.
The details of each blocks is given in Table 1.

B.2. Computational mesh

The mesh that was retained for the simulation consists of n, = 1170 and n, = 400 cells along the z and r direction respectively (see Fig. B1). The
resolution of the film drainage process requires a fine mesh to resolve the capillary force and viscous stress in the film region. To have a fine mesh in the
film region, an arithmetic evolution of the mesh size Az and Ar was imposed. Practically, the domain was divided into 3 blocks in both the r and z
directions (see Fig. B1). In each block an arithmetic sequence is used to generate the mesh, where the mesh is finer near the upper wall and near the
bubble (see Table B1). For instance, for the first block in the z direction this gives

Az; = Azg+q.i

and

i=N
L = Z Az;

i=0

where Az is the mesh size in the beginning of block 1 (, 2 or 3), Az; is the mesh size of the i’th element in the block and g is the common difference of
the arithmetic sequence. Knowing the length of the block, [;, the minimum value of Az in the block, Azy, and number of computational cells in the
block, N;, the unknown q; is deduced and the mesh is built as follows:

11 —NIAZ()

DTN+ D

The parameters of the blocks along the z and r directions are summarized in Table B1.
Table B1

Details about the mesh used for the computations. The domain was cut into 3 blocks along the z and r directions respectively (see Fig. 1). Each block was assigned a
given length, number of mesh element and a minimum mesh size. Given these parameters, the mesh was build following an arithmetic sequence.

Block number along z direction Length (D Number of mesh element (N) Minimum mesh size (Azp) Maximum mesh size (AZmaex)
1 5 mm 243 13.7 pm 27.4 ym

2 4 mm 403 7.1 pm 13.7 pm

3 3 mm 424 7.1 pm 7.1 pm

Block number along r direction Length () Number of mesh element (N) Minimum mesh size (Arg) Maximum mesh size (Arypqey)
1 3.3 mm 194 17.0 pm 17.0 pm

2 3.3 mm 103 30.0 pm 30.0 pm

3 3.3 mm 102 30.0 pm 30.0 pm

13
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B.3. Parameters

The physicochemical parameters used for the simulations are the ones of an aqueous octanol solution (see Table B2). The parameters of the
Langmuir adsorption isotherm for this surfactant are summarized in Table B2.

Table B2
Physicochemical properties used for the simulations. The surfactants properties were taken from [B1] and calculated using algorithm described in the section 2.3 of the
main text.

Surface tension [mN/m] Density [kg/m®] Viscosity [Pa-s] Maximum packing concentration [mol/m?] Equilibrium adsorption constant [m>/mol-s]

70 1000 0.001 6.25 x 10°° 2.4

B.4. The numerical method

Direct numerical simulations were performed by solving the one-fluid formulation of the Navier-Stokes equations coupled with the Level-Set
method. We refer the reader to Atasi et al. [B2] and Abadie et al. [B3] for a detailed description of the method and its validation. In short, the
Navier-Stokes equations are solved for two Newtonian and incompressible fluids using the finite volume method (second order accuracy in time and
space). Continuity is ensured by a projection method, and the capillary contribution is taken into account by the classical continuum surface force
method. The position of the interface is followed using the Level-Set method where the transport of the signed distance at the interface is controlled by
the redistancing technique. The transport of surfactants in the liquid bulk, at the surface of the bubble and their exchange between the bulk liquid and
the surface are solved using an Eulerian formulation of the transport equations [B4]. The Langmuir adsorption isotherm is used to describe the
adsorption process and relate surface tension to surface concentration.

B.5. Computational requirements

Simulations were performed on 2 nodes using 72 cores for 3 days.
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ABSTRACT: Surfactants with amino-acid heads (AASs), namely
N-lauroyl-L-alanine (C,,-ALA), N-lauroyl-L-leucine (C,,-LEU), and
N-lauroyl-L phenylalanine (C;,-PHE) were mixed with n-octanol
(CsOH) and thoroughly investigated via surface tension and
foamability experiments. Significant differences between the
selected AAS were observed. Moreover, the results obtained
under equilibrium and dynamic conditions were remarkably
different in terms of surface activity. The surface tension
measurements (equilibrium conditions) indicated that the C,,-
ALA/C4OH mixture exhibits the highest synergistic effect. For the
C,,-LEU/C4OH system, a moderate synergism was observed, while
for C;,-PHE/C4OH, the effect was antagonistic. In contrast, in
foamability experiments (dynamic conditions), all of the studied AAS/Cz;OH mixtures exhibited a spectacular synergistic effect at a
wide concentration range. The observed effect was referred to as convection-activated surface activity of AAS/C3OH mixtures. The
obtained experimental results were interpreted on the molecular level via all-atom detail molecular dynamics simulations (MD). The
observed phenomenon was connected with the hydrogen bond-mediated aggregate formation in the bulk solution. Such aggregates
act as reservoirs of surfactant molecules for supplementation of the adsorption coverage at the freshly formed liquid/gas interface.
Additionally, the differences between the specific AAS were explained via the interplay of AAS—AAS and AAS-C3OH hydrogen bond
affinities. The presented results showed an interesting example of a foaming system in which the surface activity can be controlled in
situ via convection. This finding also significantly expands the range of potentially interesting molecules that can be used as eflicient
foaming additives and impacts the current understanding of the role of hydrogen bonding in designing of tuneable surfactant
mixtures.
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1. INTRODUCTION

Surfactants, also known as surface-active substances (SAS), are
a group of compounds with unique properties (e.g, the ability
to lower the surface tension) that make them incredibly
versatile and useful in a wide range of industrial, technological,

performance, reduce consumption, and thus minimize waste
generation.

However, despite the potential benefits of mixed surfactants,
there are also several challenges associated with their use. For
example, mixed surfactants can be difficult to synthesize,

and everyday human life applications. Some of the common
applications of surfactants are emulsification, corrosion
inhibition, wetting, foaming, cleaning, dispersing, and so
on.'”” However, traditional surfactants are often derived
from petroleum or other non-renewable sources and might
have a negative impact on the environment and human life.®
Therefore, there is a growing interest in the potential
replacement of toxic petroleum-based surfactants by develop-
ing more sustainable surfactant formulations that can meet the
needs of various industries while reducing the environmental
impact (ie., green surfactants).(”8_12

One of the promising approaches to achieving more
sustainable surfactant formulations is the use of mixed
surfactants.”>~"” Mixing of two or more different types of
surfactants often demonstrates improved surface activity.”’~>*
Such systems can exhibit synergistic effects that improve their

© 2023 The Authors. Published by
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WACS Publications

13498

stabilize, and use effectively in various processes as they can
form crystalline precipitates in aqueous solutions.””>> In
addition, there are often trade-offs between the different
properties of mixed surfactants and blends compositions,
making it challenging to optimize their use for different
applications.””*” Therefore, it is important to carefully
consider the potential benefits and challenges of mixed
surfactants when exploring their use in various applications.
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There is a large body of literature on the use of mixed
surfactants; however, to the best of the authors’ knowledge, no
studies have been reported in the literature on the foaming
properties of amino-acid surfactants (AASs) mixed with fatty
alcohols. AASs are derived from natural amino acids and have a
vast number of unique properties (e.g., mildness, biodegrad-
ability, low toxicity, good foaming, and stability over wide
range of pH) that make them competitive with typical surface-
active substances.””* " One of the key advantages of fatty
alcohols is their biodegradability and low toxicity. They can be
derived from renewable resources, such as vegetable oils and
animal fats, which also makes them a more sustainable
alternative to synthetic chemicals.

In this paper, we investigated the foaming properties of three
AASs with different hydrophilic heads (amino acids), namely,
N-lauroyl-L-alanine (C,,-ALA), N-lauroyl-L-leucine (C,,-
LEU), and N-lauroyl-L phenylalanine (C,,-PHE), mixed with
n-octanol (CyOH) which is a simple fatty alcohol. First, we
examined how the surfactants’ type and dose change the
surface tension and foamability of the mixed surfactants.
Second, we performed MD simulations of the corresponding
systems to analyze and understand the phenomenon on the
molecular level. Third, we assessed how surfactant dose
affected aggregate formation in the bulk of the mixed surfactant
systems. Finally, we explained the quite unexpected discrep-
ancy between equilibrium surface tension variations and
foamability of mixed AASs/fatty alcohol solutions, defining
the so-called convection-induced surface activity, directly
related to the bulk aggregation phenomenon.

2. MATERIALS AND METHODS

2.1. Materials. All experiments were carried out in an
aqueous solution of the AASs, whose synthesis pathways and
detailed adsorption characteristics at the air/solution interface
(including molecular dynamic simulations, DFT calculations,
and derivation of the adsorption isotherm equation) were
presented elsewhere.”’ To study the effect of non-ionic
surfactant addition on the AASs solutions’ foamability (i.e.,
foam height and stability), the experiments involved pure AASs
solutions as well as blends of AASs with constant amounts of n-
octanol (simple fatty alcohol with eight carbon atoms in the
hydrophobic chain, C;OH, see Figure 1D). Three AASs with
different hydrophilic heads (amino acids), namely, N-lauroyl-L-
alanine (C;,-ALA), N-lauroyl-L-leucine (C;,-LEU), and N-
lauroyl-L phenylalanine (C,,-PHE), whose structures are
shown in Figure 1, were chosen in this study. The AASs
were synthesized by the condensation of a proper amino acid
with dodecanoyl (lauroyl) chloride, obtained from the reaction
of lauric acid with thionyl chloride. The detailed description of
the AASs synthesis pathway, their purity analysis, and the
crystal structures can be found elsewhere.”"*> C;OH (purity >
989%) was purchased from Merck. In two-component solutions,
concentration of the chosen AAS, as the solution main
component, was changed in a quite broad range, while the
concentration of CgOH (non-ionic additive) was kept constant
and equal to either 1 X 107* or S X 10™* mol/dm”.

All solutions used in this study were prepared in ultrapure
water (Direct-Q3 UV Water Purification System by Millipore,
conductivity < 0.7 4S/cm, surface tension equal to 72.6 mN/
m, and temperature equal to 22 + 1 °C).

Before each experimental series, all glass parts of the
laboratory equipment used for solutions preparation and
physicochemical tests were washed with a diluted solution of

A. Ci2-ALA o
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Figure 1. Chemical structure of (A) N-lauroyl-L-alanine (C,,-ALA),
(B) N-lauroyl-L-leucine (C,,-LEU), (C) N-lauroyl-L phenylalanine
(C,-PHE), and (D) n-octanol (CgOH).

Mucasol—Schiilke (commercially available laboratory cleaning
liquid) purchased from Sigma-Aldrich and then rinsed
thoroughly with a large amount of Milli-Q water.

2.2, Equilibrium Surface Tension Measurements. The
equilibrium values of the surface tension for all tested systems
(either pure or blended AASs/CzOH solutions) were
determined using a bubble shape method using a PAT-1
tensiometer (SINTERFACE Technologies, Berlin, Germany)
with an automatic bubble volume correction algorithm. In
these experiments, the surface tension values were determined
by analyzing the shape of a submerged bubble attached to a U-
shaped needle immersed in a quartz cuvette (25 mL) filled
with the studied solution. The estimation of the surface tension
was achieved by fitting the Young—Laplace equation to the
bubble outline (acquired by a CCD camera) as a function of
time. For all experiments, the surface tension was measured for
1 h, and the equilibrium surface tension values were calculated
accordingly from the period, where the surface tension values
started to be constant in time. All surface tension measure-
ments were carried out at room temperature (22 + 1 °C).

2.3. Foamability. Foamability and foam stability of pure
AASs solutions of various concentrations, as well as their
blends with constant C;OH concentration, were assessed using
a Dynamic Foam Analyzer (DFA100, KRUSS GmbH)
apparatus. The apparatus consisted of (i) a cylindrical column,
(ii) two parallel electrodes with seven sensors to measure the
foam liquid fraction at different heights, and (iii) two vertical
rows of photodiodes as light sources (blue—A = 469 mm) and
light scanners for simultaneous automatic measurement of
foam (H;) and solution (H;) heights as a function of time. The
filter paper made of chemically pure cellulose with pore sizes
equal to 12—15 um, mounted at the bottom of the column,
was used as an air disperser. In all foaming tests, after
mounting the filter paper at the column bottom, the column
was placed on the DFA100 stand and filled with 60 mL of the
studied solution. The air was pumped through the disperser at

https://doi.org/10.1021/acs.iecr.3c01972
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Figure 2. Data on surface tension of AASs solutions, either pure (full red circles) or mixed (green full squares) with two chosen C;OH
concentrations (1 X 10~*—first row and 5 X 10™* mol/dm3—second row, with & marked as horizontal dashed lines). The third row shows the data

on Ag, calculated according to eq 3.

a flow rate of 0.5 L/min for 60 s, and the H; and H, time
evolutions, as well as the foam liquid content, were recorded by
a PC, employing the ADVANCE software (KRUSS GmbH).
The experiments were carried out at room temperature (22 +
1°C).

2.4. Dynamic Light Scattering. Aggregation dynamics
and aggregates’ hydrodynamic radii were monitored by the
dynamic light scattering (DLS) method in a Zetasizer ZS
Malvern ZEN 3500 apparatus (with a laser of wavelength 532
nm). The measurements were conducted with the use of
standard DLS quartz cuvettes. At least 10 independent runs for
the aggregate size distribution determination in all prepared
mixed AASs/C3OH solutions were performed (count rate) in
the time range of 36 min, with a time resolution equal to 4
min. Fresh solutions were used in these studies immediately
after their preparation (by mixing the proper amounts of pure
AASs and pure CgOH solutions at proper concentrations).
Blank tests, consisting of measurements of hydrodynamic radii
of aggregates, which could be potentially formed in the one-
component AASs and pure CgOH solutions of concentrations
corresponding to the concentrations used later in the mixtures,
were also carried out. As discussed later, the blank tests did not
reveal any aggregates’ presence in the pure solutions.

2.5. Molecular Dynamics Simulations. The Gromacs
2019.2 package,33’34 with the CHARMM?® force field, was
used for all-atom molecular dynamics (MD) simulations. The
system setup and parameters were adapted from Yazhgur et
al.*® The structure and topology of AASs were generated using

13500

the CHARMM-GUI web server.’’ " For Cg4OH, the
compatible CHARMM general force field was used.”’ For
water, the modified TIP3P model of CHARMM was
applied.”*' To make the simulation systems charge neutral,
an adequate number of Br- ions was added. After 200 steps of
energy minimization, the systems were simulated for 70 ns,
while the first 20 ns were considered the initial equilibration
period and disregarded from the analysis.

All MD simulations were run under constant temperature
and volume (NVT ensemble) conditions. Temperature
coupling was controlled via a V-rescale thermostat'” at a
temperature of 298 K and a coupling constant of 0.5 ps. Van
der Waals interactions were described by the Lennard-Jones
potential, which smoothly shifted to zero between 1.0 and 1.2
nm. The electrostatic interactions were modeled by the PME
method,*’ corrected for the slab geometry,™ with a 1.2 nm
cut-off, 0.12 nm grid spacing, and fourth-order splines.
Equations of motion were integrated using a leap-frog
integration scheme and a 2 fs time step. Bonds involvin
hydrogen were constrained using the LINCS* and SETTLE"
algorithms. All molecular visualizations employed the VMD
software package.*’

For the simulations, a periodic rectangular simulation box, 8
X 8 X 24 nm?® consisting of an ~8 nm thick water slab,
separated by a vacuum region, was used. Initial configurations
were generated using PACKMOL.* Monolayers were
constructed by randomly placing surfactant molecules into
two monolayers at opposite orientations. Surfactant head-

https://doi.org/10.1021/acs.iecr.3c01972
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Figure 3. Height of the foam (Hj) as function of time (1) measured for C,OH (5 X 10™* mol/dm®) mixed AASs/CzsOH solutions, and the
maximum foam height both for pure and mixed systems after 60 s of gas supply (2) for (A) Cj,-ALA, (B) C,-LEU, and (C) C,,-PHE. In the case
of (1), the data for AASs/CzOH (5 X 10™* mol/dm?®) mixed solutions are presented. For (2), both pure (hollow squares) and mixed systems (red
triangles) are shown (data of figure are available in the open repository—https://doi.org/10.18150/ CLCRGT).

groups were oriented toward the water slab, while the angle
between the tail and the interface was chosen randomly.
Amounts of surfactants on the surface were calculated based on
their bulk concentration in pure one-component solutions,
according to ref 31. In the case of surfactant mixtures, where
their exact surface concentrations were not known exper-
imentally, a simple addition was used as the initial approach.

3. RESULTS

3.1. Equilibrium Surface Tension Results. The data on
equilibrium surface tension (o) as a function of the AAS
solution concentrations with and without C;OH addition are
presented in Figure 2. The experimental data for pure AASs
solutions are given as full red circles. The corresponding
experimental data for the two-component systems (o,,,) are
shown as full squares (first row of Figure 2, A1—A3, for AASs/
C3OH blends with a constant C;OH concentration equal to 1
X 107 mol/dm?; second row, B1—B3, for AASs/CyOH blends
with a constant CgOH concentration equal to 5 X 10™* mol/
dm?®). For each data set, the ¢ values of pure C3OH solutions
of two chosen concentrations (aé?olg_4 = 694 = 0.3 and

5X10—4
C,OH

figures as horizontal dashed lines. The third dependence
presented in the first two rows of Figure 2 as blue hollow

= 60.2 + 0.1 mN/m) are given in the corresponding
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circles illustrates the theoretical surface tension values (o),
which would result from the simple summation of the effect of
the decrease of surface tension of pure AASs solutions (6,,s;)
caused only by the C;OH addition (with respect to water).
The values of 6* were calculated as

1><10—4]

k
oo~ 0 = [0y,0 — Guas(c)] + [6u,0 — ocon (1)
; 5x10—4
00— 0 = [0,0 = Ous(S)] + [o0 — 0con 1 (2)

where oy  was taken as 72.6 mN/m.

As seen in Figure 2, addition of CgOH significantly reduced
the AAS solution surface tension, and obviously, this effect is
higher for higher concentrations of the non-ionic additive in all
studied cases. This surface tension drop, especially for small
AAS concentrations, is obvious and was expected as a
consequence of a CgOH molecule excess in the solution.

It can be noticed, however, that the course of the theoretical
surface tension values’ (6*) variations for higher AASs
concentrations shows significant discrepancies in comparison
to values obtained experimentally for mixed solutions
(presented in Figure 2 as green squares). This phenomenon,
much smaller and almost negligible in the case of cc oy = 1 X

10~* mol/dm?, can be very well distinguished for higher C;,OH
concentrations (5 X 107* mol/dm?). Although this effect is

https://doi.org/10.1021/acs.iecr.3c01972
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clearly visible, its magnitude and direction strictly depend on
the type of amino acid in the AASs headgroup. As was
previously proposed in ref 16, to visualize this effect, the value
of Ao can be compared for both pure and mixed systems.
According to this concept, for all studied AASs, the values of
Ao were calculated as

Ao =6" — 0. 3)

mix

The values of Ao are presented in the last row of Figure 2
(C1—-C3) for both C4OH concentrations studied. The physical
meaning of the Ao, after the discussion presented in ref 16, can
be interpreted as follows:

e if Ac = 0, the non-ionic additive (CgOH) has no effect
in the observed variations of the AASs solution surface
tension,

o if Ao > 0, the effect of the solution surface tension
decrease is higher than could be expected, indicating the
existence of the so-called synergistic effect,

e if Ao < 0, the solution surface tension decrease is weaker
than could be expected, indicating the existence of the
so-called antagonistic effect.

The Ao analysis performed for cationic/non-ionic binary
mixtures of classical surfactants can be used as a very
convenient tool for fast and simple estimation of synergistic
effect concentration ranges and values of the so-called critical
synergistic concentration (CSC), i.e., the maximum concen-
tration for which the synergistic effect is no longer visible
(when Ao starts to be negative or equal zero). It was shown
that the CSC values calculated from Ac analysis (CSC,)
agreed perfectly with the CSC calculated from trends observed
in variations of the solutions foamability (CSCpp,) and can be
used as a predictor of this important quantity.

As seen in Figure 2C, for the studied system of mixed
surfactants, A6 = 0 can be noticed only for small AASs
concentrations. For C;,-ALA and C,,-LEU in some specific
concentration ranges, Ao starts to be greater than zero,
indicating the existence of a synergistic effect. As a result, the
mixed components interact in some specific manner at the air/
solution interface, and, as a consequence, the overall surface
concentration is higher compared to that of a pure AASs
mixture, and the surface tension decrease is strengthened. This
effect is much more pronounced for C;,-ALA (Figure 2C1)
and a higher concentration of CgOH. For mixed C,,-ALA and
CsOH (ccon = 1 X 107" mol/dm®), the synergistic effect is
smaller, and its starting point is significantly shifted toward a
higher concentration. For C,,-LEU, the synergistic effect is
similar for both studied c¢ oy with only a slight concentration

shift. It can be noticed that for both C,,-ALA and C,,-LEU,
when some specific AASs concentration is exceeded, the
synergistic effect disappears. As it was discussed elsewhere, this
concentration value corresponds to the so-called CSC.*” In the
case of the C,,-PHE surfactant, the overall picture is quite
different. After the initial span within which Ac = 0, the Ac
value drops around ccpp pyg = 1 X 107 mol/dm?® and starts to
be negative for both CgOH concentrations, which indicates
that the observed effect of C;OH addition is antagonistic,
instead of synergistic. Here, this effect does not depend on the
concentration of CgOH. It is worth highlighting here that both
effects assessed based on the analysis of equilibrium surface
tension values are rather small. For cc oy = S X 10~* mol/dm?,

in the case of C,-ALA and C,,-LEU the maximum Ac value

was equal to ca. § and 2.5 mN/m, respectively, while for C,,-
PHE, it was ca. —8 mN/m.

3.2. Foamability and Foam Stability Analysis. Since
the magnitude of either synergistic or antagonistic effects
postulated based on the Ac analysis presented above was
generally higher for the higher CgOH concentration used in
this study (see Figure 2), the foamability experiments were
performed only for mixed solutions with cc oy = 5 X 107*

mol/dm?. Figure 3 shows the time evolution of the foam
height (H) in AASs/C3OH mixed surfactant solutions (Figure
3A1-Cl), as well as the maximum foam height (Hf*™) taken
after 60 s (Figure 3A1—C2), as a function of the concentration
of amino acid surfactants. The maximum foam height was read
off from the moment when the air supply to the column was
stopped (it is marked with a vertical dashed line in Figure
3A1—C1). In Figure 3A2,B2,C2, the full red triangles represent
the data taken for mixed systems, while the hollow blue circles
represent pure AASs solution. For pure AASs, the foamability
was rather poor, and the Hf™ data for these systems (right
column of Figure 3, blue circles) correspond to the maximum
possible foam height registered during experiments. Further-
more, the mean liquid fraction (¢) measured (data not
presented) was much higher than the threshold value assumed
for the so-called wet (unstable) foams (¢ > 10%).°%!

As seen for Cj,-ALA and C,,-LEU solutions, a spectacular
increase in foamability in the presence of CzOH was revealed
in some specific AASs concentration ranges. Compared to pure
5 X 107" mol/dm® C4OH, the HP™ in mixed surfactant
systems could be even higher than twice. Keeping in mind that
the foamability of pure C;,-ALA and C,,-LEU solutions was
almost negligible (HP™ ca. 20—30 mm), the observed effect is
quite spectacular and correlates qualitatively with changes in
the solution surface tension (see Figure 2). Surprisingly, for
C,,-PHE solutions, where, according to the Ac analysis, the
antagonistic effect for foamability was expected, the H{"™ was
even higher, and the evident synergistic effect could be
observed for the widest concentration range (between ca. 5 X
1077 and 2 X 10> mol/dm?®). In other words, in this case, the
best foamability performance was revealed. It is worth adding
that, despite the significant synergistic effect related to the
CgOH presence in AASs solutions and foamability enhance-
ment (in specific concentration ranges determined in Figure
3), the foam stability was quite low. The so-called time of
deviation (t,.,), allowing foam stability assessment, calculated
according to the procedure described in refs 49 and 50 was
smaller than 1 s for all AASs surfactants studied (which is a
characteristic feature of wet foams).

In contrast to the discussion presented in ref 16, in the case
of mixed AASs/C3OH systems, there is no general quantitative
agreement between CSC, and CSCpg,, the values of which,
read from Figures 2 and 3, are gathered in Table 1. For C,-
ALA, the agreement seems to exist, but for C},-LEU, the CSC,
is smaller than CSCpg, almost by an order of magnitude. For
C,-PHE, due to the fact that the Ao analysis suggested the
existence of an antagonistic effect, the CSC,, value could not be
determined, but the CSCpg, was easily distinguished.

In order to understand the mechanism of such unexpected
behavior of the AASs/CgOH mixtures on the molecular level,
molecular dynamic (MD) simulations were performed to
provide additional insight into the interfacial properties and
adsorption layer architecture.

3.3. MD Simulations. The experiments revealed that the
CgOH addition significantly enhances the foamability of AASs

https://doi.org/10.1021/acs.iecr.3c01972
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Table 1. Values of the Critical Synergistic Concentrations
Determined from Adsorption Isotherms (CSC,) and

Foamability Tests (CSCpp,)

CcgoH
AASs M]
CI2-ALA 1x107*
5% 107*
C12-LEU 1x107*
5x 107*
C12-PHE 1% 107*
5% 107*

csc, [M]

22 X
14 X
3.8 X
1.6 X
N/A
N/A

107°
107°
107¢
1076

CSCppa [M]
1.3 x 107°
9.3 % 107°

2.1 % 107°

solutions in certain AASs concentration ranges, despite quite
different adsorption performances of surfactants molecules at
the solution/gas interface, assessed from the surface tension
analysis. To analyze and understand this phenomenon on the
molecular level, MD simulations of the corresponding systems
were performed. The mixed surfactant systems, i.e., C;,-ALA,
Cy,-LEU, and C,,-PHE, with various CgOH concentrations,
were simulated at the liquid/gas interface. The changes in the
surface tension as a function of the number of surfactants at
the interface are presented in Figure 4. It should be mentioned
that the surface tension of pure water determined for the
TIP3P model is slightly different than the experimental value.
Therefore, to enable comparison with experiments, the surface
tensions for all systems were normalized by the value obtained
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for TIP3P water. The snapshots presented in Figure 4
represent the final structures of the selected systems. For all
studied surfactants, at the highest CgOH concentration, the
normalized surface tension exhibits a minimum. A similar effect
was also observed experimentally, especially in foamability
experiments. However, when comparing the MD data with the
equilibrium surface tension measurements, the agreement is
only visible for C,-ALA. It should be noted here that the
amounts of specific surfactants at the interface used in the
simulations were calculated based on the molecule surface
concentration measured experimentally for pure one-compo-
nent solutions separately, at various bulk concentrations. In the
case of surfactant mixtures, the exact amounts were not known,
and simple addition was used. This can lead to some
discrepancies between the simulations and experimental
observations.

Nevertheless, MD simulation can provide a reasonable
molecular origin of the observed synergistic effect. For pure
AASs, as well as at low CgOH concentrations, no minimum in
the surface tension was observed, which agrees with the
experimental data (see Figure 2). At higher C;OH
concentrations, the interface seems to be overpacked with
the surfactants. In contrast to the CTAB/C4OH mixed
surfactant systems, where the increase in the number of
surfactants leads to a more ordered monolayer, in the case of
AASs, the surfactants tend to aggregate in micelles (see
snapshots in Figure 4). For some systems, e.g,, C;,-ALA, the
micelles diffuse toward the bulk solution. The minimum in
surface tension is therefore observed for the highly packed
monolayers, obtained at high concentrations of CzOH and
moderate concentrations of the AASs. Further increase in the
AASs concentration can induce micelle formation, and the
monolayer itself becomes less organized.

To better understand the behavior of the AAS surfactants,
the number of hydrogen bonds between the AAS—AAS and
AAS-C3OH in the systems with a higher CgOH concentration
was calculated. For the sake of comparison, the number of
hydrogen bonds was normalized by the number of AAS
molecules in the systems and plotted as a function of their
surface concentration (I'yx5) (see Figure S). As can be seen,
the hydrogen bonds are present in all systems, in contrast to
the previously studied CTAB/C3zOH systems. Therefore, the
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Figure S. Number of hydrogen bonds per single AAS molecule as a

function of its surface concentration (I'yyg [mol/m?]). The C;OH

concentration equals 5 X 10~* mol/dm?.

first conclusion, which could be drawn, is that introducing
additional interactions in the system, i.e., hydrogen bonding,
might disturb the surfactant ordering in the monolayer in
comparison to systems without hydrogen bonds (e.g.,, CTAB/
CsOH). The number of hydrogen bonds formed between
surfactants can also explain the differences observed between
AASs with various amino acid headgroups. The AAS-C;OH
hydrogen bond formation affinity decrease is C;,-ALA > C,-
LEU > C,,-PHE. This reflects the interaction strength between
AAS and C4OH and therefore the stability of such mixtures at
the interface. C;,-ALA, together with C3OH, due to their
strong hydrogen bonding interactions, can be expected to form
a relatively stable interfacial monolayer. This is reflected by the
equilibrium surface tension experiments via strong synergistic
effect observed for C;,-ALA. Such effect is less pronounced in
the case of C;,-LEU and almost disappears for C;,-PHE.

Moreover, significant differences can be observed in AAS—
AAS hydrogen bonding (Figure S). The hydrogen bond
formation affinity between the AAS molecules decreases as
follows: C,-PHE > C,-LEU > C,,-ALA. This finding is in line
with the dimerization enthalpies, previously determined for
these surfactants.”’ Also, only for C,,-PHE, the number of
AAS—AAS hydrogen bonds is larger than that of AAS-C;OH
hydrogen bonds for moderate and high surface concentrations
(Taas)- This suggests that C,,-PHE prefers to be surrounded
by other C,,-PHE molecules rather than C;OH. Therefore, its
ability for micelle formation should be the strongest.

Considering the differences in hydrogen bonding as well as
the observed initial micelle formation (Figure 4), one can
conclude that if the micelles are present in the system, their
formation will be driven by hydrogen bond interaction.
Considering that CgOH molecules do not form hydrogen
bonds with themselves, one can expect that the micelles will be
rich in AAS surfactants. At the same time, the interfacial layer
would be AAS-depleted, where the degree of depletion would
be related to the amino acid headgroup type, i.e., less depleted
for C,-ALA and the most depleted for C,-PHE. This explains
well the experimental observations from the equilibrium
surface tension measurements, where the synergistic effect is
visible for C;,-ALA but not for C,,-PHE.

However, it is also interesting to understand what triggers
the synergistic effect during the foamability experiments.
Contrary to the measured equilibrium surface tensions, the
surface tensions calculated from MD simulations (Figure 4)
clearly indicate that if both AAS and CgOH molecules are
present in the interfacial layer, their surface tension should
decrease. Such discrepancy between the surface tensions
measured experimentally and via MD can be related to the
fact that the amounts of surfactants in MD simulations are
fixed, so the above-mentioned depletion effect of ASS in the
interfacial layer, suggested to occur in equilibrium experiments,
cannot be accurately accounted for in MD. Therefore, one can
expect that the foamability process itself, via constant mixing
and new interface formation, enriches the interfacial layer in
AAS surfactants.

Overall, based on the MD simulations results, one can
conclude that under these experimental conditions, the shift in
the CSC and the presence of micelles in the solution can be
expected for all AASs at moderate and high bulk concen-
trations.

3.4. Examination of Aggregation Effect. The MD
simulations suggested that addition of CyOH can lead to
aggregate formation in the bulk of the tested mixed surfactant

https://doi.org/10.1021/acs.iecr.3c01972
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Figure 6. Distributions of the hydrodynamic diameters of the aggregates in time for C,,-ALA solutions of various concentrations in the presence of

5 x 10™* mol/dm*® C;OH.
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Figure 7. Distributions of the hydrodynamic diameters of the aggregates in time for C,,-PHE solutions of various concentrations in the presence of

5 % 107 mol/dm® C4OH.

systems, and this effect should increase with increasing AASs
concentration. To verify this assumption, dynamic light
scattering (DLS) measurements were performed for selected
AASs/CgOH mixtures. Before the main experiments, blank
tests were carried out using the pure solutions of C;OH (S X
10~* mol/dm?) and C,-ALA (3 X 107> M, the highest AASs
concentration measured in this study). No aggregation was
observed in both cases. Next, similar experiments for mixed
AASs/CgOH solutions were performed—after mixture prep-
aration, the DLS cuvette was immediately filled and put into
the apparatus, and the hydrodynamic diameter was read at
equal time intervals (every 4 min) for 36 min (this was the

13505

time corresponding to the equilibrium surface tension
establishment). The results of the DLS experiments for
solutions of C;,-ALA and C;,-PHE mixed with 5 x 107*
mol/dm* C4OH are presented in Figures 6 and 7, respectively.

For the C;,-ALA/CzOH mixed surfactants (Figure 6), clear
aggregates’ presence in the bulk was revealed. As seen, for the
lowest C,,-ALA concentration in the mixture, these aggregates
were unstable—their number and diameter were gradually
diminishing with time till practically complete dissolution. For
the cyaq, equal to 1 X 107 and 5§ X 107° mol/dm?, i.e., those
lying inside the range where synergistic effects were observed,
only slight variations in the aggregates size could be noticed.

https://doi.org/10.1021/acs.iecr.3c01972
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For the highest concentration, aggregates were stable with
time. Moreover, in the solutions with higher AASs concen-
tration, the aggregates” mean hydrodynamic diameter increased
with the concentration from 90 + 30 nm for 1 X 10~® mol/
dm?® and 120 + 40 nm for S X 107° mol/dm? to 215 + 25 nm
for 3 X 107 mol/dm?>.

A similar situation can be observed for the C,-PHE/C;OH
blends (Figure 7). Here, however, the aggregates were much
more stable at the lowest concentration (5 X 107 mol/dm?),
and for ccpypyp = 1 X 107 and § X 107 mol/dm?, only slight
variations in their size could be noticed. Again, stability of the
aggregates with a mean diameter of 260 + 30 nm is the largest
for ccpppur = 3 X 107° mol/dm?>.

4. DISCUSSION

The experiments and simulations confirmed that

o the addition of C4OH to the AASs solution, in the case
of all studied AASs, induces the synergistic effect, which
is quite small in the case of equilibrium surface tension
variations but spectacular in the case of solution foaming
performance,

e C,OH renders the bulk aggregates formation, which
does not exist in pure AASs solutions, and whose time
stability depends on AASs concentration (i.e., ratio
between AASs and CgOH amount in the blend), and

o the synergistic effect for all studied AASs can be related
to the formation of micelles (aggregates), which causes
small surface tension variations under equilibrium
conditions. Since the foam formation is highly dynamic,
the aggregates are transported by convection (via
constant mixing) to the freshly formed air/liquid
interface.

The aggregation phenomenon explains the small and
negative values of Ac¢ calculated based on the proposed
synergistic effect analysis. Excess of the AASs molecules in the
bulk, in the presence of CgOH, leads to mixed bulk micellar
structures formation—the molecules cannot enter the
adsorption layer because, as was shown by MD simulations,
the densely packed monolayer is already formed there. The
negative value of Ac revealed for the C,-PHE surfactant
directly shows the highest tendency of aggregation and mixed
micelles formations in the case of this compound (which was
confirmed by the results of MD simulations). As was shown in
ref 31, the pure ASSs do not have the critical micelle
concentrations (CMC) due to their solubility limit. Never-
theless, they can form intermolecular hydrogen bonds.
Addition of CgOH allows for mixed micelle formation, which
results in a significant decrease in CMC.

The reason for the significant discrepancy between the
synergistic effect determined based on equilibrium surface
tension and solution foamability, in comparison to the results
shown in our earlier studies, should be directly associated with
the aggregation effect. Aggregates can act as reservoirs of AASs
and n-octanol molecules, which, after release to the bulk and
re-adsorption, cause a significantly higher (than expected)
decrease in the solution surface tension due to specific
interactions at the solution/air interface. In the case of solution
foaming performance, the aggregates dissolution is triggered by
the constant formation of new interfaces (constant and fast
increase of the interfacial area)—due to the increase of the
surface concentration, the surfactant bulk concentration is
depleted, which disturbs the system equilibrium and shifts the

aggregation constant toward release of the free surfactant
molecules. In the case of low ¢y, where unstable aggregates
were revealed, this phenomenon exists, but most probably, the
aggregates dissolution is quite fast and occurs just at the
beginning of foam formation. For higher AASs concentrations,
where stable aggregate formation was observed (see Figures 6
and 7), gradual depletion of the surfactant bulk concentration
can be constantly re-supplied by molecules coming out from
the dissolving micelle-like structures. On the other hand, due
to the highly dynamic nature of the foam formation process,
the aggregates can be transported to the foam layer and then
adsorbed at the freshly formed air/solution interface directly
from the liquid film, separating the air bubbles. The aggregates,
therefore, can be considered as internal reservoirs of the mixed
foaming agents, whose interactions at the interface (causing
the formation of dense monolayers—see Figure 4) significantly
increase the mixed solutions foamability. This effect, however,
depends on the conditions rendering the aggregates stable.
When the concentration of AASs/C;OH molecules is large
enough compared to the growing interfacial area (increasing
interfacial area does not render significant bulk concentration
depletion), the aggregates are very stable, and the foaming
process does not change their stability. Furthermore, this effect
can explain significantly higher CSCppg, values compared to the
CSC,—the latter (if determined based on equilibrium surface
tension values) is sensitive only to the free surfactant
molecules, which, in the case of proper AASs/CzsOH blends,
are trapped inside the micelles.

To verify this mechanism, an additional experiment was
performed. A mixed C;,-ALA/C4OH solution of concen-
trations 1 X 107%/5 X 107* mol/dm?, respectively, was put into
the column of the DFA apparatus, and the foamability test was
performed. Next, the liquid sample was taken (i) during the
foam formation process (just before the H"* was reached) and
(ii) after the complete foam column collapse. Next, the
hydrodynamic aggregates diameter was measured in both
samples (10 independent runs for each sample). It was
revealed that the aggregates were bigger by ca. 30 nm in the
sample taken after the foaming procedure and the foam
column disappearance (see Figure 8). This experiment
confirms that indeed, the aggregates can act as reservoirs of
free molecules for supplementation of the adsorption coverage
at the freshly formed liquid/gas interface.
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Figure 8. Aggregates diameter (d) distributions in the sample of
solution taken from underneath the foam column (red) and after
foam column (blue) collapse in C12-ALA solution of concentration 1
X 107, mixed with 5 X 10~ mol/dm?® C;OH (Ad =~ 30 nm).
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5. CONCLUSIONS

The foaming properties of C,,-ALA, C,-LEU, and C},-PHE
surfactants mixed with C3OH were thoroughly investigated via
surface tension and foamability experiments and comple-
mented by all-atom detail MD simulations. The surface tension
measurements revealed significant differences between the
used AAS at equilibrium conditions, i.e., the highest synergistic
effect was observed for the C;,-ALA/C4OH system, while for
C,-PHE/C3OH, the effect was antagonistic. In contrast, under
dynamic conditions (foamability experiments), all studied
AAS/CgOH mixtures exhibited a spectacular synergistic effect
at a wide concentration range, in comparison to the one-
component systems. We connected the observed phenomenon
with the hydrogen bond-mediated aggregate formation in the
bulk solution. Moreover, we explained the differences between
the specific AAS via the interplay of AAS—AAS and AAS-
CgOH hydrogen bond affinities.

The presented results point toward more general con-
clusions, which might be potentially applied to a much broader
range of surfactant mixtures: (i) the molecule’s hydrogen
bonding affinity can be used to control the foaming properties,
(i) bulk aggregates can act as surfactant reservoirs, activated
by the strong convection (mixing or flotation, and this effect
can be generally described as convection-activated surface
activity), (iii) surfactants with low solubility (lack of CMC) or
relatively weak surface activity at the equilibrium conditions
can still be considered as potentially efficient foaming
additives, and (iv) molecules with considerable affinity to
form hydrogen bonds, such as AAS presented here, can
possibly strengthen the interactions with hydrophilic surfaces
(e.g, oxide minerals) via hydrogen bonding.

The revealed discrepancy between CSC, and CSCpg, is an
additional confirmation of the crucial importance of the
convection-activated surface activity in the magnitude of the
synergistic effect for the studied mixed AASs and n-octanol
solutions. Moreover, it shows that the CSC value is not
universal, and in specific systems, it cannot be simply predicted
from the equilibrium surface tension data. Convection-
activated surface activity causes the CSCpg, value to depend
strongly on the foam formation dynamics (gas flow rate,
foaming time, foam column height), i.e, on the parameters
directly determining the rate of depletion in the AASs bulk
concentration and the kinetics of the aggregates decom-
position.

B AUTHOR INFORMATION

Corresponding Authors

Przemyslaw B. Kowalczuk — Department of Geoscience and
Petroleum, Norwegian University of Science and Technology,
7031 Trondheim, Norway; © orcid.org/0000-0002-1432-
030X; Email: przemyslaw.kowalczuk@ntnu.no

Jan Zawala — Jerzy Haber Institute of Catalysis and Surface
Chemistry, Polish Academy of Sciences, 30-239 Krakow,
Poland; © orcid.org/0000-0003-4542-2226;
Email: jan.zawala@ikifp.edu.pl

Authors
Mariusz Borkowski — Jerzy Haber Institute of Catalysis and
Surface Chemistry, Polish Academy of Sciences, 30-239
Krakow, Poland; © orcid.org/0000-0002-2276-2247
Piotr Batys — Jerzy Haber Institute of Catalysis and Surface
Chemistry, Polish Academy of Sciences, 30-239 Krakow,
Poland; ® orcid.org/0000-0002-2264-3053

Oleg M. Demchuk — Faculty of Medicine, The John Paul II
Catholic University of Lublin, 20-708 Lublin, Poland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.3c01972

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Partial financial support from the Polish National Science
Centre grant no. (2020/38/E/ST8/00173 and 2022/45/N/
ST8/02307) is acknowledged with gratitude. P.B. and J.Z.
acknowledge the partial financial support to the project by the
statutory research fund of ICSC PAS. We gratefully acknowl-
edge Poland’s high-performance computing infrastructure
PLGrid (HPC Centers: ACK Cyfronet AGH) for providing
computer facilities and support within computational grant no.
PLG/2023/016229.

B REFERENCES

(1) Atta, D. Y.; Negash, B. M.; Yekeen, N.; Habte, A. D. A State-of-
the-Art Review on the Application of Natural Surfactants in Enhanced
Oil Recovery. J. Mol. Liq. 2021, 321, 114888.

(2) Tripathy, D. B,; Mishra, A.; Clark, J.; Farmer, T. S. Synthesis,
chemistry, physicochemical properties and industrial applications of
amino acid surfactants: A review. C. R. Chim. 2018, 21, 112—130.

(3) Liu, P.; Wu, J.; Pei, X.; Cui, Z,; Jiang, J.; Song, B.; Binks, B. P.
Recyclable Surfactant Containing a Dynamic Covalent Bond and
Relevant Smart Emulsions. Green Chem. 2022, 24, 7612—7621.

(4) Xu, M; Li, Q;; Xie, M,; Jia, Y. G.; Yang, Y.; Chen, Y. Engineering
Air-in-Water Emulsion as Adaptable Multifunctional Sealant. Chem.
Eng. J. 2022, 429, 132200. 3

(5) Litauszki, K.; Gere, D.; Czigany, T.; Kmetty, A. Environmentally
Friendly Packaging Foams: Investigation of the Compostability of
Poly(Lactic Acid)-Based Syntactic Foams. Sustainable Mater. Technol.
2023, 35, No. e00527.

(6) Stie, M. B.; Kalouta, K.; da Cunha, C. F. B.; Feroze, H. M.; Vetri,
V.; Fodera, V. Sustainable Strategies for Waterborne Electrospinning
of Biocompatible Nanofibers Based on Soy Protein Isolate. Sustainable
Mater. Technol. 2022, 34, No. e00519.

(7) Lin, H; Chen, K; Zheng, S.; Zeng, R; Lin, Y.; Jian, R.; Bai, W,;
Xu, Y. Facile Fabrication of Natural Superhydrophobic Eleostearic
Acid-SiO2@cotton Fabric for Efficient Separation of Oil/Water
Mixtures and Emulsions. Sustainable Mater. Technol. 2022, 32,
No. e00418.

(8) Johnson, P.; Trybala, A; Starov, V.; Pinfield, V. J. Effect of
Synthetic Surfactants on the Environment and the Potential for
Substitution by Biosurfactants. Adv. Colloid Interface Sci. 2021, 288,
102340.

(9) Galloy, F; Isley, N. A,; Ganic, A.; Onken, U.; Parmentier, M.
Surfactant Technology Applied toward an Active Pharmaceutical
Ingredient: More than a Simple Green Chemistry Advance. Green
Chem. 2016, 18, 14—19.

(10) Tang, J; He, J; Xin, X; Hu, H; Liu, T. Biosurfactants
Enhanced Heavy Metals Removal from Sludge in the Electrokinetic
Treatment. Chem. Eng. ]. 2018, 334, 2579—2592.

(11) Verma, S. P.; Sarkar, B. Rhamnolipid Based Micellar-Enhanced
Ultrafiltration for Simultaneous Removal of Cd(II) and Phenolic
Compound from Wastewater. Chem. Eng. J. 2017, 319, 131—142.

(12) Viisimaa, M.; Karpenko, O.; Novikov, V.; Trapido, M.; Goi, A.
Influence of Biosurfactant on Combined Chemical—Biological
Treatment of PCB-Contaminated Soil. Chem. Eng. J. 2013, 220,
352—-359.

(13) Mixed Surfactant Systems; Masahiko, A., Ed.; Taylor & Francis
eBooks, 1992. https://www.taylorfrancis.com/books/edit/10.1201/

https://doi.org/10.1021/acs.iecr.3c01972
Ind. Eng. Chem. Res. 2023, 62, 13498—13509



Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

9781420031010/ mixed-surfactant-systems-masahiko-abe (accessed
Feb 27, 2023).

(14) Liang, X; Zhang, M.; Guo, C.; Abel, S;; Yi, X;; Ly, G.; Yang, C.;
Dang, Z. Competitive Solubilization of Low-Molecular-Weight
Polycyclic Aromatic Hydrocarbons Mixtures in Single and Binary
Surfactant Micelles. Chem. Eng. J. 2014, 244, 522—530.

(15) Chiwetelu, C. I; Hornof, V.; Neale, G. H.; George, A. E. Use of
Mixed Surfactants to Improve the Transient Interfacial Tension
Behaviour of Heavy Oil/Alkaline Systems. Can. J. Chem. Eng. 1994,
72, 534—540.

(16) Wiertel-Pochopien, A.; Batys, P.; Zawala, J.; Kowalczuk, P. B.
Synergistic Effect of Binary Surfactant Mixtures in Two-Phase and
Three-Phase Systems. J. Phys. Chem. B 2021, 125, 3855—3866.

(17) Khan, A; Marques, E. F. Synergism and Polymorphism in
Mixed Surfactant Systems. Curr. Opin. Colloid Interface Sci. 1999, 4,
402—410.

(18) Polowczyk, I; Kruszelnicki, M.; Kowalczuk, P. B. Oil
Agglomeration of Metal-Bearing Shale in the Presence of Mixed
Cationic-Anionic Surfactants. Physicochem. Probl. Miner. Process. 2018,
54, 1052—1059.

(19) Rangsunvigit, P.; Imsawatgul, P.; Na-ranong, N.; O’Haver, J.
H.; Chavadej, S. Mixed Surfactants for Silica Surface Modification by
Admicellar Polymerization Using a Continuous Stirred Tank Reactor.
Chem. Eng. ]. 2008, 136, 288—294.

(20) Lin, S. Y. A;; Lin, Y. Y,; Chen, E. M; Hsu, C. T.; Kwan, C. C. A
Study of the Equilibrium Surface Tension and the Critical Micelle
Concentration of Mixed Surfactant Solutions. Langmuir 1999, 15,
4370—4376.

(21) Wang, Y,; Jiang, Y,; Geng, T.; Ju, H; Duan, S. Synthesis,
Surface/Interfacial Properties, and Biological Activity of Amide-Based
Gemini Cationic Surfactants with Hydroxyl in the Spacer Group.
Colloids Surf, A 2019, 563, 1-10.

(22) Bera, A; Ojha, K; Mandal, A. Synergistic Effect of Mixed
Surfactant Systems on Foam Behavior and Surface Tension. J.
Surfactants Deterg. 2013, 16, 621—630.

(23) Stellner, K. L.; Scamehorn, J. F. Surfactant Precipitation in
Aqueous Solutions Containing Mixtures of Anionic and Nonionic
Surfactants. J. Am. Oil Chem. Soc. 1986, 63, 566—574.

(24) Kume, G.; Gallotti, M.; Nunes, G. Review on Anionic/Cationic
Surfactant Mixtures. J. Surfactants Deterg. 2008, 11, 1—11.

(25) Stellner, K. L.; Amante, J. C.; Scamehorn, J. F.; Harwell, J. H.
Precipitation Phenomena in Mixtures of Anionic and Cationic
Surfactants in Aqueous Solutions. J. Colloid Interface Sci. 1988, 123,
186—200.

(26) Ramezani, M.; Lashkarbolooki, M.; Abedini, R. Experimental
Investigation of Different Characteristics of Crude Oil on the
Interfacial Activity of Anionic, Cationic and Nonionic Surfactants
Mixtures. J. Pet. Sci. Eng. 2022, 214, 110485.

(27) Poorsargol, M.; Alimohammadian, M.; Sohrabi, B.; Dehestani,
M. Dispersion of Graphene Using Surfactant Mixtures: Experimental
and Molecular Dynamics Simulation Studies. Appl. Surf. Sci. 2019,
464, 440—450.

(28) Bordes, R.; Holmberg, K. Amino Acid-Based Surfactants — Do
They Deserve More Attention? Adv. Colloid Interface Sci. 2015, 222,
79-91.

(29) Guo, J.; Sun, L.; Zhang, F.; Sun, B; Xu, B.; Zhou, Y. Review:
Progress in Synthesis, Properties and Application of Amino Acid
Surfactants. Chem. Phys. Lett. 2022, 794, 139499.

(30) Qiao, W.; Qiao, Y. The Relationship Between the Structure and
Properties of Amino Acid Surfactants Based on Glycine and Serine. J.
Surfactants Deterg. 2013, 16, 821—828.

(31) Borkowski, M.; Orvalho, S.; Warszyfski, P.; Demchuk, O. M.;
Jarek, E.; Zawala, J. Experimental and Theoretical Study of
Adsorption of Synthesized Amino Acid Core Derived Surfactants at
an Air/Water Interface. Phys. Chem. Chem. Phys. 2022, 24, 3854—
3864.

(32) Miroslaw, B.; Demchuk, O. M.; Luboradzki, R.; Tyszczuk-
Rotko, K. Low-Molecular-Weight Organogelators Based on N-

Dodecanoyl-L-Amino Acids—Energy Frameworks and Supramolecu-
lar Synthons. Materials 2023, 16, 702.

(33) Berendsen, H. J. C; van der Spoel, D.; van Drunen, R.
GROMACS: A message-passing parallel molecular dynamics
implementation. Comput. Phys. Commun. 1995, 91, 43—56.

(34) Lindahl, E.; Hess, B.; van der Spoel, D. GROMACS 3.0: A
Package for Molecular Simulation and Trajectory Analysis. J. Mol.
Model. 2001, 7, 306—317.

(35) MacKerell, A. D.; Bashford, D.; Bellott, M.; Dunbrack, R. L.;
Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S;
Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K,; Lauy, F. T. K.; Mattos,
C.; Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E.;
Roux, B.; Schlenkrich, M.; Smith, J. C,; Stote, R; Straub, J;
Watanabe, M.; Wiérkiewicz-Kuczera, J.; Yin, D.; Karplus, M. All-Atom
Empirical Potential for Molecular Modeling and Dynamics Studies of
Proteins. J. Phys. Chem. B 1998, 102, 3586—3616.

(36) Yazhgur, P.; Vierros, S; Hannoy, D.; Sammalkorpi, M,
Salonen, A. Surfactant Interactions and Organization at the Gas-Water
Interface (CTAB with Added Salt). Langmuir 2018, 34, 1855—1864.

(37) Jo, S.; Kim, T.; Iyer, V. G.; Im, W. CHARMM-GUI: A Web-
Based Graphical User Interface for CHARMM. J. Comput. Chem.
2008, 29, 1859—1865.

(38) Brooks, B. R.; Brooks, C. L.; Mackerell, A. D.; Nilsson, L.;
Petrella, R. J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch,
S.; Caflisch, A.; Caves, L.; Cui, Q.; Dinner, A. R.; Feig, M.; Fischer, S.;
Gao, J.; Hodoscek, M,; Im, W.; Kuczera, K.; Lazaridis, T.; Ma, J.;
Ovchinnikov, V.; Paci, E.; Pastor, R. W,; Post, C. B.; Pu, J. Z;
Schaefer, M.; Tidor, B.; Venable, R. M.; Woodcock, H. L.; Wu, X,;
Yang, W.; York, D. M,; Karplus, M. CHARMM: The Biomolecular
Simulation Program. J. Comput. Chem. 2009, 30, 1545—1614.

(39) Lee, J.; Cheng, X.; Swails, J. M.; Yeom, M. S.; Eastman, P. K;
Lemkul, J. A;; Wei, S.; Buckner, J; Jeong, J. C,; Qi, Y.; Jo, S.; Pande,
V. S.; Case, D. A;; Brooks, C. L.; MacKerell, A. D.; Klauda, J. B.; Im,
W. CHARMM-GUI Input Generator for NAMD, GROMACS,
AMBER, OpenMM, and CHARMM/OpenMM Simulations Using
the CHARMM36 Additive Force Field. J. Chem. Theory Comput.
2016, 12, 405—413.

(40) Vanommeslaeghe, K.; Hatcher, E.; Acharya, C; Kunduy, S;
Zhong, S.; Shim, J.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyov, L;
Mackerell, A. D. CHARMM General Force Field: A Force Field for
Drug-like Molecules Compatible with the CHARMM All-Atom
Additive Biological Force Fields. J. Comput. Chem. 2009, 31, 671—
690.

(41) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.,; Klein, M. L. Comparison of Simple Potential Functions for
Simulating Liquid Water. J. Chem. Phys. 1983, 79, 926—935.

(42) Bussi, G.; Donadio, D.; Parrinello, M. Canonical Sampling
through Velocity Rescaling. J. Chem. Phys. 2007, 126, 014101.

(43) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;
Pedersen, L. G. A Smooth Particle Mesh Ewald Method. J. Chem.
Phys. 1995, 103, 8577—8593.

(44) Yeh, L. C.; Berkowitz, M. L. Ewald Summation for Systems with
Slab Geometry. J. Chem. Phys. 1999, 111, 3155—3162.

(4S) Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E. M.
LINCS: A Linear Constraint Solver for Molecular Simulations. J.
Comput. Chem. 1997, 18, 1463—1472.

(46) Miyamoto, S.; Kollman, P. A. Settle: An Analytical Version of
the SHAKE and RATTLE Algorithm for Rigid Water Models. J.
Comput. Chem. 1992, 13, 952—962.

(47) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular
Dynamics. J. Mol. Graph. 1996, 14, 33—38.

(48) Martinez, L.; Andrade, R; Birgin, E. G.; Martinez, J. M.
PACKMOL: A Package for Building Initial Configurations for
Molecular Dynamics Simulations. J. Comput. Chem. 2009, 30,
2157-2164.

(49) Zawala, J.; Wiertel-Pochopien, A.; Larsen, E.; Kowalczuk, P. B.
Synergism between Cationic Alkyltrimethylammonium Bromides
(C,TAB) and Nonionic n-Octanol in the Foamability of Their
Mixed Solutions. Ind. Eng. Chem. Res. 2020, 59, 1159—1167.

https://doi.org/10.1021/acs.iecr.3c01972
Ind. Eng. Chem. Res. 2023, 62, 13498—13509



Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

(50) Lunkenheimer, K.; Malysa, K.; Winsel, K.; Geggel, K.; Siegel, S.
Novel Method and Parameters for Testing and Characterization of
Foam Stability. Langmuir 2010, 26, 3883—3888.

(51) Kim, L J.; Park, J. G.; Han, Y. H.; Kim, S. Y.; Shackelford, J. F.;
Kim, L J.; Park, J. G;; Han, Y. H,; Kim, S. Y.; Shackelford, J. F. Wet
Foam Stability from Colloidal Suspension to Porous Ceramics: A
Review. J. Korean Ceram. Soc. 2019, 56, 211-232.

13509

https://doi.org/10.1021/acs.iecr.3c01972
Ind. Eng. Chem. Res. 2023, 62, 13498—13509



Zalgeznik nrl !

Krakow, 11.09.2023 r.
Miejscowosé, data
Mariusz Borkowski
Imie (imiona) i nazwisko kandydata

OSWIADCZENIE KANDYDATA

(wypetniaja tylko osoby, ktorych rozprawa doktorska stanowi zbior artykulow )

Niniejszym oswiadczam, 7e mdj udziat w artykule naukowym autorstwa: Mariusz
Borkowski, Jan Zawala p.t. Influence of Temperature on Rising Bubble Dynamics in Water
and n-pentanol Solutions, wchodzacym w sklad zbioru opublikowanych 1 powiazanych
tematycznie artykutéw naukowych, stanowiacych rozprawe doktorska mojego autorstwa
p-t. Influence of liquid physicochemical properties on single bubble motion and stability of

Jfoam films and foams polegal na:

e wykonaniu przegladu literaturowego

e uczestnictwie w opracowaniu koncepcji oraz idei badawczej,

e uczestnictwie w opracowaniu metodologii opisanych badan,

e opracowaniu i wykonaniu aparatury badawczej,

e uczestnictwie w walidacji opracowanej metody badawczej,

e przeprowadzeniu wszystkich pomiaréw oraz eksperymentow,

e uczestnictwie w formalnej analizie wynikow badawczych,

e przygotowaniu grafik oraz wizualizacji danych,

e przygotowaniu wstgpnej wersji manuskryptu publikacji naukowej,
e yczesinictwie w przygotowaniu oslateczne) wersji manuskryptu

e uczestnictwie w pracach zwigzanych z recenzjg oraz edytowaniem manuskryptu.

lnigpotrzebne skredli¢



Zalgeznik nrit

Krakéw, 11.09.2023 r.
Miejscowosc, data
Jan Zawala
Imie (imiona) i nazwisko wspotautora

OSWIADCZENIE WSPOELAUTORA

(wypelniaja tylkc wspélautorzy publikacji wehodzace; w skiad zbioru artvkulow stanowigeych rozprawg dokterska)

Niniejszym oswiadczam, 7e mqj udzial w artykule naukowym autorstwa: Mariusz
Borkowski, Jan Zawala p.t. Influence of Temperature on Rising Bubble Dynamics in Water
and n-pentanol Solutions, wchodzacym w sklad zbioru opublikowanych i powiazanych
tematycznie artykulow naukowych stanowiacych rozprawe doktorska autorstwa Mariusza
Borkowskiego p.t. Influence of liquid physicochemical properties on single bubble motion

and stability of foam films and foams polegal na:

e uczcstnictwic w opracowaniu koncepcji oraz idei badawezej.

e uczestnictwie w opracowaniu metodologii opisanych badan,

¢ napisaniu oprogramowania stuzgcego analizie uzyskanych obrazow,
e uczestnictwie w walidacji opracowanej metody badawczej.

e uczestnictwie w formalnej analizie wynikéw badawezych,

¢ pozyskaniu zasobow do prowadzenia badan,

¢ sclekceji danych,

¢ uczestnictwie w przygotowaniu manuskryptu publikacji naukowej,
* uczestnictwie w pracach zwigzanych z recenzja oraz edytowaniem manuskryptu,
e nadzorze nad prowadzonymi badaniami,

¢ administrowaniu,

e 7agwarantowaniu finansowania.

Data, czytelny pddpis wspotautora

'niepatrzehne skreshic



Zalgcznik nrl()

Krakow, 11.09.2023 r.
Miegjscowosé, data
Mariusz Borkowski
Imig (imiona) i nazwisko kandydata

OSWIADCZENIE KANDYDATA

(wypeiaja tylko osoby, ktorvch rozprawa doktorska stanowi zbior artykulow )

Niniejszym oswiadczam, ze moj udzial w artykule naukowym autorstwa: Mariusz
Borkowski, Sandra Orvalho, Piotr Warszynski, Oleg M. Demchuk, Ewelina Jarek, Jan
Zawala p.t. Experimental and theoretical study of adsorption of synthesized amino acid core
derived surfactants ai an air/water interface, wchodzacym w sklad zbioru opublikowanych
i powiazanych tematycznie artykulow naukowych, stanowiacych rozprawe doktorska
mojego autorstwa p.t. Influence of liquid physicochemical properties on single bubble

motion and stability of foam films and foams polegal na:
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wchodzacym w skiad zbioru opuBlikowanych 1 powigzanych tematycznie artykulow
naukowych stanowigcych rozprawe doktorska autorstwa Mariusza Borkowskiego p.t.
Influence of liquid physicochemical properties on single bubble motion and stability of foam

films and foams polegal na:

udziale w opracowaniu koncepcji oraz idei badawczej,

e uczestnictwie w opracowaniu metodologii opisanych badan,
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layer, wchodzacym w sktad zbioru opublikowanych i powiazanych tematycznie artykuléw

naukowych stanowigcych rozprawe doktorska autorstwa Mariusza Borkowskiego p.t.

Influence of liquid physicochemical properties on single bubble motion and stability of foam

films and foams polegal na:

udziale w opracowaniu koncepcji oraz idei badawczej,

udziale w opracowaniu metodologii badan,
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udziale w formalnej analizie i interpretacji wynikow badawczych,
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