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1. STRESZCZENIE

Przedstawiona rozprawa doktorska zatytulowana ,,Badanie wlasciwosci
adsorpcyjnych, agregacyjnych i zwilZajgcych mieszanin zawierajgcych biosurfaktant,
surfaktant niejonowy i etanol” stanowi cykl sze$ciu oryginalnych artykutéw naukowych
powigzanych spdjnie tematycznie i opublikowanych w specjalistycznych czasopismach
naukowych z listy Ministerstwa Edukacji i Nauki (MEiN) [D1-D6].

Tematyka cyklu prac bedacych podstawg rozprawy doktorskiej dotyczy badania
wlasciwosci adsorpcyjnych, agregacyjnych i zwilzajacych wodnych roztworow
mieszanin biosurfaktantu (mono—ramnolipidu (RL) lub surfaktyny (SF)) z surfaktantem
niejonowym (Tritonem X-165 (TX165)) lub alkoholem krotkotancuchowym (etanolem
(ET)). Zastosowane w badaniach RL i SF wybrano ze wzgledu na ich duza aktywnos$¢
powierzchniowa, ktéra warunkuje roéznorodne zastosowanie tych biosurfaktantow
w wielu gateziach przemystowych, ochronie $rodowiska oraz medycynie. Mimo to
glownym problemem w powszechnym zastosowaniu RL i1 SF s3 wcigz wysokie koszty
ich produkcji na masowg skale. Rozwigzaniem tej sytuacji moze by¢ zastosowanie RL
1 SF w mieszaninach z innymi klasycznymi surfaktantami, badz dodatkami organicznymi,
co ma nie tylko aspekt ekonomiczny, ale pozwoli rowniez ograniczy¢ ilo$¢ stosowanych
surfaktantow syntetycznych.

Niestety, w literaturze brak jest prac dotyczacych kompleksowej analizy
wlasciwosci roznego typu mieszanin w oparciu o wilasciwosci fizykochemiczne
poszczegbdlnych sktadnikow, a szczegolnie mozliwosci przewidywania tych wlasciwosci.
Z tego powodu uzasadnione bylo podjecie badan dotyczacych wzajemnego wptywu
ramnolipidu 1 surfaktyny, niejonowego Tritonu X—165 oraz etanolu na ich adsorpcje¢
1 micelizacje. Badania te oparto na pomiarach napi¢cia powierzchniowego
przeprowadzonych w temperaturze 293 K w szerokim zakresie stezenia biosurfaktantow,
TX-1651 ET tak, aby wystepowaly one w postaci monomerycznej i zagregowanej oraz
kata zwilZzania na powierzchni modelowych cial statych: politetrafluoroetylenu (PTFE),
poli(metakrylanu metylu) (PMMA) 1 kwarcu (Q).

Analize uzyskanych wynikow przeprowadzono w oparciu o termodynamike
roztworow 1 zjawisk migdzyfazowych. Stwierdzono migdzy innymi, Ze izotermy napigcia
powierzchniowego wodnych roztworéw badanych mieszanin mozna opisa¢ rOwnaniem
funkcji ekspotencjalnej drugiego rzgedu nawet w przypadku, gdy wystepuja na nich

maksima. Rowniez za pomocg funkcji ekspotencjalnych o podobnych statych mozna
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opisa¢ izotermy kata zwilzania. Mozliwe jest takze przewidywanie tych izoterm
w oparciu o warto$ci kata zwilzania dla poszczegdlnych sktadnikoéw mieszaniny.

Na podstawie izoterm napigcia powierzchniowego wyznaczono stgzenie
powierzchniowe sktadnikow mieszaniny w warstwie powierzchniowej stosujac rownanie
izotermy adsorpcji Gibbsa oraz zmodyfikowane rownanie Frumkina. Wykorzystujac
izotermy napigcia powierzchniowego sktadnikow mieszaniny wyznaczono skiad tej
warstwy, a w oparciu o nie mozliwe bylo réwniez przewidywanie napigcia
powierzchniowego wodnych roztworéw badanych mieszanin. Przeprowadzona
termodynamiczna analiza procesOw micelizacji i adsorpcji pozwolita na zaproponowanie
roOwnania pozwalajacego na wyznaczenie standardowej swobodnej energii adsorpcji
Gibbsa biosurfaktantow 1 ET na podstawie ich krytycznego st¢zenia micelizacji
1 agregacji oraz redukcji napigcia powierzchniowego wody. Z kolei w oparciu o wartosci
katéw zwilzania okre§lono kryteria jakie powinny by¢ spetnione, aby uzyskac catkowite
rozplywanie si¢ mieszanin po powierzchni apolarnych, monopolarnych i bipolarnych ciat
statych. Otrzymane wyniki i pltynace z nich wnioski maja nie tylko znaczenie poznawcze,
ale rowniez aplikacyjne, gdyz moga by¢ pomocne przy dobieraniu sktadu mieszanin,

ktéry pozwoli na otrzymanie optymalnych warunkow w danym procesie.
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2. STRESZCZENIE W JEZYKU ANGIELSKIM

The presented doctoral thesis entitled “Studies on the adsorption, aggregation,
and wetting properties of mixtures containing the biosurfactant, non-ionic surfactant,
and ethanol” is a cycle of six original and closely thematically interrelated scientific
papers published in the specialistic journals included in the Ministry of Education and
Science (MEIN) list [D1-D6].

The subject of the papers being the basis of the doctoral thesis is related to
the studies on adsorption, aggregation, and wetting properties of aqueous solution
mixtures of the biosurfactant (mono—rhamnolipid (RL) or surfactin (SF) with the non—
ionic surfactant (Triton X— 165 (TX165)) or short—chain alcohol (ethanol (ET)). RL and
SF used in the studies were selected due to their significant surface and biological
activities, which determine their various uses in many industries, environmental
protection, and medicine. The major problem in the common use of RL and SF is their
still high mass production cost. The solution to this problem may consist in the use of RL
and SF in the mixtures with other classical surfactants or organic additives. This has not
only an economical advantage — but it allows to reduce the amount of already used
synthetic surfactants.

Unfortunately, the literature does not report about a comprehensive analysis
of the properties of various types of mixtures based on the physicochemical properties
of individual components, and especially on the possibility of their prediction. For this
reason, the research carried out on the mutual influence of RL and SF, non—ionic TX165
and ET on their adsorption and micellization was justified. The studies were based on
the surface tension measurements at293 K in a wide range of concentrations
of the biosurfactants, TX165, and ET, so that they could occur in monomeric
and aggregated forms. Moreover, this was based on the contact angle measurements
of the obtained mixtures on the surface of the three model solids: polytetrafluoroethylene
(PTFE), poly(methacrylate methyl), and quartz (Q). The analysis of the obtained results
was based on the solution thermodynamics and interfacial phenomena. It was found that
the surface tension isotherms of aqueous solutions of the tested mixtures can be described
by the exponential function of the second order even when the maxima are present.
The contact angle isotherms could be described by the exponential functions of similar
constants. It is also possible to predict those isotherms on the basis of the contact angle

values for the individual mixture components.
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Based on the surface tension isotherms, the surface concentration of mixture
components in the surface layer was determined using the Gibbs adsorption isotherm
equation and the modified Frumkin equation. Applying the surface tension isotherms
of the mixture components, it was possible to determine the composition of this layer.
On the other hand, it was possible to use the mixture component surface tensions
to predict the surface tension ofthe aqueous solutions of the studied mixtures.
The thermodynamic analysis of the micellization and adsorption processes allowed to
propose an equation that can be used to determine the standard Gibbs free energy
of adsorption of biosurfactants and ET on the basis of their critical micelle
and aggregation concentration as well as the reduction of water surface tension value.
In turn, on the basis of the contact angle values, the criteria that have to be met to achieve
complete spreading of the mixture solution over the apolar, monopolar and bipolar solid
surfaces were determined. The obtained results and conclusions drawn from them have
not only cognitive but also application significance. They can be a helpful factor
in selecting the mixture composition, allowing to obtain optimal conditions for a given

process.
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3. WYKAZ PRAC

Podstawa niniejszej rozprawy doktorskiej jest cykl tematycznie powigzanych
sze$ciu publikacji naukowych opublikowanych w latach 2020 — 2022 na tamach
czasopism znajdujacych si¢ na liscie Ministerstwa Edukacji i Nauki sporzadzonej zgodnie
z art. 267 ust. 3 ustawy z dnia 20 lipca 2018 r. — Prawo o szkolnictwie wyzszym i nauce
(Dz. U. z 2020 r. poz. 85, z po6zn. zm.). Wszystkie z nich charakteryzujg si¢
wspotczynnikiem wptywu (IF, ang. impact factor).

Publikacje te oznaczono w rozprawie doktorskiej numerami D1, D2, D3, D4, DS,
D6, natomiast numerem SD5 oznaczono material uzupetniajacy (ang. Supplementary
Material) do artykulu DS. Do kazdej publikacji dotagczona zostata informacja na temat
punktacji wg. Ministerstwa Edukacji i Nauki (MEiN), wartosci wskaznika wplywu
zgodnie z rokiem publikacji (IFwok), a takze wskaznika wptywu na przestrzeni ostatnich

pieciu lat (IFsjemi).

[D1] E. Rekiel, A. Zdziennicka*, K. Szymczyk, B. Janczuk, Thermodynamic Analysis of
the Adsorption and Micellization Activity of the Mixtures of Rhamnolipid and Surfactin
with Triton X-165. Molecules, 2022, 27, 3600.

Moj udzial w powstaniu wyzej wymienionej pracy polegat na przygotowaniu koncepcji
badan idobraniu  odpowiedniej metodologii, wykonaniu  wszystkich  badan
eksperymentalnych, interpretacji otrzymanych wynikow, przygotowaniu rysunkow,
gromadzeniu literatury przedmiotu, weryfikacji procesu pisania pracy oraz
przeprowadzonych badan, analizie formalnej, edycji manuskryptu, redagowaniu
manuskryptu oraz wspotredagowaniu i edycji odpowiedzi na recenzje pracy.

MGdj udziat oceniam na 50%.

MEiN2022 / MEiN2023: 140 pkt. / 140 pkt.
I1F2022 / IF5.1eti: 4,148 / 4,189
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[D2] E. Rekiel, A. Zdziennicka, K. Szymczyk, B. Janczuk*, Wetting Properties
of Rhamnolipid and Surfactin Mixtures with Triton X-165. Molecules, 2022, 27, 4706.
MOoj udziat w powstaniu wyzej wymienionej pracy polegat na przygotowaniu koncepcji
badan idobraniu odpowiedniej metodologii, przeprowadzeniu wszystkich badan
eksperymentalnych, interpretacji otrzymanych wynikow, gromadzeniu literatury
przedmiotu, analizie formalnej, wizualizacji wynikow, redagowaniu i edycji manuskryptu
oraz wspotredagowaniu i edycji odpowiedzi na recenzje pracy,

Moj udzial oceniam na 55 %.

MEiN2022 / MEiN2023: 140 pkt. / 140 pkt.
1F2022 / IF5.0etni: 4,148 / 4,189

[D3] E. Rekiel, A. Zdziennicka*, B. Janczuk, Adsorption properties of rhamnolipid and
ethanol at water/ethanol solution-air interface. Journal of Molecular Liquids, 2020,
308, 113080.

MOoj udzial w powstaniu wyzZej wymienionej pracy polegatl wykonaniu wszystkich badan
eksperymentalnych, analizie formalnej otrzymanych wynikow, ich interpretacji
i wizualizacji, gromadzeniu literatury przedmiotu, a takze na pisaniu oryginalnej wersji
manuskryptu, jej edycji oraz wspotredagowaniu i edycji odpowiedzi na recenzje pracy.

Moj udziat oceniam na 55%.

MEiN2020 / MEiN2023: 100 pkt. / 100 pkt.
IF2020 / IFs-1etni: 6,165 /6,132

[D4] E. Rekiel, A. Zdziennicka*, B. Janczuk, Adsorption of surfactin at water with
ethanol mixture-air interface. Journal of Molecular Liquids, 2020, 300, 112240.

Moj udzial w powstaniu wyzej wymienionej pracy polegal na zaplanowaniu
i przeprowadzeniu wszystkich badan, interpretacji i analizie wynikow, ich wizualizacyi,
gromadzeniu literatury przedmiotu, a takze na pisaniu i edycji oryginalnej wersji
manuskryptu oraz wspotredagowaniu i edycji odpowiedzi na recenzje pracy.

Moj udziat oceniam na 55%.

MEiN2020 / MEiN2023: 100 pkt. / 100 pkt.
IF2020 / IF5-1etmi: 6,165/ 6,132
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[DS] E. Rekiel, A. Zdziennicka*, B. Janczuk, Mutual influence of ethanol and surfactin
on their wetting and adhesion properties, Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 2021, 627, 127161.

Moj udzial w powstaniu wyzej wymienionej pracy polegal na zaplanowaniu
i przeprowadzeniu wszystkich badan eksperymentalnych, interpretacji i wizualizacji
otrzymanych wynikow, gromadzeniu literatury przedmiotu, a takze na pisaniu i edycji
oryginalnej wersji manuskryptu oraz wspotredagowaniu i edycji odpowiedzi na recenzje
pracy.

MGdj udziat oceniam na 60%.

MEiN2021 / MEIN2023: 70 pkt. / 70 pkt.
IF2021 / IF5.0eti: 5,518 / 4,746

[D6] E. Rekiel, A. Zdziennicka*, B. Janczuk, Effect of ethanol on wetting and adhesion
properties of rhamnolipid. International Journal of Adhesion and Adhesives,2021, 110,
102955.

Moj udzial w powstaniu wyzej wymienionej pracy polegal na zaplanowaniu
i przeprowadzeniu wszystkich badan eksperymentalnych, wizualizacji oraz interpretacji
otrzymanych wynikow, gromadzeniu literatury przedmiotu, pisaniu i edycji oryginalnej
wersji manuskryptu, wspotredagowaniu i edycji manuskryptu, a takze wspotredagowaniu
i edycji odpowiedzi na recenzje pracy.

Moj udziat oceniam na 60%.

MEiN2021 /MEiN2023: 100 pkt. / 100 pkt.
IF2021 / IF5.0eti: 3,848 /3,751

e Sumaryczna liczba punktow przypisanych czasopismom wedlug list
MEIN / MEiN2¢23: 650 pkt. / 650 pkt.

e Sumaryczna warto$¢ wskaznika IF / [Fs.iemi: 30,064 / 29,139

e Sredni udziat: 56%
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4. KOMENTARZ DO ROZPRAWY DOKTORSKIEJ
4.1. LISTA SYMBOLI
RL — mono—ramnolipid
SF — surfaktyna
TX165 — Triton X-165
ET — etanol
PTFE — politetrafluoroetylen
PMMA - poli(metakrylan metylu)
Q — kwarc
CMC - krytyczne st¢zenie micelizacji
CAC — krytyczne stezenie agregacji
AB — skladowa kwasowo—zasadowa
LW — sktadowa Lifshitza—van der Waalsa
Y — napigcie powierzchniowe
Yw — napiecie powierzchniowe wody
7,y — hapigcie powierzchniowe ciecz—powietrze
y™" _ minimalne napiecie powierzchniowe cieczy
Ysy — napiecie powierzchniowe ciato state — powietrze

Y1 — napiecie miedzyfazowe cialo state — ciecz

/W — sktadowa napiecia powierzchniowego wynikajaca z oddziatywan

mig¢dzyczasteczkowych Lifshitza—van der Waalsa

yHW _ sktadowa napiecia powierzchniowego cieczy wynikajaca z oddziatlywan

miedzyczasteczkowych Lifshitza—van der Waalsa

Y&V — sktadowa napiecia powierzchniowego ciata statego wynikajaca z oddziatywan

mig¢dzyczasteczkowych Lifshitza—van der Waalsa

#1B — sktadowa napiecia powierzchniowego wynikajaca z kwasowo-zasadowych

oddziatywan miedzyczasteczkowych w ujeciu Lewisa
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y* — parametr elektrono—akceptorowy sktadowej kwasowo-zasadowej napiecia

powierzchniowego

¥iv — parametr elektrono-akceptorowy skladowej kwasowo-zasadowej napigcia

powierzchniowego cieczy

Y4y — parametr elektrono-akceptorowy skladowej kwasowo-zasadowej napigcia

powierzchniowego ciala statego

¥~ — parametr elektrono—donorowy sktadowej kwasowo-zasadowej napigcia

powierzchniowego

¥Y1v — parametr elektrono—donorowy sktadowej kwasowo-zasadowej napigcia

powierzchniowego cieczy

¥Ysy — parametr elektrono—donorowy sktadowej kwasowo-zasadowej napigcia

powierzchniowego ciala stalego
Y1y €0sO — napiecie adhezyjne
Y — krytyczne napiecie powierzchniowe zwilzania ciata statego
I" — nadmiarowe st¢zenie powierzchniowe Gibbsa
I';y — nadmiarowe stezenie powierzchniowe na granicy faz ciecz—powietrze
I'gy — nadmiarowe stezenie powierzchniowe na granicy faz ciato state—powietrze
I'g; — nadmiarowe st¢zenie powierzchniowe na granicy faz ciato stale—ciecz
I'cr — nadmiarowe stezenie powierzchniowe Gibbsa dla etanolu
I, — nadmiarowe stezenie powierzchniowe Gibbsa dla ramnolipidu
™% — maksymalne nadmiarowe stezenie powierzchniowe Gibbsa
""" — maksymalne nadmiarowe stezenie powierzchniowe Gibbsa sktadnika 1

I'7%* — maksymalne nadmiarowe stezenie powierzchniowe Gibbsa sktadnika 2

I'12 — maksymalne nadmiarowe st¢zenie powierzchniowe Gibbsa mieszaniny

sktadnikow 112
I'* — graniczne st¢zenie powierzchniowe Gibbsa
I;° — graniczne st¢zenie sktadnika 1 mieszaniny

I,° — graniczne st¢zenie sktadnika 2 mieszaniny
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I3 — graniczne stezenie obu sktadnikéw mieszaniny
AGY ;. — standardowa swobodna energia adsorpcji Gibbsa
AGY ;. — standardowa swobodna energia micelizacji Gibbsa
AH) ;; — standardowa entalpia adsorpcji Gibbsa

ASY .. — standardowa entropia adsorpcji Gibbsa

ads

C3% — minimalne stezenie odpowiadajace tworzeniu sie nasyconej monowarstwy

adsorpcyjnej na granicy faz woda—powietrze

Cunsat — Stezenie odpowiadajgce nienasyconej monowarstwie adsorpcyjnej na granicy

faz woda—powietrze
7T — ci$nienie warstwy
0 — kat zwilzania
™" _ minimalny kat zwilzania
A° — graniczna powierzchnia zajmowana przez jedng czasteczke
A™™ _ minimalna powierzchnia zajmowana przez jedng czasteczke
W, — praca adhezji cieczy do powierzchni ciata stalego
W . — praca kohezji cieczy
S1/s — wspotczynnik rozptywania cieczy po powierzchni ciata statego
w — powierzchnia zajmowana przez 1 mol kazdego sktadnika lub mieszaniny
x5 — utamek molowy w warstwie powierzchniowej
x5 // X1 — utamek molowy surfaktantu 1 w warstwie powierzchniowej

x5 // X5 — utamek molowy surfaktantu 2 w warstwie powierzchniowej

B — parametr oddzialywan miedzyczasteczkowych w mieszanej monowarstwie

adsorpcyjne;j
BM — parametr oddzialywan miedzyczasteczkowych w mieszanej miceli
M — wspotczynnik aktywnosci surfaktantow w mieszanej miceli

@ — parametr oddziatywan migdzyfazowych
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4.2.WSTEP

Biosurfaktanty to amfifilowe zwigzki powierzchniowo czynne pochodzenia
naturalnego. Ich niepolarny, hydrofobowy ogon stanowig reszty weglowodorowe, ktore
moga mie¢ rozne dlugosci oraz by¢ w roznym stopniu rozgalezione. Polarna hydrofilowa
glowa sklada si¢ z peptydow, weglowodandéw, aminokwasow, alkoholu lub kwasu
karboksyfosforowego [1]. Budowa i struktura czasteczek biosurfaktantow decyduje o ich
podziale na rézne grupy. Biosurfaktanty klasyfikuje si¢ takze ze wzgledu na typ szczepu
bakteryjnego, mase¢ czasteczkowa oraz sposob dziatania. Nalezy pamigtac,
ze biosurfaktanty cho¢ wytwarzane przez mikroorganizmy, np. bakterie, drozdze czy
grzyby nitkowate, wydzielane s3 rowniez przez niektére wielokomdrkowe organizmy

eukariotyczne takie jak ro$liny i zwierzgta [2,3] (Rys. 1).

Rys. 1. Zrédla biosurfaktantéw (opracowanie wlasne)

Biosurfaktanty pochodzace od mikroorganizméw produkowane sa jako metabolity
wtorne, ktore przylegaja do powierzchni komorki lub sg wydzielane poza nig. Cze$¢

znich moze by¢ tez otrzymywana w wyniku procesdw enzymatycznych
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z wykorzystaniem enzymow hydrolitycznych [3]. Sanchez i Demain [4] okreslajg wtorne
produkty przemiany materii jako niskoczasteczkowe zwigzki wytwarzane zazwyczaj
w fazie rownowagi, czyli poznej fazie wzrostu mikroorganizméw. Aby jak najbardziej
zoptymalizowaé proces otrzymywania biosurfaktantow przez mikroorganizmy nalezy
wzig¢ pod uwage takie czynniki jak zrodlta azotu oraz wegla, st¢zenie substratu
lipofilowego,  dostgpnos¢  mikroelementow, wielkos¢ inokulum  (populacji
mikroorganizmow lub komorek, ktora zostaje wprowadzona do fermentacyjnej lub
kazdej innej, odpowiedniej pozywki [5]), temperatur¢, pH, stopien napowietrzania
1 szybko$¢ mieszania [2].

Jednym z kryteriow podziatu biosurfaktantéw jest ich masa czasteczkowa.
Srednia masa czasteczkowa biosurfaktantu wynosi od 500 do 1500 Da [2]. Zwigzki
o niskiej masie czasteczkowej (LMW, ang. low-molecular weight) mieszczace] si¢
w zakresie od 500 do 1000 kDa wykazuja wigkszg skuteczno$¢ w obnizaniu napigcia
powierzchniowego na granicach faz woda—powietrze czy woda—olej [2,3,6]. Przyktadami
takich zwigzkow mogag by¢: glikolipidy (ramnolipidy, soforolipidy ksylolipidy, lipidy
celobiozowe, trehalozowe), lipopeptydy (surfaktyna, ituryna) lub fosfolipidy [2,3,6,7].
Niska masa czasteczkowa pozwala na ich wykorzystanie, m.in. w bioremediacji
zanieczyszczen [7]. Biosurfaktanty, ktérych masa czasteczkowa wynosi zazwyczaj
powyzej 1000 kDa [7] nalezg do zwigzkow wielkoczasteczkowych (HMW, ang. high—
molecular weight). Zwiazki te sg bardziej skuteczne w stabilizowaniu emulsji oleju
w wodzie 1 mogg silnie przylega¢ do réznych powierzchni, zachowujac si¢ jak
bioemulgatory [2,3]. Przykladami tego typu biosurfaktantow moga by¢ lipoproteiny
1 lipopolisacharydy, kwasy tluszczowe (nasycone i nienasycone) oraz surfaktanty
polimerowe, np. liposan, alasan i emulsan [2,3,6,7]. W praktyce jednak czesciej
wykorzystywane s3 LMW ze wzgledu na ich wysoki potencjal obnizania napigcia
powierzchniowego 1 miedzyfazowego [8].

Podobnie jak w przypadku klasycznych surfaktantow przy stezeniu zwanym
krytycznym stezeniem micelizacji (CMC, ang. critical micelle concentration), monomery
biosurfaktantéw mogg organizowac si¢ w agregaty — micele. W zalezno$ci od struktury
czasteczkowej danego biosurfaktantu [1,9] wartosci CMC mieszcza si¢ w przedziale od
1 do 2000 mg/L. Biosurfaktanty tworza micele sferyczne o Srednicy roéwnej kilku
nanometrom, ale moga tworzy¢ rOwniez micele majace inne ksztatty, np. pecherzykowe,
lamellarne, kubiczne czy heksagonalne. Wtasciwosci tych agregatow zwigzane sa

z rbwnowagg hydrofilowo—lipofilowa (HLB, ang. hydrophilic—lipophilic balance) [1].
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Biosurfaktanty w poréwnaniu z klasycznymi surfaktantami charakteryzuje
wysoka biodegradowalno$¢, wicksza specyficzno$¢ dziatania nawet w ekstremalnych
warunkach otoczenia, nizsze napigcie powierzchniowe 1 migdzyfazowe, nizsza
toksyczno$¢, wysoka biozgodnos¢ oraz kompatybilno$¢ srodowiskowa [7]. Istotne jest
rowniez to, ze zwigzki te otrzymywane sg przy udziale surowcéw odnawialnych, a do
produktow, ktéore moga by¢ wykorzystywane do przyszitej produkcji biosurfaktantow
zalicza si¢: stome 1 wyttoki z trzciny cukrowej, melase, stome ryzowa, otreby, tuski soi,
make z manioku i $cieki rolnicze [1]. Zastosowanie surowcow odpadowych do produkcji
biosurfaktantéw ma nie tylko wymiar ekonomiczny, gdyz pozwala obnizy¢ wysokie
koszty ich produkcji, ale réwniez umozliwia zagospodarowanie odpadow
poprodukcyjnych. Tendencja ta jest rowniez zwigzana z jednym z obecnie
najwazniejszych aspektoéw ochrony srodowiska, tzw. rozwojem zréwnowazonym [10],
ktorego celem jest takze =zastgpienie surfaktantow klasycznych (syntetycznych)
substancjami, ktore beda nietoksyczne dla fauny i flory, i begda tez catkowicie
biodegradowalne. Z uwagi na ten fakt 1 wilasciwosci jakimi charakteryzuja si¢
biosurfaktanty, zwigzki te cieszg si¢ coraz wigkszym zainteresowaniem w wielu

galeziach przemystu (Rys. 2).
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Rys. 2. Zastosowania biosurfaktantéw (opracowanie wlasne)
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Nie bez znaczenia jest rowniez rosngca §wiadomos$¢ konsumencka, ktdra ma odbicie
w coraz chetniej nabywanych produktach zawierajacych substancje pochodzenia
naturalnego.

Dobre wiasciwosci emulgujace biosurfaktantow powoduja, ze wchodza one
w sktad detergentow, $srodkdéw czyszczacych oraz higieny osobistej. Ich wlasciwosci
pienigce, zwilzajace, dyspergujace, czy solubilizujace sa badane pod katem
wykorzystania w produkcji szampondw, mydet, kremow do golenia, czy tez polepszania
pigmentacji lakieréw do paznokci lub farb do wlosow. Zastosowanie biosurfaktantow
wplywa na gestos¢ oraz teksture niektorych produktéw, a takze zmniejsza potencjalny
wzrost  drobnoustrojéw  chorobotworczych poprzez dzialanie antyoksydacyjne
1 stabilno$¢ w warunkach zmieniajacego si¢ pH czy temperatury [2]. W przemysle
spozywczym wlasciwos$ci antybakteryjne wobec bakteryjnych biofilméw oraz zdolnos¢
do emulgowania olejow jadalnych sprawiaja, ze biosurfaktanty zaczynaja cieszy¢ si¢
szerokim zainteresowaniem nie tylko jako dodatki do zywnosci, ale rowniez w obszarze
jego przetworstwa 1 zapobieganiu kontaminacji [11]. Dzigki wlasciwosciom
przeciwwirusowym, przeciwnowotworowym oraz zapobiegajacym tworzeniu si¢
biofilméw bakteryjnych biosurfaktanty sa w coraz wigkszym stopniu wykorzystywane
w medycynie i przemys$le farmaceutycznym [12-14]. Zastosowanie biosurfaktantow
dotyczy rowniez ich wykorzystania jako s$rodkow terapeutycznych, dodatkow do
szczepionek, czy Srodkéw wspomagajacych dziatanie uktadu odpornosciowego
1 wchodzacych w uktady dostarczania lekéw. Celik 1 wsp. [15] zwracajg uwage na
dziatanie przeciwzapalne 1 przeciwwirusowe biosurfaktantow porownujac je do
mechanizmu dzialania cytokininy i receptorow toll-like. Poza tym biosurfaktanty maja
wplyw na procesy hamujace enzymy, wykorzystywane sa w nanotechnologii (np. przy
syntezie i stabilizacji nanoczastek), rolnictwie (przy poprawie jakosci ziemi czy produkcji
nowych $rodkéw ochrony roslin), a takze w przemysle ropy naftowej, szczegdlnie
w procesie intensyfikacji wydobycia ropy naftowej za pomocg mikroorganizmow
(MEOR, ang. microbial enhanced oil recovery) oraz procesie bioremediacji
wielopierscieniowych weglowodoréw aromatycznych (PAHs, ang. polycyclic aromatic
hydrocarbons) [1-3,6-8,10,16—19].

Wsrdd biosurfaktantow szczegdlne miejsce zajmuja ramnolipid 1 surfaktyna, ktore
ze wzgledu na wysokg aktywno$¢ powierzchniowa, niskie CMC oraz szereg aktywnosci
biologicznych takich jak dziatanie antywirusowe, antynowotworowe i zapobieganie

tworzeniu biofilméw moga mie¢ potencjalnie bardzo szerokie zastosowanie [13,20-23].
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Ramnolipidy, zaliczane do glikolipidow, w swoich czasteczkach posiadaja
polisacharydowa hydrofilowa gtowe i hydrofobowy ogon w postaci alifatycznego lub
hydroksyalifatycznego kwasu polaczonych ze sobg wigzaniem eterowym lub estrowym
[1,3] (Rys. 3). Glownym producentem ramnolipidéw jest rodzaj Pseudomonas, a przede
wszystkim Gram—ujemna bakteria Pseudomonas aeruginosa. Ramnolipidy moga by¢
roOwniez syntetyzowane przez inne rodzaje 1 szczepy bakteryjne, np. Bacillus sp.,

Burkholderia sp., Serratia rubidaea, Enterobacter sp. [2,7].

HsC OH

a)

HyC

N\ H
H{f
cl:»H 07N
HO 4 (s}
0
o
HO! ~ HO CH4
Hy OH

Cl

b)

Rys. 3. Wizualizacja struktur (a) mono—i (b) di—ramnolipidu (opracowanie wiasne na
podstawie https://pubchem.ncbi.nlm.nih.gov/ z wykorzystaniem programu ACD/ChemSketch
oraz Spartan 08 V' 1.2.0).

Ramnolipidy moga wystepowaé w formie di—-ramnolipidu: a—L—amnopiranozylo—
a—L—ramnopiranozylo—B—hydroksydekanoilo—B—hydroksydekanianu  (Rha—Rha—-C10—
C10) 1 o—L—ramnopiranozylo—o—L—-ramnopiranozylo—3—hydroksydekanianu (Rha—Rha—
C10) (IUPAC: 3-/3-[(2R,3R,4R,5R,65)-4,5-dihydroksy-6-metylo-3-[(2S,3R,4R,5R, 6S)-
3,4, 5trihydroksykwas-6-metyloksan-2-ylo]oksyoksan-2-ylo]oksydekanoiloksy]
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dekanowy, C3HsgO13) lub formie mono-ramnolipidu (Rha—C10—-C10 i Rha—C10)
(IUPAC: kwas 3-[3-[(2R,3R,4R,5R,6S)-3,4,5-trihydroksy-6-metyloksan-2-ylo]oksydekan
—oiloksy]dekanowy; Ca6HagOo) [9]. Naturalnie wystepujace ramnolipidy to najczesciej
mieszanina mono—-ramnolipidow 1 di-ramnolipidow [24-26]. Do chwili obecnej
zidentyfikowano ponad 20 homologéw ramnolipidow réznigcych sie miedzy soba
budowg kwasu ttuszczowego [7]. Badania nad ramnolipidami udowodnity, Ze ich rézne
struktury odpowiadaja za rézne wtasciwosci, np. mono—ramnolipidy wykazuja wicksze
zdolnosci hamowania grzybicznych patogenow roslin, a takze wigksza aktywnosc
emulgujaca w poréwnaniu do di—ramnolipidéw [27].

Ramnolipidy, ktére ze wzgledu na budoweg zaliczane sa do surfaktantow
anionowych [1], wedlug niektérych badaczy pozwalaja na obnizenie napigcia
powierzchniowego na granicy faz woda—powietrze w temperaturze 298 K z 72 mN/m do
wartosci bliskich 30 mN/m [1,28-32], a na granicy mi¢dzyfazowej olej—woda z 43 mN/m
do wartosci bliskich 1 mN/m [2,9,30,33]. CMC czystych ramnolipidéw i ich mieszanin
miesci si¢ w przedziale od 1 do 200 mg/L [2,33-38,39], przy czym ich agregacja zalezy
od zmiany pH roztworu. Ramnolipidy tworza pecherzyki o $rednicy 50 — 100 nm przy
pH 4,3 — 5,8; struktury lamellarne przy pH 6,0 — 6,5; czastki lipidowe przy pH 6,2 — 6,6
i micele, gdy pH roztworu jest wyzsze niz 6,8 [1,40]. Ramnolipidy oprocz duzej
aktywnosci powierzchniowej 1 niskiego CMC wykazujg aktywno$¢ przeciwwirusowa
wobec wirusow opryszczki zwyktej i HSV [41,42]. Wykazuja dobre dziatanie w leczeniu
1tagodzeniu tuszczycy, przewleklych ran, w tym oparzeniowych, a takze korzystne
dziatanie przy minimalizowaniu bliznowacenia [43,44]. Ostatnie badania sugeruja,
ze ramnolipidy mogg mie¢ zastosowanie w onkologii [45-48]. W badaniach z dziedziny
nanobiotechnologii mozna znalez¢ prace [49,50] dotyczace ramnolipidow jako
stabilizatorow mikroemulsji innych nanoczastek w uktadach dostarczania lekéw
z nanoczastkami srebra itlenku niklu. Poniewaz tworza one liposomy moga by¢
zastosowane do podawania lekow. Ponadto ramnolipidy moga by¢ stosowane do
usuwania zanieczyszczen olejowych z powierzchni mérz, do degradacji sktadnikow ropy
naftowej z wod morskich skazonych wyciekami z tankowcow oraz wykorzystywane sa
na szeroka skale w remediacji 1 detoksyfikacji gruntéw [51-54].

Jak juz wspomniano, surfaktyna (IUPAC: kwas 3-[(3S,6R,9S,12S,15R,
188S,218S,25R)-9-(karboksymetylo)-3,6,15,18-tetrakis(2-metylopropylo)-25-(10-
metyloundecylo)-2,5,8,11,14,17,20,23-oktaokso-12-propan-2-ylo-1-oksa-
4,7,10,13,16,19,22-heptazacyklopentakos-21-yl] propanowy; Cs3HosN7O13) to drugi
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z biosurfaktantow o mozliwym szerokim zastosowaniu, uwazany jednoczesnie za jeden
z najlepiej poznanych naturalnych zwigzkéw powierzchniowo czynnych. Zwiazek ten
jest produkowany migdzy innymi przez bakterie z rodzaju Bacillus gtownie szczep
Bacillus subtilis [55,56]. Surfaktyna jest lipopeptydem sktadajacym si¢ z cyklicznej
struktury heptapeptydu polaczonego z PB—hydroksykwasem tluszczowym [55,56] oraz
pierScienia sktadajacego si¢ z 7 aminokwasdéw (L—asparaginy, L-leucyny, kwasu
glutaminowego, L—-leucyny, L-waliny i dwdéch D—leucyn) potaczonych ze sobg strukturg
laktonu [8] (Rys. 4). Pierscien peptydowy posiada budowe¢ P—harmonijki nazywang
rowniez ,,budowa siodetkowa” [57]. Naturalnie wystepujaca surfaktyna najczesciej jest
mieszaning typoéw A, B, C i D, ktére sg swoimi izoformami o r6znych wtasciwos$ciach

fizykochemicznych [55].
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Rys. 4. Wizualizacja struktury surfaktyny (opracowanie wiasne [SD5] z wykorzystaniem
programow ACD/ChemSketch oraz Spartan 08 V 1.2.0)

Surfaktyna, podobnie jak ramnolipid, dzieki obecnosci w jej czasteczce grupy
karboksylowej zaliczana jest do surfaktantow anionowych i wykazuje duza aktywnos¢
powierzchniowa redukujac napigcie powierzchniowe wody do 27 mN/m [8,58-64].
Oprocz aktywno$ci powierzchniowej surfaktyny szczegoélnie interesujaca jest jej
aktywno$¢ biologiczna: hamuje ona proces krzepniecia krwi, powoduje lize erytrocytow
1 wielu sferoplastow, protoplastow bakteryjnych, wptywa na warstwe lipidowa blon

komoérkowych, hamuje wzrost bakterii nalezacych do rodzaju Mycobacterium oraz
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formuje kanaty jonowe w btonach biologicznych [56,61,65-68]. Zwiazek ten ma réwniez
dziatanie przeciwgrzybiczne oraz przeciwnowotworowe, a wptywajac na fosfolipaze A2
zmniejsza stany zapalne [69]. Pochodne surfaktyny hamuja wirusa opryszczki, chronig
przed wrzodami zotadka oraz wywotujg apoptoz¢ w komorkach raka piersi [70-72].

Nalezy jednak pamigtaé, ze nawet tak aktywne powierzchniowo zwiazki jak
biosurfaktanty nie zapewniaja wszystkich optymalnych warunkéw wymaganych
w danym procesie przemyslowym. Stad zachodzi konieczno$¢ stosowania
wielosktadnikowych mieszanin ro6znego typu biosurfaktantow 1 surfaktantow lub
mieszanin biosurfaktantow z dodatkami organicznymi. Do najczeéciej stosowanych
dodatkow organicznych naleza alkohole krétkotancuchowe, ktore w zaleznosci od
stezenia mogg zachowywac si¢ jako ko—surfaktanty lub ko—rozpuszczalniki. Zwiazki te
nie tylko modyfikuja witasciwos$ci surfaktantow poprzez zmiang takich wielkos$ci jak
CMC czy stopien hydratacji, ale takze wptywaja na ich adsorpcje na roznych granicach
faz [73-81]. Z chemicznego punktu widzenia alkohole kroétkotancuchowe to zwigzki
skladajace si¢ z grupy alkilowej 1 hydroksylowej. Szczegodlne miejsce wsrdd nich zajmuje
etanol (C2HsO), ktory stosowany jest miedzy innymi jako srodek odkazajacy. Zgodnie
z wytycznymi WHO z 2015 roku etanol denaturowany o stezeniu 70% klasyfikowany
jest jako antyseptyczny, a 80% (v/v) jako $rodek dezynfekujacy do odkazania rak.
Roztwory na bazie alkoholu sg trwate i wytrzymate, o szerokim spektrum dziatania
przeciwdrobnoustrojowego. Nadaja si¢ one do stosowania podczas dtugich, otwartych
operacji z ryzykiem infekcji lub rozlania chirurgicznego, do zabiegéw przezskornych
z cewnikami na stale oraz do implantacji protez, gdy wazne jest zmniejszenie liczby
kolonii bakteryjnych na skorze i powstrzymanie mozliwej infekcji [82].

Jak juz wspomniano w sktad mieszanin z biosurfaktantami moga wchodzi¢ takze
surfaktanty syntetyczne. Czgsto sg to surfaktanty niejonowe, ktorych przedstawicielem
jest grupa Tritonow. Zwigzki nalezace do tej grupy majg podobng budowe¢ chemiczna,
ale roznig si¢ dtugoscig tancucha. Ta réznica moze wptywac na wielkos¢ 1 hydratacje
micel tych zwigzkow, a tym samym na dynamike ich solwatacji i zmiany strukturalne
[83]. Surfaktanty zaliczane do Tritonow takie jak TX-114, TX-100 i TX-165 zbudowane
sg z reszt fenoksypolietoksyetanolu ze $rednig iloscig 7 — 8 (TX-114), 9 — 10 (TX-100)
18 — 16 (TX-165) moli tlenku etylenu [84]. Triton X—165 (Ci4H21(OC2H4)x=8-160H)
(Rys. 5) podobnie jak pozostate surfaktanty z tej grupy charakteryzuje si¢ tym, zZe jest
obojetny 1 nietoksyczny oraz kompatybilny z anionowymi i kationowymi zwigzkami

powierzchniowo czynnymi [85]. W poréwnaniu z surfaktantami jonowymi niejonowa
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natura Tritondw jest uznawana za fizjologicznie obojetng i z tego wzgledu oraz ich
niskiego CMC [86] sg one postrzegane jako bezpieczne zwigzki stuzace do dostarczania
lekow niezaleznie od rozcienczenia w ludzkim organizmie. Dlatego tez niejonowe
Tritony sg wykorzystywane jako nosniki lekéw do rozpuszczania ich hydrofobowych
monomerow [87]. Surfaktanty te sg takze szeroko wykorzystywane w solubilizowaniu
enzymow zwigzanych z blonami komoérkowymi, wchodza w sklad tagodnych
detergentow stosowanych w gospodarstwach domowych 1 majg zastosowanie jako srodki

emulgujace 1 zwilzajace [84].
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Rys. 5. Wizualizacja struktury Tritonu X-165 (opracowanie wlasne na podstawie DOW ®
Technical Data Sheet)

Pomimo rosngcego zainteresowania surfaktyng i ramnolipidem w literaturze
przewazaja gtownie prace dotyczagce metod ich otrzymywania, wlasciwosci
biologicznych i potencjalnego zastosowania. Przeszkoda w powszechnym zastosowaniu
ramnolipidu 1 surfaktyny sa wcigz wysokie koszty ich otrzymywania. Z ekonomicznego
punktu widzenia konieczne jest stosowanie tych zwigzkow jako dodatkéw do roztwordw
klasycznych surfaktantow. Niestety, w literaturze brak jest prac dotyczacych
kompleksowej analizy wlasciwo$ci rdznego typu mieszanin w oparciu o wlasciwosci
fizykochemiczne poszczeg6lnych sktadnikow. Doglebne poznanie tego typu wiasciwosci
wydaje si¢ by¢ uzasadnione rowniez tym, ze odpowiednio dobrana mieszanina r6znego
typu surfaktantow moze wykazywac¢ dziatanie synergetyczne, np. w redukcji napigcia
powierzchniowego 1 tworzeniu mieszanych micel. W efekcie, pozwoli to zmniejszy¢ 1los¢
stosowanych klasycznych, syntetycznych surfaktantow. Drugg alternatywa moze byc¢

zastosowanie biosurfaktantow w obecnos$ci dodatkow organicznych takich jak,
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np. etanol. OczywiScie stosowanie takich wielosktadnikowych ukladow wymaga
znajomosci teoretycznych podstaw wzajemnego wplywu ich sktadnikow na wtasciwosci
adsorpcyjne, agregacyjne, adhezyjne 1 zwilzajagce mieszanin. Nalezy jednak pamigtac,
ze zmianie moga nie tylko ulega¢ wtasciwosci roztworu w fazie objetosciowej, czy sktad
micel, ale réwniez struktura i sktad warstw adsorpcyjnych na granicy faz roztwor—
powietrze i ciato state—roztwor. To z kolei bedzie decydowac o wielkosci pracy kohezji
1 adhezji roztworu do powierzchni ciata stalego, ktorych znajomos$¢ jest podstawag do
przewidywania procesu zwilzania ciat statych przez dany roztwor. Nalezy podkreslic,
ze w literaturze mozna spotka¢ tylko nieliczne badania dotyczace tych wiasciwosci
fizykochemicznych mieszanin biosurfaktantow z klasycznymi surfaktantami i nie sg one
oparte na kompleksowej analizie termodynamicznej uwzgledniajacej wiasciwosci
poszczegbdlnych sktadnikéw mieszanin. Biorac to pod uwage, z praktycznego
i teoretycznego punktu widzenia, uzasadnione bylo poznanie wzajemnego wplywu
biosurfaktantu: mono-ramnolipidu (RL) i surfaktyny (SF) oraz niejonowego Tritonu
X—165 (TX165) na ich adsorpcj¢ 1 micelizacj¢. Ze wzglgdu na wazne znaczenie
praktyczne celowe bylo rowniez wyjasnienie pomijanego w literaturze wzajemnego
oddziatywania biosurfaktant—alkohol, szczeg6lnie w aspekcie wtasciwos$ci zwilzajacych
takiej mieszaniny. W zwigzku z tym przeprowadzono badania wtasciwosci
adsorpcyjnych, agregacyjnych 1 zwilzajacych mieszanin RL(SF)+TX165 oraz
RL(SF)+etanol (ET) w szerokim zakresie stezen RL i SF (2 x 10 — 40 mg/dm?) oraz
TX165 (1 x 10— 1 x 102M) tak, aby zwiazki te wystepowaty w postaci monomeryczne;
1 zagregowanej. W celu doglebnego wyjasnienia wzajemnego wptywu sktadnikow
mieszaniny biosurfaktant+surfaktant na wymienione wiasciwosci fizykochemiczne
przeanalizowano je zarowno w funkcji steZzenia mieszaniny przy jej stalym sktadzie,
jak réwniez przy zmiennym sktadzie i stezeniu mieszaniny. W przypadku etanolu badania
prowadzono w zakresie jego stezenia od 7 x 102 M do 17,13 M, a wiec w zakresie
stezenia ponize] 1 powyzej jego krytycznego stezenia agregacji (CAC, ang. critical
aggregation concentration).

Badania prowadzono przy stalym st¢zeniu biosurfaktantu i zmieniajacym si¢
stezeniu TX165 lub ET w temperaturze 293 K w oparciu o pomiary napigcia
powierzchniowego wodnych roztworow mieszanin oraz ich kata zwilzania na
powierzchni modelowych cial statych jakimi sg apolarny politetrafluoroetylen (PTFE),
monopolarny poli(metakrylan metylu) (PMMA) 1 bipolarny kwarc (Q). Uzyskane wyniki

umozliwity przeprowadzenie termodynamicznej analizy procesu adsorpcji sktadnikow
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mieszanin nie tylko na granicy faz woda-powietrze, ale rowniez cialo state-woda i ciato
state-powietrze, ustalenie relacji pomiedzy ich adsorpcja na tych granicach faz oraz
okreslenie sktadu mieszanych monowarstw adsorpcyjnych. Uzyskane izotermy napigcia
powierzchniowego 1 kata zwilzania wodnych roztworow badanych mieszanin
przeanalizowano w oparciu o te izotermy dla poszczegdlnych skladnikéw mieszanin.
Miato to na celu znalezienie zalezno$ci, na podstawie ktorej mozliwe byloby
przewidywanie izoterm napi¢cia powierzchniowego i kata zwilzania mieszanin w oparciu
o te izotermy dla sktadnikow mieszaniny. Z kolei aby wyjasni¢ mozliwo$¢ wystgpienia
efektu synergetycznego w tworzeniu mieszanych micel biosurfaktantu i Tritonu X-165
przeanalizowano zmiany krytycznego st¢zenia micelizacji mieszaniny biorac pod uwage

warto$ci CMC poszczeg6lnych jej sktadnikow.
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4.3. WLASCIWOSCI FIZYKOCHEMICZNE RAMNOLIPIDU,
SURFAKTYNY, TRITONU X-1651 ETANOLU

Wiasciwosci adsorpcyjne, agregacyjne i zwilzajace poszczegolnych zwigzkow
powierzchniowo czynnych zaleza od rodzaju i ilo$ci grup chemicznych wystepujacych
w czeSciach hydrofobowych oraz hydrofilowych ich czasteczek. Wtlasciwosci
adsorpcyjne surfaktantow na granicy faz woda—powietrze oraz agregacyjne w roztworach
wodnych mozna migdzy innymi okresli¢ na podstawie izoterm napigcia
powierzchniowego. Adsorpcje na granicach faz ciato stale—woda i cialo stale—powietrze
mozna ustali¢ w oparciu o pomiary kata zwilzania wodnych roztwordw surfaktantéw i ich
mieszanin na powierzchni réznych ciat statych. W przypadku mieszanin RL oraz SF
z TX165 jak réwniez dla mieszanin biosurfaktantow z ET ich wlasciwosci adsorpcyjne,
agregacyjne i zwilzajace przeanalizowano w oparciu o wiasciwosci poszczegdlnych
sktadnikéw mieszanin.

Aktywnos$¢ powierzchniowa biosurfaktantow 1 niejonowego TX165 jest rozna,

czego dowodem moga by¢ wartosci minimalnego napigcia powierzchniowego ich

i

wodnych roztworéw (y[*") (Tabela 1). Z drugiej strony je$li zatozymy, ze zwigzki te

redukuja napigcie powierzchniowe (y,,,) wody do tej samej wartosci, np. do 55 mN/m to
redukcja ta zachodzi przy stezeniu TX165 okoto 8,5 razy wiekszym niz RL i 69,8 razy
wigkszym niz SF. W przypadku warto$ci krytycznego stezenia micelizacji stosunek
CMC TX165 do CMC RL 1 SF wynosi 10,4 oraz 56, za$ stosunek CMC RL do CMC SF
jest rowny 5,4 [D1]. Jak wynika z Tabeli 1 tendencja tych surfaktantow do adsorpcji na
granicy faz woda—powietrze okreslona poprzez warto$¢ standardowej swobodnej energii
adsorpcji Gibbsa (AG2;,) wyznaczong na podstawie zmodyfikowanego réwnania
Langmuira jest zblizona. Moze to wskazywac¢ na fakt, ze przeniesienie jednej czasteczki
TX165, RL 1 SF z fazy objetosciowej roztworu do warstwy powierzchniowej powoduje
podobne zmiany swobodnej energii Gibbsa roztworu. Zmiany te prawdopodobnie
zwigzane s3 ze stopniem hydratacji grupy hydrofobowej i hydrofilowej w czasteczkach
TX165, RL 1 SF. Liczbe czasteczek wody bedacych w bezposrednim kontakcie
z czasteczkami RL, SF 1 TX165 mozna okresli¢ na podstawie powierzchni kontaktu wody
oraz surfaktantow. Dla wody w temp. 293 K powierzchnia kontaktu jej czasteczki wynosi
10 A% [88], a dla surfaktantéw moze by¢ wyznaczona teoretycznie na podstawie dtugoéci
wigzan chemicznych pomiedzy atomami w czasteczce, kata miedzy wigzaniami oraz

sredniej odlegtosci miedzy czasteczkami danego zwigzku. Obliczenia teoretyczne
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wykazaly, ze objeto$¢ czasteczki surfaktantu w $rodowisku wodnym moze by¢
wyznaczona w oparciu o model szescianu, w ktory ta czasteczka zostanie wpisana lub
sume szescianow, ktore zawierajg poszczeg6dlne fragmenty surfaktantu. Biorgc wige pod
uwage wielko$¢ powierzchni kontaktu czes$ci hydrofobowych TX165, RL, SF oraz wody
stwierdzono, ze okoto 36, 30 i 34 czasteczek wody moze bezposrednio kontaktowac si¢

z niepolarng czgsécig czasteczek surfaktantow [D1].

Tabela 1. Wielkosci fizykochemiczne charakteryzujace RL, SF, TX165 oraz ET
w temperaturze 293 K [39,64,86,89-91] (W—A odnosi si¢ do granicy faz woda—

powietrze).
Wielko$¢é RL SF TX165 ET
CMC [M] 521x10° | 9,66 x10° | 541x10* -
CAC [M] - - - 7,04
yIn [(mN/m] 27,89 32,37 39,50 23,2
7,y 0gona [mN/m] 21,80 24,70 22,00 -
7,y glowy [mN/m] 38,39 42,80 35,84 -
#W gtowy [mN/m] 35,38 34,25 27,70 -
78 glowy [mN/m] 3,01 8,55 8,14 -
7" glowy [mN/m] 0,04 0,37 0,33 -
7~ glowy [mN/m] 56,74 49,39 50,20 -
C33t W-A [M] 1,98 x10° | 9,65x10% 5x107° 3,75
™% W-A [mol/m?] | 2,01 x10° | 1,38x10° | 2,12x10° | 7,91 x10°
-46,22
AG2;s W-A [kJ/mol] -43,55 -44,00 9,28
-51,23
AGY ;. [kJ/mol] -33,80 -37,90 -28,10 -
™" PTFE [°] 50,18 62,00 78,15 37,70
™" PMMA [°] 32,80 51,90 49,40 0,00
o™n Q [°] 28,10 25,20 32,71 0,00

Jesli przyjmiemy, ze gldéwng sitg napedowa procesu adsorpcji na granicy faz
woda—powietrze jest hydratacja czg¢sci hydrofobowej czasteczek surfaktantéw to
przytoczone liczby czasteczek wody mogacych kontaktowac si¢ z ta czg$cig uzasadniajg

podobne wartosci AGS;; RL, SF i TX165. Fakt ten jednak nie thumaczy roznicy
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w redukeji 7, ., wody wskutek adsorpcji TX165, RL i SF. Z przeprowadzonych badan y;,

Ty
wodnych roztwordéw biosurfaktantow 1 TX165 wynika, ze ich adsorpcja na granicy faz
woda—powietrze redukuje przede wszystkim sktadowa kwasowo—zasadowa (AB)
napigcia powierzchniowego wody wynikajaca z wigzan wodorowych. Prawdopodobnie
rozrywanie tych wigzan przez zaadsorbowane czasteczki biosurfaktantow zachodzi
w wiekszym stopniu niz przez czasteczki TX165 [D1,D2].

Etanol traktowany w literaturze jako ko—surfaktant lub ko-rozpuszczalnik
podobnie do biosurfaktantéw i TX165 adsorbuje si¢ na granicy faz woda—powietrze
iredukuje 7, , wody. Czasteczka ET podobnie jak czasteczki surfaktantow posiada grupg
hydrofobowa sktadajacg si¢ grup funkcyjnych —CHs i —CHz— oraz polarna, ktorg stanowi
grupa —OH. Z drugiej strony wlasciwosci grupy —OH w ET sa prawie takie same jak
w czgsteczce wody. Etanol miesza si¢ z woda w calym zakresie stezen. Wynika to z faktu,
ze moment dipolowy grupy —OH zaré6wno w ET jak i w wodzie jest prawie taki sam,
a grupa alkilowa ET jest zbyt krotka by ograniczy¢ jego rozpuszczalno$¢ w wodzie.

Etanol miesza si¢ nieograniczenie z wodg 1 raczej jest to mieszanina wody i ET,
anie roztwor ET w wodzie. Niemniej jednak, wskutek obecnosci grup hydrofobowych
w czasteczce ET, wykazuje on zarowno wlasciwosci adsorpcyjne jak i agregacyjne.
W odréznieniu jednak od biosurfaktantow i TX165 jego maksymalne nadmiarowe
stezenie Gibbsa (I'%¥) jest prawie rowne stgzeniu granicznemu (I'*). Agregaty ET
tworzace si¢ w wodzie nie s podobne do micel biosurfaktantoéw oraz TX165. Nalezy
réwniez podkresli¢, ze potencjal chemiczny ET jest definiowany jako symetryczny
w przeciwienstwie do potencjatu biosurfaktantow, ktory jest asymetryczny. Ma to istotne
znaczenie przy termodynamicznej interpretacji zarbwno procesu adsorpcji jak i agregacji
[D1,D3,D4].

W procesie adsorpcji biosurfaktantow, TX165 1 ET na granicy faz woda—
powietrze zwigzanej z redukcja y;, wody decydujaca role odgrywa nie tylko rodzaj
1 wielko§¢ grupy hydrofobowej w ich czasteczkach, ale réwniez wielko$¢ grupy
hydrofilowej. Decyduja one o powierzchni granicznej (A°) zajmowanej przez czasteczke
biosurfaktantow, TX165 i ET. Warto$¢ A° przy prostopadtej orientacji czasteczek do
granicy faz woda—powietrze dla RL wynosi 69,09 A2, za§ dla SF w zaleznosci od
konfiguracji czesci hydrofilowej 93,17 lub 120,24 A2 [64]. W przypadku TX165 i ET
o0 A® decyduje wielko$¢ czesci hydrofobowej ich czasteczek i odpowiednio wynosi ona

35,70 A% [92] i 21,00 A? [90]. Biorac pod uwage powierzchnie zajmowang przez
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czasteczke wody mozna stwierdzié, ze jedna czasteczka RL zastgpuje 7 czasteczek wody,
SF 9 lub 12, TX165 3,5, zas ET 2 czasteczki wody. By¢ moze jest to gldwna przyczyna
znacznych roznic w redukcji napigcia powierzchniowego wody poprzez adsorpcje
biosurfaktantow, TX165 i ET przy tym samym ich stezeniu [D1].

Wtasciwosci zwilzajace biosurfaktantow, TX165 1 ET ustalono na podstawie
pomiaréw kata zwilzania (6) ich wodnych roztworéw na powierzchni apolarnego
politetrafluoroetylenu (PTFE), monopolarnego poli(metakrylanu metylu) (PMMA)
1 bipolarnego kwarcu (Q). Napiecie powierzchniowe PTFE (ys,) wynika jedynie
z oddzialywan miedzyczasteczkowych Lifshitza—van der Waalsa (LW), a praktycznie
z samych oddziatywan dyspersyjnych. Zatem ys, PTFE rowne jest skladowej LW,
a sktadowa kwasowo-zasadowa (AB) tego napigcia oraz parametry -elektrono—
akceptorowy (y*) i elektrono—donorowy (y~) sa rowne O (Tabela 2). Warto$¢ ygy
monopolarnego PMMA jest rowniez rdwna jego sktadowej LW, poniewaz sktadowa AB
jest rowna 0 z powodu zerowej warto$ci parametru y *. W przypadku bipolarnego Q obie
sktadowe gy 1 parametry y* iy~ sg wigksze od 0 (Tabela 2). Przeprowadzone pomiary
wykazaly, ze zarowno biosurfaktanty, TX165, jak i ET nie posiadaja dobrych
wlasciwosci zwilzajacych w przypadku niskoenergetycznych, hydrofobowych ciat
statych. Podobnie jak na PTFE minimalne wartosci 6 wodnych roztworéw
biosurfaktantow 1 TX165 na powierzchni PMMA 1 Q s3 wigksze od 0. Jedynie wodne
roztwory ET przy jego stezeniu zblizonym do CAC calkowicie rozptywaja si¢ po
powierzchni PMMA 1 Q.

Zwilzalno$¢ ciat statych przez wodne roztwory surfaktantow zwigzana jest nie
tylko z ich adsorpcja na granicy faz woda—powietrze, ale rowniez na granicach faz ciato
state—woda 1 ciato stale—powietrze. W badaniach adsorpcji na granicach faz ciato state—
woda i ciato state—powietrze przyjeto zgodnie z Fowkesem [93] oraz van Ossem 1 wsp.
[94,95], ze ysy ciata statego poza kroplg osadzong na jego powierzchni zmienia si¢ pod
wptywem adsorpcji substancji o y; nizszym od g ciata statego. Poniewaz y;;, ET oraz
biosurfaktantéw 1 TX165 przy orientacji czescia hydrofobowa w kierunku powietrza jest
mniejsze od ysy PMMA 1 Q, a wigksze od napigcia PTFE (Tabela 2) przyjeto, ze ich
warstwa utworzona na PMMA 1 Q poza osadzong kropla roztworu redukuje napigcie

powierzchniowe tych ciat statych [D2,D5,D6].
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Tabela 2. Napiecie powierzchniowe (y) oraz sktadowa LW i AB, parametry y*
1 ¥~ tego napiecia dla wody, ET, PTFE, PMMA i Q.

Wielko$¢ Woda ET PTFE PMMA Q
Y [mN/m] 72,80 23,20 20,24 41,28 47,70
#W [mN/m] 26,85 21,40 20,24 41,28 38,07
7B [mN/m] 45,95 1,80 0,00 0,00 9,63
7 [mN/m] 22,98 0,09 0,00 0,00 1,61
7 [mN/m] 22,98 9,00 0,00 7,28 14,36

Brak catkowitego zwilzania powierzchni ciata statego przez ciecz mozna wyjasnic¢

w oparciu o zatozenie, ze ciecz rozplywa si¢ catkowicie po jego powierzchni
jesli 24 yEPYEY + 2y ve + 24vive, = 2viy. W przypadku apolarnych cial
statych wyrazenie to upraszcza si¢ do postaci ZW = 2y,y. Aby uzasadnié
zachowanie si¢ RL, SF, TX165 w takich uktadach obliczono prace adhezji (W,) dla nich

oraz wody do powierzchni PTFE, PMMA 1 Q bazujac na skladowych i parametrach ich
napiegcia powierzchniowego, napigcia powierzchniowego wody oraz wymienionych ciat
statych [D2]. Obliczenia W, wykonane dla ogona i glowy surfaktantow zorientowanych
w kierunku ciata statego wykazaty, ze w przypadku PTFE wszystkie warto$ci s3 mniejsze
od wartosci pracy kohezji (W), a wspotczynnik rozptywania (S /s) jest mniejszy niz 0.
Wyniki te potwierdzily, ze niemozliwe jest catkowite zwilzenie PTFE przez wodne
roztwory RL, SF 1 TX165 [D2]. W przypadku PMMA przy orientacji czasteczek
biosurfaktantow i TX165 ogonem w kierunku jego powierzchni wartosci S; /s sa
dodatnie, natomiast dla Q sa dodatnie przy orientacjach RL, SF 1 TX165 zaréwno glowa
jak 1 ogonem do jego powierzchni. Sugeruje to, ze w przypadku wodnych roztworow
TX165, RL 1 SF przy odpowiednim stezeniu, powinno nastgpi¢ catkowite rozptywanie
tych roztwordéw na powierzchni PMMA 1 Q, co jednak nie miato miejsca. Zjawisko to
mozna wythumaczy¢ biorgc pod uwage orientacj¢ czasteczek RL, SF i TX165 na
granicach faz ciato stale—woda i cialo stale—powietrze. W przypadku prostopadtych
orientacji czasteczek RL, SF 1 TX165 do granicy faz woda—powietrze zajmuja one
powierzchni¢ graniczng, ktorej wielkos¢ jest zwigzang z wielkoscig ich czasteczek.
Powierzchnia ta dla TX165 jest mniejsza niz dla RL i SF, a SF wigksza niz RL.
Przy takim upakowaniu czasteczek biosurfaktantu i TX165 napigcia powierzchniowe

wodnych roztworéw powinny by¢ takie same jak napigcia powierzchniowe ich ogonéw.
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Niestety, maksymalne upakowanie (I'***) TX165, RL i SF odpowiada powierzchni
minimalnej (A™") zajetej przez jedna ich czasteczke, a ta jest wieksza niz powierzchnia
graniczna (A°). Co wiecej, A™" TX165 i SF s3 wicksze niz powierzchnie kontaktu
ogonow czasteczek przy ich réwnoleglej orientacji do granicy faz woda—powietrze.
W przypadku RL powierzchnie te s3a poréwnywalne. Sugeruje to, ze ogony
biosurfaktantu i TX165 w nasyconej monowarstwie mogg by¢ zorientowane rownolegle
w kierunku granicy faz woda—powietrze, podczas gdy gtowa moze by¢ zorientowana
prostopadle i/lub pod pewnym katem do granicy faz [D2].

W przypadku TX165 wystepuje najwieksza roznica pomiedzy A™" w nasyconej
monowarstwie na granicy faz woda—powietrze i A°. Odzwierciedleniem tego moze byé
minimalna warto$¢ y;; wodnego roztworu TX165, ktora jest znaczaco wyzsza niz dla
roztworéw RL i SF mimo niewielkich r6znic migedzy wartosciami y;, ich ogondow
(Tabela 1). Réznice pomiedzy A™" i A° zajmowanymi przez biosurfaktanty i TX165
w monowarstwie adsorpcyjnej na granicy faz woda—powietrze wynikaja
prawdopodobnie z sil przyciggania i odpychania pomiedzy tymi czasteczkami. Czgs¢
hydrofilowa czasteczki TX165 jest w duzej mierze zhydratyzowana w $rodowisku
wodnym 1 w wyniku tego moze nawet uzyska¢ tadunek dodatni. Z tego powodu
w monowarstwie adsorpcyjnej na granicy faz woda—powietrze moga pojawié si¢
odziatywania odpychajace pomiedzy czasteczkami TX165, ktdrych obecnos$¢ powoduje
wzrost powierzchni zajetej przez czasteczke TX165. W przypadku biosurfaktantow, ktore
ze wzgledu na specyficzng strukture glowy moga by¢ traktowane jako elektrolit typu 1:1,
oddziatywania odpychajace pomiedzy czasteczkami w monowarstwie moga by¢
zobojetnione poprzez tworzenie si¢ miedzy nimi wigzan wodorowych. Czasteczki
biosurfaktantow w nasyconej monowarstwie bedq mocniej upakowane niz w przypadku
TX165, co ma wptyw na napigcia powierzchniowe ich roztworoéw [D2].

Zachowanie czasteczek biosurfaktantow 1 TX165 na granicy faz PTFE-woda jest
podobne do tego na granicy faz woda—powietrze. Wniosek taki moze by¢ podparty
wartoSciami  ich ™%, Podobienstwo miedzy nadmiarowym  stezeniem
powierzchniowym Gibbsa na granicach faz ciato state—ciecz (I's;) 1 ciecz—powietrze
(T'Ly) zostalo tez potwierdzone na podstawie rownania Lucassen—Reynders [96].
Dla PTFE zalezno$ci napigcia adhezyjnego (y.,cosf) od powierzchniowego (y;y) dla
biosurfaktantow 1 TX165 moga by¢ opisane funkcja liniowa ze statg a bliska —1. Zgodnie

z rownaniem Lucassen—Reynders [96], I'g; jest bliskie I';;, jesli nie zachodzi adsorpcja
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surfaktantow wokot kropli roztworu umieszczonej na powierzchni PTFE (nadmiarowe
stezenie powierzchniowe na granicy faz ciato stale—powietrze, I'g;, = 0). Dla apolarnych
cial statych takich jak PTFE, ktérych napigcie powierzchniowe wynika jedynie

z oddziatywan LW, jes§li stalta a=-1 wowczas stala b speliata roéwnanie
b =W, =y (cost + 1) = 2y VyEY . Jedli 6 jest rowny 0, to z jednej strony y,, = g,

a z drugiej, Y.y = ZW . Z liniowej zaleznos$ci pomiedzy y;,cos6 iy, dla PTFE
dla wodnych roztworéw TX165, RL i SF wynika, ze stala b jest rowna 47,29 mN/m.
Ta warto$¢ jest nieznacznie wieksza niz W, wody do PTFE (46,62 mJ/m?). To wskazuje,
ze TX165 1 biosurfaktanty zmniejszaja jedynie sktadowa AB y;, wody, co spowodowane
jest adsorpcja ich czasteczek na granicy faz woda—powietrze. Jesli 8 jest rowny O nie
mozna zastosowaé liniowej zaleznosci pomiedzy y;,,cos i y.y, poniewaz Y- nie moze
by¢ wyzsze niz y;y. Niejest tez wiec mozliwe okres§lenie krytycznego napigcia
powierzchniowego zwilzania (y,) PTFE, ktore odpowiada 8 rownemu 0. Kat zwilzania
rowny 0 pojawia si¢ tylko jesli y;, cieczy jest rowne ys, PTFE 1 wynika jedynie
z oddziatywan LW [D2].

Dowodem na podobne zachowanie biosurfaktantow i TX165 na granicach faz
PTFE—-woda 1 woda—powietrze mogg by¢ izotermy napigcia powierzchniowego (y;y) ich
wodnych roztworow oraz kata zwilzania (8), ktore moga by¢ opisane przez rownanie
Szyszkowskiego [97] o podobnych stalych, ktére odpowiadaja AGY ;. Przy zalozeniu,
ze robwnania termodynamiczne mogg by¢ zastosowane dla wszystkich granic faz, a yg,
ciat statych nie zalezy od stezenia surfaktantow w roztworze, rownanie Szyszkowskiego
mozna podda¢ modyfikacji [D2]. Okazuje si¢, ze stosujac to roOwnanie mozliwe jest
uzyskanie prawie takich samych wartosci ™" i statej a; dla TX165, RL i SF co
wskazuje, ze wartosci AG2 ;. obliczone z wykorzystaniem stalej a; s3 do siebie podobne.
Sa one réwniez podobne do wartoSci otrzymanych 2z rownania Langmuira
zmodyfikowanego przez de Boera [97,98]. Nalezy tez wspomnie¢, ze w obliczeniach
[max i stalej a, zastosowano wartoSci stezenia odpowiadajgce wystepowaniu
biosurfaktantow 1 TX165 w formie monomerycznej.

Izotermy kata zwilzania wodnych roztworéw tych zwiazkdw na powierzchni
PTFE moga by¢ opisane nie tylko przez rownanie Szyszkowskiego, ale rowniez przez
funkcje ekspotencjalng drugiego rzedu. Pomimo faktu, ze trudno jest znalez¢ zalezno$¢
pomiedzy stalymi tej funkcji 1 niektorymi wilasciwosciami fizykochemicznymi

sktadowych roztworu, mozna je jednak skorelowaé ze sktadowymi i parametrami y;y
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surfaktantow 1 wody. Podobna sytuacja miata miejsce przy opisie izoterm y;,, wodnych
roztworow surfaktantow.

W przeciwienstwie do PTFE, napigcie powierzchniowe PMMA jest wigksze niz
napi¢cia glowy 1 ogona TX165 i RL, a Q wyzsze niz glowy 1 ogona wszystkich
analizowanych zwiazkéw aktywnych powierzchniowo. Co wigcej, minimalne y;,
wodnych roztworéw biosurfaktantow 1 TX165 jest mniejsze niz ysy PMMA 1 Q (Tabela
1 1 2). Opierajac si¢ na modelu van Ossa [94,95] mozna stwierdzi¢, ze wodne roztwory
biosurfaktantow 1 TX165 przy ich odpowiednim stezeniu powinny rozptywac si¢
catkowicie po powierzchniach PMMA i Q. Niestety, nie ma to miejsca dla wszystkich
roztworéw, co moze wynika¢ z migracji czasteczek biosurfaktantow 1 TX165 na
powierzchni¢ PMMA 1 Q. Proces ten powoduje powstanie warstwy adsorpcyjnej wokot
kropli roztworu umieszczonej na powierzchniach PMMA 1 Q, ktora powoduje zmiang ich
Ysv- Potwierdzeniem tej hipotezy sa dodatnie wartosci S /s biosurfaktantow i TX165. Na
mozliwo$¢ adsorpcji TX165, RL 1 SF wokot kropli roztworu umieszczonej na
powierzchniach PMMA 1 Q wskazuja takze krzywe obrazujace zaleznos$ci y,cosf od
yiv- Nachylenie krzywych dla wodnych roztworéw surfaktantow na Q jest dodatnie
oprocz tych dla wodnych roztworow TX165. Natomiast w przypadku PMMA nachylenie
zalezno$ci y;ycosf od y;y jest dodatnie dla TX165 w catym zakresie badanych stezen,
natomiast ujemne dla RL i SF przy ich stezeniach wigkszych niz CMC. Przy zalozeniu,
ze biosurfaktanty 1 TX165 nie adsorbuja si¢ na PMMA 1 Q wokdt osadzonej kropli to
zgodnie z rownaniem Lucassen—Reynders [96] powinna mie¢ miejsce ich ujemna
adsorpcja na granicy faz cialo stale-woda. W praktyce jest to niemozliwe.
Prawdopodobnie z powodu obecnosci warstw adsorpcyjnych RL, SF 1 TX165 na
granicach faz PMMA-—powietrze 1 Q—powietrze, izotermy 6 ich wodnych roztwordéw nie
moga by¢ opisane za pomoca zmodyfikowanego rdéwnania Szyszkowskiego [D2].
Interesujace jest jednak to, ze stosujac roznice pomiedzy katem zwilzania dla wody
i roztworu zamiast ci$nienia warstwy (1) na granicach faz PMMA(Q)-ciecz (rdznica
pomiedzy napigciem migdzyfazowym PMMA(Q)-woda a napieciem miedzyfazowym
PMMA(Q)-roztwor) mozliwe byto opisanie izoterm 6 dla wodnych roztworow TX165
na PMMA i Q. Wartosci AGJ;s obliczone ze zmodyfikowanego rdwnania
Szyszkowskiego w oparciu o warto$ci statej a; sa bliskie AGQ,, dla TX165 na granicach
faz PMMA-woda i Q—woda obliczonych z rownania Langmuira zmodyfikowanego przez

de Boera [97,98]. Dla wodnych roztworéw RL stosujac réwnanie Szyszkowskiego
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niemozliwe byto opisanie izoterm 6 na PMMA i Q, a dla roztworow SF na PMMA.
Zgodnie z rownaniem Lucassen—Reynders [96] dodatnie nachylenie krzywych
otrzymanych z zaleznos$ci y;,cosf od y., wskazuje, ze adsorpcja surfaktantu na granicy
faz ciato state—woda jest mniejsza niz na ciato state—powietrze. Moze to wynikac¢ z bardzo
silnych oddziatywan czasteczek wody z powierzchnig ciata statego, co utrudnia adsorpcje
surfaktantow 1 ma odzwierciedlenie w warto$ciach W,. Z powodu oddziatywan
czasteczek wody z PMMA i Q ma miejsce zmniejszona adsorpcja TX165, RL i SF na
granicach faz PMMA-woda i Q—woda w porownaniu do adsorpcji na granicy faz woda—
powietrze. Dodatkowo poréwnanie A™™ i A° zajmowanych przez czasteczki TX165, RL
1 SF na tych granicach faz z powierzchnig ich kontaktu wskazuje na ich réwnolegla
orientacj¢ do powierzchni PMMA 1 Q [D2].

Mechanizm adsorpcji ET i zachowanie si¢ jego czasteczek w warstwach
adsorpcyjnych na roznych granicach faz, a zatem i jego whasciwosci zwilzajace, sa nieco
inne niz RL, SF 1 TX165. Praca adhezji (W,) ET do stosowanych w badaniach cial statych
jest mniejsza od pracy adhezji wody, biosurfaktantow oraz TX165. Réwniez napigcie
powierzchniowe (y;y) ET jest mniejsze od sktadowej LW y;,, wody. Z tego tez powodu
dla wodnego roztworu ET prostoliniowa zalezno$¢ pomigdzy y;,cosf i y;, dla PTFE
istnieje tylko w pewnym zakresie jego stezenia. W ukladach PMMA(Q)—kropla roztworu
ET—powietrze mechanizm adsorpcji na granicy faz PMMA(Q)-woda jest oparty nie tylko
na silnych oddziatywaniach hydrofobowych, ale réwniez na tworzeniu wigzan
wodorowych. Prawdopodobnie przy niskich stg¢zeniach ET adsorpcja na granicy faz
zachodzi nie na ,,czystej” powierzchni PMMA lub Q, a raczej na powierzchni tych ciat
statych pokrytych monowarstwa wody. Podobny mechanizm adsorpcji moze wystgpowac
na granicy faz PMMA(Q)—powietrze. W przeciwienstwie do biosurfaktantow 1 TX165,
ET tworzy film poza kropla jego wodnego roztworu osadzonego na PMMA lub Q nie
tylko w wyniku penetracji jego czasteczek z tej kropli, ale rowniez wskutek adsorpcji
jego par na tych powierzchniach. Podobnie do RL, SF i TX165 adsorpcja ET na granicach
faz PMMA(Q)—powietrze 1 PMMA(Q)—woda jest mniejsza anizeli na granicy faz woda—
powietrze. Nalezy jednak pamieta¢, ze ulamek molowy ET zmieniat si¢ od 0 do 1
1 powyzsze stwierdzenie nie dotyczy catego zakresu st¢zenia ET w fazie objgtosciowe;j

[D5,D6].
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4.4. WEASCIWOSCI ADSORPCYJNE I AGREGACYJNE
MIESZANIN RAMNOLIPID (SURFAKTYNA)+ETANOL
I RAMNOLIPID (SURFAKTYNA)+TRITON X-165

4.4.1. Wiasciwosci adsorpcyjne mieszanin ramnolipid+etanol
i surfaktyna+etanol

Sktad roztworu oraz stezenie wystepujacych w nim sktadnikow wptywa na jego
napigcie powierzchniowe (y,,,), co potwierdzity izotermy y;, wodnych roztworow
RL+ET oraz SF+ET, z ktérych wynika, ze przy statych stezeniach ET powyzej jego
krytycznego stezenia agregacji (CAC) [90] bez wzgledu na stezenie biosurfaktantu
w roztworze y;y badanych roztwordéw jest zblizone do y;, roztworu ET o jego danym
stezeniu. Dodatkowo minimalne napigcie powierzchniowe roztworéw jest rowne y,
czystego ET [90,D3,D4]. Napigcie powierzchniowe wody w temperaturze 293 K wynosi
72,8 mN/m i wynika z odziatywan miedzyczasteczkowych Lifshitza—van der Waalsa
(LW) oraz kwasowo—zasadowych (AB) zwigzanych z tworzeniem wigzan wodorowych
(Tabela 2). Van Oss i wsp. [94,95] traktujac wod¢ jako ciecz modelowa zalozyli,
ze parametry elektrono—akceptorowy (y ) i elektrono—donorowy (y ~) sktadowej AB jej
napiecia powierzchniowego majg taka samag warto$¢. Napiecie powierzchniowe ET
rowniez wynika z oddziatywan miedzyczasteczkowych LW oraz AB jednak y* jest
mniejszy od y~. W przypadku biosurfaktantéw, zgodnie z van Ossem i1 Constanzo [99],
ich y,y zalezy od orientacji czasteczek w kierunku fazy gazowej. Jesli wigc RL
zorientowany jest cze$cig hydrofobowa w kierunku powietrza jego y;, powinno
odpowiadac y; oktanu [D3] i wynosi¢ 21,80 mN/m, natomiast y;, tak zorientowanej SF
odpowiada y;, 2,2-dimetylodekanu i wynosi 24,70 mN/m [64]. Przy orientacji
czasteczek RL 1 SF hydrofilowa glowa w kierunku fazy gazowej ich napigcie
powierzchniowe bedzie wynika¢ nie tylko z oddziatywan LW, ale réwniez AB
(Tabela 1). W roztworze wodnym czasteczki ET 1 SF powinny by¢ zorientowane ogonem
hydrofobowym w kierunku powietrza 1 z uwagi na fakt, ze sktadowe LW dla wody, ET
1ogona SF s3 do siebie zblizone, wzrost stezenia ET lub SF w roztworze powoduje
spadek wartosci sktadowej AB napigcia powierzchniowego wody. Z tego powodu y;y
roztworu zmniejsza si¢ zardéwno przy statym stezeniu SF jak 1 ET [D4].

Przy statym steZeniu SF napigcie powierzchniowe roztworu SF+ET zmniejsza si¢
od wartosci y;,, wodnego roztworu SF przy jej danym stezeniu do y;y ET. W przypadku

roztworéw mieszaniny RL 1 ET przy stalym stezeniu RL napigcie powierzchniowe

34|Strona



réwniez zmienia si¢ od napigcia powierzchniowego wodnego roztworu RL do napigcia
powierzchniowego ET. Jednak na izotermach obrazujacych te zmiany dla roztwordow
o statym stezeniu RL w zakresie odpowiadajagcym jego nasyconej monowarstwie
adsorpcyjnej na granicy faz woda—powietrze wystepuja maksima. Taki przebieg izoterm
potwierdzity obliczenia oparte na izotermach y;;, wodnych roztworow RL
w nieobecnosci ET [39]1 ET w nieobecnosci RL [90] przeprowadzone z wykorzystaniem
zmodyfikowanego roéwnania Fainermana i Millera [100,101], a nie potwierdzity
obliczenia z wykorzystaniem roéwnania Connorsa [102]. Z drugiej strony réwnanie
Connorsa pozwolilo na opisanie zmian y;, wodnych roztworow SF+ET w funkcji
stezenia SF przy zastosowaniu w tym rownaniu odpowiednich statych [D3,D4].

Zmiany y; wodno—etanolowych roztworow SF i RL zalezg od ich adsorpcji na
granicy faz roztwor—powietrze [D3,D4]. W przypadku biosurfaktantow w zakresie ich
badanych stg¢zen mozna przyjaé, ze zgodnie z asymetryczng definicja potencjatu
chemicznego ich wspdtczynniki aktywnosci sg bliskie 1, stad ich nadmiarowe st¢zenia
powierzchniowe Gibbsa (I') mozna byto obliczy¢ stosujac stezenia molowe w réwnaniu
izotermy adsorpcji Gibbsa [97]. Nalezy takze zauwazy¢, ze I' biosurfaktantow mozna
traktowa¢ jako praktycznie roéwne ich calkowitym stezeniom w  warstwie
powierzchniowej na granicy faz roztwor—powietrze. Jednakze w przypadku ET jego I'
nie jest rowne catkowitemu stezeniu w warstwie powierzchniowej 1 wartosci otrzymane
w zakresie wysokich stezen ET nie sg prawdziwe. Stad tez aby otrzymacé catkowite
stezenie ET w warstwie powierzchniowej nalezalo zastosowac stezenie powierzchniowe
otrzymane z réwnania Guggenheima—Adama [103], obliczone na podstawie ' przy
zatozeniu, ze powierzchnia miedzyfazowa Gibbsa zostata tak wybrana, ze liczba moli ET
w ukladzie rzeczywistym jest porownywalna do tej w uktadzie odniesienia o takiej same;j
objetosci. Przeprowadzone obliczenia pozwolity na stwierdzenie, ze w zakresie niskich
stezen SF 1 ET adsorpcja obydwu zwigzkéw rosnie, jednakze wzrost adsorpcji ET
zachodzi w mniejszym stopniu niz SF [D4].

Przy stezeniach ET wyzszych niz te odpowiadajace st¢zeniu, przy ktorym

wystepuje jego maksymalne nadmiarowe stezenie powierzchniowe Gibbsa, %

ale nizszych od jego CAC, wystepuje wiekszy spadek adsorpcji ET niz SF.
W roztworach, w ktorych stezenie ET jest wyzsze od CAC, nie obserwuje si¢ adsorpcji
SF. Takie zachowanie si¢ SF 1 ET by¢ moze wynika z faktu, ze przy ich niskich stezeniach
zastgpienie czasteczek wody zwigzanych z gtowa SF przez czasteczki ET jest bardziej
prawdopodobne niz zastgpienie tych zwigzanych z ogonem. Powoduje to zwiekszenie
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hydrofobowosci czasteczek SF i wzrost ich adsorpcji. Wzrost stezenia ET w roztworze
powoduje catkowite zastgpienie czasteczek wody hydratyzujacych gtowe i ogon SF,
aw wyniku tej dehydratacji ogon SF staje si¢ hydrofilowy za$ glowa hydrofobowa,
1 w konsekwencji adsorpcja jest hamowana [D4].

Uzyskane warto$ci [zr 1 Iz, potwierdzity przypuszczenie, ze zmiany stopnia
hydratacji hydrofilowej glowy i hydrofobowego ogona czasteczki RL oraz zmiany statej
dielektrycznej roztworu odgrywaja znaczacg rol¢ w adsorpcji RL i ET na granicy faz
roztwor—powietrze. Nie stwierdzono natomiast efektu synergetycznego w adsorpcji
obydwu zwigzkow [D3].

Tendencja do adsorpcji poszczegdlnych sktadnikow roztworu na granicy faz
roztwor—powietrze moze by¢ okreslona na podstawie standardowej swobodnej energii
Gibbsa adsorpcji (AG ;). Wéréd wielu metod pozwalajacych na wyznaczenie tej energii
szczegoblne miejsce zajmuje rownanie Langmuira zmodyfikowane przez de Boera
[97,98]. Mozliwe jest rowniez wyznaczenie AG ;¢ z liniowej postaci izotermy adsorpcji
Langmuira [97]. Roéwnania te zostaty wykorzystane do wyznaczania AG2;; RL, SF i ET
podobnie jak nowe zaproponowane rownanie uwzglgdniajace napigcie powierzchniowe
1 aktywno$¢ ET w jego CAC [D3,D4].

W wyniku obliczen przeprowadzonych dla danego uktadu otrzymano wartosci
AGY,, roznigce sie w zaleznosci od wybranej metody obliczeniowej oraz rodzaju
izotermy nadmiarowego stezenia powierzchniowego. Roznice pomiedzy otrzymanymi
warto$ciami wzrastajg wraz ze wzrostem stezenia ET. Nalezy jednak zauwazy¢, ze dla
SF warto$ci AG,, rosng w funkcji stezenia ET. Dodatkowo przy niskich stezeniach ET
W roztworze wartosci te sg porownywalne do AG2;, SF w nieobecnosci ET. Interesujace
jest rowniez to, ze wartosci AGJ,, dla SF przy stezeniu ET powyzej jego CAC sugeruja,
ze adsorpcja SF w takich roztworach moze zachodzié, ale jej czasteczki w monowarstwie
adsorpcyjnej zorientowane sg gtowami w kierunku fazy gazowej. W zakresie stezenia SF

3

w roztworze od 2 x 10* do 20 mg/dm® obserwuje sie¢ wzrost wartoéci AGJ;s ET

obliczonych ze zmodyfikowanego roéwnania Langmuira [97,98,D4].

Poréwnujac wartosci AG2;s ET do tych otrzymanych z jego wodnego roztworu
w nieobecnosci RL mozemy stwierdzi¢, ze te obliczone ze zmodyfikowanego przez de
Boera réwnania Langmuira [97,98] 1 zaproponowanego rownania sg podobne. Moze to

wynikaé z faktu, ze zmodyfikowane rownanie Langmuira zaktada, Zze wspotczynnik

aktywnos$ci substancji adsorbujacej si¢ na granicy woda—powietrze jest réwny 1.
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W przypadku RL, w przeciwienstwie do ET, bezwzgledne wartosci jego AGY;. na
granicy faz roztwér—powietrze malejg wraz ze wzrostem stezenia ET w fazie
objetosciowej od warto$ci odpowiadajacej AGQ; indywidualnego RL do wartoéci nizszej
o okoto 10 kJ/mol. Poniewaz bezwzgledna warto$¢ AG2 ;. dla RL w nieobecnosci ET jest
w przyblizeniu wigksza niz AGQ,;; ET w nieobecnoséci RL, prawdopodobnie przy statym
niskim st¢zeniu alkoholu ramnolipid wptywa w wigkszym stopniu na adsorpcje etanolu

niz odwrotnie. Z kolei wzrost stezenia ET bardziej wptywa na adsorpcje RL niz odwrotnie

[D3].
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4.4.2. Wtasciwosci adsorpcyjne mieszanin ramnolipid+Triton X—165
i surfaktyna+Triton X—165

Izotermy napigcia powierzchniowego mieszanin RL oraz SF z TX165 [D1] przy
statym stezeniu biosurfaktantoéw nizszym niz minimalne st¢zenie, przy ktorym tworzy si¢
nasycona monowarstwa adsorpcyjna na granicy faz woda-powietrze sg zblizone do
izotermy Y wodnego roztworu TX165 [92]. Zaskakujace jest jednak to, ze powyzej tego
stezenia biosurfaktantow na izotermach wystepuja maksima, ktore w miar¢ wzrostu ich
stalego stezenia stajg si¢ coraz bardziej widoczne. Podobne maksima wystgpuja rowniez
na izotermach y;, przy staltym stezeniu TX165, natomiast nie zaobserwowano ich na
izotermach dla mieszanin o statym sktadzie. Ksztalt tych izoterm jest zblizony do ksztattu
izoterm Yy, wodnych roztworéw RL 1 SF [64], co prawdopodobnie wynika z faktu,
ze przy poréwnywalnych stezeniach RL, SF i TX165 biosurfaktanty wykazuja wigksza
aktywno$¢ powierzchniowa i wywieraja wigkszy wplyw na ksztatt izoterm w pordwnaniu
do TX165. Okazalo si¢, ze otrzymane izotermy Yy, przy stalym st¢zeniu jednego
sktadnika bez obecnos$ci na nich maksimum mozna opisa¢ réwnaniem funkcji
ekspotencjalnej drugiego rzedu w calym zakresie zmieniajagcego si¢ st¢zenia drugiego
sktadnika mieszaniny bez wzgledu na to czy wzigto pod uwage zmieniajace si¢ stezenie,
czy sumg¢ stezen obydwu sktadnikow. Zastosowanie sumarycznego stezenia obydwu
sktadnikéw skutkowalo otrzymaniem wigkszych rozbieznosci miedzy zmierzonymi,
a obliczonymi warto$ciami y;,. Jesli na izotermach y;, wystepowaly maksima,
to wowczas zostaty one opisane przez dwie rdzne funkcje ekspotencjalne drugiego rzedu.
W przypadku roztworéw mieszaniny TX165 z RL 1/lub SF, w ktorych stezenie jednego
sktadnika jest state a drugiego zmienne, zmianie ulega nie tylko skiad, ale rowniez
stezenie. Dlatego tez analiz¢ stalych wréwnaniu funkcji ekspotencjalne;
przeprowadzono dla wodnych roztworéw mieszanin surfaktantow o statym sktadzie
1 zmiennym stezeniu. Okazato sie, ze dla takich roztworow wartosci statej y, maleja
w funkcji utamka molowego biosurfaktantu w mieszaninie, a dla SF+TX165 zaleznos$¢
ta jest w przyblizeniu prostoliniowa. Nalezy podkresli¢, ze wartosci tej statej sg
skorelowane z warto$cig sktadowej LW napigcia powierzchniowego ogona surfaktantu
1 napigcia migdzyfazowego woda—ogon. Dodatkowo oddziatywania LW sg bezpo$rednio
zwigzane z minimalnym napigciem powierzchniowym surfaktantow (Tabela 1)

i wodnych roztworéw ich mieszanin (y/'"), co oznacza, ze roOwniez wartos¢ y, jest

zblizona do y%™ wodnych roztworéw mieszanin TX165 z RL lub SF. Na krzywych
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obrazujacych zmiany pozostatych stalych wystepujacych w réwnaniu ekspotencjalnym
w funkcji skfadu badanych mieszanin wystgpuja maksima i minima, i trudno jest
powigza¢ ich warto$ci z wtasciwosciami RL, SF 1 TX165 [D1].

W literaturze mozna spotka¢ informacje, ze izotermy y;, wodnych roztworéw
pojedynczych surfaktantow opisuje rownanie Szyszkowskiego [97,104]. W wyniku
przeprowadzonych obliczen okazato si¢, ze rownanie Szyszkowskiego mozna rowniez
zastosowa¢ do opisu izoterm y;, badanych mieszanin. Najlepsza zgodno$¢ pomigdzy
zmierzonymi, a obliczonymi z rownania Szyszkowskiego wartosciami y;;, dla mieszanin
o stalym stezeniu jednego sktadnika a zmiennym drugiego uzyskano jesli przyjeto w nim
za rozpuszczalnik wodny roztwor sktadnika o statym stezeniu réwnym jego stezeniu
w mieszaninie. Bylto to jednak mozliwe tylko dla roztwordéw, dla ktorych state stezenie
jednego sktadnika bylo nizsze od st¢zenia, przy ktérym zaczyna si¢ tworzy¢ jego
nasycona monowarstwa adsorpcyjna na granicy faz woda—powietrze. Dodatkowo,
analizujac state wystepujace w réwnaniu Szyszkowskiego opisujacym izotermy napiecia
powierzchniowego roztworow o stalym skladzie 1 zmieniajacym si¢ stezeniu,
stwierdzono ze wartosci n['™** zmieniajg si¢ prawie liniowo wraz ze zmiang sktadu
mieszaniny, natomiast w przypadku stalej a; wystepuje ujemne odchylenie od
liniowosci. Z obliczen przeprowadzonych na podstawie rownania Szyszkowskiego
wynika, Ze nie tylko opisuje ono izotermy y;y, ale rowniez pozwala na ich przewidywanie
na podstawie danych dla poszczegodlnych sktadnikow mieszaniny jesli znane sa
zalezno$ci pomiedzy tymi danymi a sktadem mieszaniny [D1].

Jak wynika z danych literaturowych y;;; dla mieszaniny surfaktantow mozna
przewidzie¢ stosujgc rownanie Fainermana 1 Millera [100,101] jesli zostanie doktadnie
okre$lona powierzchnia zajmowana przez 1 mol kazdego skladnika jak 1 samej
mieszaniny (w). Okreslenie powierzchni zajmowanej przez 1 mol mieszaniny surfaktantu
1 biosurfaktantu nie jest latwe poniewaz wystepuja duze roéznice w tzw. powierzchni
granicznej (A%) dla TX165, RL i SF. Z tego wzgledu wydaje sie, ze graniczne stezenie
obu sktadnikow (I'75) dla mieszaniny surfaktantow powinno spetnia¢ zalezno$¢
(I3 =T°x; +T°x;) [D1], gdzie ulamek molowy surfaktantu w warstwie
powierzchniowej (x°) zostal obliczony na podstawie ci$nienia warstwy dla danego
indywidualnego surfaktantu. Okazato sig, Ze przy takich zalozeniach mozna przewidzie¢
y.v dla wodnych roztworow mieszaniny TX165 z RL lub SF jesli state stezenie jednego

sktadnika byto nizsze od minimalnego st¢zenia, przy ktdérym tworzy si¢ nasycona
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monowarstwa adsorpcyjna w calym zakresie zmieniajacego si¢ stezenia drugiego
sktadnika. W przypadku mieszanin TX165 z RL i/lub SF o stalym sktadzie warto$ci
eksperymentalne y;,, roznity si¢ od tych obliczonych w catym zakresie stezenia
mieszaniny [D1]. Przyczyng tych rozbieznos$ci moga byc¢ silniejsze oddzialywania
miedzy czasteczkami TX165 1 biosurfaktantu w porownaniu do oddzialywan pomig¢dzy
czasteczkami tego samego zwigzku oraz fakt, ze powierzchnia zajmowana przez 1 mol
mieszaniny odbiega od tej obliczonej teoretycznie. Przypuszczenie to oparto na tym,
ze hydrofilowa cze$¢ TX165 moze by¢ zwigzana zjonami H3O" poprzez wigzania
wodorowe 1 niejonowy Triton X—165 moze by¢ traktowany jak surfaktant kationowy.
W zwigzku z tym pomigdzy czasteczkami TX165 ianionowego biosurfaktantu beda
wystepowaty oddzialywania elektrostatyczne. Mozliwe jest rowniez, ze ulamek molowy
poszczegblnych sktadnikéw mieszaniny w warstwie powierzchniowej na granicy faz
woda—powietrze nie r6zni si¢ znacznie od utamka obliczonego na podstawie ci$nienia
monowarstwy indywidualnych sktadnikow. Potwierdzeniem tego przypuszczenia moga
by¢ warto$ci napigcia powierzchniowego obliczone z wykorzystaniem tych utamkow
1Y,y skladnikow mieszaniny. Co wigcej, obliczenia te potwierdzily wystepowanie
maksimow na izotermach y;,, [D1].

Poniewaz redukcja napigcia powierzchniowego wody zwigzana jest z adsorpcja
surfaktantow na granicy faz roztwor—powietrze wyznaczono nadmiarowe stezenie
powierzchniowe Gibbsa TX165, RL i1 SF korzystajac z odpowiedniej formy réwnania
izotermy adsorpcji Gibbsa [97]. Oczywiscie zatozono, ze I' surfaktantow jest rowne
catkowitemu ich st¢zeniu w warstwie powierzchniowej. Obliczenia te byly mozliwe tylko
tam gdzie zmiany y;, opisywala jedna funkcja ekspotencjalna w calym zakresie stezenia,
a wiec tam gdzie nie zaobserwowano wystepowania maksimow. [zotermy I' uzyskane
z tych obliczen przy statym stezeniu RL lub SF majg ksztalt podobny do izotermy dla
indywidualnego TX165, natomiast te przy stalym stezeniu TX165 byly podobne do
izotermy RL lub SF. Poniewaz trudno byto wyznaczy¢ z rownania Gibbsa izotermy dla
wszystkich badanych uktadéw analiz¢ tendencji do adsorpcji przeprowadzono
wykorzystujgc réwnanie Frumkina [97,D1]. Aby zastosowa¢ to réwnanie zatozono,
ze maksymalne stezenie kazdego sktadnika mieszaniny w warstwie adsorpcyjnej przy
danym stezeniu w fazie objetosciowej jest w przyblizeniu rowne iloczynowi utamka
powierzchni zajmowanej przez ten sktadnik i jego indywidualnego maksymalnego
stezenia. Zalozono takze, ze redukcja y;, wody wynikajaca z adsorpcji danego sktadnika
mieszaniny moze by¢ wyrazona jako réznica pomiedzy y; wody i roztworu pomnozona
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przez utamek molowy tego sktadnika w warstwie powierzchniowej. Korzystajac wigc
z zaproponowanej formy rownania Frumkina [D1] obliczono st¢zenie powierzchniowe
sktadnikow mieszaniny, nawet gdy na izotermach y;,; wystepowaly maksima. Obliczenia
te wykazaty, ze w przypadku mieszanin RL+TX165 1 SF+TX165 wystepuja roéznice
w wartosciach I' otrzymanych z rownania Gibbsa i Frumkina [D1]. Powodem tych roznic
moze by¢ wspomniane juz przylaczenie grup H3O" do jednostek oksyetylenowych
w hydrofilowej czesci czasteczki TX165.

Okazalo si¢ réwniez, ze obliczone utamki molowe dla poszczegolnych
sktadnikéw w mieszanej monowarstwie sg podobne do wartosci otrzymanych z rownania
Hua 1 Rosena [105]. Korzystajac z modelu Hua i Rosena [105] wyznaczono takze
parametr oddzialywan miedzyczasteczkowych w mieszanej monowarstwie adsorpcyjnej
(B?). Wartos$ci tego parametru wykazaty, ze efekt synergetyczny w redukcji y;, wody
jest bardziej widoczny w przypadku mieszaniny RL+TX165 niz SF+TX165 [D1]. Moze
to wynika¢ z faktu, ze aktywno$¢ adsorpcyjna SF na granicy faz woda—powietrze jest
duzo wigksza niz TX165 inie moze on wplynag¢ na adsorpcj¢ SF w takim stopniu,
aby wystepowal znaczny efekt synergetyczny w redukcji y;, wody. Oprdocz tworzenia si¢
mieszane] warstwy adsorpcyjnej w uktadzie SF+TX165 moga réwniez powstawaé
mieszane micele. Uzyskane izotermy y;, pozwolily na wyznaczenie CMC tylko dla
mieszanin o stalym skladzie. Wartosci CMC wykazywaly ujemne odchylenia od
lintowosci w funkcji utamka molowego biosurfaktantu w fazie objetosciowej roztworu.
Otrzymane warto$ci CMC zostaty nastepnie porOwnane z tymi obliczonymi z réwnania
dla idealnej mieszaniny oraz rownania Bergstroma i Erikssona [106]. Dodatkowo
zmodelu Hua 1 Rosena [105] wyznaczono parametry oddziatywan
miedzyczasteczkowych w mieszanej miceli (8M) oraz wspotczynniki aktywnosci
surfaktantow w mieszanej miceli (f™). Wspolczynniki te nastgpnie zastosowano
w obliczaniu CMC dla nieidealnej mieszaniny surfaktantow. Wykonane obliczenia
wykazaly miedzy innymi, ze wartosci CMC mieszanin biosurfaktantow z TX165
uzyskane z rownania Bergstroma i Erikssona [106,D1] byly zblizone do tych
wyznaczonych z izoterm y;,. WartoSci wyznaczone z rownania dla nieidealnej
mieszaniny byly zblizone do warto$ci eksperymentalnych, zaré6wno dla mieszanin
RLATX165 jak 1 SF+TX165. Zbieznos¢ wartosci CMC wyznaczonych teoretycznie
1uzyskanych z izoterm y;, w funkcji sktadu mieszaniny nie wskazuje wyraznie na

wystgpienie efektu synergetycznego w tworzeniu mieszanych micel. Efekt ten
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potwierdzity jednak ujemne wartoéci S uzyskane dla obydwu rodzajow mieszanin dla

wszystkich badanych sktadéw. Natomiast drugi warunek istnienia synergetyzmu

CMC,

w tworzeniu mieszanych micel (|| > |In M
1

| [97]) potwierdzit jego istnienie tylko

dla wybranych utamkow RL i SF w mieszaninie [105,D1].

Wydaje si¢, ze brak wiarygodnych dowodow na wystapienie efektu
synergetycznego w procesie micelizacji moze wynika¢ z bardzo duzych réznic wartosci
CMC poszczegdlnych sktadnikow mieszaniny, a teorie jakie zastosowano do obliczen
zostaty zaproponowane dla uktadow gdzie sktadniki mieszanin wykazuja miedzy sobag
mniejsze roznice we wiasciwosciach powierzchniowych i objetosciowych [D1].

W celu pehiejszego wyjasnienia proceséw adsorpcji 1 micelizacji jakie zachodza
w badanych uktadach obliczono standardowa swobodng energi¢ Gibbsa adsorpcji
(AG2;5) i micelizacji (AG;.). Do obliczen AGQ,; wykorzystano statg a,, ktéra moze by¢
wyznaczona z rownania Szyszkowskiego lub liniowej postaci réwnania izotermy
Langmuira [97]. Obliczenia na podstawie statej a; w rownaniu Szyszkowskiego [91] byty
mozliwe tylko dla roztwordw, gdzie rdOwnanie to opisywato izotermy y;,, [D1]. Okazato
sig, ze w przypadku roztwordw o stalym stezeniu jednego sktadnika, a zmieniajacym si¢
drugiego wartoéci AG ;¢ obliczone dla TX165, RL i SF w ich mieszaninach sg zblizone
do warto$ci tej energii obliczonej dla roztworéw indywidualnych zwigzkéw (Tabelal).
Roztwory o statym skladzie wykazywaty odchylenie od liniowej zaleznosci AG2;, od
utamka molowego biosurfaktantu w mieszaninie. Dodatkowo AG2,s obliczono
zréwnania uwzgledniajgcego swobodng energi¢ mieszania surfaktantow 1 ulamki
molowe poszczegolnych skladnikow w fazie objetosciowej. Roéznice pomigdzy
obliczonymi z tego réwnania warto$ciami AG, i uzyskanymi ze statej a; dla mieszanin
SF+TX165 moga wynika¢ z roznic w aktywnosci adsorpcyjnej TX165 1 SF oraz utamkow
molowych w nasyconej monowarstwie wyznaczonych z modelu Hua 1 Rosena [105].
Zkolei wartoéci AGY;. obliczono z klasycznego réwnania [97] oraz réwnania
uwzgledniajacego utamki molowe sktadnikéw mieszaniny w fazie objetoSciowe] oraz
mieszanej miceli. Roznice pomiedzy wartosciami AG,,;. uzyskanymi z tych dwoéch
podejs¢ potwierdzily mozliwo$¢ wystapienia efektu synergetycznego w procesie

micelizacji [D1].
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4.5. WEASCIWOSCI ZWILZAJACE MIESZANIN RAMNOLIPID
(SURFAKTYNA)+ ETANOL I RAMNOLIPID
(SURFAKTYNA)+TRITON X-165

4.5.1. Wilasciwosci zwilzajgce mieszanin ramnolipid—+etanol

i surfaktyna+etanol

Napigcie  powierzchniowe (yry) wodnych roztworéw  surfaktantow/
biosurfaktantéw zmniejsza si¢ w funkcji ich stezenia w zakresie od 0 do CMC, a po
przekroczeniu CMC wartos$ci ;. sa praktycznie stale. Z kolei napigcie powierzchniowe
ciata stalego (ys) moze by¢ state lub zmniejsza¢ si¢ w funkcji stezenia surfaktantu lub
ich mieszaniny, co zalezy od wlasciwosci warstwy utworzonej wokot kropli
umieszczonej na powierzchni ciata stalego. Zmiany napigcia miedzyfazowego ciato
state—ciecz (yg;) w funkcji stezenia sg bardziej skomplikowane niz y;y 1 ygy, poniewaz
moze ono rosng¢, male¢ lub nie ulega¢ zmianie.

Jak wynika z przeprowadzonych badan kat zwilzania (6) dla wodnych roztworéw
RLAET i1 SF+ET maleje w funkcji st¢zenia alkoholu lub biosurfaktantu co powoduje
wzrost zwilzalnosci PTFE przez te roztwory [D5,D6]. Mimo to w zadnym przypadku nie
wystapito catkowite rozplywanie si¢ roztworu po powierzchni PTFE. Jak juz
wspomniano, napigcie powierzchniowe apolarnego PTFE réwne 20,24 mN/m wynika
jedynie z oddzialywan Lifshitza—van der Waalsa (LW) 1 jest nizsze od y;y wody, ET,
a takze gtowy 1 ogona RL oraz SF (Tabela 1 i 2). Prawdopodobnie z tego powodu nie
wystepuje catkowite zwilzanie PTFE [D5,D6]. Nalezy podkresli¢, ze podobnie jak
w przypadku izoterm y;, wodnych roztworéw RLAET przy zmiennym st¢zeniu ET
i statym RL na izotermach 6 wystepuja niewielkie maksima, jesli wartosci stalego
stezenia RL odpowiadajg nasycone] monowarstwie na granicy faz woda—powietrze
w nieobecnosci ET. Mozna przypuszczaé, ze maksima te powstaly wskutek usuwania
czasteczek RL z monowarstwy adsorpcyjnej na granicach faz roztwor—powietrze i PTFE—
roztwor przez czasteczki ET. Innymi stowy wktad RL 1 ET w adsorpcje w wyniku, ktorej
zmniejsza si¢ napigcie miedzyfazowe woda—powietrze 1 PTFE—woda decyduje
o zmianach kata zwilzania w funkcji sktadu i stezenia mieszaniny ET i RL [D6].

Wielu autorow sugeruje [93,94,107], ze jesli napigcie powierzchniowe cieczy jest
wieksze niz ciata stalego, to adsorpcja takiej cieczy nie powoduje zmniejszenia napigcia
powierzchniowego ciata statego. Zgodnie z tym stwierdzeniem w przeprowadzonych

badaniach zatozono, ze y,,, PTFE jest stale niezaleznie od st¢zenia ET, RL i SF, a zmiana
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0 zalezy tylko od zmiany napi¢¢ mi¢dzyfazowych roztwor—powietrze i PTFE-roztwor
[DS,D6]. W takim przypadku mozliwe jest okreslenie napigcia migdzyfazowego PTFE—
roztwor bezposrednio z réwnania Younga [97]. Obliczenia z rownania Younga wykazaty,
ze na krzywych obrazujacych zmiany yg; PTFE-roztwor w funkcji stezenia ET dla
roztwordw o statym stezeniu RL odpowiadajgcym nasyconej monowarstwie na granicy
faz roztwor—powietrze w nieobecnosci ET obecne s3 maksima, podobnie jak na
izotermach 6 i y;, roztworow [D6]. W przeciwienstwie do PTFE po powierzchni
monopolarnego PMMA 1 bipolarnego Q wystepuje catkowite rozpltywanie si¢ wodnych
roztworoOw SF+ET przy stezeniu ET odpowiednio réwnym lub wyzszym 11,97 M
115,40 M niezaleznie od statego stezenia biosurfaktantu w mieszaninie [DS]. Roztwory
RL+ET rowniez rozptywaja si¢ po powierzchni PMMA przy stezeniu ET rownym
1wyzszym od 12,15 M, a w przypadku kwarcu 15,40 M. Nalezy zauwazy¢, ze na
izotermach 6 dla PMMA i Q podobnie jak dla PTFE wystepuja maksima dla roztworow
RL+ET. Ich obecno$¢ wynika z konkurencyjnej adsorpcji ET i RL na granicach faz
roztwor—powietrze oraz ciato stale—roztwor [D6]. Takie zachowanie si¢ biosurfaktantu
1 ET moze by¢ rowniez przyczyng wystgpowania maksimum na izotermie 6 dla SF+ET
na powierzchni kwarcu [D5].

Proces rozptywania si¢ kropli cieczy lub roztworu po powierzchni ciat statych
mozna wyjasni¢ poprzez parametr oddzialywan mig¢dzyfazowych (¢). Na podstawie
rownan Younga-Dupré [97] oraz Girifalco 1 Gooda [108,109] mozna stwierdzic,
ze parametr ¢ réwny jest 1 dla zerowego kata zwilzania cieczy na powierzchni PTFE
jesli jej napigcie powierzchniowe jest rowne napigciu powierzchniowemu tego ciata
statego. Jest to warunek konieczny, ale nie wystarczajacy. Z poréwnania rownan
Girifalco 1 Gooda [108,109] oraz van Ossa 1 wsp. [94,95] wynika, Ze aby dana ciecz lub
roztwor rozptywaly si¢ po powierzchni PTFE nie tylko napigcie powierzchniowe cieczy
powinno by¢ réwne napigciu powierzchniowemu PTFE, ale musi ono dodatkowo
wynika¢ jedynie z oddzialywan miedzyczasteczkowych LW.

Przeprowadzone obliczenia parametru oddziatywan mig¢dzyfazowych (¢) dla
uktadu PTFE—-wodny roztwér mieszaniny ET z RL(SF) wykazaly, ze jego wartosci sg
znacznie nizsze od 1, co thumaczy dlaczego nie mozna osiagna¢ catkowitego rozptywania
tych roztworéw w tym uktadzie [D5,D6]. Okazato si¢ tez, ze wartosci parametru ¢
obliczone na podstawie rownan Younga—Dupré [91] oraz Girifalco i Gooda [108,109] sa

zblizone do tych obliczonych na podstawie rownan Girifalco 1 Gooda [108,109] oraz

44 |Strona



van Ossa i wsp. [94,95]. Dowodzi to, ze w badanych uktadach PTFE—kropla roztworu—
powietrze poszczegdlne sktadniki roztworu nie obnizaja ys, PTFE poza kropla roztworu
osadzong na jego powierzchni [DS]. Jest to zgodne ze stwierdzeniami Fowkesa [93],
Gooda [109] oraz van Ossa [94] mOowiacych o tym, Ze ciecz o napi¢ciu powierzchniowym
wiekszym od napigcia powierzchniowego danego ciata stalego tworzac warstwe
adsorpcyjng na jego powierzchni nie obniza jego ysy. Dla badanych uktadow,
w przeciwienstwie do podejscia Neumanna i wsp. [110], nie mozna za pomocg funkcji
liniowej opisa¢ zalezno$ci migdzy parametrem ¢ a napigciem migdzyfazowym PTFE—
roztwor. Istnieje natomiast prostoliniowa zalezno$¢ pomiedzy parametrem ¢
a logarytmem z sumy y;,, wodnego roztworu mieszaniny alkoholu i biosurfaktantu oraz
¥s. PTFE-roztwor. Wydaje si¢ logiczne, ze zmiany 6 wodnych roztworow mieszaniny
ET z RL lub SF w funkcji sktadu i stgzenia zwigzane z parametrem ¢ zalezg tylko od y;y

roztwordw i ys;, PTFE-roztwor, poniewaz Y, PTFE jest state. Wniosek ten potwierdza
2

VYLv

zaroOwno przy stalym stezeniu biosurfaktantu a zmieniajacym si¢ stezeniu ET jak

1 odwrotnie [D5,D6].

rowniez liniowa zalezno$¢ pomiedzy cosf a , ktora obejmuje wszystkie roztwory

Zalezno$¢ pomiedzy parametrem oddzialywan —miedzyfazowych (¢)
a catkowitym rozptywaniem wodnych roztworéow RL+ET i SF+ET po powierzchniach
PMMA 1 Q jest bardziej skomplikowana niz dla PTFE. Na podstawie wyzej
przytoczonych rownan mozna jedynie stwierdzi¢, ze jesli warstwa adsorpcyjna
sktadnikow roztworu poza jego kropla osadzong na powierzchni PMMA lub Q nie
zmienia ich yg,, wOwczas parametr ¢ przyjmuje warto$¢ rowna 1 dla zerowego 6 i dla
roztworu o napigciu powierzchniowym rdéwnym napigciu powierzchniowemu
monopolarnego PMMA lub bipolarnego Q. Oprocz tego warunku wazny jest udziat
oddziatywan kwasowo—zasadowych (AB) w ujeciu Lewisa w y; roztworu. Z obliczen
przeprowadzonych w uktadach obejmujagcych PMMA i Q wynika, Ze warto$ci parametru
@ dla tego samego roztworu r6znig si¢ w zaleznosci jakg parg rownan zastosowano do
ich wyznaczenia. Rdznica w wartosciach parametru ¢ $§wiadczy o redukcji ysy PMMA
1 Q przez warstwe mieszaniny ET z biosurfaktantami utworzong poza osadzong na
powierzchni tych ciat statych kropla roztworu. Jak wspomniano wyzej, wynika to z faktu,
ze vy ET oraz czesci hydrofobowych RL 1 SF jest nizsze od ysy PMMA 1 Q (Tabela 1
12). Réznice migdzy wartosciami ¢ dla tego samego roztworu obliczonymi na podstawie

rownan Younga—Dupré [97] 1 Girifalco 1 Gooda [108,109] oraz réwnan van Ossa 1 wsp.
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[94,95] 1 Girifalco i Gooda [108,109] moga wynika¢ z tego, ze dotycza one dwoch
réznych granic faz. W pierwszym przypadku parametr ¢ dotyczy granicy faz
PMMA(Q)/mieszana warstwa adsorpcyjna alkoholu 1 biosurfaktantu—roztwor,
aw drugim granicy faz PMMA(Q)-roztwor. Za pierwszym przypadkiem przemawia
fakt, ze y;, roztworu mieszaniny ET 1 biosurfaktantu, przy ktorym obserwuje si¢
catkowite rozplywanie roztworu po powierzchni PMMA Ilub Q 1 jednocze$nie
odpowiadajagce parametrowi ¢@ roéwnemu 1 jest zblizone do ysy PMMA lub Q
wyznaczonych z rownania Neumanna 1 wsp. [110,D5,D6].

Dla PMMA 1 Q, podobnie jak dla PTFE, prostoliniowa zalezno$¢ wystgpuje
jedynie migdzy parametrem ¢ a logarytmem z sumy y;, roztworu i y5; PMMA(Q)—
roztwor. W przypadku Q zalezno$¢ ta nie obejmuje wszystkich badanych stezen wodnych

roztworéw mieszaniny ET z biosurfaktantem [D5,D6]. Zaréwno dla PMMA, jak i Q nie

uzyskano liniowej zaleznosci cosf w funkcji % jesli parametr ¢ zostat obliczony na
LV

podstawie rownan Girifalco i Gooda [108,109] oraz van Ossa i wsp. [94,95]. Co wiecej,
potwierdza to, ze w rzeczywistosci jest to uktad obejmujacy PMMA(Q) pokryty warstwa
adsorpcyjng mieszaniny ET i biosurfaktantu, a nie sam ,,czysty” PMMA lub Q.

W przypadku gdy zalezno$¢ napigcia adhezyjnego (y,ycosf) od napigcia
powierzchniowego (yy) jest liniowa, a stata a w rOwnaniu opisujacym te zalezno$¢ jest
zblizona do -1, wowczas stata b jest liczbowo réwna pracy adhezji (W,) wodnego

roztworu mieszaniny do PTFE, za§ warto$¢ krytycznego napigcia powierzchniowego
o . . b o . . .
zwilzania (y,) jest rowna > Z tego wynika, ze gdyby W, wodnych roztworéw mieszanin

RLA+ET i SF+ET do PTFE byly state niezaleznie od st¢zenia poszczegdlnych sktadnikow
mieszanin, to wodne roztwory tych mieszanin o y;, rownym krytycznemu napigciu
powierzchniowemu zwilzania (y,) powinny si¢ catkowicie rozplywa¢ po powierzchni
PTFE. Niestety w zakresie duzego st¢zenia ET w mieszaninach z biosurfaktantami nie
ma liniowej zaleznos$ci miedzy y;,cos6 1y, roztworow, a zatem W, zmienia si¢ wraz
ze stezeniem ET. Tym samym warto$¢ y, wyznaczona z liniowej zalezno$ci migdzy
yLycosO 1y, roztworu jest wyzsza od napigcia powierzchniowego PTFE 1 nie jest
zwigzana z catkowitym zwilZaniem jego powierzchni przez badane roztwory. Wartos$¢ y,
wyznaczona z zalezno$ci pomiedzy cosé i y;y roztworu, chociaz bardziej zblizona do
napigcia powierzchniowego PTFE, nie jest rowniez zwigzana z calkowitym zwilZzaniem

jego powierzchni [D5,D6].
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Zaleznos$¢ pomiedzy napigciem adhezyjnym (y;,cosf) a powierzchniowym (y )
dla PMMA i Q jest liniowa, podobnie jak dla PTFE, a wartosci y. PMMA i Q okre$lone
z tej zaleznoS$ci sg bliskie tym wyznaczonym z zalezno$ci pomigdzy cos6 i napigciem
powierzchniowym. W przeciwienstwie do PTFE stata b w rownaniu liniowym
opisujagcym zalezno$¢ miedzy y;,cos@ 1y, dlaPMMA i Q nie jest rtowna pracom adhezji
(W,) badanych roztworéw do ich powierzchni [D5]. Wyznaczone y;, roztworu
mieszaniny SF 1 ET, przy ktérym roztwor ten rozptywa si¢ catkowicie po powierzchni
PMMA jest nieznacznie mniejsze od 27 mN/m 1 nie zalezy od stezenia SF. Napiecie to
moze by¢ traktowane jako y. PMMA przez badane roztwory, a jego wartos¢ jest nizsza
od ysy PMMA. Ten fakt oraz warto$ci parametru ¢ i jego skladowych potwierdzaja
wcezesniejszy wniosek, ze kropla roztworu mieszaniny ET i1 SF umieszczona na
powierzchni PMMA rozptywa si¢ raczej po jego powierzchni pokrytej warstewka
mieszaniny ET i SF niz po ,,czystym” PMMA. Dodatkowo potwierdzaja to oddziatywania
sit adhezji ET 1 ogona SF wigksze niz oddzialywania sit kohezji pomig¢dzy ich
czasteczkami. Tym samym obecno$¢ ET w warstwie poza kropla roztworu umieszczong
na granicy faz wynika nie tylko z adsorpcji jego par, ale rOwniez z penetracji czasteczek
ET z kropli do powierzchni PMMA. Z drugiej strony obecno$¢ SF wynika raczej tylko
z penetracji jej czasteczek z kropli do powierzchni poza kropla. Te sugesti¢ potwierdza
to, ze przy stezeniach SF i1 ET odpowiadajacych ich indywidualnej nasyconej
monowarstwie, stan rownowagi uktadu PMMA—kropla roztworu—powietrze jest osiggany
w dhuzszym czasie niz  dla ukladu PTFE—kropla roztworu—powietrze. Stad
prawdopodobnie wynika, ze nachylenie liniowej zaleznosci pomiedzy y;,cosf 1y jest
rozne od —1 1 zalezy od statego stezenia SF. Z kolei zaleznos$ci miedzy y;,cos6 1 y,y, czy
tez miedzy cos@ 1y, wynikaja z adsorpcji ET 1 biosurfaktantu na granicach faz woda—
powietrze i cialo state—-woda, a w przypadku PMMA 1 Q z adsorpcji na granicy faz ciato
state—powietrze [D5].

Zgodnie z Lucassen—Reynders [96] jesli nachylenie zalezno$ci pomiedzy y;,cos0
1YLy jest wigksze niz —1, ale mniejsze niz 0, nie mozna wykluczy¢ adsorpcji ET 1 SF na
granicy faz cialo stale—powietrze [D5]. Dla Q zalezno$¢ y;,cosf od y;y jest liniowa dla
ET przy stalym stezeniu SF odpowiadajacym jej nienasyconej monowarstwie
w nieobecnosci ET z wyjatkiem zakresu niskiego stezenia ET 1 moze by¢ opisana przez
te samg funkcje liniowa dla kazdej stalej wartosci stezenia SF. Jesli nachylenie tej

zalezno$ci jest dodatnie, co ma miejsce w przypadku Q, to zgodnie z roéwnaniem
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Lucassen—Reynders [96] jesli yg, Q nie zalezy od stezen ET 1 SF, adsorpcja ET na granicy
faz Q—woda jest ujemna. Jesli jednak yg, Q zmienia si¢ wskutek adsorpcji ET i SF, wtedy
adsorpcja ET na granicy faz Q-powietrze jest wyzsza niz ta na granicy Q-woda.
To potwierdza, ze na powierzchni kwarcu ma miejsce tworzenie si¢ mieszanej warstwy
adsorpcyjnej poza kroplg roztworu umieszczong na jego powierzchni [D5].

Niestety, na podstawie zalezno$ci y;,cos@ od y;, przy stalym stezeniu SF
odpowiadajagcym tworzeniu si¢ nasyconej monowarstwy adsorpcyjnej na granicy faz
woda—powietrze trudno jest oceni¢ adsorpcj¢ ET na granicach faz Q—powietrze 1 Q-
woda. Moze to wynika¢ z faktu, ze na powierzchni Q powstaje film wody, w ktorym jej
czasteczki tworzg silne wigzania wodorowe nie tylko z powierzchnig Q, ale takze migdzy
soba. Wskutek tego czasteczki wody w warstwie powierzchniowej moga tworzy¢
z przylegajacym medium jedynie stabe wigzania wodorowe, a powierzchnia Q oddziatuje
z tym medium przede wszystkim sitami LW. Taka warstwa wody ma wilasciwosci
podobne do lodu i w zwigzku z tym w zaleznos$ci od st¢zenia ET lub SF, adsorpcja ET
moze mie¢ miejsce na granicach faz Q/warstwa wodna—woda i/lub Q—woda [DS5].

Analiza adsorpcji mieszaniny ET 1 biosurfaktantow na podstawie zaleznosci
migdzy y;,cos6 iy, roztworu pozwala jedynie stwierdzi¢ jaka jest relacja pomiedzy
adsorpcja tej mieszaniny na granicach faz PTFE—roztwor i roztwor—powietrze. Natomiast
na jej podstawie trudno jest doktadnie ustali¢ wzajemny wpltyw ET 1 biosurfaktantoéw na
ich adsorpcje na granicy faz PTFE-roztwor. W przypadku PMMA i Q na podstawie nie
mozna nawet okresli¢ stosunku stezenia mieszaniny ET z biosurfaktantem na granicach
faz PMMA(Q)-roztwor do tego na granicy faz roztwor—powietrze. Wynika to, jak
wykazano wczesniej, z faktu, ze adsorpcja mieszaniny ET 1 biosurfaktantu zachodzi tez
na granicach faz PMMA (Q)—powietrze, a na podstawie zalezno$ci y;,cosf od napigcia
powierzchniowego roztworow mozna jedynie ustali¢ stosunek roéznicy stgzen badanych
mieszanin na granicach faz PMMA(Q)—powietrze i PMMA(Q)-roztwo6r do ich stezen na
granicy faz roztwor—powietrze [D5,D6].

W celu poznania st¢zenia i1 sktadu warstw adsorpcyjnych mieszaniny ET z RL lub
SF na granicach faz PTFE-roztwor, PMMA(Q)-roztwér 1 PMMA(Q)—powietrze
wykorzystano réwnanie izotermy Gibbsa 1 Frumkina [97,D5,D6]. Do obliczen stezenia
ET i biosurfaktantow na wymienionych granicach faz na podstawie tych rownan
konieczna jest znajomos$¢ zmiany ysy PMMA 1 Q oraz y5;, PMMA(Q)—roztwér w funkcji
stezenia 1 skladu badanych mieszanin. Napigecie wymienionych granic faz okreslono
zarOwno przy pomocy rownania Younga [97], jak rdwniez van Ossa 1 wsp. [94,95].
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Napigcia powierzchniowe PMMA(Q) pokrytych warstwa adsorpcyjng okreslono na

podstawie wartosci rownej (gdzie y.y oznacza napigcie powierzchniowe

Yw= Vv
2
roztworu mieszaniny ET z biosurfaktantami, a yy, to napigcie powierzchniowe wody).
Rozwigzanie rownania Gibbsa wzgledem stezenia na danej granicy faz oparto na
znajomos$ci odpowiedniej funkcji matematycznej opisujacej zmiany ygy lub yg, od
stezenia ET przy statych stezeniach RL lub SF oraz zmiennych st¢zeniach RL i SF
a statym st¢zeniu ET. Natomiast rozwigzanie rownania Frumkina wymagato znajomosci
udziatow ET 1 biosurfaktantu w redukcji ysy PMMA 1 Q oraz y5; PMMA(Q)-woda.
W tym celu zastosowano odpowiednie izotermy Ygy 1 Y, oraz wartosci maksymalnego

stezenia poszczeg6lnych sktadnikéw [D5,D6].

Na podstawie przeprowadzonych obliczen stwierdzono, ze pomimo liniowej
zalezno$ci pomiedzy y;,cosf i1 y;y o nachyleniu zblizonym do —1 dla wodnych
roztworo6w mieszanin ET z RL lub SF nie ma poréwnywalnych adsorpcji poszczegdlnych
sktadnikéw na granicach faz PTFE—roztwor i roztwor—powietrze. Wzajemny wptyw ET
i biosurfaktantéw na adsorpcje zalezy od sktadu i stgzenia mieszaniny w fazie
objetosciowej. Analizujac wzajemny wplyw ET i biosurfaktantow na ich adsorpcje na
granicy faz PTFE—roztwor nalezy zwrocic¢ szczego6lng uwage na zakresy stezen SF 1 RL
w fazie objgtosciowe] odpowiadajace ich nienasyconej inasyconej monowarstwie
adsorpcyjnej na granicy faz roztwor—powietrze w nieobecnos$ci alkoholu oraz zakresy
stezenia ET od 0 do CAC i powyzej CAC [64,90]. W zakresie stezen ET i biosurfaktantu
odpowiadajacych ich indywidualnym nienasyconym monowarstwom adsorpcyjnym na
granicy faz roztwor—powietrze, wzajemny wptyw ET 1 RL lub SF na adsorpcj¢ na granicy
faz PTFE-roztwor jest nieznaczny, a nawet mozna stwierdzi¢, ze wystepuje niezalezna
adsorpcja. Co wigcej wplyw ten jest mniejszy niz na granicy faz roztwor—powietrze.
W zakresie stezenia jednego lub obu sktadnikéw badanych mieszanin odpowiadajacego
ich indywidualne; nasyconej] monowarstwie na granicy faz roztwor—powietrze
uwidacznia si¢ wigkszy wplyw biosurfaktantu na adsorpcje ET na granicy faz PTFE—
roztwor niz odwrotnie. Niemniej jednak powyzej CAC etanolu adsorpcja biosurfaktantow
gwaltownie maleje, co sugeruje, ze wptyw ET na adsorpcje biosurfaktantu jest wigkszy
niz odwrotnie [D5,D6].

Wzajemny wplyw ET 1 biosurfaktantow na ich adsorpcje na granicy faz PTFE—
roztwor wynika z oddziatywan czasteczek wody, ET i biosurfaktantu z powierzchnig

PTFE oraz ich oddziatywan migdzy soba. Praca adhezji wody (W) do powierzchni PTFE
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jest wigksza niz ET 1 biosurfaktantow skierowanych cze$cig hydrofobowa do tej
powierzchni. Co wigcej napiecie migdzyfazowe PTFE—-woda jest duzo wigksze niz
napi¢cie migdzyfazowe PTFE-ET i PTFE—cz¢$¢ hydrofobowa biosurfaktantéw. Z kolei
biosurfaktanty wykazuja najwicksze oddzialywania hydrofobowe z powierzchnig PTFE
poprzez faz¢ wodna. Te oddzialywania oraz minimalne napigcie pomig¢dzy czgscig
hydrofobowa biosurfaktantu i PTFE decyduja o najwigkszej tendencji do adsorpcji
biosurfaktantow na granicy faz PTFE—woda. Z drugiej strony czasteczki ET moga
zmniejsza¢ hydratacje zarowno cz¢sci hydrofilowej, jak 1 hydrofobowej czasteczek SF
1RL. Czasteczki ET =zastepujac czasteczki wody otaczajace czgsci hydrofilowe
czasteczek RL lub SF zwigkszaja ich hydrofobowos$é, a tym samym tendencje do
adsorpcji na granicy faz PTFE—-woda. Jednak jesli czasteczki ET zastepuja czasteczki
wody wokoét czesei hydrofobowych RL 1 SF zmniejszajg ich tendencj¢ do adsorpcji.
Przy niskich stezeniach ET i biosurfaktantow proces usuwania czasteczek wody wokot
grup hydrofilowych RL i SF jest dominujacy, przez co zwigkszaja si¢ tendencje do
adsorpcji RL 1 SF na granicy faz PTFE—woda 1 stad wptyw ET na adsorpcje RL 1 SF jest
nieco mniejszy niz odwrotnie. W miar¢ wzrostu stezenia ET jego czasteczki
dehydratyzuja zarowno czes$¢ hydrofilowa jak i hydrofobowa biosurfaktantow. Maleje
tez stata dielektryczna roztworu, co powoduje wigkszy wplyw alkoholu na adsorpcje
biosurfaktantow niz odwrotnie. Niewykluczone, Zze powyzej krytycznego st¢zenia
agregacji etanolu wystepuja agregaty czasteczek RL lub SF z jego czasteczkami, a sam
ten efekt wywoluje wigksze zmiany energetyczne roztworu niz ich adsorpcja na granicy
faz PTFE—woda. Stad tez zmiany 6 wodnych roztworow mieszaniny ET
1 biosurfaktantéw na powierzchni PTFE przy stezeniach ET powyzej jego CAC sg prawie
analogiczne do zmian 8 dla roztworé6w ET w nieobecnosci biosurfaktantow [DS,D6].
Przeprowadzona analiza adsorpcji ET 1 biosurfaktantéw z wodnego roztworu ich
mieszanin w ukladzie PMMA-kropla roztworu—powietrze za pomocg rOwnan izoterm
adsorpcji Gibbsa i Frumkina [97] potwierdzita sugesti¢, ze ET, RL oraz SF adsorbujg si¢
nie tylko na granicy faz PMMA-woda, ale rowniez na granicy faz PMMA—powietrze.
Adsorpcja ET na granicach faz PMMA-—powietrze i PMMA—-woda jest mniejsza od jego
adsorpcji na granicy faz woda—powietrze, a ilos¢ ET zaadsorbowana na granicy faz
PMMA-powietrze jest mniejsza niz na granicy faz PMMA—-woda. Oczywiscie, wielko$¢
adsorpcji na wymienionych granicach faz zalezy od st¢zenia i sktadu mieszanin ET

1 biosurfaktantu [D5,D6].
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Adsorpcja sktadnikow roztworu zalezy w pewnym stopniu od oddzialywan sit
adhezji 1 kohezji. Badania dotyczace uktadu PMMA-roztwor dowiodly, ze woda
wykazuje najwigksze oddzialywania adhezyjne z powierzchnia PMMA, a ET
najmniejsze. Rdznica pomigdzy oddziatywaniami adhezji 1 kohezji jest ujemna dla wody
i dodatnia dla ET. Tym samym przy niskich st¢zeniach ET i RL lub SF, czasteczki wody
mogg tworzy¢ uporzadkowany film na granicy faz PMMA-woda. Chociaz ET 1 woda
mieszajg si¢ w fazie objetoSciowej bez ograniczen, nie s3 az tak dobrze mieszalne
w warstwie powierzchniowej. Moze to wynikac z tego, ze czasteczki ET sg adsorbowane
na granicy faz PMMA/warstwa wody-roztwor, a nie na granicy faz PMMA-roztwor.
Potwierdza to fakt, ze ET moze catkowicie rozptywac si¢ po warstwie wody. Adsorpcje
ET na granicy faz PMMA-woda przy jego niskim stezeniu i biosurfaktantu mozna
wytlumaczy¢ w inny sposob. Ze wzgledu na to, ze tendencje RL 1 SF do adsorpcji na
granicy faz PMMA-woda sa duzo wigksze niz ET, ich czasteczki mogg usuwaé
czasteczki wody z powierzchni PMMA. Czasteczki wody zwigzane z grupami
hydrofilowymi biosurfaktantéw usunigte przez czasteczki etanolu moga adsorbowac si¢
razem z nimi. Przy wysokich st¢zeniach ET, RL 1 SF tworzenie si¢ warstewek wodnych,
w ktorych czasteczki sg silnie uporzadkowane, jest mniej prawdopodobne. W tym
wypadku adsorpcja ET wzrasta. Nalezy zauwazy¢, ze zachowanie adsorpcyjne RL i SF
na granicach faz PMMA-—powietrze i PMMA-woda jest rozne od ET. Przykladowo
w zakresie st¢zenia surfaktyny od 0 do CMC [64] jej adsorpcja na granicy faz PMMA—
powietrze jest wyzsza niz na granicy faz PMMA—woda, a powyzej CMC jest odwrotnie.
Porownujac adsorpcje biosurfaktantow na granicach faz woda—powietrze, PMMA—
powietrze oraz PMMA-woda mozna stwierdzi¢, ze wartosci izoterm [y, 1 [, s3 mniejsze
od I}y. [D3,D4,D5,D6] To oraz obliczenia dotyczace rozmiaru czgsteczek RL 1 SF
sugeruja, ze czasteczki biosurfaktantow zarowno na granicy faz PMMA-—powietrze jak
1 PMMA-roztwor s3 zorientowane rownolegle do granicy faz, ale ich cz¢$¢ hydrofilowa
moze by¢ odchylona od tej granicy o pewien kat. Interesujacym jest, ze w przypadku
roztworéw mieszanin ET z RL 1 SF, dla ktorych istnieje liniowa zaleznos¢ miedzy

YLycos iy, nachylenie tej zaleznosci byto zblizone do wartosci FS‘;& [D5,D6].
LV

W przypadku kwarcu (Q), na podstawie obliczen dokonanych przy zastosowaniu
réwnan Gibbsa i Frumkina [97], mozna stwierdzi¢, ze adsorpcja ET na granicach faz
Q-powietrze 1 Q—-woda jest mniejsza niz na granicy faz woda—powietrze, oraz

ze adsorpcja ET na granicy faz Q—powietrze jest wigksza niz na granicy faz Q—woda.
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Udowadnia to sugestie¢ wynikajaca z zalezno$ci pomiedzy y;ycosf i y;,. Trzeba

.- . . . . .. Tsy=Tsp .
zaznaczy¢, ze obliczona na podstawie izoterm adsorpcji Frumkina warto$¢ % jest
LV

bliska wartosci nachylenia zaleznosci y;,cosf od y;, uzyskanej dla ET przy statym
stezeniu SF odpowiadajacym jej nienasyconej indywidualnej monowarstwie
adsorpcyjnej. Ze wzrostem stezenia SF obniza si¢ adsorpcja ET. Efekt ten jest bardziej
widoczny na granicy faz Q—-woda niz woda—powietrze. Nalezy podkresli¢, ze na
izotermie Frumkina dla ET na granicach faz Q-powietrze 1 Q—-woda mozna
zaobserwowaé maksima. Mozna przypuszczaé, ze od stgzenia ET odpowiadajacego
maksimum na izotermie Frumkina nastgpuje niszczenie warstewki wody na tych
granicach faz. Izotermy adsorpcji Gibbsa i Frumkina potwierdzaja tez sugesti¢
wynikajacg z zaleznosci y;,cos6 1y, mOwiagca o tym, ze adsorpcja SF, podobnie jak
ET na granicy Q—powietrze, jest wigksza niz na granicy faz Q—woda. W zakresie st¢zenia
ET od 0 do wartosci odpowiadajacej maksimum na izotermie Gibbsa dla adsorpcji na

granicy faz woda—powietrze, w ktérym wystepuje linowa zalezno$¢ pomigdzy

Y.ycosf i y.y, nachylenie tej zaleznosci jest zblizone do FS‘;J [D5].
LV

Analizujac izotermy adsorpcji oraz wymiary czasteczki SF w zalezno$ci od jej
konfiguracji mozna stwierdzi¢, ze przy niskim stezeniu ET czasteczki biosurfaktantu sg
zorientowane rownolegle zarowno do granicy faz Q—powietrze jak 1 Q—woda. Biorac za$
pod uwage prace kohezji SF i prace jej adhezji do powierzchni Q nalezy sadzié, ze czesci
hydrofilowe czasteczek SF w warstwie miedzyfazowej sa skierowane do powierzchni Q,
w przeciwienstwie do ich orientacji na PMMA [DS5].

Adsorpcja mieszaniny ET 1 RL na granicach faz Q—powietrze 1 Q—woda podobnie

do mieszaniny ET i SF jest mniejsza niz na granicy faz woda—powietrze [D3,D4,D5,D6].

. ., . . Tsy-T . : : .
Wystepuja jedynie réznice w warto$ciach % Jak juz wspomniano, na powierzchni
LV

Q tworzy si¢ monowarstwa wody o bardzo sztywnej strukturze wynikajacej
z oddziatywania wigzanh wodorowych. Powoduje to, ze wtasciwosci powierzchniowe tak
pokrytego kwarcu rdznig si¢ znacznie od jego ,.czystej” powierzchni. Obecnos$¢ takiej
warstwy wody powoduje zmiany mechanizmu adsorpcji ET 1 RL w zalezno$ci od stezenia
ET. W przypadku Q przy niskim stezeniu ET moze zachodzi¢ adsorpcja na jego
powierzchni pokrytej warstwg wody. W miare wzrostu st¢zenia etanolu adsorpcje ET
1 RL moga zachodzi¢ bezposrednio na czystej powierzchni Q [D6]. Niszczenie warstwy

wody moze mie¢ szczegdlny wplyw na orientacje czasteczek biosurfaktantow. Nawet
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przy rownoleglej orientacji RL czy SF wazne jest w jakim kierunku oddziatujg czgsci
hydrofilowe ich czasteczek, co ma wptyw na wartos¢ 8 wodnych roztworéw mieszaniny
ET z biosurfaktantami [D5,D6].

Podczas adsorpcji ET 1 SF na granicach faz w uktadach ciato state—kropla
roztworu—powietrze majg miejsce zmiany standardowej energii Gibbsa adsorpcji
(AG2 ), entalpii (AH2,) i entropii (ASS;s). Gdy nie ma adsorpcji chemicznej, zmiany
entalpii podczas procesu adsorpcji sg zwigzane jedynie ze zmianami stopnia hydratacji
sktadnikow roztworu. Powstawanie 1 niszczenie wigzan wodorowych okresla warto$¢
entalpii adsorpcji. Podczas procesu adsorpcji surfaktantéw na granicach faz AHQ
0siggaja niskg ujemng lub dodatnig warto$¢, a z kolei zmiany AS2,; decydujg o zmianach
wartoéci AGy,. Wartoéci AGQy, obliczone dla stezen ET i SF mniejszych niz te
odpowiadajace ich nasyconej monowarstwie sg dla nich rzeczywiste. Wartosci AG ;¢ dla
ET na granicy faz PTFE-woda sg takie same jak na granicy faz woda—powietrze.
Podobny wniosek jak dla ET mozna wyciggnaé z obliczonych wartoéci AG,, dla SF
[DS]. To sugeruje, ze w zakresie stezen SF odpowiadajacych nienasyconej monowarstwie
adsorpcyjnej na granicy faz woda-powietrze w nieobecno$ci ET [64] 1 ET w nieobecnos$ci
SF [90] maja miejsce praktycznie niezalezne adsorpcje ET i SF na granicy faz PTFE-
woda. W przypadku PMMA i Q mozna obliczy¢ AG,, dla ET i SF nie tylko dla granic
faz PMMA-woda 1 Q—woda, ale rowniez PMMA-—powietrze 1 Q—powietrze. Warto$ci
AGY,. dla ET na granicach faz PMMA-powietrze i PMMA-woda s3 bardzo zblizone
inie zaleza od warto$ci stalego stezenia SF odpowiadajacego jej nienasyconej
monowarstwie adsorpcyjnej na granicy faz woda-powietrze w nieobecnosci ET.
Tendencja ET do adsorbowania si¢ na granicach faz PMMA—powietrze 1 PMMA—-woda
jest mniejsza niz na granicy faz woda—powietrze. Nalezy przypuszczaé, ze powodem sa
absolutne wartosci AGJ;. dla ET na granicach faz PMMA-powietrze i PMMA-woda
mniejsze niz te na granicy faz woda—powietrze. Jest to prawdopodobnie zwigzane ze
zwiekszeniem AH2;, wynikajacej z niszczenia warstwy powierzchniowej wody. Moga
otym $wiadczyé niewielkie zmiany AGY;. dla ET na granicy faz PMMA-woda
zachodzace w funkcji stezenia SF. Wartoéci AG24, dla SF na granicach faz PMMA-
powietrze i PMMA—woda zmieniajg si¢ wraz ze wzrostem st¢zenia ET w wickszym
stopniu niz ET w funkcji st¢zenia SF, co sugeruje, ze SF niszczy warstwe adsorpcyjng
wody bardziej niz ET [D5]. Warstwa wody na powierzchni Q jest uporzadkowana za

pomocg silnych wigzan wodorowych pomiedzy czasteczkami, co moze powodowac,
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ze catkowite wartoéci AG . dla ET na granicy Q-woda sg duzo mniejsze niz catkowite
wartoéci AGY;. ET na granicy faz woda—powietrze. Catkowite wartosci AG2;. ET na
granicy Q-powietrze sa poroOwnywalne z tymi na granicy faz woda—powietrze.
Gdy stezenie SF odpowiada nienasyconej monowarstwie adsorpcyjnej w nieobecnosci
ET [64] praktycznie nie wptywa ono na adsorpcj¢ ET na dwoch branych pod uwage
granicach faz. Oznacza to, ze stezenie ET znaczaco wptywa na AGY ;. SF. Podobnie jak
dla ET calkowite wartosci AG ), SF na granicy Q-woda s3 nieznacznie mniejsze niz te
na granicy faz woda—powietrze [D5].

W przypadku adsorpcji ET 1 RL na badanych ciatach statych wzieto pod uwage
wartosci AG2;s obliczone z réwnania Langmuira zmodyfikowanego przez de Boera
[97,98] przy stezeniach ET 1 RL odpowiadajacych nienasyconym monowarstwom
adsorpcyjnym na granicy faz woda—powietrze. W zakresie tego st¢zenia RL warto$ci
AG?,. ET na granicy PTFE-roztwor s3 niemal state i bliskie tym na granicy faz roztwor—
powietrze. Jest to spojne z wartos$ciami obliczonymi z izotermy Frumkina na granicach
faz PTFE-roztwor i roztwor—powietrze [D6]. W przeciwienstwie do ET wartosci AG 2,
RL na granicy faz PTFE—roztwor rosna w funkcji st¢zenia ET. Oznacza to, Ze tendencja
RL do adsorpcji na granicy faz zmniejsza si¢ w funkcji st¢zenia alkoholu. Z poréwnania
zmian AG ys dla ET w funkcji stezenia RL i AGY;s RL w funkcji stezenia ET wynika,
ze ET ma silniejszy wptyw na adsorpcj¢ RL na granicy faz PTFE-roztwor niz odwrotnie.
Wartosci AGY;s ET na granicach faz PMMA-powietrze i PMMA-roztwér zostaty
réwniez obliczone ze zmodyfikowanego rownania Langmuira [97]. Wartosci te sa
podobne do tych uzyskanych dla PTFE i praktycznie nie zaleza od stezenia RL w zakresie
jego nienasyconej monowarstwy w nieobecnosci ET. Wartoéci AGY;. dla ET na
granicach faz PMMA-—powietrze i PMMA-roztwor sa podobne do tych otrzymanych dla
granicy faz PMMA-woda (w nieobecnosci RL), a jednocze$nie sa nieznacznie wigksze
od wartoéci AG 2, ET na granicy faz woda—powietrze. Podobnie jak w przypadku PTFE
AG2;s RL roénie w funkcji stezenia ET. Wartosci AGJ;s RL na granicy faz PMMA-
rozwOr sg wyzsze niz te na granicy faz roztwor—powietrze [D6]. Z porownania wptywu
ET na adsorpcj¢ RL i vice versa mozliwe jest stwierdzenie, ze ET wptywa na adsorpcje
RL na granicy faz PMMA-roztwor w wigkszym stopniu niz RL na adsorpcje ET.
Wartosci AGY;s ET i RL na granicy faz Q-powietrze sa bliskie tym dla granicy faz
roztwor-powietrze. Podobnie jak w przypadku PMMA, RL wplywa na AGQ;; ET

w mniejszym stopniu niz odwrotnie. W przypadku granicy faz Q-roztwor wartosci AGQ
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ET i RL sg wicksze niz te dla granicy faz roztwor—powietrze, a ET wptywa na AG.,;s RL
na tej granicy faz w mniejszym stopniu niz na innych. Potwierdza to sugestie,

ze w zakresie niskich st¢zen ET, napigcie powierzchniowe kwarcu pod kropla roztworu

jest inne niz to wokot kropli [D6].
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4.5.2. Wtasciwosci zwilzajgce mieszanin ramnolipid+Triton X—165
i surfaktyna+Triton X-165

Z przeprowadzonych badan wynika, ze zadna z badanych mieszanin RL+TX165
1 SF+TX165 nie zwilza catkowicie PTFE, PMMA i Q [D2]. Aby wyjas$ni¢ wlasciwosci
zwilzajace wodnych roztworow mieszanin RL+TX165 i SF+TX165 obliczono kat
zwilzania (6) hipotetycznej cieczy na powierzchni PTFE, zakladajac, Zze jej napigcie
powierzchniowe wynika jedynie z oddziatywan Lifshitza—van der Waalsa 1 jest rowne
sktadowym LW wody i ogona RL, SF 1 TX165. Otrzymane wartosci 8 dla wody, RL, SF
1 TX165 wynosza odpowiednio 42,6; 22,0; 35,9; 23,3°. Wartosci te wskazuja, ze nie jest
mozliwe osiggnigcie catkowitego rozpltywania wodnych roztworéw mieszanin
biosurfaktantu i TX165 na powierzchni PTFE. Potwierdzity to tez warto$ci otrzymane
eksperymentalnie. Nalezy jednak pamigta¢, Zze minimalne wartosci y;, wodnych
roztworéw RL, SF i TX165 sa wicksze niz sktadowa LW napigcia powierzchniowego
wody. Z drugiej strony sktadowa LW napigcia powierzchniowego wodnego roztworu
biosurfaktantu i TX165 nie zalezy od stezenia roztworu i jest bliska sktadowej LW y;,
wody (Tabela 2). To oznacza, ze w wyniku adsorpcji biosurfaktantow 1 TX165 na granicy
faz woda—powietrze nie dochodzi do obnizenia wartosci sktadowej LW y;,, wody.
Jednocze$nie w wyniku tej adsorpcji zmniejszona zostaje sktadowa AB, chociaz nie do
0. Z drugiej strony minimalne napigcie powierzchniowe wodnych roztwordw mieszanin
biosurfaktantéw 1 TX165 nie jest mniejsze od y;,, wodnych roztwordw indywidualnych
sktadnikow mieszaniny (Tabela 1). Moze to by¢ przyczyna tego, ze wartosci 8 wodnych
roztworow badanych mieszanin nie sg mniejsze od tych dla indywidualnych roztwordw
biosurfaktantéw 1 TX165 (Tabela 1).

Poniewaz izotermy 68 wodnych roztwordw mieszanin biosurfaktantow i TX165 na
PTFE [D2] sa podobne do izoterm y;;, [D1], mozliwe wydaje si¢ przewidywanie kata
zwilzania mieszaniny w oparciu o warto$ci 8 dla jej poszczegdlnych skladnikow.
Innymi stowy, warto$ci 8 wodnych roztworéw mieszanin surfaktantéw na powierzchni
PTFE powinny by¢ rowne sumie iloczynow 6 sktadnikdw mieszaniny przy odpowiednim
stezeniu 1 ich utamka molowego w mieszanej warstwie adsorpcyjnej na granicy faz
PTFE—woda. Utamki molowe RL, SF 1 TX165 w mieszanej monowarstwie na granicy
faz PTFE-woda wyznaczono na podstawie ci$nienia monowarstwy indywidualnych
sktadnikow mieszaniny na granicy faz woda—powietrze, zaktadajac zgodnie z rownaniem

Lucassen—Reynders [96], ze sktad mieszanej monowarstwy na tych granicach faz jest

56 |Strona



w przyblizeniu taki sam. Dla uktadow PTFE—kropla roztworu—powietrze, w ktérych
stezenie biosurfaktantu i/lub TX165 w fazie objetosciowej roztworu odpowiada
nienasyconej indywidualnej monowarstwie adsorpcyjnej na granicy faz woda—powietrze
(Cynsat)> obliczone w ten sposob wartosci 6 dla mieszanin sg bliskie wartoSciom
zmierzonym. Niestety przy stezeniu jednego lub dwoch skladnikéw mieszaniny
biosurfaktant+TX165 wigkszych niz Cy .50 Wystepuje mniejsza zgodno$¢ pomiegdzy
zmierzonymi 1 obliczonymi wartosciami 6. Tym samym sklad mieszanej warstwy
adsorpcyjnej na granicy faz PTFE—-woda moze r6zni¢ si¢ nieco od tego na granicy faz
woda—powietrze mimo takiego samego catkowitego st¢zenia mieszaniny surfaktantoéw na
tych granicach faz [D2]. Nalezy podkresli¢, ze izotermy 6 dla wszystkich badanych
roztworéw na powierzchni PTFE moga by¢ opisane funkcja ekspotencjalng drugiego
rzgdu. Przy stezeniu jednego lub dwoch sktadnikéw w fazie objeto§ciowe] wyzszym niz
Cunsat» 1zotermy 6, na ktorych obserwuje si¢ maksima, mogg by¢ opisane przez dwie
funkcje ekspotencjalne: jedna od poczatkowej wartosci 8 do wartosci maksymalnej
1druga od maksymalnej wartosci 8 do wartosci koncowej. Izotermy 6 wodnych
roztworéw mieszaniny biosurfaktant+TX165 na powierzchni PTFE moga by¢ opisane
przez zmodyfikowane roéwnanie Szyszkowskiego, podobnie jak izotermy y;,, wodnych
roztworoOw RL, SF 1 TX165 [D2]. Niestety, rownanie to jest spelnione tylko dla
roztworow, w ktorych state stezenie jednego ze sktadnikow mieszaniny jest réwne
Cunsae- Warto zauwazyé, ze wartosci AGQ;s niezaleznych sktadnikéw mieszanin
biosurfaktant+TX165, obliczone na podstawie statych w réwnaniu Szyszkowskiego [97],
sg podobne do tych obliczonych ze zmodytfikowanego réwnania Langmuira [97,98] na
granicy faz woda—powietrze. Sugeruje to, ze adsorpcja mieszanin biosurfaktantu 1 TX165
na granicy faz PTFE-woda wplywa jedynie na udziat skladowej AB napigcia
migdzyfazowego PTFE-woda. Wniosek ten potwierdza zalezno$¢ pomiedzy
yLycosO 1y,y, ktora wskazuje, ze nie tylko adsorpcja mieszaniny biosurfaktant+TX165
na granicach faz PTFE—woda 1 woda—powietrze jest podobna, ale tez, ze praca adhezji
roztworu do powierzchni PTFE nie zalezy od sktadu mieszaniny 1 jej stezenia. Wartos$ci
W, wodnych roztworéw badanych mieszanin do powierzchni PTFE sg zblizone do pracy
adhezji wody do PTFE. Zgodnie z sugestia Blake’a [111] w przypadku liniowe]

zaleznos$ci pomiedzy y;,cos8 1y, o nachyleniu rownym —1, stata b spetnia warunek:

g = ¥.. W przypadku wodnych roztwordw mieszanin biosurfaktantu i TX165 otrzymana

w ten sposob warto$é 7“ jest rowna 23,75 mJ/m?, co sugeruje, Ze y. jest rowne
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23,75 mN/m. Potwierdza to, Ze niemozliwe jest catkowite rozplywanie si¢ badanych
mieszanin na powierzchni PTFE [D2].

Jak juz wspomniano, w przypadku PMMA 1 Q nie wystepuje catkowite zwilzanie
ich powierzchni przez wodne roztwory RL+TX165 1 SF+TX165. Takie zachowanie si¢
badanych mieszanin nie ma jednak uzasadnienia teoretycznego. Jak wiadomo napigcia
powierzchniowe ogona surfaktantow s3 mniejsze niz napigcia powierzchniowe PMMA
1Q (Tabela 11 2). W przypadku glowy SF wartos$¢ jej napigcia powierzchniowego jest
nieznacznie wigksza od napigcia powierzchniowego PMMA. Tym samym
z teoretycznego punktu widzenia mozliwe jest calkowite rozplywanie si¢ wodnych
roztworo6w mieszanin RL+TX165 i SF+TX165 po powierzchni PMMA 1 Q. Wartosci
wspotczynnikow rozptywania biosurfaktantéw 1 TX165 na PMMA 1 Q sa dodatnie
niezaleznie od sposobu zorientowania czasteczek do powierzchni tych cial statych
(oprocz uktadu glowa TX165-PMMA). Tym samym jest mozliwe, aby biosurfaktanty
1 TX165 przechodzity z kropli roztworu umieszczonej na powierzchni Q lub PMMA
1 zmienialty ich napiecie powierzchniowe wokot kropli. W takim przypadku yg, PMMA
1 Q zmienia si¢ w funkcji stezenia i sktadu mieszanin biosurfaktantow i TX165.
Przypuszczenie to potwierdza zalezno$¢ pomigdzy y;,cos6 1 y;y. Nachylenia krzywych
obrazujacych te zalezno$ci zmieniajg si¢ w funkcji sktadu i stezenia roztworow badanych
mieszanin, a takze zaleza od rodzaju ciala statlego. Dla PMMA nachylenie wspomniane;j
zaleznos$ci zmienia si¢ z ujemnego na dodatnie. Wskazuje to, ze nachylenia krzywych
reprezentujgcych zaleznos¢ ypycosf1 yp, roztworu mieszanin biosurfaktant+TX165
przy tym samym skladzie 1 stezeniu jest inne dla PMMA 1 Q. Zgodnie z rOwnaniem
Lucassen—Reynders [96] zmiany nachylenia tej zaleznosci w funkcji sktadu i st¢zenia
roztworu mieszanin s3 skorelowane z tymi pomigdzy adsorpcja mieszanin na granicach
faz cialo state—powietrze 1 ciato state—ciecz.

Na izotermach kata zwilzania dla wodnych roztworéw RL+TX165 1 SF+TX165
na powierzchni PMMA i Q, podobnie jak na PTFE, obecne s3 maksima. Maksima te
wystepuja przy wartosciach statego stezenia jednego lub dwoch sktadnikéw mieszaniny
wyzszego niz jego Cynsar- Ich obecno$¢ wyjasniono podobnie jak w uktadzie PTFE-
kropla roztworu-powietrze w oparciu o znaczng réznic¢ migdzy aktywno$cig adsorpcyjng
biosurfaktantu 1 TX165 na roznych granicach faz oraz na podstawie sktadu warstw
adsorpcyjnych. Wartosci kata zwilzania obliczone z uwzglednieniem sktadu warstw
adsorpcyjnych w wigkszosci przypadkéw sa zblizone do wartosci uzyskanych

eksperymentalnie nawet wtedy gdy na izotermach kata zwilZzania wystepuja maksima.
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Zgodno$¢ pomigdzy izotermami kata zwilzania uzyskanymi eksperymentalnie
1 teoretycznie sugeruje, ze wktady poszczegolnych sktadnikow mieszaniny do wartosci 6
sg proporcjonalne do redukcji y; wody [D1,D2]. Zgodno$¢ ta sugeruje roéwniez, ze sktad
mieszanych monowarstw adsorpcyjnych na granicach faz woda-powietrze, PMMA(Q)-
woda 1 PMMA(Q)-powietrze jest podobny mimo réznic w stezeniu tych monowarstw.
W przypadku braku zgodno$ci miedzy obliczonymi, a zmierzonymi warto$ciami kata
zwilzania mozna przypuszczac, ze nie tylko st¢zenia mieszanych warstw adsorpcyjnych,
ale rowniez ich sktady zaleza od typu granicy faz.

Nalezy wspomnie¢, ze podobnie jak dla PTFE, wszystkie izotermy kata zwilzania
wodnych roztworow RL+TX165 1 SF+TX165 na PMMA 1 Q moga by¢ opisane
funkcjami ekspotencjalnymi drugiego rzedu. Dla tych ciat stalych izotermy 6 roztworow
o statych stezeniach jednego lub dwoch skladnikow mieszaniny wyzszych niz Cypgat
moga by¢ opisane przez dwie funkcje ekspotencjalne: jedng w zakresie zmieniajacego si¢
stezenia sktadnika mieszaniny od jego wartosci poczatkowej do stgzenia, przy ktorym
wystepuje maksymalna warto§¢ 6 1 drugag powyzej tego stgzenia. W wyniku
przeprowadzonych obliczen okazato si¢ takze, ze izotermy 6 moga by¢ opisane
zmodyfikowanym réwnaniem Szyszkowskiego [D2].

Poniewaz liniowa zalezno$¢ pomiedzy y;,cosé iy, o nachyleniu rownym —1 nie
udowadnia, ze sktad mieszanej monowarstwy na granicy woda—powietrze i PTFE—woda
jest taki sam pomimo tych samych st¢zen mieszaniny biosurfaktantu i TX165, obliczono
nadmiarowe st¢zenie powierzchniowe Gibbsa (I'). Obliczenia te przeprowadzono
stosujac rownanie izotermy Gibbsa, ale tylko w zakresie stalego st¢zenia jednego ze
sktadnikdw mieszaniny mniejszego niz jego st¢zenie, przy ktorym, tworzy si¢ jego
nasycona monowarstwa adsorpcyjna na granicy faz woda—powietrze. Z tego powodu
zalezno$¢ pomigdzy y;cosf 1 zmieniajacym si¢ stezeniem skladnika mieszaniny moze
by¢ wyrazona funkcja ekspotencjalng drugiego rzgdu. W przypadku izoterm, na ktérych
wystepuje maksimum 6, nadmiarowe stg¢zenie powierzchniowe Gibbsa obliczono
z rbwnania [["*X; + "% X, = I}, [D2]. Mozna zatozy¢, ze wktad danego sktadnika
mieszaniny w jej catkowite st¢zenie na granicy faz PTFE—woda, podobnie jak dla 6,
powinien by¢ proporcjonalny do jego wktadu w redukcje y;, wody [D1]. Z poréwnania
warto$ci I' biosurfaktantu 1 TX165 na granicach faz PTFE—woda i woda—powietrze
wynika, ze sktady mieszanych monowarstw adsorpcyjnych na tych granicach faz sg inne.

Nalezy pami¢taé, ze mechanizmy adsorpcji dla tego samego surfaktantu na granicach faz
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PTFE-woda i woda—powietrze sg rozne. W adsorpcji na granicy faz PTFE-woda wazna
role odgrywaja oddziatywania hydrofobowe pomiedzy PTFE i ogonem surfaktantu, ktére
nie zaleza od napi¢¢ powierzchniowych na granicach faz PTFE-woda 1 ogon—woda,
1 powierzchni kontaktu ogona. Mozliwe jest wigc pojawienie si¢ réznic w skladach
mieszane] monowarstwy na granicach faz PTFE-woda i woda—powietrze. Niemniej,
wartoéci AGQ,, biosurfaktantu i TX165 obliczone zardéwno z réwnania Langmuira
zmodyfikowanego przez de Boera [97,98] jak 1 otrzymane w oparciu o zmodyfikowane
rownanie Szyszkowskiego wskazuja, ze tendencje biosurfaktantu i TX165 do adsorpcji
na granicach faz PTFE—-woda i woda—powietrze sg podobne [D2]. Niestety, w przypadku
monopolarnego PMMA 1 bipolarnego Q na podstawie zalezno$ci pomig¢dzy y;,cos6 iy,
wodnych roztworé6w mieszanin biosurfaktantu i TX165 nie mozna okresli¢ ilosci
substancji zaadsorbowanej na granicy faz ciato stale—woda. Zalezno$¢ pomiedzy
yLvCcosO i y; nie jest liniowa, a krzywe ja obrazujace moga przyjmowac nachylenia
dodatnie, ktore sugeruja ujemng adsorpcje. Wartosci W, otrzymane na podstawie rownan

van Ossa [94,95] oraz Younga-Dupré [97] dla wszystkich badanych roztworéw do

PMMA i Q wykazuja, ze 2\ YAV vEY + 2y Vs + 24VivYsy > Yiv(cos8 + 1).

Sugeruje to, ze ysy PMMA 1 Q zmieniajg si¢ w funkcji skladow i stezen mieszanin

biosurfaktantu 1 TX165. Spelnione jest rowniez rownanie 2\/ YRV yvEY + 2\/ Yivvey +
2 VivYsy — viv(cosd + 1) = m, z ktérego wynika, ze m ~ w Biorac to pod
uwage oraz rOwnanie Younga [97] okreslono napigcie miedzyfazowe na granicach faz
PMMA(Q)-roztwor 1 PMMA(Q)—warstwa powierzchniowa, a nastgpnie wyznaczono
nadmiarowe stezenie powierzchniowe dla SF, RL 1 TX165 na tych granicach faz.
Otrzymane wyniki wskazuja, ze wartosci [, 1 I5;, [D2] sa znacznie mniejsze od [y,
[D1]. Jak wynika z wlasciwosci warstw pojedynczych surfaktantow na granicach faz
PMMA-powietrze, PMMA—-woda, Q-powietrze i Q—-woda czasteczki biosurfaktantu
1 TX165 w mieszanej warstwie adsorpcyjnej sg zorientowane réwnolegle do granicy faz.
Wartosci I' TX165 w nasyconych mieszanych monowarstwach na granicach faz PMMA—
powietrze, Q-powietrze jak rowniez PMMA-woda 1 Q-woda s3 wigksze niz
biosurfaktantow. Moze to wynika¢ z trzech powodow: 1) grupy oksyetylenowe
w czasteczkach TX165 moga by¢ potaczone z atomem wodoru, 2) istnieja aktywne
oddziatywania elektrostatyczne pomigdzy grupami oksyetylenowymi i jonami wodoru,

3) maja miejsce oddziatywania natadowanej ujemnie powierzchni Q i/lub grup —CO na
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powierzchni PMMA. Z drugiej strony jedna czasteczka biosurfaktantu moze usungc
wiecej czasteczek wody z granicy faz niz jedna czasteczka TX165 [D2].

Zalezno$¢ pomiedzy wartosciami [gy 1 [, wyjasnia nachylenie krzywych
reprezentujacych zaleznos¢ pomiedzy y;,cos@ 1y;,. W przypadku Q nachylenie to jest
dodatnie dla wszystkich badanych roztworow, poniewaz [, > Ig;,. Moze to by¢
spowodowane tym, ze glowy czasteczek biosurfaktantu i TX165 oddzialuja silnie
z czasteczkami  wody. Oddziatywania czasteczek biosurfaktantu 1 TXI165
z powierzchniami PMMA 1 Q przez faz¢ wodng zaleza od oddziatywan ciato state—ogon,
ciato stalo—glowa, jak rowniez woda—ogon i woda—glowa oraz powierzchni kontaktu
glowy 1 ogona, ktére moga by¢ zwigzane z napi¢ciem mig¢dzyfazowym. Poniewaz
napiecia miedzyfazowe woda—glowa biosurfaktantu i/lub woda—gtowa TX165 sg ujemne,
zmniejsza si¢ prawdopodobienstwo adsorpcji surfaktantow na granicach faz PMMA-—
woda i Q—woda w poréwnaniu z adsorpcja na granicach faz PMMA-—powietrze 1 Q—
powietrze. Jest to wyrazniejsze w przypadku ukladéw zawierajacych Q. Mimo
mniejszych adsorpcji mieszaniny biosurfaktantu i TX165 na granicach faz PMMA-
powietrze, Q—powietrze, PMMA—woda i Q—woda w poréwnaniu do adsorpcji na granicy
faz woda-powietrze wartosci AGO;, obliczone ze zmodyfikowanego réwnania
Langmuira [97,98] sa podobne do AGJ,, na granicy faz woda—powietrze [D1, D2].
Warto wspomnie¢, ze wartoéci AGQ,, okreslone z rownania Szyszkowskiego sg bliskie
warto$ciom uzyskanym z réwnania Langmuira [97]. Nalezy tez zauwazy¢, ze do
obliczenia wartosci I, 1 [, ze zmodyfikowanego rownania Szyszkowskiego, zamiast
réznicy pomiedzy napigciem miedzyfazowym wody i roztworu, zastosowano rdznice

pomigdzy 6 dla wody 1 roztworu odpowiednio na powierzchniach PMMA 1 Q [D2].
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5. WNIOSKI

Do najwazniejszych osiggnig¢ uzyskanych na podstawie wynikoéw z przeprowadzonych

badan i ich termodynamicznej analizy [D1-D6] mozna zaliczy¢ migdzy innymi:

e Zmodyfikowanie rownania Fainermana 1 Millera stosowanego do przewidywania
napigcia powierzchniowego wodnych roztwordw dwuskladnikowej mieszaniny
surfaktantow o statym skladzie do zastosowania go dla wielosktadnikowych
mieszanin o zmiennym sktadzie.

e Zaproponowanie nowej metody okreslania sktadu mieszanej monowarstwy
adsorpcyjnej na podstawie izoterm napigcia powierzchniowego wodnych
roztworow sktadnikoOw mieszaniny.

e Zaproponowanie metody przewidywania wartosci kata zwilzania dla wodnych
roztworéw mieszaniny substancji powierzchniowo czynnych na podstawie
izoterm kata zwilzania 1 napig¢cia powierzchniowego poszczeg6lnych sktadnikdéw
mieszaniny.

e Wyjasnienie mozliwosci wystepowania maksiméw na izotermie napigcia
powierzchniowego 1 kata zwilzania dla wodnych roztworéw mieszanin
biosurfaktantéw z surfaktantami lub etanolem.

e Okreslenie kryteriow, jakie musza by¢ spetnione przez wodne roztwory mieszanin
surfaktantow z dodatkami dla ich calkowitego rozptywania si¢ po powierzchni
apolarnych, monopolarnych 1 bipolarnych ciat statych.

e Wyjasnianie mechanizmu adsorpcji wodnych roztworéw mieszaniny
biosurfaktantéw z etanolem na granicach faz PTFE-woda, PMMA—-woda 1 Q-
woda.

e Udowodnienie tworzenia si¢ mieszanej warstwy adsorpcyjnej etanolu
1 biosurfaktantu oraz biosurfaktantu i TX165 na granicach faz PMMA-—powietrze
1 Q—powietrze wokot kropli roztworu osadzonej na powierzchni PMMA lub Q.

e Wykazanie, ze dodatnie nachylenie prostoliniowej zaleznosci migdzy napigciem
adhezyjnym 1 powierzchniowym wodnego roztworu mieszanin biosurfaktantow
z etanolem lub surfaktantem nie §wiadczy o ujemnej adsorpcji tych mieszanin na
granicach faz PMMA-woda i Q—woda.

e Zaproponowanie mechanizmu adsorpcji mieszanin biosurfaktantu i etanolu na

granicach faz PMMA-—powietrze, PMMA—-woda, Q—powietrze i Q—woda.
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Wyjasnianie stezenia i sktadu warstw adsorpcyjnych na granicach faz ciato state—
powietrze, ciato state—woda 1 woda—powietrze w oparciu o oddziatywania
Lifshitza—van der Waalsa, rodzaje grup chemicznych wystepujacych
w czasteczkach biosurfaktantow, TX165 1 etanolu oraz rozmiarow tych
czasteczek.

Zaproponowanie rownania pozwalajgcego na okreslenie standardowej swobodnej

energii Gibbsa adsorpcji etanolu i biosurfaktantéw na podstawie ich CAC i CMC.
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Abstract: The surface tension of aqueous solutions of Triton X-165 with rhamnolipid or surfactin
mixtures was measured. The obtained results were applied for the determination of the concentration
and composition of the Triton X-165 and biosurfactants mixture at the water—air interface as well as
the contribution of the particular component of the mixtures to water surface tension reduction and
the mutual influence of these components on the critical micelle concentration. The determination
of these quantities was based on both the commonly used concepts and a new one proposed by
us, which assumes that the composition of the mixed monolayer at the water-air interface depends
directly on the pressure of the monolayer of the single mixture component and allows us to determine
the surface concentration of each mixture component independently of surface tension isotherms
shape. Taking into account the composition of the mixed monolayer at the water-air interface, the
standard Gibbs adsorption free energy was considered. The obtained results allow us to state that
the concentration of both mixture components corresponding to their saturated monolayer and the
surface tension of their aqueous solution can be predicted using the surfactants” single monolayer
pressure and their mole fraction in the mixed monolayer determined in the proposed way.

Keywords: biosurfactants; rhamnolipid; surfactin; adsorption; micellization; standard Gibbs free
energy; standard Gibbs free energy of micellization

1. Introduction

Biosurfactants are characterized by very good interfacial and aggregation properties
as well as their biodegradability [1-5]. This promotes their application, among other things,
in crude oil recovery [6,7], in the pharmaceutical industry [8], or in natural environment
bioremediation [9]. Moreover, they are found in medical [10-12] and household prod-
ucts [10]. In numerous practical applications, the surface tension of the aqueous solution of
biosurfactants or their mixtures with classical synthetic surfactants plays a very important
role. The proper surface tension value of the aqueous solution required for a given practical
application can be obtained at a considerably smaller concentration of biosurfactants than
in the case of synthetic surfactants. However, due to the biosurfactants’ production costs,
their individual practical applications are confined. Therefore, the mixtures of biosurfac-
tants with classical synthetic surfactants are more and more often used in practice [13-16].
From practical and theoretical points of view, it is important to establish the composition
and concentration of a biosurfactant and a classical surfactant in the aqueous solution
required to achieve the proper surface tension values of this solution on the basis of the
surface tension isotherm of the aqueous solution of the mixture components. In practice,
it is particularly essential to determine the value of the surface tension of the solution at
which the process of the surfactants” aggregation takes place. This problem can be solved
to a much greater extent in the case of the mixture of synthetic surfactants than those of
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biosurfactants and classical surfactants. To predict the isotherms of the surface tension of
the aqueous solution of the biosurfactants and classical surfactant mixture, and thus the
required value of the solution surface tension, the relationship between the surface tension
isotherm of the aqueous solution of particular components of the mixture and the mixture
itself should be known. To study this issue, rhamnolipid (RL), surfactin (SF), and Triton
X-165 (TX165) were chosen.

The RL and SF are the most prominent representatives of biosurfactants. Rhamnolipid
is produced by Pseudomonas aeruginosa [17-19]. In turn, surfactin is produced mainly by
Bacillus subtilis [8,20,21]. RL reduces the water surface tension due to its adsorption at the
water—air interface to a minimal value, even lower than that obtained for the nonionic
synthetic surfactants such as Triton [22,23]. The maximal reduction in the water surface
tension by SF adsorption at the water-air interface is similar to that of Triton X-100 [22,23].
The critical micelle concentration of RL and SF (CMC) is about two orders of magnitude
smaller than that of classical surfactants [22,24]. Biosurfactants can positively affect the
adsorption and aggregation properties of classic surfactants. For this reason, the literature
reports some studies on the adsorption and aggregation behavior of biosurfactant mixtures
with different kinds of synthetic surfactants [16,25,26]. Mostly, they deal with the possible
occurrence of synergy in the water surface tension reduction and in the aggregation process.
As for the synergistic effects, some surface tension isotherms of the biosurfactant and classic
surfactant mixtures, in the concentration range of mixtures of a given composition up to
CMC with the linear dependence between the surface tension (yry) and the logarithm
of the concentration (C), are taken into account [27]. On the other hand, it is difficult to
find in the literature isotherms of 1y of the aqueous solutions of biosurfactant and classic
surfactant mixtures in the concentration range at which both the unsaturated and saturated
mixed monolayers are formed at the water—air interface. Moreover, the literature lacks a
description and/or prediction of the isotherms of the surface tension of the biosurfactants
and classical surfactant mixtures as well as the data about the composition of the mixed
monolayer at the water-air interface. It should also be mentioned that the analysis of the
surface tension of the isotherms of the surfactant mixture based on the isotherm of its
particular components only at the constant composition of the mixture, which is mainly
investigated, provides a complete explanation of the mixture surface behavior. Therefore,
the aim of the study was to measure 71y of the aqueous solution of the biosurfactant and
nonionic classical surfactant mixtures, both at the changing concentration of the mixtures at
their constant composition and the constant concentration of one component of the mixture
and the variable of the other one. The measurements of 7y were made in a wide range
of composition and concentration. Moreover, the obtained <y isotherms were analyzed
regarding their possible description and/or prediction to determine the composition of
the mixed monolayer at the water—air interface and to find a possible existence of the
synergetic effect in the water surface tension and in the CMC reduction. Thus, the mixtures
of RL with TX165 and SF with TX165 were applied. The chosen biosurfactants are anionic,
including, among others, the -COOH group in their molecules. However, the TX165
molecules contain oxyethylene groups. Under some conditions, the hydrogen ions can be
joined with the oxyethylene group and TX165 can behave as the cationic surfactant [27].
Thus, the attractive electrostatic interactions between the RL or SF and TX165 molecules,
apart from the formation of hydrogen bonds between them, are possible.

2. Results and Discussion
2.1. Comparison of Some Physicochemical Properties of Solution Components

Surfactants and biosurfactants differ from other substances because of their tendency
toward adsorption at different interfaces and their ability to aggregate in a largely polar
liquid environment such as water. The adsorption and aggregation properties of surfactants
and biosurfactants depend on the type and amount of various chemical groups present in
the hydrophobic and hydrophilic parts of their molecules, the size of the molecules, and
the presence of an electric charge, as well as the parameters and components of the surface
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tension. Similar to RL and SE, chosen by us for studies on the adsorption and aggregation
properties of their mixtures with the nonionic TX165 surfactant, the ionic biosurfactants
have much better adsorption and aggregation properties than the synthetic surfactants.
They reduce the water surface tension to a given value at a concentration considerably
smaller than that of TX165 (Figure 1) [22,23]. For example, the reduction in water surface
tension to a value equal to 55 mN/m takes place at a TX165 concentration 8.5 times greater
than that of RL and 69.8 greater than that of SF (Figure 1). In the case of the critical micelle
concentration (CMCQC) (Table 1) [22,24], the ratio of the TX165 CMC value to RL and SF as
well as the CMC of RL to SF is equal to 10.4, 56, and 5.4, respectively.
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Figure 1. A plot of the surface tension (y1y) of the aqueous solution of RL (curve 1), SF (curve 2), and
TX165 (curve 3) vs. the logarithm from the surfactant weight in mg/ dm? (m).

What can be the reason for such a large difference between the TX165 and biosur-
factants concentration needed to reduce the water surface tension to a given value and
between the CMC values? The TX165, RL, and SF tendency to adsorb at the water—air
interface is similar because the standard Gibbs free energy of their adsorption calculated
from the Langmuir equation modified by de Boer is comparable (Table 1) [22,23]. This
indicates that the transition of one TX165, RL, and SF molecule from the bulk phase of the
solution to the water—air interface causes similar changes in the Gibbs free energy of the
solution. These changes result from the hydration degree of hydrophobic and hydrophilic
parts of the biosurfactants and surfactant molecules.

The number of water molecules in direct contact can be approximately established
based on the water, biosurfactant, and surfactant contactable area. The minimal contactable
area of the water molecule at 293 K is equal to 10 A2, The contactable area of the TX165, RL,
and SF molecules can be approximately established based on the length of the chemical
bonds between the individual atoms in the molecule, the angle between these bonds, as
well as the average distance between the biosurfactant, surfactant, and other molecules.
It appears that the volume of the surfactant molecule in the aqueous environment can be
determined based on the cube in which the surfactant molecule is inscribed, or the sum
of the cubes in which the individual parts of the surfactant are inscribed. The volumes
of the TX165, RL, and SF moles determined in this way are close to their partial molar
volume [24,28] (Table 1). Thus, it was possible to establish the contactable area of TX165,
RL, and SF molecules (Table 1). Taking into account the contactable area of the hydrophobic
part of these compounds and water, it can be stated that about 36, 30, and 34 water
molecules can be contacted directly with the hydrophobic parts of the TX165, RL, and SF
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molecules, respectively. As the hydration of the hydrophobic parts of the surfactants exerts
the main influence on the standard Gibbs free energy of adsorption, their values for the
studied compounds are close. This fact does not account for the difference in the water
surface tension reduction by TX165, RL, and SF adsorption at the water-air interface. It is
commonly known that the water surface tension results from the Lifshitz—van der Waals
and acid-base intermolecular interactions.

Table 1. The different physicochemical properties of water, RL, SF, and TX165.

Properties Water TX165 Rhamnolipid Surfactin
M [g] 18.016 911.000 504.000 1036.340
1460.440
Violecute A3 * 29.885 1581.170 779.400 1739.006
1562.950
879.623
Vinole [em®] * 17.999 952.339 469.433 1047.403
941.365
B
At [mN/m] - 39.50 27.89 32.37
I'™ax [mol/m?] - 2.12 x 107 2.01 x 107° 1.38 x 1076
I'® [mol/m?] 16.600 x 1076 4.650 x 1076 2.403 x 1076 1.782 x 107°
L= - 0.4559 0.8365 0.7744
Amin [A2] - 78.32 82.60 e
A0 [A?] 10.00 35.70 69.09 93.17
csat [M] - 5.00 x 1073 1.98 x 107° 9.65 x 1078
CMC [M] - 541 x 10~* 521 x 1072 9.66 x 107°
AGY, [KJ/mol] * - —44.00 —43.55 :‘;g;
AGY. [K]/mol] * - —28.10 —33.80 —37.90
Y1y of tail [mN/m] 72.80 22.00 21.80 24.70
vy of head [mN/m] 72.80 35.84 38.39 42.80
YW of head [mN/m] 26.85 27.70 35.38 34.25
¥4B of head [mN/m] 45.95 8.14 3.01 8.55
7" of head [MN/m] 22.975 0.33 0.04 0.37
9~ of head [mN/m] 22.975 50.20 56.74 49.39

max

* Vinoleculer Vinoles Scontactables FFT, AngS, and AGSH.C were calculated. The other parameters were taken from the
literature [22-24].

The acid-base intermolecular interactions are associated with hydrogen bonds. Ac-
cording to the van Oss and Constanzo concept [29], the surface tension of biosurfactants
and surfactants depends on the orientation of their molecules towards the air phase. This
leads to the concept of the head and tail of surfactant surface tension. The surface tension
of the tail of TX165, RL, and SF results from the Lifshitz—van der Waals intermolecular
interactions and its value is smaller than that of the Lifshitz—van der Waals component of
the water surface tension (Table 1) [30-32]. However, the differences between the values
of the Lifshitz—van der Waals component for TX165, RL, and SF surface tension are not
great for justifying the differences in the water surface tension reduction (Table 1, Figure 1).
The difference is found particularly in the concentration range corresponding to that of
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the saturated monolayer at the water—air interface (Table 1). It can be assumed that the
molecules of surface-active compounds are oriented perpendicular to the water—air inter-
face, and the hydrophobic parts are in the air phase in the saturated monolayer. In such a
case, the limiting area occupied by one TX165 molecule is about two times smaller than
that of RL and 3.4 times smaller than that of the SF molecule. One TX165 molecule can
replace 3.5 molecules of water, seven for RL, and for SF as many as 12 molecules of water
at the water—air interface can be replaced. This indicates that at the same concentration of
TX165, RL and SF in the monolayer, the ratio of the water—air interface covered by these
compounds increases from TX165 to SE. This fact may be one of the reasons for the increase
in the degree of surface tension reduction by adsorbing the TX165, RL and SF molecules
in the order from TX165 to SF. However, the maximal Gibbs surface excess concentration
decreases in the order from TX165 to SF (Table 1) [22,23]. In fact, the maximum fraction of
the interface area occupied by the RL molecules is almost twice as large as that of TX165
but the fraction of the area occupied by the SF molecules is slightly smaller than that of
RL (Table 1). Taking into account the Lifshitz—van der Waals component (LW) of the water
surface tension and the tail of TX165, RL and SF surface tension, it can be stated that the LW
component of the water surface tension can change theoretically as a function of TX165, RL,
and SF concentration from 26.85 to 22.00 mN/m, from 26.85 to 21.80 mN/m, and from 26.85
to 24.70 mN/m, respectively (Table 1) [24-26]. On the other hand, the acid-base component
of the water surface tension can be changed from 45.95 mN/m to zero as a function of their
concentrations. It should be mentioned that the LW component of the TX165, RL, and SF
head surface tension is greater than for water. The minimal surface tension of the aqueous
solution of TX165, RL, and SF is higher than that of their tail (Table 1) [30-32]. This indicates
that the hydrogen bonds between the water molecules are not completely reduced by the
TX165, RL, and SF adsorption at the water—air interface. It seems also that the ability to
reduce the acid-base component of the water surface tension is the main reason for the
differences in the surface activity of TX165, RL, and SF. A great difference in the kind and
amount of the polar and apolar groups in the hydrophilic parts of the TX165, RL, and SF
molecules can be observed.

In the case of the aggregation properties of TX165, RL, and SF, the ability to form
aggregates in the aqueous solution increases from TX165 to SE. This is in accordance with
the changes in the standard Gibbs free energy of their micellization (Table 1) [16,24-28].

2.2. Surface Tension of TX165 Mixtures with Rhamnolipid and Surfactin

The surface tension of the aqueous solution of the TX165 with RL and TX165 with SF
mixtures (7ry) was considered at both the constant concentration of biosurfactants, the
changing TX165 concentration and vice versa (Figures 2-5), and the constant composition of
the mixture as a function of its concentration (Figures 6 and 7). However, the concentration
of the TX165 + biosurfactant mixtures changed depending on the mixture composition. In
other words, the biosurfactant concentration was the same in different compositions of the
mixture with TX165. The concentration of TX165 was relative to that of the biosurfactant
concentration but different for each mixture composition. The TX165 concentration was
selected so as to obtain mixtures with biosurfactant mole fractions equal to 0.2, 0.4, 0.6, and
0.8. Additionally, the surface tension of the TX165 with the biosurfactant mixture, in which
the concentration of the particular component was the same as in the solutions of single
compounds, was measured [22,24] (Figures 6 and 7).

The shape of the vy isotherms of the aqueous solution of the TX165 mixtures with
the biosurfactants at their constant concentration in the range from zero to that at which
the saturated monolayer of biosurfactants is formed (CZfitn) (Table 1) [22] in the absence
of TX165 is similar to that of the aqueous solution of single TX165. However, above C5f ,
some maxima on the isotherms of surface tension are observed (Figures 2 and 4). These
maxima are more and more visible with the increasing values of the constant biosurfactant
concentration. In the case of the surface tension isotherms of the aqueous solution of TX165
mixtures with the biosurfactants at a constant TX165 concentration (Figures 3 and 5), the
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same relations as at the constant biosurfactant concentration are observed. At a constant
TX165 concentration smaller than Cf:l;, the shape of the 1y isotherms are similar to that
for the single biosurfactants. Above the Cf;ffn of TX165, some maxima on the 1y isotherms
can be seen. They do not indicate a decrease in the TX165 adsorption from its mixture with
biosurfactants in the concentration range from zero to that corresponding to the maximal
value of yry. This may result from the great difference as regards the adsorption activity of

TX165 and the biosurfactants.
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Figure 2. A plot of the surface tension (yry) of the aqueous solution of the RL and TX165 mixture
vs. the logarithm of the TX165 concentration (Ctx145). Curves 1—16 correspond to the constant RL
concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30,
and 40 mg/dm?3, respectively.
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Figure 3. A plot of the surface tension (yry) of the aqueous solution of the RL and TX165 mixture
vs. the logarithm of the RL concentration (Cry). Curves 1—16 correspond to the constant TX165
concentration equal to 1 x 1078,5 x 1078,1 x 1077,5 x 1077,1 x 107%,5 x 107%,1 x 107>,5 x 10>,
1x107%2x107%,4 x 107%,6 x 1074,8 x 10#, 0.001, 0.002, and 0.004 mole/dm?, respectively.
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Figure 4. A plot of the surface tension (yy) of the aqueous solution of the SF and TX165 mixture
vs. the logarithm of the TX165 concentration (Crx165). Curves 1—16 correspond to the constant SF
concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30,

and 40 mg/dm?, respectively.
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Figure 5. A plot of the surface tension (yry) of the aqueous solution of the SF and TX165 mixture
vs. the logarithm of the SF concentration (Cgg). Curves 1—16 correspond to the constant TX165
concentration equal to 1 x 1078,5 x 1078,1 x 1077,5 x 1077,1 x 107%,5 x 107%,1 x 1075, 5 x
1075,1x 1074,2 x 1074,4 x 107%,6 x 107%,8 x 1074,0.001, 0.002, and 0.004 mole/dm?, respectively.
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Figure 6. A plot of the surface tension (yry) of the aqueous solution of the RL and TX165 mixture
vs. the logarithm of its concentration (Cj5). Curves 1—4 correspond to the RL mole fractions in the
mixture equal to 0.2, 0.4, 0.6, and 0.8, respectively. Curve 5 corresponds to the sum of the RL and
TX165 concentrations, where the TX165 concentration changed from 0 to 0.004 mole/ dm?3 and the RL
concentration changed from 3.97 x 10719 16 7.94 x 10> mole/dm3, as applied in the literature [22,24]
for their aqueous solution surface tension measurements.
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Figure 7. A plot of the surface tension (yry) of the aqueous solution of the SF and TX165 mixture
vs. the logarithm of its concentrations (Cy). Curves 1—4 correspond to the SF mole fractions in the
mixture equal to 0.2, 0.4, 0.6, and 0.8, respectively. Curve 5 corresponds to the sum of the SF and
TX165 concentrations, where the TX165 concentrations changed from 0 to 0.004 mole/ dm3 and the SF
concentration changed from 1.93 x 10710 t0 3.86 x 10~° mole/dm3, as applied in the literature [22,24]
for their aqueous solution surface tension measurements.

In the case of the aqueous solutions at the constant composition of TX165 mixtures
with biosurfactants, the shape of 1y isotherms are rather similar to those of the aqueous
solutions of biosurfactants compared to that of the TX165 solution (Figures 6 and 7). This
likely results from the fact that at the comparable concentration of biosurfactants and TX165,
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as a result of the higher adsorption activity of biosurfactants than that of TX165, there is a
greater effect on the shape of the mixture solution isotherms compared to TX165.

It is very important to describe and/or predict the isotherm of 7y for a more detailed
consideration of the adsorption behavior and properties of the mixed monolayer at the
water-air interface. It appears that the isotherms of the surface tension of the aqueous
solution of the TX165 mixture with the biosurfactants can be described by the exponential
function of the second order. However, in the case of the isotherms on which the maxima
of vy were observed, it was impossible to describe the isotherms of the surface tension
by one exponential function of the second order in the whole mixture concentration range
(Figures 2-5). In the case of the aqueous solution of TX165 mixtures with RL and/or SF
in which the concentration of one mixture component was constant, the <y isotherms
were described by the exponential function of the second order obtained, taking into
account both the changing concentration of one component of the mixture and the summed
concentration of the two components of the mixture (Figures S1-512). It appears that the
values of the surface tension of the aqueous solution of the TX165 with RL or SF mixtures,
determined by the exponential function of the second order, in the case in which only the
changing concentration of one component of the mixture is taken into account, are closer to
those measured than in the case when the total concentration of the mixture is applied. The
description of the vy isotherms with the maxima by the second-order exponential function
is more complicated than in the case of the isotherms without the maxima. These isotherms
can be described only by two different second-order exponential functions (Figures S2, S3,
S5, 56, S8, 59, S11, 512).

The equation of the exponential function of the second order which includes yg, A1,
Ay, t1, and t, constants has the form:

-C —C
Yv = Yo + Aq exp(tl> + Ay exp(tz) (1)

where C is the concentration of the surfactant or mixture of surfactants.

It was stated that the standard Gibbs free energy of surfactants depends on the sur-
face tension of tails and tail-water interface tension [30-32]. Therefore, it seems that the
constants in Equation (1) are associated with the components and parameters of water as
well as the tail and head of the surfactants’ surface tension. The analysis of the constants
in Equation (1) for the aqueous solutions of TX165 and biosurfactant mixture in which
the concentration of one component of the mixture is constant and that of the other one is
variable is difficult. For these solutions, the concentration and composition of the mixture
change. Therefore, the constants in Equation (1) are considered only for the aqueous so-
lution of TX165 with the biosurfactant mixtures at the constant composition and variable
concentration (Figures S13-517). For both the TX165 with RL and TX165 with SF mixtures,
the constant y( decreases as a function of the mole fraction of biosurfactant in the mixture
in the bulk phase. In the case of the TX165 + SF mixture, the relationship between g
and the mole fraction of the biosurfactant is almost linear (Figure S13). It seems that this
constant is related to the Lifshitz—van der Waals component of the tail of the surfactant’s
surface tension and water—tail interface tension. The Lifshitz—van der Waals interactions
are directly associated with the minimal surface tension value of the surfactants and their
mixture’s aqueous solution. The g values are close to those of the minimal surface tension
of the aqueous solution of the TX165 + RL and TX165 + SF mixtures Figures 6,7 and S13).
The other constants in Equation (1) may result from the acid-base components of the
surfactants” head surface tension and the electrostatic interactions. The changes of A, Ay,
t1, and t; as a function of the composition of the TX165 + RL and TX165 + SF mixtures are
not linear. Some maxima and minima are observed (Figures S14-517). However, so far, it
has been difficult to express the constants in Equation (1) as a function of some properties
of surfactants and biosurfactants.

The isotherms of the 1y of the aqueous solution of many surfactants are often de-
scribed by the Szyszkowski equation [27]. However, in the case of the aqueous solu-
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tion of surfactant mixtures, fewer attempts to describe the 1y of these solutions by the
Szyszkowski equation are reported in the literature [33]. It is commonly known that 1y
in the Szyszkowski equation depends on the maximal Gibbs surface excess concentration
(I'™ax), the concentration of surfactants in the bulk phase (C), and the standard Gibbs free
energy of adsorption (AG?, ), which is represented by the constant a in this equation. The
Szyszkowski equation can be expressed as [27]:

Yo — vy = RT InT"™** ln(i + 1) ()

where 7 is the solvent surface tension and 7 is the parameter used in the Gibbs isotherm
equation for the determination of the surface excess concentration of the given surfactants
and the mixture of surfactants.

The value of n for the chosen biosurfactants is equal to 2 because they are the 1: 1 type
of electrolyte. For TX165 with biosurfactant mixtures, n changes from 1 to 2 as a function
of the mixture’s composition. The use of the Szyszkowski equation for the calculation of
the surface tension of the aqueous solutions of mixtures of non-ionic surfactants with the
biosurfactants examined by us is not easy. Firstly, in the case of a series of the aqueous
solutions of TX165 mixtures with biosurfactants, in which the concentration of one of the
components is constant and the other changes, it is difficult to determine the concentration
range of the mixture in which its components are in the monomeric form in the bulk
phase. The surface-active substance only in the monomeric form influences the amount of
adsorption, which is connected with the water surface tension reduction [27]. This fact is not
often taken into account. Thus, it is not possible to describe the surface tension isotherm by
the Szyszkowski equation in the whole concentration range of a given surfactant. Secondly,
the problem is to establish the g value for a series of aqueous solutions of TX165 mixtures
with RL or SF if the concentration of one component is constant and that of the other one
changes. There are two possibilities. One is to take 7q as the surface tension of the water
and the other is to use g as the value of the surface tension of the aqueous solution of the
single component at its concentration being constant in the aqueous solution of the binary
mixture. When solving the Szyszkowski equation in relation to the surface tension of the
binary mixture solution at the constant concentration of one of the components, the third
problem is what concentration should be used in this equation for calculations—the total
or only that of the component with a varying concentration.

It appeared that the best agreement between the values of the surface tension of the
TX165 aqueous solutions with the RL and SF mixture calculated from Equation (2) and
those measured is obtained if the value of the surface tension of the mixture component
at the constant concentration and the values of the variable concentrations of the other
mixture component are applied in this equation (Figures S1, S4 and S7). Unfortunately, the
7Lv isotherms for the aqueous solution of the TX165 + RL and TX165 + SF mixtures at the
constant concentration of one component and variable of the other can be described by
Equation (2) if the constant concentration values are smaller than CZfitn‘

On the other hand, it was possible to describe all 1y isotherms for the aqueous
solutions of the studied binary mixtures of surface-active compounds with the constant
composition and the variable concentration (Figures S18-525). Analyzing the nI™** and
a values used for the calculation of the surface tension of the aqueous solution of the
binary mixtures of TX165 with the biosurfactants, it can be concluded that the nI"** values
change almost linearly with the mixture composition. Moreover, in the case of the a value,
a negative deviation from the linear dependence on the mixture composition is observed
(Figure 526). It can be stated that using the Szyszkowski equation [27], it is possible not
only to describe but also to predict the 1y isotherms based on the data of the particular
component of the surfactant mixtures if the relationship between these data and the mixture
composition is known.

From the theoretical and practical points of view, it is more important to predict the
surface tension of the aqueous solution of surfactant mixtures than only to describe it.
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Among the concepts which can be used for the prediction of 1y values for the aqueous
solutions of surfactant mixtures, the one proposed by Fainerman and Miller seems to
be very useful [34,35]. However, while using the Fainerman and Miller concept for the
determination of the surface tension of the aqueous solution of surfactant mixtures, the main
problem is to establish the values of the area occupied by the mole of each component of the
mixture as well as some average values for surfactant mixtures (@). The @ of the surfactants
and their mixtures is equal to F%, where I'® is the limiting concentration of a given
component of the surfactant mixtures or mixture in the monolayer at the water—air interface.
I'® is equal to ﬁ, where N is the Avogadro number and Ay is the limiting area occupied
by one surfactant molecule. Assuming that the surfactant molecules at their limiting
concentration in the monolayer at the water-air interface are oriented perpendicular to the
interface, the A( value can be determined based on the bond length between the atoms in
the surfactant molecule, the angle between the bonds, and the average allowed distance.
The values of Ap for TX165, RL and SF calculated in this way are close to 35.70, 69.09, and
93.17 A?, respectively [22,23]. Knowing the A value of a given surfactant in the mixture,
it is easy to calculate its @ value. However, the main problem is calculating the @ values
for the surfactant mixtures. If the Ay values of particular components of the mixture are
the same or close, the determination of @ for the surfactant mixtures is easy. However,
in our case, there are great differences between the A( values of TX165, RL, and SF. It
seems reasonable to assume that the I7; of the TX165 mixtures with RL or SF is equal to
I°x§ + I5°x5 where x° is the mole fraction of the particular surfactants in the mixture
and 1, 2, and 12 refer to TX165, the biosurfactant, and the mixture of TX165 with the
biosurfactant, respectively. As was stated earlier [33], x] = 71111712 and x5 = ﬁ (7r; and
T, are the layers surfactants 1 and 2 pressure, respectively). Taking into account the I75
values determined in this way, the @ values for the TX165 + RL and TX165 + SF mixtures
at a given concentration and composition were deduced. Knowing the @ values for the
mixtures and particular components, the surface tension of the aqueous solution of TX165
mixtures with RL and SF was calculated from the Fainerman and Miller equation, which
for the binary mixtures has the form [27,28]:

exp[[=exp][[+exp] ] -1 3)
1 2

where [] = nw/RT, []; = my@1/RT and [], = mo@,/RT (R is the gas constant and T is
the temperature).

It appeared that based on Equation (3) it was possible to predict the surface tension
for the aqueous solution of the TX165 mixture with RL or SF if the constant concentration
of one component of the mixture was smaller than its C3/ in the whole variable concen-
tration of the other mixture component (Figures S1, S4, S7 and S10). For the aqueous
solution of the TX165 and biosurfactant mixture at the concentration of both mixture com-
ponents higher than their C5% , the agreement between the measured and calculated (from
Equation (3)) values of surface tension is observed only at some mixture concentrations
(Figures S3, S6, S9 and S12). In the case of the TX165 mixtures with biosurfactants at a con-
stant composition, the agreement between the values of the measured and calculated (from
Equation (3)) surface tension is not observed in the whole range of mixture concentrations.
It is possible that due to the stronger interactions between the TX165 molecules and the
biosurfactant compared to that between the molecules of the same compound, the surface
area occupied by a mole of the mixture is different from that calculated. Such a conclusion
is based on the fact that with the hydrophilic part of the TX165, the H30" ions can be
joined by the hydrogen bonds and the nonionic surfactant can be treated as the cationic
one [27]. Therefore the electrostatic interactions can take place between TX165 and the
biosurfactants. It seems, however, that despite the strong interactions between the TX165
molecules and those of biosurfactants, the mole fraction of the mixture components in
the mixed monolayer at the water—air interface does not differ much from that calculated
based on the monolayer pressure of individual compounds. This conclusion confirms the
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surface tension isotherms of the aqueous solution of TX165 mixtures with the biosurfactants
determined from the following expression [33]:

T = Tiva + vy @)

It appeared that for the most studied aqueous solutions of the binary mixtures, the
surface tension can be predicted from Equation (4) (Figures S1-512, S18-525). The values of
vrv calculated from Equation (4) confirmed that maxima on the 1y isotherms are possible.

2.3. Concentration and Composition of the Mixed Monolayer

Based on the <1y isotherms of the aqueous solution of the single surfactants and their
mixtures, it is possible to determine the surface concentration of a given surfactant or
biosurfactant in both the individual and mixed monolayers at the water—air interface. For
this purpose, the Gibbs isotherm equation is most often used for both the aqueous solution
of individual surfactants and their mixture, in which the concentration of one component
is variable but that of the other is constant, or for the mixtures at a constant composition
and variable total concentration.

The Gibbs equation for the aqueous solution of multi-component surfactant mixtures
has the form [27]:

r—_ % (9mv __ G (o _ 1 9Ly 5)

Using Equation (5) for the calculation of the surfactant concentration in the monolayer
or the mixed monolayer at the water—air interface, its limitations should be kept in mind. If
for the calculation of T, the concentration of surfactants in mole/dm? is applied, then it is
assumed that the coefficient of the surfactant activity is equal to 1 and the mole fraction

of the surfactant is equal to %, where w is the number of the water moles in 1 dm? at
a given temperature. As a matter of fact, the concentration of the surfactants and their
mixture is so small that it is not taken into account in the w calculation. It should also
be remembered that I is not the total concentration of the surfactants in the monolayer
but the so-called Gibbs surface excess concentration. However, the difference between the
surfactants’ concentration in the surface region and in the bulk phase is so great that I' can
be treated as the total concentration.

For the aqueous solution of TX165 mixtures with RL and SF at the constant concentra-
tion of one component and variable of the other one, the isotherms of I can be determined
in the whole range of variable concentrations of one component of the mixture only when
the isotherms of 1y can be described by one exponential function; in other words, only
for the 1y isotherms on which the maxima are not present. The I' isotherms of TX165
calculated from Equation (5) at the constant concentration of RL and SF smaller than C;ffn
have a shape similar to the I' isotherm of single TX165 (exemplary Figure S27). On the other
hand, the shape of the isotherms I' for RL and SF at a constant concentration of TX165 is
similar to that of individual biosurfactants (exemplary Figure S28). Since it is difficult to
calculate the I isotherms for all tested systems applying Equation (5), conclusions about the
interactions between the molecules of the components of the mixed saturated monolayer
can hardly be drawn. However, it is possible to calculate the I' isotherms from those of vy
with extremes using the Frumkin equation [27,36].

Yet this is the main problem to solve the Frumkin equation against I'. It has to do
with the maximal concentration of each component of the mixture in the surface mixed
monolayer at its given composition. It seems reasonable to assume that the maximum
concentration in the mixed monolayer of each mixture component at its given concentration
in the bulk phase can be approximately equal to the product of the fraction of the surface
area occupied by that component and its individual maximum concentration (x°T"¥). On
the other hand, the water surface tension reduction by the adsorption of a given component
of the surfactant mixture at the water—air interface can be expressed by the difference in
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the surface tension of water () and solution (1) multiplied by the mole fraction of this
component in the surface layer ((yw — yry)x® = 7x®). Thus the Frumkin equation can be
written in the form:
T = —RTFm“"ln(l— xsll;m() 6)
Taking Equation (6) into account, it was possible to calculate I' for TX165 and RL
as well as for TX165 and SF, even in the case where the maxima are present on the 1y
isotherms (Figures 529-534). The total I" for TX165 and RL or SF calculated from Equation
(6) for the aqueous solution of TX165 with the biosurfactants mixture at the constant
concentration of one component and variable of the other one in the range of the constant
concentrations below C;fitn is close to the I' calculated from Equation (5). However, for the
aqueous solution of TX165 + RL and TX165 + SF at a constant composition, the differences
between the values of I' determined from Equations (5) and (6) are observed (Figures
535 and S36). There may be two reasons for that. One can refer to the value of # in
Equation (5) used for calculations, which is connected to the anionic biosurfactants of the
1: 1 type electrolyte, but their molecules in the mixture cannot be completely dissociated
and the n value used by us is not proper. The other reason may result from the fact that, as
mentioned above, H30" can be joined with the oxyethylene groups in the hydrophilic part
of TX165 molecules [37]. In such a case, RL and SF can be treated as nonionic surfactants.
In the calculations of T for TX165 and the biosurfactants, there are the x° values, whose
determination is based on the contribution of particular components of the TX165 with
RL and SF mixtures to the water surface tension reduction. For the determination of the
composition of the mixed monolayer at the water—air interface, the relationship between the
x® values calculated from the contributions of the components to the reduction in the yyy
and their mole fraction in the mixed monolayer is of significant importance. The relative
composition of the saturated mixed monolayer is very often calculated from the Hua and
Rosen equation of the following form [27,38]:

(xf)2 ln(x’{Clz/fo)
(1-x)*In[(1 = ) Cia/ (1 - %) o]

=1 @)

where indices 1, 2, and 12 refer to TX165, RL, or SF and to the mixtures of TX165 with RL
and/or SF, respectively, and b refers to the bulk phase. It proved that the values of x{ and
x5 determined using Equation (7) are similar to those determined in the way mentioned
above (Tables S1 and S2 and Figure S37 as an example). As follows from the calculations of
x7 and x5, the mole fraction of RL and SF in the mixed saturated monolayer is higher than
in the bulk phase. This can be more clearly seen in the case of SF than RL. Based on the
concept of Hua and Rosen [38], it is possible to determine the parameter of intermolecular
interactions in the saturated mixed monolayer (7). The equation resulting from this
concept has the form:
In (xlfclz/xfCl)
ﬁa = 5\ 2 (8)
(1—x7)

The calculated values of 7 indicate that in the case of the TX165 + RL mixture, the
synergetic effect in the reduction in water surface tension is more visible than that for the
TX165 and SF mixture (Tables S1 and S2). For the TX165 and SF mixture, the 37 parameter
changes from negative to positive values depending on its composition and the surface
tension is taken into consideration (Table S2). However, the absolute values of 7 are close
to zero. As mentioned above, the activity of SF adsorption at the water—air interface is
much greater than that of TX165. TX165 can not influence the adsorption of SF to such an
extent that the synergetic effect in the water surface tension reduction could take place.
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2.4. CMC

From the practical point of view, the second important property of surfactants and
biosurfactants is their ability to form micelles in the polar environment. The surfactant
concentration at which micelles are formed, known as the critical micelle concentration
(CMCQ), can be determined by many methods. Among them, the method based on the vy
isotherms is often used. Since it was not possible to determine the CMC based on the 1y
isotherms over the whole range of constant concentration values of one component of the
mixture of TX165 with RL or TX165 with SF and the variable second component, the CMC
was determined only for the mixtures with a constant composition (Figures 6 and 7). The
negative deviation of CMC as a function of biosurfactant mole fractions in the mixture with
TX165 is observed.

The CMC values obtained from the <y isotherms were compared to those calculated
for the ideal mixture of surfactants from the following equation [27]:

1 x? 1— xb
= &ae + o, ©)
CMC;;, CMC;  CMG,

where CMC;, CMC,, and CMCj; are the critical micelle concentrations of TX165, RL, and
SF and their mixtures, respectively.

An insignificant difference between the values of CMC for the mixtures of TX165
with the biosurfactants calculated from Equation (9) and those determined from the 1y
isotherms was found. Based on the comparison of CMC values calculated from Equation
(9) and those determined from the 1y isotherms, it cannot be explicitly stated whether
there is a synergistic effect in the aggregation process of the mixed micelles of TX165 with
the biosurfactants. Bergstrom and Eriksson [39] carried out studies on the synergistic
effect in the micellization process of the surfactants’ binary mixtures. Based on the Poisson—
Boltzman theory, they proposed an equation for the calculation of the CMC of the surfactant
mixtures. The equation derived by them for the calculation of CMC for the nonionic and
ionic surfactant mixtures has the form:

CMCy, (xéw) = (xéw)z exp (1 - xQA)CMCz + (1 - xéw) exp (1 - xQA)CMCl
(10)
where the x}! is the mole fraction of the given component surfactant mixture in the micelles.
The mole fraction of the surfactant mixture compounds can be determined from the Hua
and Rosen equation [27,38]:

(xM)? In(x!CMCy, / xMCMC; )
(1—xM)*In[(1 = 22)CMCy,/ (1 — xM)CMG, |

=1 (11)

Knowing the mole fraction of TX165 and biosurfactant calculated from Equation
(11), it is possible to calculate the parameter of intermolecular interactions in the micelle
(BM) [27,38]:

b
v In (x}CMCio/x}1CMC; )

(1)’

The BM values calculated from Equation (12) are negative. This indicates synergetic ef-
fects in the micelle formation for the TX165 + RL and TX165 + SF mixtures (Table S3). However,
the latter condition should confirm this conclusion. As follows, |fM| > |In(CMC,/CMCy))|.
This condition is also fulfilled for the TX165 with SF mixtures at mole fractions of SF equal
to 0.4, 0.6, and 0.8. In the case of the TX165 + RL mixture, the existence of the synergetic
effect in the micelle formation was confirmed by the latter condition only at the mole
fractions of RL in the bulk phase, equal to 0.2 and 0.8. Based on the mole fraction of TX165
and biosurfactants, it is possible to calculate the CMC of the studied mixtures. As follows
from the calculations, the values of CMC obtained from Equation (10) for the mixtures

p (12)
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of TX165 with RL are close to those determined from the 71y isotherm (Figure S38). In
the case of the TX165 and SF mixture, an insignificant difference between these values is
observed (Figure S39).

Taking into account the mole fraction of the TX165 and biosurfactants in the mixture,
it is possible to calculate the coefficients of TX165 and biosurfactants activity in the mixed
micelles from the following expressions [40]:

InfM = M (1~ x{W)Z (13)

In = g™ (1) (14)

Knowing the In f; and In f, values, the CMC of the TX165+RL and TX165+SF mixtures
can be calculated from the equation [27]:

b b
1 xq 1—x1

CMC, ~ iCMC; | f,CMG,

(15)

The values of CMCj; calculated from Equation (15) for the mixtures of TX165 with
RL and SF are close to those determined from the isotherms of the surface tension of their
aqueous solutions (Figures S38 and S39).

The compatibility of the CMC values of TX165 mixtures with the biosurfactants
determined based on the surface tension of their aqueous solutions with those calculated
from Equations (9) and (15) does not indicate the synergistic effect in the micellization
process.

On the other hand, the parameter of intermolecular interactions in the micelles de-
termined from the Hua and Rosen theory satisfies, although not in every composition of
mixtures, the two conditions for the synergistic effect in the micellization process.

It seems that the lack of reliable evidence of the synergetic effect in the micellization
process may result from very great differences in the CMC values of individual components
of the mixture, and the theories were proposed for the systems with smaller differences in
their surface and volumetric properties.

2.5. Standard Gibbs Free Energy of Adsorption and Micellization

The standard free energy of adsorption (AG?, ) and micellization (AG? . )is a measure
of the surfactants and their mixture tendency to adsorb or aggregate in aqueous media.
The literature reports many different methods for AGY, determination [27]. Among them,
the method based on the constant a is very often applied. The constant a can be determined,
among others, by the Szyszkowski and linear Langmuir equations [27]. The dependence

between the constant a and Angs has the form:

AGY
a = @exp T%ds (16)

Using the Szyszkowski equation, it is possible to describe the 1y isotherms of the
aqueous solutions of TX165 mixtures with biosurfactants, in which the value of the con-
centration of one component of the mixture was constant but smaller than C5% and the
value of the other was variable, as well as for the mixtures at a constant composition. Thus
the constant in this equation was taken into account in the calculation of AGY, . It appears
that AGS ;s for the individual solutions of TX165 and RL calculated based on the constant
a from the Szyszkowski equation using Equation (16) are similar to those determined by
the other methods [23,30,31]. However, for SF, AGS s is smaller than that obtained from the
Langmuir equation (Table 1). For the first series of solutions in which the concentration of
one component of surfactant was constant and the other was variable, the values of Ang s

for TX165, RL, and SF in the TX165 + RL and TX165 + SF mixtures were close to those
of AngS for these surfactants in their individual solutions. However, in the case of the
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aqueous solutions of the TX165 with RL and SF mixture at a constant composition and a
variable total concentration, the nonlinear dependence between the AGaO ;s and the mole
fraction of the biosurfactant in the mixture was obtained. (Figure S40). However, it turned
out that the relationship between the Ang , and concentration of the biosurfactant in the
TX165+RL mixture can be described by the following equation:
AGL(Z)dS = xlleG(a)ds,l + ngngs,Z + GrEnix (17)
where GE. is the Gibbs free energy of surfactants mixing.
For the mixed monolayer of the TX165 mixture with RL or SF, the GE; can be calcu-
lated from the equation:
GE_ = RT(xg In f5 + x5 In fzs) (18)
The activity coefficients of TX165 (f1) and RL or SF (f;) in the mixed monolayer at the
water-air interface were determined from the following expressions (Tables S1 and S2) [40]:

Inff = p7(1—x3)° (19)

and
Inf5 = p7(x})? (20)

In the case of the TX 165+SF mixture, a greater difference between AGuO s calculated
from Equations (16) and (17) is found. This may be a result of great differences in the
adsorption activity between TX165 and SF and their molar fractions in the saturated
monolayer determined from the Hua and Rosen equation [27,38].

The standard Gibbs free energy of micellization was determined only for the aqueous
solution of the TX165 mixture with RL and/or SF in which the composition was constant
but the total concentration was variable. For determination of AG% i we used the following
equation [27]:

AGY. = RTIn Cwlc (21)

mic
The values of AG?n i calculated from Equation (21) do not change linearly as a function
of the mole fraction of biosurfactants in the bulk phase. Some binary mixtures of surfactants
can be predicted from the AG? . components, their mole fraction in the mixture, and the
Gibbs free energy of surfactants mixing in the micelle (Gi’i'j:) [40], according to the following
equation:
AGY. = X5AGY 1 + X5AG),» + G (22)

mic m mix

The G fulfils the equation [27,41]:

AGEM — RT(x{W In FM+ ) In sz) (23)

If the mole fractions of TX165, SF, and RL for the mixtures of TX165+RL and TX165+SF
in the bulk phase were used in Equation (22), the calculated values of AG? . were higher
than those calculated from Equation (21) (Figures S41 and 542). If the values of x} and
xéVI were used in Equation (22) instead of xll7 and xg, the AGSH.C
Equation (22) were closer to those calculated from Equation (21) than in the case of xll’ and
x5 application. This fact proves the presence of a synergistic effect in the micellization

process of tested mixtures.

values calculated from

3. Materials and Methods

Triton X-165 (TX165) ((p- (1,1,3,3-tetramethylbutyl)-phenoxypolyoxyethylene glycol)
of a purity over 99% was purchased from FLUKA (Steinheim, Germany). R-95 Rhamno-
lipid (95%) (RL) and surfactin (=>98%) (SF) were purchased from Sigma-Aldrich (Steinheim,
Germany). TX165, RL, and SF were used for the aqueous solution preparation without
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further purification. Six series of solutions were prepared for the surface tension measure-
ments. The first series included the aqueous solutions of the RL and TX165 mixture with
the constant RL concentration, the values of which ranged from 2 x 10~* to 40 mg/dm?,
and the variable concentration of TX165 from 1 x 1078 to 4 x 1072 mole/dm?>. The second
series included the solution in which the concentration of TX165 was constant (in a range
from 1 x 1078 to 4 x 1073 mole/dm?) and RL variable, from 2 x 10~ to 40 mg/dm3. The
third series included the aqueous solutions of the RL mixture with TX165 in which the
RL concentration varied from 2 x 10~* to 40 mg/dm?. The TX165 mixture was selected
so that the molar fractions of TX165 in the mixture were 0.2, 0.4, 0.6, and 0.8. In other
words, these were the aqueous solutions of RL and TX165 with a constant composition and
variable concentrations. The fourth, fifth, and sixth series were the solutions of the mixture
of SF and TX165 of the same concentration as those of the first, second, and third series
for the RL and TX 165 mixture. All solutions were prepared using doubly distilled and
deionized water (Destamat Bi18E) at an internal specific resistance of 18.2 x 10° O-m. The
water purity was additionally controlled by the surface tension measurements before the
solutions’ preparation.

The surface tension (7y1y) of the aqueous solution of rhamnolipid and TX165, as well
as the surfactin and TX165 mixtures, was measured by the Kriiss K9 tensiometer according
to the platinum ring detachment method (du Nouy’s method) at 293 K. Before the surface
tension measurements, the tensiometer was calibrated using water (yry =72.8 mN/m) and
methanol (yy =22.5 mN/m). A more detailed procedure for measuring the surface tension
was given earlier [23]. For each concentration of the aqueous solution of RL and TX165,
as well as the TX165 and SF mixtures, the surface tension measurements were repeated at
least ten times. The standard deviation was £0.1 mN/m and the uncertainty of the surface
tension measurements was in a range from 0.3% to 0.7%.

4. Conclusions

From the measurements of the surface tension of the aqueous solutions of the TX165 + RL
and TX165 + SF mixtures at a constant concentration of one mixture component and a
variable concentration of the other, it results that maxima are present on the obtained surface
tension isotherms, but they are not observed on the surface tension isotherms at the constant
mixture composition. The maxima are observed at the constant concentration value of one
component mixture close or higher to the CMC. This phenomenon was explained based on
the contribution of particular components of the mixture to the reduction in water surface
tension. This is important not only from the theoretical but also from the practical point of
view.

The isotherms of the surface tension of the aqueous solution of the TX165 with RL or SF
mixtures at the constant composition and variable total concentration can be described by
the exponential function of the second order and the Szyszkowski equation. The description
of the vy isotherms of the aqueous solution of the binary mixture of the surfactants by the
Szyszkowski equation is a theoretical novelty.

In most cases, the isotherms of the surface tension of the aqueous solution of TX165 + RL
and TX165 + SF, on which the maxima are present, can be described by two exponential
functions of the second order, one in the range concentration of the mixture component
whose concentration is variable from zero to the value corresponding to the maximum
of the surface tension, and the other in the concentration range above this, at which the
maximum is observed.

The relationship between the constants in the equation of the exponential function
of the second order, as well as the components and parameters of the surfactants and
biosurfactants tail and head, the surface tension is not excluded.

The isotherms of the surface tension of the aqueous solution of TX165 + RL and
TX165 + SF can be predicted by the Fainerman and Miller equation, except for the mixtures
in which the concentration of one or two components corresponds to the saturated mono-
layer at the water—air interface of the aqueous solution of the mixture single components.
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The area occupied by one mole of the mixtures at the water—air interface can be deduced
based on the contribution of the mixture-given component to the reduction in the water
surface tension.

The composition of the mixed monolayer at the water—air interface, as well as the
isotherm of the surface tension, can be predicted from the isotherms of the surface tension
of the aqueous solution of individual components of the mixture. The prediction of the
composition of the mixed monolayer at the water—air interface by means of the simple way
proposed by us is comparable to that of the Hua and Rosen equation. Our concept of the
composition of the mixed monolayer at the water—air interface determination can be used
for the mixture in the concentration range from 0 to CMC in contrast to the Hua and Rosen
concept, which is applicable in the concentration range corresponding to the saturated
monolayer and in the range of the limited composition of the mixture in the bulk phase.

Using the Hua and Rosen concept, the synergetic effect in the water surface tension
reduction was deduced. This effect does not occur in the whole range of the TX165 + RL
and TX165 + SF concentrations and is more visible for the TX165 and RL mixture than for
the TX165 + SF mixture.

The synergetic effect in the CMC of the studied mixtures was also found using the
Hua and Rosen concept.

Taking into account the mole fraction of the given component in the mixed monolayer
and its maximal concentration in this monolayer in the Frumkin equation, it is possible to
determine isotherms of particular components” adsorption of the studied mixtures as well
as the summary concentration.

The changes of the CMC of the TX165 + RL and TX165 + SF mixtures as a function of
the biosurfactants mole fraction in the bulk phase can be determined based on the CMC
particular components of the mixture and its composition.

The standard Gibbs free energy of the adsorption and micellization of the TX165
+ RL does not change linearly as a function of the biosurfactant molar fraction in the
mixture in the bulk phase. This energy depends not only on the Gibbs free energy of each
component of the studied mixtures but also on their Gibbs free energy of mixing in the
mixed monolayer and micelles, respectively.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules27113600/s1, Table S1: The values of the mole fraction of
the surfactants in the mixed monolayer (xf —TX165, xg —RL), parameter of intermolecular interaction
(B%), activity coefficients (f; and f5), and Gibbs excess free energy of mixing (GE, ); Table S2: The
values of the mole fraction of the surfactants in the mixed monolayer (xlS — TX165, xg — SF), parameter
of intermolecular interaction (87) activity coefficients ( fls and f5), and Gibbs excess free energy of
mixing (an ix); Table S3: The values of the mole fraction of the surfactants in the mixed micelle
(x{w— TX165, xé\/f — RL or SF), parameter of intermolecular interaction (ﬁM), activity coefficients ( flM
and fM) and Gibbs excess free energy of mixing (Gﬁ’i'j:). Figure S1: A plot of the surface tension
(7vLv) of the aqueous solution of RL and TX165 mixture at the constant RL concentration equal to
0.00625 mg/ dm? vs. the logarithm of the TX165 concentration (Ctxi¢5) (a) and the logarithm of the
total concentration of the TX165 + RL mixture (Cy;) (b). Figure S2: A plot of the surface tension (7yry)
of the aqueous solution of RL and TX165 mixture at the constant RL concentration equal to 5 mg/dm?
vs. the logarithm of the TX165 concentration (Ctx165) (a) and the logarithm of the total concentration
of the TX165 +RL mixture (Cyy) (b); Figure S3: A plot of the surface tension (yry) of the aqueous
solution of the RL and TX165 mixture at the constant RL concentration equal to 40 mg/dm3 vs. the
logarithm of the TX165 concentration (Ctx1¢5) (a) and the logarithm of the total concentration of the
TX165 + RL mixture (C1p) (b); Figure S4: A plot of the surface tension (1) of the aqueous solution of
the SF and TX165 mixture at the constant SF concentration equal to 0.00625 mg/dm3 vs. the logarithm
of the TX165 concentration (Crx145) (a) and the logarithm of the total concentration of the TX165 + SF
mixture (Cqp) (b); Figure S5: A plot of the surface tension (1) of the aqueous solution of the SF and
TX165 mixture at the constant SF concentration equal to 5 mg/ dm? vs. the logarithm of the TX165
concentration (Ctx165) (a) and the logarithm of the total concentration of the TX165 + SF mixture (Cyp)

(b); Figure S6: A plot of the surface tension (yry) of the aqueous solution of the SF and TX165 mixture
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at the constant SF concentration equal to 40 mg/dm3 vs. the logarithm of the TX165 concentration
(Ctx165) (a) and the logarithm of the total concentration of the TX165 + SF mixture (C1») (b); Figure S7:
A plot of the surface tension (7y1y) of the aqueous solution of the RL and TX165 mixture at a constant
TX165 concentration equal to 5 x 10~7 mole/dm?3 vs. the logarithm of the RL concentrations (Crr.)
(a) and the logarithm of the total concentration of the TX165 + RL mixture (Cy;) (b); Figure S8: A plot
of the surface tension (yry) of the aqueous solution of the RL and TX165 mixture at a constant TX165
concentration equal to 2 x 10~* mole/dm? vs. the logarithm of the RL concentration (Crr) (a) and
the logarithm of the total concentration of the TX165 + RL mixture (Cy,) (b); Figure S9: A plot of the
surface tension (yry) of the aqueous solution of the RL and TX165 mixture at the constant TX165
concentration equal to 1 x 1073 mole/dm? vs. the logarithm of the RL concentration (Cry); Figure
510: A plot of the surface tension (y1y) of the aqueous solution of the SF and TX165 mixture at the
constant TX165 concentration equal to 5 x 10~7 mole/dm? vs. the logarithm of the SF concentration
(Csp) (a) and the logarithm of the total concentration of the TX165 + SF mixture (Cy) (b); Figure
S11: A plot of the surface tension (7y1y) of the aqueous solution of the SF and TX165 mixture at the
constant TX165 concentration equal to 2 x 10~* mole/dm? vs. the logarithm of the SF concentration
(Csp); Figure S12: A plot of the surface tension (yry) of the aqueous solution of the SF and TX165
mixture at the constant TX165 concentration equal to 1 x 10~2 mole/dm? vs. the logarithm of the SF
concentration (Cgp); Figure S13: A plot of the constant iy in Equation (1) for the TX165 + RL (curve
1) and TX165 + SF (curve 2) aqueous solutions vs. the biosurfactant mole fraction in the mixture in
the bulk phase (xg); Figure S14: A plot of the constant A; in Equation (1) for the TX165 + RL (curve
1) and TX165 + SF (curve 2) aqueous solutions vs. the biosurfactant mole fraction in the mixture in
the bulk phase (xg); Figure S15: A plot of the constant A, in Equation (1) for the TX165 + RL (curve
1) and TX165 + SF (curve 2) aqueous solutions vs. the biosurfactant mole fraction in the mixture in
the bulk phase (xg); Figure S16: A plot of the constant f; in Equation (1) for the TX165 + RL (curve
1) and TX165 + SF (curve 2) aqueous solutions vs. the biosurfactant mole fraction in the mixture in
the bulk phase (xg); Figure S17: A plot of the constant ¢, in Equation (1) for the TX165 + RL (curve
1) and TX165 + SF (curve 2) aqueous solutions vs. the biosurfactant mole fraction in the mixture in
the bulk phase (x%); Figure 518: A plot of the surface tension (yry) of the aqueous solution of the RL
and TX165 mixture at the RL mole fraction equal to 0.2 vs. the logarithm of the total concentration
of the TX165 + RL mixture (Cyp); Figure S19: A plot of the surface tension (yry) of the aqueous
solution of the RL and TX165 mixture at the RL mole fraction equal to 0.4 vs. the logarithm of the
total concentration of the TX165 + RL mixture (Cy;); Figure S20: A plot of the surface tension (yry)
of the aqueous solution of the RL and TX165 mixture at the RL mole fraction equal to 0.6 vs. the
logarithm of the total concentration of the TX165 + RL mixture (C1,); Figure S21: A plot of the surface
tension (7yry) of the aqueous solution of the RL and TX165 mixture at the RL mole fraction equal to
0.8 vs. the logarithm of the total concentration of the TX165 + RL mixture (C1,); Figure S22: A plot of
the surface tension (7yry) of the aqueous solution of the SF and TX165 mixture at the SF mole fraction
equal to 0.2 vs. the logarithm of the total concentration of the TX165 + SF mixture (Cy;); Figure S23:
A plot of the surface tension (7y1y) of the aqueous solution of the SF and TX165 mixture at the SF
mole fraction equal to 0.4 vs. the logarithm of the total concentration of the TX165 + SF mixture (C1p);
Figure 524: A plot of the surface tension (yry) of the aqueous solution of the SF and TX165 mixture at
the SF mole fraction equal to 0.6 vs. the logarithm of the total concentration of the TX165 + SF mixture
(Cy2); Figure S25: A plot of the surface tension () of the aqueous solution of the SF and TX165
mixture at the SF mole fraction equal to 0.8 vs. the logarithm of the total concentration of the TX165
+ SF mixture (Cy;); Figure S26: A plot of the constant 4 in the Szyszkowski equation (Equation (2))
for the TX165 + RL (curve 1) and TX165 + SF (curve 2) aqueous solutions vs. the biosurfactant mole
fraction in the mixture in the bulk phase (xg); Figure S27: A plot of the surface concentration (I') of
TX165 (curves 1, 1/, 2, 2), RL (curve 3), and SF (curve 5) vs. the logarithm of TX165 concentration
(Ctx165) at the constant biosurfactant concentration equal to 0.00625 mg/ dm3; Figure 528: A plot
of the surface concentration (I') of RL (curves 1, 1’), SF (curves 2, 2’), and TX165 (curves 3 and 5)
vs. the logarithm of biosurfactant concentration (C) at the constant TX165 concentration equal to
5 x 10~7 mole/dm?; Figure S529: A plot of the surface concentration (I') of TX165 calculated from
Equation (6) in the TX165 + RL mixture vs. the logarithm of its concentration (Ctx1¢5); Figure S30: A
plot of the surface concentration (I') of TX165 calculated from Equation (6) in the TX165 + SF mixture
vs. the logarithm of its concentration (Ctx145); Figure S31: A plot of the surface concentration (I') of
RL calculated from Equation (6) in the TX165 + RL mixture vs. the logarithm of TX165 concentration
(Crx165); Figure S32: A plot of the surface concentration (I') of SF calculated from Equation (6) in
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the TX165 + SF mixture vs. the logarithm of TX165 concentration (Crx1¢s); Figure S33: A plot of
the total surface concentration (T') of the TX165 + RL mixture calculated from Equation (6) vs. the
logarithm of TX165 concentration (Ctx145); Figure S34: A plot of the total surface concentration (T')
of the TX165 + SF mixture calculated from Equation (6) vs. the logarithm of TX165 concentration
(Crx165); Figure S35: A plot of the total surface concentration (I') of the TX165 + RL mixture calculated
from Equation (6) (curves 1, 2, 3, and 4) and Gibbs surface concentration calculated from Equation
(5) vs. the logarithm of the total concentration of TX165 + RL mixture (Cy,); Figure S36: A plot of
the total surface concentration (I') of theTX165 + SF mixture calculated from Equation (6) (curves 1,
2, 3, and 4) and Gibbs surface concentration calculated from Equation (5) vs. the logarithm of the
total concentration of TX165 + SF mixture (Cyy); Figure S37: A plot of the TX165 mole fraction in the
mixture with RL (curves 1 and 1’) and SF (curves 2 and 2’) (x) at the constant biosurfactant mole
fraction in the mixture in the bulk phase equal to 0.2 vs. the total concentration of the TX165 + RL
mixture (Cyp); Figure S38: A plot of the CMC values of TX165 + RL and their mixtures vs. the RL
mole fraction in the mixture in the bulk phase (x}); Figure S39: A plot of the CMC values of TX165
+ SF and their mixtures vs. the SF mole fraction in the mixture in the bulk phase (x}); Figure S40:
A plot of the Gibbs standard free energy of TX165 + RL (curves 1 and 1) and TX165 + SF (curves 2
and 2’) adsorption at the water—air interface vs. the biosurfactant mole fraction in the mixture in the
bulk phase (xlz’); Figure 541: A plot of the Gibbs standard free energy of TX165 + RL micellization
vs. the RL mole fraction in the mixture in the bulk phase (xg) calculated from Equation (21) (curve
1) and form Equation (22) (curves 2 and 3); Figure S42: A plot of the Gibbs standard free energy of
TX165 + SF micellization vs. the SF mole fraction in the mixture in the bulk phase (xg) calculated
from Equation (21) (curve 1) and form Equation (22) (curves 2 and 3).
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Table S1. The values of the the mole fraction of the surfactants in the mixed monolayer (x{ — TX165,
x3 — RL), parameter of intermolecular interaction (87), activity coefficients (f’and f;’ ) and

Gibbs excess free energy of mixing (G%;,)-

E
7,y [mN/m] x5 x5 B° fs i [k]G/TIZ) I
x5 =02
70 0.6607 0.3393 -2.0802 0.7870 0.4033 -1.1360
65 0.6654 0.3346 -2.3366 0.7698 0.3554 -1.2673
60 0.6539 0.3461 -1.3074 0.8550 0.5718 -0.7208
55 0.4152 0.5848 -2.3955 0.4408 0.6617 -1.4169
x5 =04
70 0.5655 0.4345 -0.6910 0.8777 0.8017 -0.4136
65 0.5406 0.4594 -3.8980 0.4393 0.3201 -2.3582
60 0.5244 0.4756 0.8195 1.2036 1.2528 0.4979
55 0.3418 0.6582 -3.3947 0.2298 0.6726 -1.8604
x5 =06
70 0.4189 0.5811 -0.7973 0.7640 0.8695 -0.4728
65 0.3984 0.6016 0.3979 1.1549 1.0652 0.2323
60 0.3472 0.6528 -0.3991 0.8436 0.9530 -0.2203
55 0.2105 0.7895 -2.1039 0.2694 0.9110 -0.8516
x5 =08
70 0.2840 0.7160 -1.1865 0.5443 0.9088 -0.5877
65 0.2620 0.7380 -0.5808 0.7288 0.9609 -0.2736
60 0.2339 0.7661 -1.0286 0.5468 0.9453 -0.4489

55 0.1736 0.8264 -3.0037 0.1286 0.9135 -1.0497




Table S2. The values of the the mole fraction of the surfactants in the mixed monolayer (x{ — TX165,
x3 — SF), parameter of intermolecular interaction (87) activity coefficients (f’and f; ) and

Gibbs excess free energy of mixing (G%;,)-

E
7,y [mN/m] x5 x5 B° il i [ k;';i’; .
x5 =02
70 0.3518 0.6482 0.3484 1.1576 1.0441 0.1935
65 0.2600 0.7400 0.6884 1.4578 1.0476 0.3226
60 0.1331 0.8669 0.9803 2.0890 1.0175 0.2756
55 0.0585 0.9415 -0.0932 0.9207 0.9997 -0.0125
x2 =04
70 0.1262 0.8738 0.5973 1.5779 1.0096 0.1604
65 0.1139 0.8861 0.4603 1.4353 1.0060 0.1131
60 0.0722 0.9278 0.4892 1.5237 1.0026 0.0798
55 0.0522 0.9478 -1.0516 0.3888 0.9971 -0.1267
x5 =0.6
70 0.1531 0.8469 -0.8491 0.5439 0.9803 -0.2682
65 0.0947 0.9053 -0.3074 0.7773 0.9972 -0.0642
60 0.0240 0.9760 0.7964 2.1353 1.0005 0.0455
55 0.0203 0.9797 -0.8086 0.4602 0.9997 -0.0391
x5 =0.8
70 0.0989 0.9011 -1.3348 0.3383 0.9870 -0.2898
65 0.0534 0.9466 -0.6864 0.5406 0.9980 -0.0845
60 0.0114 0.9886 0.5553 1.7207 1.0001 0.0152

55 0.0097 0.9903 -1.0278 0.3650 0.9999 -0.0241




Table S3. The values of the the mole fraction of the surfactants in the mixed micelle

(xt!- TX165, x3' — RL or SF), parameter of intermolecular interaction (M), activity

coefficients (fand £} ) and Gibbs excess free energy of mixing(G.7m).
TX165 + SF
b M M M M M Gt
X2 X1 X2 B fi f2 [kJ/mol]
0.2 0.2597 0.7403 -3.3116 0.1628 0.7998 -1.5509
0.4 0.2463 0.7537 -4.9288 0.0608 0.7416 -2.2286
0.6 0.2192 0.7808 -5.6293 0.0323 0.7629 -2.3474
0.8 0.1371 0.8629 -4.9207 0.0256 0.9117 -1.4177
TX165 + RL
b M M M M M G
X2 X1 X2 B f1 f2 (kJ/mol)
0.2 0.4017 0.5983 -2.8276 0.3634 0.6337 -1.6554
0.4 0.2374 0.7626 -1.4631 0.4270 0.9209 -0.6452
0.6 0.1492 0.8508 -1.4336 0.3543 0.9686 -0.4434
0.8 0.1369 0.8631 -2.5969 0.1445 0.9525 -0.7474
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Figure S1. A plot of the surface tension (y;y) of the aqueous solution of RL and TX165 mixture at the
constant RL concentration equal to 0.00625 mg/dm?® vs. the logarithm of the TX165
concentration (Crxi65) (@) and the logarithm of the total concentration of the TX165 + RL
mixture (Cy,) (b). Points 1 correspond to the measured values. Curves 2 and 2’ correspond to
the value calculated from Eq. (1), curves 3, 4 and 5 correspond to the values calculated from

Egs. (3), (4) and (2), respectively.
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Figure S2. A plot of the surface tension (y;y) of the aqueous solution of RL and TX165 mixture at the
constant RL concentration equal to 5 mg/dm? vs. the logarithm of the TX165 concentration
(Crx1ies) (@) and the logarithm of the total concentration of the TX165 + RL mixture (Cj,) (b).
Points 1 correspond to the measured values. Curves 2 and 2’ correspond to the values
calculated from Eq. (1), curves 3 and 4 correspond to the values calculated from Egs. (3) and

(4), respectively.
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Figure S3. A plot of the surface tension (y;y) of the aqueous solution of RL and TX165 mixture at the
constant RL concentration equal to 40 mg/dm? vs. the logarithm of the TX165 concentration
(Crx1ies) (@) and the logarithm of the total concentration of the TX165 + RL mixture (Cj,) (b).
Points 1 correspond to the measured values. Curves 2 and 2’ correspond to the values
calculated from Eq. (1), curves 3 and 4 correspond to the values calculated from Egs. (3) and

(4), respectively.
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Figure S4. A plot of the surface tension (y;y) of the aqueous solution of SF and TX165 mixture at the
constant SF concentration equal to 0.00625 mg/dm?® vs. the logarithm of the TX165
concentration (Crxies) (a) and the logarithm of the total concentration of the TX165 + SF
mixture (Cy,) (b). Points 1 correspond to the measured values. Curves 2 and 2’ correspond to
the values calculated from Eq. (1), curves 3, 4 and 5 correspond to the values calculated from

Egs. (3), (4) and (2), respectively.
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Figure S5. A plot of the surface tension () of aqueous solution of SF and TX165 mixture at the constant
SF concentration equal to 5 mg/dm? vs. the logarithm of the TX165 concentration (Ctxi65) ()
and the logarithm of the total concentration of the TX165 + SF mixture (C;;) (b). Points 1
correspond to the measured values. Curves 2 and 2’ correspond to the values calculated from

Eq. (1), curves 3 and 4 correspond to the values calculated from Egs. (3) and (4), respectively.
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Figure S6. A plot of the surface tension (y;y) of the aqueous solution of SF and TX165 mixture at the
constant SF concentration equal to 40 mg/dm? vs. the logarithm of the TX165 concentration
(Crx1es) (@) and the logarithm of the total concentration of the TX165 + SF mixture (C;;) (b).
Points 1 correspond to the measured values. Curves 2 and 2’ correspond to the values
calculated from Eq. (1), curves 3 and 4 correspond to the values calculated from Egs. (3) and

(4), respectively.
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Figure S7. A plot of the surface tension (y;y) of the aqueous solution of RL and TX165 mixture at the
constant TX165 concentration equal to 5 x 107 mole/dm?® vs. the logarithm of the RL
concentrations (Cr.) (a) and the logarithm of the total concentration of the TX165 + RL mixture
(C12) (b). Points 1 correspond to the measured values. Curves 2 and 2’ correspond to the values
calculated from Eq. (1), curves 3, 4 and 5 correspond to the values calculated from Egs. (3), (4)

and (2), respectively.
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Figure S8. A plot of the surface tension (y;y) of the aqueous solution of RL and TX165 mixture at the
constant TX165 concentration equal to 2 x 10* mole/dm? vs. the logarithm of the RL
concentration (Cry) (a) and the logarithm of the total concentration of the TX165 + RL mixture
(C12) (b). Points 1 correspond to the measured values. Curves 2 and 2’ correspond to the values

calculated from Eq. (1), curves 3 and 4 correspond to the values calculated from Egs. (3) and
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Figure S9. A plot of the surface tension (y,y) of the aqueous solution of the RL and TX165 mixture at the
constant TX165 concentration equal to 1 x 10 mole/dm? vs. the logarithm of the RL
concentration (Cgy). Points 1 correspond to the measured values. Curves 2 and 3 correspond

to the values calculated from Egs. (3) and (4), respectively.
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Figure S10. A plot of the surface tension (y;,) of the aqueous solution of the SF and TX165 mixture at
the constant TX165 concentration equal to 5 x 107 mole/dm? vs. the logarithm of the SF
concentration (Csp) (a) and the logarithm of the total concentration of the TX165 + SF mixture
(C12) (b). Points 1 correspond to the measured values. Curves 2 and 2’ correspond to the values
calculated from Eq. (1), curves 3 and 4 correspond to the values calculated from Egs. (3) and

(4), respectively.
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Figure S11. A plot of the surface tension (y;,) of the aqueous solution of the SF and TX165 mixture at
the constant TX165 concentration equal to 2 x 10+ mole/dm? vs. the logarithm of the SF
concentration (Csg). Points 1 correspond to the measured values. Curves 2, 3 and 4 correspond

to the values calculated from Egs. (1), (3) and (4), respectively.
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Figure S12. A plot of the surface tension (y;,) of the aqueous solution of the SF and TX165 mixture at
the constant TX165 concentration equal to 1 x 103 mole/dm? vs. the logarithm of the SF
concentration (Csg). Points 1 correspond to the measured values. Curves 2, 3 and 4 correspond

to the values calculated from Egs. (1), (3) and (4), respectively.
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Figure S13. A plot of the constant y, in Eq. (1) for the TX165 + RL (curve 1) and TX165 + SF (curve 2)

aqueous solutions vs. the biosurfactant mole fraction in the mixture in the bulk phase (x%).
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Figure S14. A plot of the constant 4, in Eq. (1) for the TX165 + RL (curve 1) and TX165 + SF (curve 2)

aqueous solutions vs. the biosurfactant mole fraction in the mixture in the bulk phase (x3).
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Figure S15. A plot of the constant 4, in Eq. (1) for the TX165 + RL (curve 1) and TX165 + SF (curve 2)

aqueous solutions vs. the biosurfactant mole fraction in the mixture in the bulk phase (x%).
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Figure S16. A plot of the constant t; in Eq. (1) for the TX165 + RL (curve 1) and TX165 + SF (curve 2)

aqueous solutions vs. the biosurfactant mole fraction in the mixture in the bulk phase (x%).
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Figure S17. A plot of the constant t, in Eq. (1) for the TX165 + RL (curve 1) and TX165 + SF (curve 2)

aqueous solutions vs. the biosurfactant mole fraction in the mixture in the bulk phase (x%).
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Figure S18. A plot of the surface tension (y,,) of the aqueous solution of the RL and TX165 mixture at
the RL mole fraction equal to 0.2 vs. the logarithm of the total concentration of the TX165 + RL
mixture (C;,). Points 1 correspond to the measured values. Curves 2, 3, 4 and 5 correspond to

the values calculated from Egs. (2), (1), (3) and (4), respectively.
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Figure S19. A plot of the surface tension (y;,) of the aqueous solution of the RL and TX165 mixture at
the RL mole fraction equal to 0.4 vs. the logarithm of the total concentration of the TX165 + RL
mixture (C;,). Points 1 correspond to the measured values. Curves 2, 3, 4 and 5 correspond to

the values calculated from Egs. (2), (1), (3) and (4), respectively.
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Figure S20. A plot of the surface tension (y,,) of the aqueous solution of the RL and TX165 mixture at
the RL mole fraction equal to 0.6 vs. the logarithm of the total concentration of the TX165 + RL
mixture (C;,). Points 1 correspond to the measured values. Curves 2, 3, 4 and 5 correspond to

the values calculated from Egs. (2), (1), (3) and (4), respectively.
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Figure S21. A plot of the surface tension (y,,) of the aqueous solution of the RL and TX165 mixture at
the RL mole fraction equal to 0.8 vs. the logarithm of the total concentration of the TX165 + RL

mixture (C;,). Points 1 correspond to the measured values. Curves 2, 3, 4 and 5 correspond to

the values calculated from Egs. (2), (1), (3) and (4), respectively.
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Figure S22. A plot of the surface tension (y;,) of the aqueous solution of the SF and TX165 mixture at
the SF mole fraction equal to 0.2 vs. the logarithm of the total concentration of the TX165 + SF
mixture (Cy,). Points 1 correspond the measured values. Curves 2, 3, 4 and 5 correspond to

the values calculated from Egs. (2), (1), (3) and (4), respectively.
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Figure S23. A plot of the surface tension (y;,) of the aqueous solution of the SF and TX165 mixture at
the SF mole fraction equal to 0.4 vs. the logarithm of the total concentration of the TX165 + SF
mixture (Cy,). Points 1 correspond to the measured values. Curves 2, 3, 4 and 5 correspond to

the values calculated from Egs. (2), (1), (3) and (4), respectively.
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Figure S24. A plot of the surface tension (y;,) of the aqueous solution of the SF and TX165 mixture at
the SF mole fraction equal to 0.6 vs. the logarithm of the total concentration of the TX165 + SF
mixture (Cy,). Points 1 correspond to the measured values. Curves 2, 3, 4 and 5 correspond to

the values calculated from Egs. (2), (1), (3) and (4), respectively.
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Figure S25. A plot of the surface tension (y;,) of the aqueous solution of the SF and TX165 mixture at
the SF mole fraction equal to 0.8 vs. the logarithm of the total concentration of TX165 + SF
mixture (C;,). Points 1 correspond to the measured values. Curves 2, 3, 4 and 5 correspond to

the values calculated from Egs. (2), (1), (3) and (4), respectively.
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Figure S26. A plot of the constant a in the Szyszkowski equation (Eq. (2)) for the TX165 + RL (curve 1)
and TX165 + SF (curve 2) aqueous solutions vs. the biosurfactant mole fraction in the mixture

in the bulk phase (x2).



20 |-
1.5 F
o
E
@
o 10F
=
o
x
|- D.5 [~
0.0
] ! 1 1 ] L | 1 1 1 | L
-8 -7 ] -5 -4 3 -2
IOQCIK'E!‘J

Figure S27. A plot of the surface concentration (/) of TX165 (curves 1, 1’, 2, 2’), RL (curve 3) and SF
(curve 5) vs. the logarithm of TX165 concentration (Crxi6s) at the constant biosurfactant
concentration equal to 0.00625 mg/dm?. Curves 1 and 2 correspond to the values calculated
from Eq. (5), curves 1’, 2’ 3, 5 to the values calculated from Eq. (6). Curves 4 and 6 correspond

to the sum values calculated from Eq. (6) for the TX165 + RL and TX165 + SF mixture,

respectively.
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Figure S28. A plot of the surface concentration (/) of RL (curves 1, 1’), SF (curves 2, 2’) and TX165 (curves
3 and 5) vs. the logarithm of biosurfactant concentration (C) at the constant TX165
concentration equal to 5 x 107 mole/dm?. Curves 1 and 2 correspond to the values calculated
from Eq. (5), curves 1’, 2’ 3, 5 to the values calculated from Eq. (6). Curves 4 and 6 correspond

to the sum values calculated from Eq. (6) for the TX165 + RL and TX165 + SF mixture,

respectively.
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Figure S29. A plot of the surface concentration (/) of TX165 calculated from Eq. (6) in the TX165 + RL
mixture vs. the logarithm of its concentration (Crx4¢5). Curves 1 —16 correspond to the constant

RL concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5,

10, 20, 30 and 40 mg/dm3, respectively.
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Figure S30. A plot of the surface concentration (/) of TX165 calculated from Eq. (6) in the TX165 + SF
mixture vs. the logarithm of its concentration (Crx4¢5). Curves 1 —16 correspond to the constant

SF concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5,

10, 20, 30 and 40 mg/dms3, respectively.
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Figure S31. A plot of the surface concentration (/) of RL calculated from Eq. (6) in the TX165 + RL
mixture vs. the logarithm of TX165 concentration (Crx;65). Curves 1 — 16 correspond to the
constant RL concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1,

0.5, 1, 5, 10, 20, 30 and 40 mg/dm?, respectively.
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Figure S32. A plot of the surface concentration (/) of SF calculated from Eq. (6) in the TX165 + SF mixture
vs. the logarithm of TX165 concentration (Crx145). Curves 1 —16 correspond to the constant SF
concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10,

20, 30 and 40 mg/dm?, respectively.
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Figure S33. A plot of the total surface concentration (/) of the TX165 + RL mixture calculated from Eq.
(6) vs. the logarithm of TX165 concentration (Cryx165). Curves 1 —16 correspond to the constant

RL concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5,

10, 20, 30 and 40 mg/dms3, respectively.
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Figure S34. A plot of the total surface concentration (/) of the TX165 + SF mixture calculated from Eq.
(6) vs. the logarithm of TX165 concentration (Cryx165). Curves 1 —16 correspond to the constant
SF concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5,

10, 20, 30 and 40 mg/dms3, respectively.
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Figure S35. A plot of the total surface concentration (/) of the TX165 + RL mixture calculated from Eq.
(6) (curves 1, 2, 3 and 4) and Gibbs surface concentration calculated from Eq. (5) vs. the
logarithm of the total concentration of RL+TX165 mixture (C;,). Curves 1 and 1’ correspond
to the RL mole fraction in the mixture in the bulk phase equal to 0.2, curves 2 and 2’ to 0.4,
curves 3 and 3’ to 0.6 and curves 4 and 4’ correspond to the RL mole fraction in the mixture in

the bulk phase equal 0.8, respectively.
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Figure S36. A plot of the total surface concentration (/) of the TX165 + SF mixture calculated from Eq.

(6) (curves 1, 2, 3 and 4) and Gibbs surface concentration calculated from Eq. (5) vs. the

logarithm of the total concentration of TX165 + SF mixture (C;,). Curves 1 and 1’ correspond

to the SF mole fraction in the mixture in the bulk phase equal to 0.2, curves 2 and 2’ to 0.4,

curves 3 and 3’ to 0.6 and curves 4 and 4’ correspond to the SF mole fraction in the mixture in

the bulk phase equal 0.8, respectively.
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Figure S37. A plot of the TX165 mole fraction in the mixture with RL (curves 1 and 1’) and SF (curves
2 and 2’) (x) at the constant biosurfactant mole fraction in the mixture in the bulk phase equal
to 0.2 vs. the total concentration of the TX165 + RL mixture (C;,). Curves 1 and 2 correspond

to the values obtained from Eq. (7), curves 1’ and 2’ correspond to the values calculated from

Ty

the expression x7 =
T1+T
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Figure S38. A plot of the CMC values of TX165 + RL and their mixtures vs. the RL mole fraction in the
mixture in the bulk phase (x7). Curve 1 corresponds to the CMC values of mixtures
determined from surface tension isotherms, curves 2 and 3 correspond to the CMC calculated

from Eq. (10), curves 4 and 5 to the values calculated from Egs. (9) and (15).
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Figure S39. A plot of the CMC values of TX165 + SF and their mixtures vs. the SF mole fraction in the

mixture in the bulk phase (x7). Curve 1 corresponds to the CMC values of mixtures

determined from surface tension isotherms, curves 2 and 3 correspond to the CMC calculated
from Eq. (10), curves 4 and 5 to the values calculated from Egs. (9) and (15).



44
"‘-_'vth\ 1r i
45 | \x\“?‘\m '1—“'-- I
" %’"zb __."' - = :_u____.
I . N3
.'k__ \'.' \\\
-6 | y
—~ 4T} o
E B \' R .,
= 48|
f-' B ."- - \\\‘
£ 40| T2 7
cmm ._________. .
=] i 2' -
-50 |- N
\\\\\“‘k%
51 | b
I Pt
52 -
| | | 1 1 | |
0.0 0.2 0.4 0.6 0.8 1.0
x:]

Figure S40. A plot of the Gibbs standard free energy of TX165 + RL (curves 1 and 1) and TX165 + SF
(curves 2 and 2’) adsorption at the water-air interface vs. the biosurfactant mole fraction in the
mixture in the bulk phase (x2). Curves 1 and 2 correspond to values calculated from Eq. (16),

curves 1" and 2’ to values calculated from Eq. (17), respectively.
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Figure S41. A plot of the Gibbs standard free energy of TX165 + RL micellization vs. the RL mole fraction
in the mixture in the bulk phase (x?) calculated from Eq. (21) (curve 1) and form Eq. (22)

(curves 2 and 3). Curves 2 and 3 correspond to values calculated taking in the Eq. (22) x? ,x?

and x{!, x}!, respectively.
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Figure S42. A plot of the Gibbs standard free energy of TX165 + SF micellization vs. the SF mole fraction
in the mixture in the bulk phase (x?) calculated from Eq. (21) (curve 1) and form Eq. (22)
(curves 2 and 3). Curves 2 and 3 correspond to values calculated taking in the Eq. (22) x? ,x¥

and x{!, x}!, respectively.
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Abstract: The wetting properties of the rhamnolipid and surfactin mixtures with Triton X-165 were
considered based on the contact angle measurements of their aqueous solution on the polytetraflu-
oroethylene (PTFE), polymethyl methacrylate (PMMA) and quartz (Q) surfaces. The obtained
contact angle isotherms were described by the exponential function of the second order as well as by
Szyszkowski equation in some cases. Using the contact angle isotherms of individual biosurfactants
and TX165 as well as the earlier obtained isotherms of their surface tension the contact angle isotherms
of the biosurfactants mixtures with TX165 were deduced. As follows the presence of the maxima on
the contact angle isotherms of the biosurfactants mixtures with TX165 is justified. They do not prove
negative adsorption of the biosurfactant and TX165 at the interfaces. However, the mutual exchange
of the biosurfactant and TX165 molecules is observed in the layers at the interfaces. The concentration
of the studied mixtures at the PTFE-solution interface was established to be close to that at the
solution-air one but that at the PTFE-air is equal to zero. However, the concentration of the studied
mixtures at the PMMA-solution and quartz-solution is greater than zero. The concentration at the
PMMA(quartz)-air and PMMA(quartz)-solution interfaces is smaller than that at the solution-air one.

Keywords: contact angle; biosurfactants; nonionic surfactant; adhesion work; adsorption Gibbs
free energy

1. Introduction

The demand for surfactants of useful activity in various fields is constantly grow-
ing. Unfortunately, many types of synthetic surfactants, besides their excellent wetting,
emulsifying and foaming properties, so useful in their practical application, are dangerous
for the natural environment [1]. This is due to the toxic properties of many synthetic
surfactants and the difficulty of their degradation. For this reason, biosurfactants, which
are mainly produced by bacteria or fungi, are of increasing interest. Biosurfactants are
characterized by numerous specific properties, such as great resistance to the temperature,
pH and electrolyte concentration changes [2,3]. They exhibit also great adsorption activity
at the interfaces and aggregation activity in the water environment [4,5]. Apart from these
properties, biosurfactants are characterized by small toxicity and large biodegradability [6].
For this reason, biosurfactants are increasingly used in the petroleum, pharmaceutical,
medical and food industries [7-12]. Of the biosurfactants rhamnolipid (RL) and surfactin
(SF) are the most widely applied [13-16]. Unfortunately, the relatively high cost of ob-
taining biosurfactants is an obstacle in their application. In order to reduce the cost of
biosurfactants application in practice, their mixtures with non-toxic synthetic surfactants
can be used [17-19]. The surfactants mixtures application is correlated, among others to
their adsorption, aggregation and wetting properties. However, particularly their wetting
properties are least known.
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According to the Young’s theory [20] the wettability of the solids by different liquids
depends on the liquid-air, solid-air and solid-liquid interface tension. In the case of aque-
ous solution of the surfactants mixture the wettability of solids changes as a function of
surfactants mixture concentration due to the adsorption of surfactants at the mentioned
interfaces [21,22]. As a result of adsorption, the water-air and solid-water interface tensions
change and the solid-air interface tension can also change [23]. These changes depend on
the magnitude of the adsorption, the orientation of surfactant molecules in the interface
layers, their packing and the composition of the adsorption mixed layers [24].

In the literature it is difficult to find the data about the adsorption properties of the
surface layer at the solid-air and solid-water interfaces. In our previous studies [24] it
was found out, among others, that in the case of the RL and SF mixtures with Triton
X-165 (TX165) the concentration and composition of the mixed monolayer at the water-air
interface can be predicted based on the isotherms of the surface tension of the aqueous
solution of a particular component of the biosurfactants and TX165 mixtures as well as the
tendency of this mixture towards adsorption at the water-air interface.

As mentioned above the wettability of the solids depends not only on the water-air
interface tension but also the solid-air and solid-water ones. The contact angle of the liquid
on the solids surface is a measure of the wetting process. Thus, the purpose of our studies
was to measure the contact angle in the solid-solution drop-air system for the aqueous
solution of the biosurfactant with the TX165 mixtures, the possibility to predict the contact
angle for the solution mixtures based on the isotherms of the contact angle of individual
mixture components as well as the adsorption amount at the solid-air and solid-water
interfaces. For these studies polytetrafluoroethylene (PTFE), polymethyl methacrylate
(PMMA) and quartz (Q) were chosen. These solids were treated as models for the studies
of wetting properties of the biosurfactants mixtures with TX165. Of them PTFE is a low
energetic apolar solid, PMMA monopolar and quartz bipolar one. It should be emphasized
that PTFE and PMMA are used in medicine as implants [25] and they are also treated as
substitutes in human skin wettability [26]. The contact angle isotherms obtained for the
studied mixtures were described by the exponential function of the second order and the
Szyszkowski equation modified by us. The obtained isotherms were also considered with
regard to the contribution of individual mixture components to the water surface tension
reduction as well as in the contact angle changes. This contribution was also applied
for determination of the adsorption layer composition at the solid-air and solid-water
interfaces. The amount of adsorption was calculated using the Gibbs isotherm equation.
The isotherms of the Gibbs surface excess concentration were used for the determination
of the Gibbs standard free energy of adsorption at the solid-air and solid-water interfaces.
This energy was also calculated based on the constant in the Szyszkowski equation.

2. Results and Discussion
2.1. Adsorption and Wetting Properties of TX165, RL and SF

In order to understand the wetting properties of TX165 + RL and TX165 + SF mixtures,
it is necessary to determine the influence of individual components of the mixture on the
value of the contact angle of their aqueous solutions for different types of solids.

According to van Oss et al. [27,28], solids can be divided into three groups, namely
apolar, monopolar and bipolar. This division is related to the surface tension of solids
(7vsy)- Van Oss et al. proposed that the surface tension of solids and liquids can be treated
as the sum of the Lifshitz-van der Waals (y"") and acid-base (y45) components. The
148 component was assumed by van Oss et al. [27,28] as equal to the geometric mean
of the electron-acceptor (") and electron-donor (™) parameters. In turn, in the case of
the surfactants van Oss and Constanzo [29] assumed that the surfactants surface tension
depends on the orientation of their molecules toward the air phase. If the surfactant
molecules are oriented toward the air phase by their hydrophobic part, then the surface
tension of the surfactant is called the surfactant tail surface tension (7yr). In the case of
the surfactant molecules orientation toward the air phase by the hydrophilic group the
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surface tension of surfactants can be expressed as the surfactant head surface tension (yy).
Taking into account the van Oss et al. approach [27,28] to the surface tension of liquids and
solids, particular types of solids can be defined. The surface tension of apolar solids results
from only the Lifshitz-van der Waals intermolecular interactions. As the contribution of the
dipole and induced dipole interactions to the surface tension is smaller than 2% [27-29],
according to Fowkes [30] the surface tension of apolar solids results practically from the
London forces. The apolar solids include PTFE. The surface tension of the monopolar
solids such as PMMA also results from only the Lifshitz-van der Waals intermolecular
interactions but it can interact by the acid-base forces with the adherent medium [27,28].
For the bipolar solids such as quartz, the surface tension results from both the Lifshitz-van
der Waals and acid-base intermolecular interactions. The acid-base interactions originate
mainly from the hydrogen bond formation called the hydrogen bond interactions.

The knowledge of the surface tension of solids and aqueous solution of the surfactants
as well as of the relationship between the solid-solution interface tension (ysy ), the solution
and solid surface tension enables the explanation of the wetting properties of surfactants.

In 1805 Young studied the equilibrium state of the liquid drop settled on the solid
surface and he stated that this equilibrium depends on the liquid and solid surface tension
as well as the solid-liquid interface tension [1,20]. In turn, Dupre described this equilibrium
state of the liquid drop settled on the solid surface by the thermodynamic equation, which
is commonly called the Young equation [1,20]. From this equation it follows:

cosf — Ysv — 'YSLI )

YLv
where 1y is the surface tension of pure liquid or solution, ysy is the solid surface tension
and 6 the contact angle.
The g1 in Equation (1) can be replaced with the following relationship [27,28]:

YsL = Ysv +rwv — Wa = vsv + v — 2(\/7%7%\/ + \/“YZFV'VS_V + \/“YL_VW;\/)f 2

where W, is the adhesion work of the liquid to the solid surface.
Introducing Equation (2) to Equation (1) we obtain:

—yw + 2 YR 2 s + 2y

cosf = 3
v ®
In the case of apolar solids Equation (3) assumes the form:
—Tw + 20/ T VS
cosf = LV sV (4)

YLv

Equations (3) and (4) are reliable if the layer of the liquid around the liquid drop does not
change the solid surface tension [31].

The complete spreading of the liquid over the solid surface takes places if 2 /7Y LY +

2% + 24/ 1y Ydy = 271y or for apolar solids 2 /Y HY v = 2y

In order to prove whether the above mentioned conditions can be fulfilled for the
complete spreading of the aqueous solution of biosurfactants and TX165 over the PTFE,
PMMA and quartz surfaces, the adhesion work of biosurfactants, TX165 and water to these
solid surfaces was calculated based on the components and parameters of the biosurfactants,
TX165, water as well as the studied solids surface tension (Tables 1 and 2). The calculations
of the adhesion work were made for the surface active agents tail and head orientation
toward the solid surface (Table 2). The calculation of W, of the biosurfactants and TX165 to
PTFE indicates that in all cases its values are smaller than that of the cohesion work (W) and
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the spreading coefficient (Sy /) [1] is smaller than zero (Table 2). This points out that it is not
possible for the aqueous solutions of the biosurfactants and TX165 to spread over the PTFE
surface completely. This conclusion is confirmed by the contact angle values presented
in Figures S1-S3 in Supplementary Material. In the case of PMMA at the biosurfactants
and TX165 molecules orientation by tail toward the PMMA surface, the Sy ;5 values are
positive, however for quartz they are positive at any orientation of the biosurfactants and
TX165 molecules to its surface (Table 2). This fact indicates that in the case of the aqueous
solutions of TX165, RL and SF at the appropriate concentration, complete spreading of
these solutions over the PMMA and quartz surfaces should be observed. Unfortunately,
the data presented in Figures S4 and S5 do not confirm this conclusion.

The adhesion work of TX165, RL and SF to the PTFE, PMMA and quartz surface as well
as the cohesion work determine the limiting contact angle values of their aqueous solution.
In such a case the biosurfactants and TX165 molecules are oriented perpendicularly towards
the water-air interface and occupying the limiting area which is related to the geometrical
size of the molecule. This limiting area at the water-air interface for TX165 is smaller than
that for RL and SF but the SF limiting area is larger than the RL one (Table 3). At such
packing of the biosurfactants and TX165 molecules the surface tension of their aqueous
solution should be equal to the surfactants tail surface tension (Table 1). Unfortunately, the
maximal packing (I'"*) of the TX165, RL and SF molecules corresponds to the minimal

area ( A™") occupied by one molecule which is larger than that of the limiting one (A%).

Unexpectedly, the minimal surface area occupied by one molecule of TX165 and SF is larger
than the contactable area of the molecule tail (A?"") at its parallel orientation towards the
water-air interface. In the case of the RL these areas are comparable (Table 3). This fact
suggests that the tail of biosurfactants and TX165 molecules in the saturated monolayer
can be oriented parallel towards the water-air interface while the head perpendicularly
and/or at an angle to this interface. In the case of TX165 there is the biggest difference
between the minimal area occupied by its one molecule in the saturated monolayer at the
water-air interface and that of the limiting area considering the used compounds. This
can be reflected in the minimal value of the surface tension of the TX165 aqueous solution
which is considerably greater than that for the RL and SF solutions (Figures S1-S3). The
minimum value of the surface tension of the TX165 aqueous solution is significantly larger
than that of the RL and SF solutions (Figures S1-53) despite slight differences in the values
of the surface tension of the TX165, RL and SF tails (Table 1). The differences between the
minimal and limiting areas occupied by the biosurfactants and TX165 molecules in the
adsorptive monolayer at the water-air interface result from that considering the attractive
and repulsive interactions between their molecules. The hydrophilic part of the TX165
molecule is largely hydrated in the aqueous environment, and it can even acquire a positive
charge [32,33]. For this reason, repulsive interactions between the TX165 molecules in the
adsorptive monolayer at the water-air interface can occur, resulting in an increase in the
surface area occupied by one TX165 molecule. In the case of biosurfactants, which can
be treated as the 1:1 type electrolyte, due to the specific structure of their molecules head,
the electrostatic repulsive interactions between the molecules in the monolayer can be
neutralized by the hydrogen bonds formation between these molecules. Therefore, the
biosurfactant molecules in the saturated monolayer are more closely packed than the TX165
which affects the surface tension of their solutions.
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Table 1. The values of the Lifshitz-van der Waals (y™) and acid-base (74B) components as well
as electron-acceptor (y") and electron-donor (y~) parameters of water, TX165, rhamnolipid and
surfactin head and tail as well as PTFE, PMMA and quartz surface tension ().

Components and Parameters [mN/m] v [mN/m] Refs.
Substance W B " —
v 4 Y Y
SF (head) 34.25 8.55 0.37 49.39 42.80 [24,34]
SF (tail) 24.70 0.00 0.00 0.00 24.70 [24,34]
Water 26.85 45.95 22.975 22.975 72.80 [24,34]
RL (head) 35.38 3.01 0.04 56.74 38.39 [24,34]
RL (tail) 21.80 0.00 0.00 0.00 21.80 [24,34]
TX165 (head) 27.70 8.14 0.33 50.20 35.84 [24,34]
TX165 (tail) 22.00 0.00 0.00 0.00 22.00 [24,34]
PTFE 20.24 0.00 0.00 0.00 20.24 [35]
PMMA 41.28 0.00 0.00 7.28 41.28 [35]
Quartz 38.07 9.63 1.61 14.36 47.70 [35]

The behaviour of the biosurfactant and TX165 molecules at the PTFE-water interface
is similar to that at the water-air one. This conclusion is supported by the Gibbs surface
excess concentration of biosurfactants and TX165 values at the PTFE-water interface (I'sy)
calculated from the following equation [35]:

B C [a(—fyLVcose)]T B 1 [8(—7chose)}T,

st == 77 aC T 23031RT| 9logC ©)

where 7 is the parameter used in the Gibbs isotherm equation for determination of the
surface excess concentration of a given surfactant, C is the surfactant concentration, R is
the gas constant and T is the temperature.

The maximal values of I'sy for TX165 (2 x 107® mol/m?), RL (1.98 x 10~® mol/m?)
and SF (1.34 x 10~® mol/m?) (Table 3) calculated from Equation (5) are similar to those of
their Gibbs surface excess concentration at the water-air interface (I'py) (TX165
(2.12 x 1074 mol/m?), RL (2.01 x 10~ mol/m?), and SF (1.382 x 10~® mol/m?) [5]) deter-
mined from the Gibbs isotherm equation. The similarity of I's; to 'y was also confirmed
on the basis of the Lucassen-Reynders equation, which has the form [36]:

d(yveosb)  Tsy —Tgp ©)
oYLy Iy

where I'sy is the Gibbs surface excess concentration at the solid-air interface.
It proved that for PTFE the dependence of adhesion (7y1y cos 6) and surface tension for
the biosurfactants and TX165 can be described by the linear equation:

Yrv cos® = ayry +b, )

where a and b are the constants. The constant a2 was close to —1 (Figure 54). In such case,
according to Equation (6) I'sy is close to I'py if the adsorption of the surfactants around
the solution drop settled on the PTFE surface does not occur (I'sy = 0). For the apolar
solids such as PTFE whose surface tension results only from the Lifshitz-van der Waals
intermolecular interactions if a = —1, the constant b fulfills the equation:

b=W,=vpy(cosb+1)=24/yHVyLY. (8)

As follows from Equation (8) if the contact angle is equal to zero, then on one hand,

Y = % and on the other hand, yry = 4/ 'yfy'yé‘{,v From the linear relationship between

yrv cosf and vy for PTFE, plotted based on the contact angle values for the aqueous
solutions of TX165, RL and SF it results that the constant b value is equal to 47.29 mN/m.
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This value is insignificantly higher than W, of water for PTFE (46.62 m]/ m?) (Table 2).
This indicates that TX165 and biosurfactants reduce only the acid-base component of the
water surface tension due to the adsorption of their molecules at the water-air interface.
On the other hand, for the contact angle equal to zero, Equation (8) is not suitable since
the vHY cannot be higher than 7.y. Hence, it is not possible to determine the critical
surface tension of PTFE wetting which corresponds to the contact angle equal to zero from
Equation (8). The contact angle equal to zero can occur only if the surface tension of the
liquid is equal to that of PTFE and this tension results only from the Lifshitz-van der Waals
intermolecular interactions.

Table 2. The values of adhesion work (W;), solid-liquid interface tension (ysy) calculated from
Equations (1) and (2), respectively and the values of spreading coefficient (S /).

PTFE PMMA Quartz
Substrates

W, YsL Swis W, Vst Swis W, YsL Sws
SF (head) 52.66 10.38 —3294 78.48 5.60 —7.12 94.66 —4.16 9.06

SF (tail) 4472 0.22 —4.68 63.86 212 1446 6133 11.07 11.93
Water 46.62 4642 —9898 9245 21.63 —53.15 11243 8.07 —33.17

RL (head) 53.52 5.11 —23.26 77.51 2.16 0.73 9403 794 17.25

RL (tail) 42.01 0.03 —1.59 60 3.08 1640 57.62  11.88 14.02

TX165 (head) 47.36 8.72 —2432 70.73 6.39 —095 8728 374 15.60
TX165 (tail) 42.20 0.04 —-1.80 60.27 3.01 16.27 57.88  11.82 13.88

The evidence for the similar behaviour of the biosurfactants and TX165 molecules at
the PTFE-water and water-air interface is also the fact that the isotherms of the surface
tension of the aqueous solutions and the contact angle of these compounds can be described
by the Szyszkowski equation with the similar constants related to the standard Gibbs free
energy of adsorption (AG?, ) (Figures S1-S3). The Szyszkowski equation for the isotherm

ads
of the solution surface tension can be expressed in the form [1]:

Yo — YLV = RTnl"m“x ll’l(ac + 1), (9)
1

where 7 is the water or the another solvent surface tension, I'"** is the maximal Gibbs

surface excess concentration and 47 is the constant which fulfills the equation [1]:

AGY
ads , (10)

a; = @exp —r

where @ is the number of water moles in 1 dm?.

If we assume that the thermodynamic equations can be applied for all interfaces, then
the surface tension of solids does not depend on the surfactant concentration in the solution
and the Szyszkowski equation can be written as:

YLv €080 — ¥y cos By = RTnl™ In <f + 1> , (11)
1

where 7y is the water surface tension and fyy is the water contact angle on a given solid.

It appeared that it is possible to obtain almost the same values of I'"*** and a4 for TX165,
RL and SF from Equations (10) and (11) (Figures S1-S3 and Table 3). This indicates that the
AGSds values calculated based on the a; constant from Equation (10) are similar (Table 3).
Moreover, they are similar to those obtained from the Langmuir equation modified by de
Boer, which has the following form (Table 3) [1,37]:

A0 A0 C —AGY,
A—AOeXpA—AO_(DeXp<RT ’ (12)
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where AY is the limiting area occupied by one molecule of the surfactant and A is the area
occupied by one molecule of the surfactant in the monolayer at the interface corresponding
to the given C value.

Table 3. The values of the standard Gibbs free energy of the adsorption A(ngs), Gibbs excess
concentration (maximal—I"** and limiting—I'*) and the area occupied by TX165, RL and SF at the
water-air (W-A), PTFE-water (PTFE-W), PMMA-water (PMMA-W) and quartz-water (Q-W) interfaces
(minimal—A"" and limiting—A®) as well as the contactable area of the tail (AP"™) and head (A9™)

of these surfactants molecule.

A GY, [kJ/mol]

TX 165 RL SF
Interface Equation (12)1  Equation (10)  Equation (12) 1  Equation (10)  Equation (12)1  Equation (10)
W-A —44.00 —44.23 —42.57 —44.79 —47.37 —51.53
PTFE-W —43.89 —42.53 —42.70 —44.59 —51.54 —52.15
PMMA-W —44.58 —44.11 —43.31 - —49.52 -
o-wW —43.58 —42.53 —43.02 - —50.23 -
Gibbs surface excess concentration, I' (X10~¢ mol/m2)
Interface rmax e rmax r* rmax re
W-A 2.12 4.65 2.01 2.403 1.382 1.782
PTFE-W 2.10 4.65 1.98 2.28 1.34 1.75
PMMA-W 1.27 2.80 0.71 0.91 0.55 1.10
PMMA-A 1.00 2.80 0.98 1.20 0.64 1.10
Q-wW 0.50 1.03 0.34 0.47 0.51 0.87
Q-A 0.91 1.20 0.69 0.91 0.67 0.87
Occupied area [A2]
Amin A® Amin A® Amin A®
W-A 78.32 35.70 82.60 69.09 120.38 93.14—120.24
PTFE-W 79.06 35.70 82.80 72.82 123.90 93.14—120.24
PMMA-W 130.73 59.30 233.85 182.45 301.87 150.94
PMMA-A 166.03 59.30 169.41 138.36 259.42 150.94
Q-wW 332.06 161.19 488.32 353.26 325.55 190.84
0Q-A 182.45 138.36 240.62 132.45 247.81 190.84
Contactable area, A" [A2]
TX165 RL SF
Surfactant Tail Head Tail Head Tail Head
61.12 100.61 87.25 72.13 75.95 255.56

! The all data concerning the water-air interface (W-A) calculated from Equation (12) were taken from the
literature [38].

It should be mentioned that for the calculation of I"** and a1 from Equations (10) and (11)
the values of C correspond to the monomeric form of the biosurfactants and TX165.

The isotherms of the contact angle of the aqueous solution of biosurfactants and TX165
on the PTFE surface can be described not only by the Szyszkowski equation but also by
the exponential function of the second order (Figures 1 and S1-S3). However, it is difficult
to find the relationship between the constants in this function presented in figures and
some physicochemical properties of solution components. These constants can be related
to the components and parameters of the surface active agents and water surface tension
similarly to the exponential function of the second order describing the isotherm of the
surface tension of the aqueous solution of the surfactants [24].
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Figure 1. A plot of the TX165 aqueous solution contact angle (f) on PTFE (curves 1-3) vs. the
logarithm of TX165 concentration (C ). Curve 1 corresponds to the measured values, curve 2 to values
calculated from the exponential function of the second order:

6 = 24.66595 exp( ) +78.1891

_C _
0.000170057) 790722 exp <0.0000011843

curve 3 corresponds to the values calculated from Equations (9) and (11), respectively.

The problem of PMMA and quartz wetting by the aqueous solutions of TX165, RL
and SF is more complicated than in the case of PTFE. Contrary to PTFE, the surface
tension of PMMA is higher than that of both the tail and head of TX165 and RL while
in the case of quartz its surface tension is larger than that of the head and tail of all
analyzed surface-active substances (Table 1). Moreover, the minimum surface tension of
the aqueous solution of the biosurfactants and TX165 is smaller than that of PMMA and
quartz (Figures 51-53). According to van Oss et al. [27-29] it would seem that the aqueous
solutions of biosurfactants and TX165 at the appropriate concentration should spread
completely over the PMMA and quartz surfaces. Unfortunately, complete spreading over
the PMMA and quartz surfaces did not occur for any of the solutions (Figures S5 and S6).
It is possible that the reason for this fact is the migration of the biosurfactant and TX165
molecules on the PMMA and quartz surfaces. As the result of this migration, an adsorption
layer is formed around the solution drop settled on the PMMA and quartz surfaces which
changes their surface tension [38]. This can be confirmed by positive values of the spreading
coefficient of the biosurfactants and surfactants on the PMMA and quartz surfaces (Table 2).
The possibility of TX165, RL and SF adsorption around the settled solution drop on the
PMMA and quartz surfaces is indicated by the curves showing the dependence between
the adhesion and the solution surface tension (Figures S7 and S8). The slope of the curves
for PMMA and quartz except for that obtained with the TX165 aqueous solution, is positive.
In the case of PMMA the slope of the dependence between the adhesion and surface tension
is negative for the RL and SF solution at their concentration higher than the critical micelle
concentration (CMCQC) [39]. If the biosurfactants and TX165 are assumed not to adsorb on
the PMMA and quartz surfaces around the drop of their solution, their negative adsorption
at the solid-water interface takes place according to the Lucassen-Reynders equation [36].
This is impossible in practice. Probably due to the presence of the adsorption layer at the
PMMA-air and quartz-air interfaces, the contact angle isotherm of the aqueous TX165, RL
and SF solutions can not be described by Equation (11). It is interesting that using the
difference between the contact angle for water and solution in the Szyszkowski equation
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instead of the layer pressure at the PMMA-water interface (PMMA (quartz)-water minus
PMMA (solution)-solution interface tension), it was possible to describe the isotherm of the
contact angle of the aqueous solution of TX165 for PMMA and quartz (Figures S7 and S8).
Moreover, the values of the standard Gibbs free energy of adsorption calculated from
Equation (10) based on the constant a; obtained in this way are close to the standard Gibbs
free energy of adsorption values for TX165 at the PMMA-water and quartz-water interfaces
calculated from the Langmuir equation modified by de Boer [1,37]. It should be mentioned
that for the aqueous solution of RL it was impossible to describe the contact angle isotherm
of its solution for PMMA and quartz as well as for the aqueous solution of SF for PMMA.

According to the Lucassen-Reynders equation, the positive slope of the curves ob-
tained from the relationship between the adhesion and surface tension indicates that the
adsorption of the surfactant at the solid-water interface is smaller than at the solid-air
one [36]. This may be due to the very strong interactions of water molecules with the solid
surface which is reflected in the W, values (Table 2), hindering the adsorption of surfactants.
Due to these interactions of water molecules with the PMMA and quartz surfaces, there is
smaller adsorption of TX165, RL and SF at the PMMA-water and quartz-water interfaces
than at the water-air one (Table 3) [34]. The comparison of the minimal (A™") and limiting
areas (A®) of TX165, RL and SF molecules occupied at these interfaces with the contactable
area (A“"™) of their molecules shows that they are oriented parallel to the PMMA and
quartz surfaces (Table 3).

2.2. Contact Angle of Biosurfactants Mixtures with TX165

According to Equation (4) [27,28] in the case of apolar solids such as PTFE whose
surface tension results only from the Lifshitz-van der Waals intermolecular interactions,
the contact angle of surfactants aqueous solutions depends on the surface tension of the
solution, the Lifshitz-van der Waals component of this tension and the PTFE surface
tension. In turn, the surface tension of the aqueous solution depends on the components
and parameters of the surface tension of all its constituents. Indeed, Equation (4) is applied
for the calculation of the contact angle of liquids and solutions if the surface tension of
apolar solids is not changed by the liquid vapour layer formed around the liquid drop
settled on the solid surface. This proved that the liquid vapour having the surface tension
larger than that of the solid does not change it. To explain the wetting properties of the
TX165 + RL and TX165 + SF mixtures in the PTFE-aqueous solution of these mixtures-air
system, the contact angle of hypothetical liquids on the PTFE surface, whose surface tension
results only from the Lifshitz-van der Waals interactions, was calculated from Equation (4).
Then it was assumed that the surface tension of hypothetical liquids results also from
the Lifshitz-van der Waals intermolecular interactions and is equal to the Lifshitz-van
der Waals components of water and tail of the biosurfactants and TX165. Taking into
account the Lifshitz-van der Waals component for the water surface tension and that of
RL, SF and TX165 head, the contact angle was calculated from Equation (4). As follows the
contact angle for water, RL, SF and TX165 is equal to 42.57, 22.01, 35.86 and 23.32 degrees,
respectively. These contact angle values indicate that it is impossible to achieve the complete
spreading of the aqueous solution of the biosurfactants with the TX165 mixtures over the
PTFE surface. This suggestion is confirmed by the contact angle values larger than zero
(Figures 2 and 3) as well as data presented in Figures S9 and S10. The minimal values
of the surface tension of the aqueous solution of RL, SF and TX165 are higher than the
Lifshitz-van der Waals component of water surface tension (Figures S1-S3) [40]. On the
other hand, the Lifshitz-van der Waals component of the surface of the aqueous solution of
the biosurfactants and TX165 does not depend on the solution concentration and is close
to the Lifshitz-van der Waals component of water surface tension. This indicates that at
the water-air interface the biosurfactants and TX165 do not reduce the LW component of
water surface tension by their adsorption. However, they reduce its AB component but
not to zero. On the other hand, the minimal surface tension of the aqueous solution of
biosurfactants and TX165 mixtures is not smaller than the surface tension of the aqueous
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solution of individual mixture component. This may be the reason that the contact angle
values of the studied mixtures aqueous solution are not smaller than those for the single
biosurfactants and TX165 solutions (Figures 2, 3 and S1-5S3).
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Figure 2. A plot of the contact angle (0) of aqueous solution of TX165 + RL mixtures on the PTFE
surface vs. the logarithm of the TX165 concentration (C). Curves 1-16 correspond to the constant RL

concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30
and 40 mg/ dm3, respectively.
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Figure 3. A plot of the contact angle (9) of aqueous solution of TX165 + SF mixtures on the PTFE
surface vs. the logarithm of the TX165 concentration (C). Curves 1-16 correspond to the constant SF
concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30
and 40 mg/ dm?, respectively.

It was found earlier that the surface tension of the biosurfactants with the TX165
mixtures depends on the contribution of particular components of the mixture to the
reduction of water surface tension which is proportional to that of water surface tension
by its single components [24]. As the contact angle isotherms of the aqueous solution of
biosurfactants mixture for PTFE are similar to the surface tension isotherm, it can be possible
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to predict the contact angle of the mixture based on that of its particular components. In
the other words, the contact angle of the aqueous solution of the surfactants mixture on
the PTFE surface should depend on the sum of the products of the contact angle of the
mixture components at the appropriate concentration and the fraction of the mixed layer at
the PTFE-water interface (X). Thus, it can be written:

0 =01X1 + 60Xz, (13)

where indices 1 and 2 refer to components 1 and 2 of the mixture.

This proved that the relationship between the adhesion and surface tension for all
tested aqueous solutions of the biosurfactants with the TX165 mixture for PTFE is linear,
and the line slope is close to —1. In that case, according to the Lucassen-Reynders equation
(Equation (6)) [36], the concentration of the TX165 + biosurfactant mixture at the PTFE-
water interface is similar to that at the water-air one. Assuming that the composition of the
mixed layers at the PTFE-water and water-air interfaces is nearly the same, it is possible to
calculate X; and X; from the following expression:

T

X; = —1 and X, = 2

— (14)
71 + 70 T + 1)

where 711 and 717 are the pressures of the monolayer at the water-air interface of the single
components of the surfactant mixtures.

Thus for the PTFE-solution drop-air systems in which the concentration of the biosur-
factant and/or TX165 in the bulk phase of the solution corresponds to the unsaturated single
monolayer at the water-air interface (Cyysat), the 0 values calculated from Equation (13)
based on Equation (14) are close to those measured (Figures 4 and S11-513). Unfortunately,
at the concentration of one or two components of the TX165 + biosurfactant mixture higher
than C, st there is smaller agreement between the measured and calculated contact angle
values than in the case mentioned above. Then the composition of the mixed layer at the
PTFE-water interface can be slightly different from that at the water-air one, despite the
equal total concentration of the surfactant mixture at these interfaces.
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Figure 4. A plot of the contact angle (6) of aqueous solution of TX165 + RL on PTFE at the constant
RL concentration equal to 0.00625 vs. the logarithm of TX165 concentration (C). Points 1 correspond
to the measured values, curves 2 correspond the values calculated form the exponential function of
the second order:

I S
0.00018624

C

— 2328064 e S
6 = 23.2806 eXp( 0.00000117916

) +7.93008 exp( ) +79.31736

and curves 3 and 4 correspond to values calculated from Equations (13) and (9), respectively.
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It should be emphasized that the contact angle isotherms for all studied solutions
on the PTFE surface can be described by the exponential function of the second order
(Figures 4 and 511-513 as an example). At the concentration of one or two components in
the solution bulk phase higher than C;s,+ the isotherms of 6, on which the maxima are
observed, can be described by the two exponential functions—one from the initial contact
angle value to the maximal one and the other from the maximal value to the final one
(Figures S11-S13). Similarly to the aqueous solution of RL, SF and TX165 the contact angle
isotherm of the aqueous solution of the TX165 + biosurfactant mixtures on the PTFE surface
can be described by the modified Szyszkowski equation (Equation (11)) (Figures S11-513).
Unfortunately, Equation (11) is fulfilled only for the solution in which the constant con-
centration of one component of the mixture is equal to Cysat. It is worth noting that the
calculated values of the standard Gibbs free energy of adsorption of individual components
of the TX165 + biosurfactant mixture from equation (10) based on the obtained constant
values from the Szyszkowski equation (Equation (11)) are similar to those calculated from
the modified Langmuir equation for the water-air interface [1].

This suggests that the adsorption of the biosurfactants and TX165 mixtures at the
PTFE-water interface affects only on the contribution of the acid-base interaction to the
PTFE-water interface tension. This suggestion is confirmed by the relationship between the
adhesion and the surface tension (Figure S14). The dependence shows that not only the
adsorption of the TX165 + biosurfactant mixture at the PTFE-water and water-air interfaces
is similar but also that the adhesion work of the solution to the PTFE surface does not
depend on the mixture composition and concentration. The values of the adhesion work of
solution mixtures are close to that of water to the PTFE surface.

Some authors [41,42] suggest that in the case of the linear relationship between the
adhesion and surface tension with the slope equal to —1, the value equal to half of the
work adhesion obtained from this relationship is equal to the critical surface tension of
solid wetting. In the case of the aqueous solution of the biosurfactant and TX165 mixtures
the value of the half of the adhesion work of the solution to the PTFE surface is equal to
23.75 mJ/m?. According to the above considerations it is impossible to acquire the complete
spreading of the studied mixture over the PTFE surface which is further confirmed by the
isotherms of the solution contact angle.

The wetting process of PMMA and quartz by the aqueous solution of TX165 + RL
and TX165 + SF is more complicated than that of PTFE. As mentioned above the surface
tension of the surfactants tail is smaller than that of PMMA and quartz. In the case of the
surfactant head surface tension, its value is insignificantly higher than the surface tension
of PMMA only for SE. Thus, theoretically it is possible to obtain the complete spreading
of the aqueous solution of the TX165 + RL and TX165 + SF mixtures over the PMMA and
quartz surface. However, no complete spreading over the surface for the mentioned solids
was obtained (Figures 5-8 and S15-518).

As mentioned above the values of the spreading coefficient of the biosurfactants
and TX165 over the PMMA and quartz surface are positive independent of the way of
molecules orientation towards their surface (except for the TX165 head-PMMA system)
(Table 2). Thus, it is possible that the biosurfactants and TX165 can penetrate from the
solution drop settled on the quartz or PMMA surface, changing the surface tension of
PMMA and quartz around the drop. In that case the surface tension of the PMMA and
quartz is variable as a function of the aqueous solution of the biosurfactants and TX165
mixtures concentration and composition. This suggestion is confirmed by the relationships
between the adhesion and surface tension for both PMMA and quartz (Figures 519-522).
The slope of the curves of these relationships changes as a function of the composition
and concentration of the solution of the studied mixtures. It depends also on the type of
the solids and for PMMA it changes even from negative to positive values. This indicates
that the slope of the curve representing the dependence between the adhesion and surface
tension for the solution of TX165 + biosurfactant mixture at the same composition and
concentration is different for PMMA and quartz (Figures 519-522). According to the
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Lucassen-Reynders equation (Equation (6)) the changes of the slope of this dependence as
a function of the composition and the concentration of the solution of the biosurfactant and
TX165 mixture are due to those in the correlation between the adsorption of this mixture
at the solid-air and solid-liquid interfaces. This relation influences on the isotherm of the
contact angle. Similarly to PTFE, the maxima on the isotherms of the contact angle of the
aqueous solution of the TX165 + RL and TX165 + SF mixtures on the PMMA and quartz
surfaces are present for the solutions whose concentration of one and/or two mixture
components is higher than C,;s.¢ (Figures S15-518). These maxima can be explained based
on the contact angle isotherms calculated from Equation (13) (Figures 9 and 523-526).
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Figure 5. A plot of the contact angle (8) of aqueous solution of TX165 + RL mixtures on the PMMA
surface vs. the logarithm of the TX165 concentration (C). Curves 1-16 correspond to the constant RL
concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30
and 40 mg/ dm?, respectively.
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Figure 6. A plot of the contact angle (0) of aqueous solution of TX165 + SF mixtures on the PMMA
surface vs. the logarithm of the TX165 concentration (C). Curves 1-16 correspond to the constant SF
concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30
and 40 mg/dm?, respectively.
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Figure 7. A plot of the contact angle (0) of aqueous solution of TX165 + RL mixtures on the quartz
surface vs. the logarithm of the TX165 concentration (C). Curves 1-16 correspond to the constant RL
concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30
and 40 mg/ dm3, respectively.
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Figure 8. A plot of the contact angle () of aqueous solution of TX165 + SF mixtures on the quartz
surface vs. the logarithm of the TX165 concentration (C). Curves 1-16 correspond to the constant SF

concentration equal to 0.0002, 0.0005, 0.00125, 0.003, 0.00625, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30
and 40 mg/ dm3, respectively.
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Figure 9. A plot of the contact angle () for TX165 + RL for PMMA at the constant RL concen-
tration equal to 40 mg/dm? vs. the logarithm of TX165 concentration (C). Points 1 correspond
to the measured values, curve 2 corresponds the values calculated from two exponential func-
tions of the second order: (9 = —5.28316 exp (m) — 4.34766 exp (m) + 42.35076) ,

(6= 173099 exp (g0tig ) +1.73099 exp ( gafg ) +39.75775), and curves 3 and 4 correspond to
values calculated from Equations (13) and (9), respectively.

In most cases the theoretical isotherms of the contact angle are similar to those ob-
tained from the measured contact angle even at the solution concentration of particular
components of the mixture higher than Cyys.¢ (Figures 9 and S23-526). The agreement
between the isotherm obtained from the calculations and measurements of the contact
angle suggests that the particular components contribution to the contact angle is propor-
tional to the reduction of water surface tension. Moreover the composition of the surface
mixed monolayer at the solid-air and the solid-water interfaces is similar despite different
concentrations. If there is no such agreement, there can be differences in the composition of
the interface layers at the solid-air and solid-water interfaces. It should be mentioned that
all isotherms of the contact angle of the aqueous solution of TX165 + RL and TX165 + SF on
the PMMA and quartz surface can be described by the exponential function of the second
order (Figures 9 and 523-526). In the case of the solution at the concentration of one or
two components of a given mixture higher than Cj,;s4¢, the isotherms of the contact angle
were described by the two exponential functions: one in the concentration range of the
component at the variable concentration with its value from zero to that corresponding
to the maximal value and the other one from the maximum to the limited concentra-
tion value. In the case of the solutions at the constant concentration smaller than C,,;s,¢,
the contact angle isotherm can be also described by the modified Szyszkowski equation
(Figures 9 and 523-526). The values of the standard Gibbs free energy of adsorption ob-
tained from this equation are higher than those obtained for the individual components of
the mixture.

2.3. Composition and Concentration of the Mixed Layer at the Solid-Air and Solid-Water Interfaces

The dependence between the adhesion and surface tension of the aqueous solutions of
TX165 + RL and TX165 + SF both at the constant biosurfactants concentration and variable
TX165 and vice versa for PTFE can be expressed by one linear dependence (Figure S14). Its
slope is close to —1. Thus according to the Lucassen-Renders equation [35] (Equation (6))
the Gibbs surface excess concentration of the biosurfactants and TX165 mixture at the PTFE-
water interface is close to that at the water-air one. As a matter of fact, there should be
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satisfied the condition that the surface tension of PTFE does not depend on the concentration
and composition of the biosurfactants and TX165 mixtures. The constant b in the linear
equation describing the dependence between the adhesion and surface tension is close to

the adhesion work of water to the PTFE surface (Table 2). This means that 2, /'yﬁvw'y%\fv

is close to yry(cos® +1). Thus it follows that the mixtures of the biosurfactants with
TX165 do not reduce the Lifshitz-van der Waals component of the water surface tension
(Table 1) and that the surface tension of PTFE does not depend on the concentration and
composition of the TX165 + RL and TX165 + SF mixtures. The linear dependence between
the adhesion and surface tension at the slope equal to —1 does not prove that despite
the same concentration of the biosurfactants mixture with TX165 at the water-air and the
PTFFE-water interfaces, the composition of the mixed monolayer is the same. For this
reason the Gibbs surface excess concentration of the biosurfactants and TX165 mixtures
at the PTFE-water interface was calculated from Equation (5). However, it was possible
to calculate the Gibbs surface excess concentration at the PTFE-water interface only in the
range of the constant concentration value of one component of the mixture smaller than
Cunsat- For such a case the dependence between the adhesion tension and the variable
concentration of the other component of the mixture can be expressed by the exponential
function of the second order. The maximal excess concentration of the biosurfactant or
TX165 was determined from the linear dependence between the concentration logarithm
and the adhesion tension. In the case of the constant concentration of one component of the
mixture and variable of the other one at which the maxima on the contact angle isotherm
are present, the Gibbs surface excess concentration of the biosurfactants and TX165 was
calculated from the following expression:

F{”‘”‘Xl + FE””XXZ =Tqy. (15)

It seems reasonable to assume that the contribution of the particular component
mixture to its total concentration at the PTFE-water interface similarly to the contact angle
should be proportional to that of this component in the water surface tension reduction.
Thus for the calculation of I'1, the values of X; and X, determined in the above mentioned
way were used in Equation (15) (Figure 527).

As follows from the comparison of the Gibbs surface excess concentration of the
biosurfactants and TX165 at the PTFE-water and the water-air interfaces the composition
of its mixed monolayer at the PTFE-water interface is somehow different from that at
the water-air one [24] (Figures S28-531). It should be remembered that the adsorption
mechanism for the same surfactant at the PTFE-water and water-air interfaces is different.
In the adsorption at the PTFE-water interface the hydrophobic interactions between PTFE
and the surfactant tail play a very important role. They depend on the PTFE-water and
the tail-water interface tension and the contactable area of the surfactant tail. Hence, these
differences in the composition of the mixed monolayer at the PTFE-water and water-air
interfaces are likely to take place. Nevertheless, as indicated by the values of the Gibbs
standard free energy of adsorption of the biosurfactants and TX165, calculated from both the
Langmuir equation modified by de Boer and based on the modified Szyszkowski equation,
the tendency for the biosurfactant and TX165 to adsorb at the PTFE-water interface is
similar to that at the water-air one (Table 4) [24].

In the case of the monopolar PMMA and bipolar quartz the determination of the
biosurfactants and TX165 adsorption is more complicated than at the PTFE-water interface.
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Table 4. The values of standard Gibbs free energy of adsorption of TX165, RL and SF (AGY, ) at

ads

the PTFE-water, PMMA-water, quartz-water, PMMA-air and quartz-air interfaces calculated from
Equations (10) and (12) respectively.

AGY . [KJ/mol]
PTFE-W PMMA-A PMMA-W 0Q-A o-w
Mixture Equation Equation Equation Equation Equation Equation Equation Equation Equation Equation
(12) (10) (12) (10) 12) 10) (12) (10) (12) (10
TX165+RL 4363  —4291 —4289 4211 4290 4191 3579 - —4416  —43.44
(const RL)
TX165 + SE —44.17 —43.84 —43.47 —42.74 —44.05 —43.25 —46.35 —45.15 —46.18 —46.00
(const SF)
TX165 + RL
(const TX165) —42.13 —41.51 —42.66 —42.15 —45.36 —45.14 —46.07 —45.81 —48.51 —48.01
TX165 + SF
(const TX165) —49.42 —48.15 —48.71 —49.05 —49.33 —49.11 —51.16 —50.25 —52.64 —51.13

Based on the relationship between the adhesion and surface tension of the aqueous
solution of the biosurfactants and TX165 mixture for PMMA and quartz, the amount of
the adsorbed mixture at the solid-water interface cannot be deduced contrary to PTFE.
There is no linear dependence between the adhesion and surface tension for PMMA and
quartz. Moreover, the curves representing this dependence can assume the positive slope
which would suggest the negative adsorption (Figures S19-522). The values of adhesion
work obtained from the van Oss at al. [27-29] and Young-Dupre equations [1,20] for all

studied solutions to the PMMA and quartz surface indicate that 2\/ "rﬂ//vvé%’}’ + 2\/ 'YEV'YEV +

24/70yr & > 71v(cos 6 + 1). This means that the surface tension of PMMA and quartz

changes as a function of composition and concentration of the biosurfactants and TX165
mixture. This satisfies the equation:

2\/ VIV YD + 2\/ VivYsy T2\ 7Y Sy — rv(cosf+1) = 7. (16)

As follows at the first approximation 77 &~ ™W—1LV Taking into account Equation (16)
and the Young equation it was possible to determine the PMMA-solution and quartz-
solution interface tension as well as the PMMA-surface layer and quartz-surface layer
interface tensions. Then the Gibbs surface excess concentrations of SF, RL and TX165 at
these interfaces could be determined using the following equations:

Fe— — C [Oysv] _ 1 dysv (17)
V'™ TWRT | oC |;  2303#RT |dlogC |,

__ C [oyse] _ 1 9YsL
Tst = nRT[ oC |;  2.303nRT |dlogC |, (18)

Based on Equations (17) and (18) it was possible to calculate the I'syy and I'sy values at
the constant concentration of one mixture component smaller than its Cyysq¢. In the other
case the I'sy and I'sy values were determined from expression (15) (Figures 532-535).

It appeared that the values of I'sy and I'sy are significantly smaller than that of
I'1y [24] (Figures S32-535). As follows from the single surfactants layer at the PMMA-air,
PMMA-water, quartz-air and quartz-water interfaces the molecules of biosurfactants and
TX165 in the mixed layer are oriented parallel towards the interface. However, the Gibbs
surface excess concentration of TX165 in the saturated mixed monolayer at the PMMA-air,
quartz-air as well as the PMMA-water and quartz-water interfaces is higher than that
for the biosurfactants. This may result from three cases: (1) the oxyethylene groups in
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the TX165 molecule can be connected with hydrogen ions, (2) active electric interactions
occur between the oxyethylene group and hydrogen ions, (3) interactions of particularly
negatively charged quartz surface and/or —CO groups on the PMMA surface take place.
On the other hand, one molecule of biosurfactants can remove more water molecules from
the interface than one molecule of TX165 (Table 3). The relationship between the values
of I'sy and I'sy explains the slope of the curves representing the dependence between the
adhesion and surface tension (Figures S19-522, S36 and S37). In the case of quartz this
slope is positive for all studied solutions because I'sy is higher than I's;. This may result
from the fact that the heads of the biosurfactants and TX165 molecules interact strongly
with the water ones (Table 2). The interactions of the biosurfactants and TX165 molecules
with the PMMA and quartz surface through the water phase depend on the solid-tail,
solid-head as well as the water-tail and water-head interactions and the contactable area
of tail and head [43]. These interactions are associated with the interface tension. As
the water-head of the biosurfactant and/or the water-head of TX165 interface tension
is negative, it reduces the possibility of surfactants to adsorb at the PMMA-water and
quartz-water interfaces compared to the PMMA-air and quartz-air interfaces. This is more
evident in the case of the systems including quartz instead of PMMA. Despite smaller
adsorption of the biosurfactants and TX165 mixture at the PMMA-air, quartz-air, PMMA-
water and quartz-water interfaces than at the water-air one, the values of standard Gibbs
free energy of adsorption calculated from the Langmuir equation modified by de Boer
Equation (12) are similar to those of the standard Gibbs free energy of adsorption at the
water-air interface. It is worth mentioning that the values of the standard Gibbs free
energy of adsorption determined based on the Szyszkowski equation are close to those
calculated from the Langmuir equation (Table 4). It should be pointed out that the values
of I'sy and I'sy calculated from the modified Szyszkowski equation in which instead of the
difference between the interface tension of water and solution that between the contact
angle for water and solution were applied on the PMMA and quartz surface. The difference
between the contact angle of water on the surfaces of PMMA and quartz and the solution
is close to that between the PMMA (quartz)-water and PMMA (quartz)-solution and/or
between the surface tension of PMMA (quartz)-air in the presence of the water drop and
the solution (Figure S38).

3. Materials and Methods

Triton X-165 (p-(1,1,3,3-tetramethylbutyl)-phenoxypolyoxyethylene glycol) of purity
over 99% was purchased from FLUKA. R-95 Rhamnolipid (95%) (RL) and surfactin (>98%)
(SF) were purchased from Sigma-Aldrich. Nonionic TX165 and biosurfactants were used
without further purification. Four series of the aqueous solutions of TX165 with the biosur-
factant mixture were prepared for the contact angle measurements on the PTFE, PMMA
and Q surface. The first and second series included the aqueous solutions of the mixture of
TX165 with RL and SF, in which the biosurfactant concentration was constant and that of
TX165 was variable. The third and fourth series included the solutions of the mixture of
TX165 with RL and SF in which the concentration of TX165 was constant and concentration
of the biosurfactant changed. The range of biosurfactants concentration in all series of
solutions was from 0 to 40 mg/ dm3, and that of TX165 from 0 to 4 x 10~ mole/dm?3. The
range of the biosurfactants and TX165 concentration in the aqueous solution included
the value of CMC of the given surface active agent. The water used for preparation of
all solutions was doubly distilled and deionized (Destamat Bil8E). The internal specific
resistance of water was 18.2 x 10® Q-m. Before the solution preparation the water purity
was additionally controlled by the surface tension measurements.

The polymers used for the contact angle measurements were obtained from Mega-
Tech, Poland and the quartz solids from Conductance, Poland. Before the contact angle
measurements the surfaces of the polymers and quartz plates were prepared according to
the procedure described earlier [34], which was used twice for each plate. Then the plates
were dried and placed in a desiccator with the molecular sieve.
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The advancing contact angle (0) for the aqueous solutions of TX165 + biosurfactant
mixture on the PTFE, PMMA and quartz surfaces was measured by the sessile drop method
at 293 £ 0.1 K using the DSA30 measuring system (Krtiss, Hamburg, Germany) with a ther-
mostated chamber. For determination of the contact angle values both tangential and circle
fittings were used. The procedure for measuring the contact angle was described in detail
previously [35]. The drop volume of 7 uL was used for all contact angles measurements.
The contact angle measurements for each solution on the PTFE, PMMA and quartz surfaces
were repeated 10 times. The standard deviation of the contact angle values was related
to the concentration of the biosurfactants and TX165 in the solution. At the concentration
corresponding to the unsaturated mixed monolayers at the water-air interface the standard
deviation was smaller than 1.5° but at that corresponding to the saturated mixed monolayer
was larger, being close to 2°.

4. Conclusions

Based on of the measurements of the contact angle and the thermodynamic analysis
of the obtained results, a number of conclusions can be drawn.

In no case the aqueous solutions of the TX165 and biosurfactants mixtures spread
completely over the PTFE, PMMA and quartz surface. In the case of PMMA and quartz
this results from the fact that around the solution drop settled on the PMMA and quartz
surface the mixed biosurfactant and TX165 layer is formed, changing their.

The contact angle isotherms of the aqueous solution of TX165 with RL and SF can
be described by the exponential function of the second order even when the maxima are
present on them. In that case there can be used two exponential functions: one for the
solution concentration from zero to that corresponding to the maximum and the other one
from the concentration corresponding to the maximum and the final concentration.

In most cases the contact angle isotherms can be predicted from those of the surface
tension of the aqueous solution of individual TX165, RL and SE.

In the PTFE-aqueous solution of the biosurfactant mixture with the TX165 drop-air
system, the contact angle changes as a result of the acid-base component of water surface
tension reduction due to its adsorption at the water-air interface.

In some cases it is possible to describe the isotherms of the contact angle by the
Szyszkowski equation using: (1) the difference between the adhesion tension of water and
solution for the PTFE-solution system, (2) the difference between the contact angle for water
and solution in the PMMA-air, PMMA-solution, quartz-air and quartz-solution systems.

The adsorption of the biosurfactant + TX165 mixture at the PTFE-water interface is
comparable with that at the water-air one, but there are some differences in the surface
layers composition.

The adsorption of the biosurfactant mixtures with TX165 at the PMMA-air, PMMA-
water, quartz-air and quartz-water interfaces is smaller than at the water-air one. In the
case of the systems including quartz, the adsorption of the biosurfactant + TX165 mixture
at the quartz-air interface is larger than that at the quartz-water interface.

The standard Gibbs free energy of adsorption of biosurfactant + TX165 mixture at the
PTFE-water, PMMA-air, PMMA-water, quartz-air and quartz-water interfaces is compara-
ble to that at the water-air interface.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules27154706/s1, Figure S1: A plot of the TX165 aqueous
solution contact angle () surface tension (7y1y) (curves 1-3) and contact angle (8) on PTFE (curves
1-3) vs. the logarithm of TX165 concentration (C). Curves 1 and 1’ correspond to the measured
values, curves 2 and 2’ to values calculated from the exponential function of the second order, curves
3 and 3’ correspond to the values calculated from Equations (9) and (11), respectively; Figure S2: A
plot of the RL aqueous solution surface tension (yry) (curves 1-3) and contact angle (¢) on PTFE
(curves 1'-3') vs. the logarithm of RL concentration (C). Curves 1 and 1’ correspond to the measured
values, curves 2 and 2’ to values calculated from the exponential function of the second order, curves
3 and 3’ correspond to the values calculated from Equations (9) and (11), respectively; Figure S3:
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A plot of the SF aqueous solution surface tension (yry) (curves 1-3) and contact angle (8) on PTFE
(curves 1'-3') vs. the logarithm of SF concentration (C). Curves 1 and 1’ correspond the measured
values, curves 2 and 2’ to values calculated from the exponential function of the second order, curves
3 and 3’ correspond to the values calculated from Equations (9) and (11), respectively; Figure S4: A
plot of the contact angle (f) of aqueous solution of TX165 (curves 1, 1’ and 1”), RL (curve 2) and SF
(curve 3) on PMMA vs. the logarithm of surfactant concentration (C). Curves 1, 2 and 3 correspond
to the measured values, curves 1’ and 1” correspond to the values calculated from the exponential
function of the second order and Equation (9), respectively; Figure S5: A plot of the contact angle ()
of aqueous solution of TX165 (curves 1, 1’ and 1”), RL (curve 2) and SF (curve 3 and 3') on quartz
vs. the logarithm of surfactant concentration (C). Curves 1, 2 and 3 correspond to the measured
values, curves 1/, and 3’ correspond to the values calculated from the exponential function of the
second order and curve 1” corresponds to the values calculated from Equation (9); Figure Sé6: A plot
of the adhesion tension (7y1y cos 0) vs. the surface tension (7y1y) of aqueous solutions of TX165, RL
and SF for PTFE; Figure S7: A plot of the adhesion tension (yy cos 6) vs. the surface tension (7yry) of
aqueous solutions of TX165 (curve 1), RL (curve 2) and SF (curve 3) for PMMA; Figure S8: A plot of
the adhesion tension (yry cos 6) vs. the surface tension (yry) of aqueous solutions of TX165 (curve
1), RL (curve 2) and SF (curve 3) for quartz; Figure S9: A plot of the contact angle (6) of aqueous
solution of TX165 + RL mixtures on the PTFE surface vs. the logarithm of the RL concentration (C).
Curves 1-16 correspond to the constant TX165 concentration equal to 1 x 1078,5 x 1078,1 x 1077,
5x1077,1x107%,5x107%,1 x 1075,5 x 1075,1 x 1074,2 x 107%,4 x 107%,6 x 107%,8 x 1074,
0.001, 0.002 and 0.004 mole/dm?, respectively; Figure 510: A plot of the contact angle (6) of aqueous
solution of TX165 + SF mixtures on the PTFE surface vs. the logarithm of the SF concentration (C).
Curves 1-16 correspond to the constant TX165 concentration equal to 1 x 1078,5x1078,1 x 1077,
5x1077,1x107%,5%x 1071 x107°,5x107°,1x 10742 x 107%,4 x 107%,6 x 1074,8 x 1074,
0.001, 0.002 and 0.004 mole/dm?, respectively; Figure S11: A plot of the contact angle (6) of aqueous
solution of TX165 + RL on PTFE at the constant RL concentration equal to 5 (a) and 40 mg/ dm?3 (b)
vs. the logarithm of TX165 concentration (C). Points 1 correspond to the measured values, curves
2—4 correspond the values calculated form the exponential function of the second order, Equations
(13) and (9), respectively; Figure S12: A plot of the contact angle (6) of aqueous solution of TX165 +
RL on PTFE at the constant TX165 concentration equal to 5 x 10~% mole/dm? vs. the logarithm of
RL concentration (C). Points 1 correspond to the measured values, curves 2—4 correspond the values
calculated form the exponential function of the second order, Equations (13) and (9), respectively;
Figure 513: A plot of the contact angle (8) of aqueous solution of TX165 + SF on PTFE at the constant SF
concentration equal to 0.00625 (a), 5 (b) and 40 mg/ dm? (c) vs. the logarithm of TX165 concentration
(C). Points 1 correspond to the measured values, curves 2—4 correspond the values calculated form
the exponential function of the second order, Equations (13) and (9), respectively; Figure S14: A plot of
the adhesion tension (yry cos 6) vs. the surface tension (1) of aqueous solutions of TX165 + RL and
TX165 + SF mixtures both at the constant biosurfactant and TX165 concentration for PTFE; Figure S15:
A plot of the contact angle () of aqueous solution of TX165 + RL mixtures on the PMMA surface vs.
the logarithm of RL concentration (C). Curves 1-16 correspond to the constant TX165 concentration
equaltol x 1078,5 x 1078,1 x 1077,5 x 1077,1 x 107%,5 x 107%,1 x 107%,5 x 107, 1 x 1074,
2x 10744 x 107%,6 x 107%,8 x 107%,0.001, 0.002 and 0.004 mole/dm?, respectively; Figure S16: A
plot of the contact angle (9) of aqueous solution of TX165 + SF mixtures on the PMMA surface vs. the
logarithm of the SF concentration (C). Curves 1-16 correspond to the constant TX165 concentration
equaltol x 1078,5x 1078,1 x 1077,5 x 1077,1 x 107%,5 x 107%,1 x 107°,5 x 107°,1 x 1074,
2x107%,4 x 1074, 6 x 1074, 8 x 1074,0.001, 0.002 and 0.004 mole/dm3, respectively; Figure S17: A
plot of the contact angle (6) of aqueous solution of TX165 + RL mixtures on the quartz surface vs. the
logarithm of the RL concentration (C). Curves 1-16 correspond to the constant TX165 concentration
equaltol x 1078,5 x 1078,1 x 1077,5 x 1077,1 x 107%,5 x 107%,1 x 107%,5 x 107, 1 x 1074,
2x 10744 x 107%,6 x 107%,8 x 107%,0.001, 0.002 and 0.004 mole/dm?, respectively; Figure S18: A
plot of the contact angle (9) of aqueous solution of TX165 + SF mixtures on the quartz surface vs. the
logarithm of the SF concentration (C). Curves 1-16 correspond to the constant TX165 concentration
equaltol x 1078,5 x 1078,1 x 1077,5 x 1077,1 x 107%,5 x 107%,1 x 107°,5 x 107°,1 x 1074,
2 x 1074, 4 x 1074, 6 x 1074, 8 x 107#, 0.001, 0.002 and 0.004 mole/dm?3, respectively; Figure
519: A plot of the adhesion tension (yry cosf) vs. the surface tension (yry) of aqueous solutions
of TX165 + RL at the constant concentration of RL (a) and TX165 (b) at all studied concentration
for PMMA; Figure S20: A plot of the adhesion tension (y1y cos ) vs. the surface tension (yry) of
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aqueous solutions of TX165 + SF at the constant concentration of SF (a) and TX165 (b) at all studied
concentration for PMMA; Figure S21: A plot of the adhesion tension (71 cos ) vs. the surface tension
(7Lv) of aqueous solutions of TX165 + RL at the constant concentration of RL (a) and TX165 (b) at all
studied concentration for quartz; Figure S22: A plot of the adhesion tension (7y1y cos 0) vs. the surface
tension (7yry) of aqueous solutions of TX165 + SF at the constant concentration of SF (a) and TX165 (b)
at all studied concentration for quartz; Figure S23: A plot of the contact angle (6) for TX165 + RL for
PMMA at the constant RL concentration equal to 0.00625 (a), 5 (b) mg/ dm?3 vs. the logarithm of TX165
concentration (C). Points 1 correspond to the measured values, curves 2—4 correspond the values
calculated form the exponential function of the second order, Equations (13) and (9), respectively;
Figure S24: A plot of the contact angle (6) for TX165 + SF for PMMA at the constant SF concentration
equal to 0.00625 (a), 5 (b) and 40 mg/ dm? () vs. the logarithm of TX165 concentration (C). Points 1
correspond to the measured values, curves 2—4 correspond the values calculated form the exponential
function of the second order, Equations (13) and (9), respectively; Figure S25: A plot of the contact
angle () for TX165 + RL for quartz at the constant RL concentration equal to 0.00625 (a), 5 (b) and
40 mg/ dm? () vs. the logarithm of TX165 concentration (C). Points 1 correspond to the measured
values, curves 2-4 correspond the values calculated form the exponential function of the second
order, Equations (13) and (9), respectively; Figure S26: A plot of the contact angle (9) for TX165
+ SF for quartz at the constant SF concentration equal to 0.00625 (a), 5 (b) and 40 mg/ dm? (c) vs.
the logarithm of TX165 concentration (C). Points 1 correspond to the measured values, curves 2—4
correspond the values calculated form the exponential function of the second order, Equations (13)
and (9), respectively; Figure S27: A plot of the Gibbs surface excess concentration at the PTFE-water
interface (I'sy) for TX165 (a, c), RL (b) and SF (d) vs. the logarithm of surfactant concentration (C)
calculated from Equations (5) and (15); Figure S28: A plot of the Gibbs surface excess concentration at
the PTFE-water interface (I'sy) for TX165 (curve 1), RL (2) and their sum (curve 3) vs. the logarithm
of surfactant concentration (C) at the constant RL concentration equal to 0.0002 (a), 0.00625 (b), 5 (c)
and 40 mg/ dm? (d); Figure 529: A plot of the Gibbs surface excess concentration at the PTFE-water
interface (I's; ) for TX165 (curve 1), RL (2) and their sum (curve 3) vs. the logarithm of surfactant
concentration (C) at the constant TX165 concentration equal to 5 x 1077 (a), 1 x 1070 (b), 2 x 10~% (c)
and 1 x 1073 mole/dm? (d); Figure S30: A plot of the Gibbs surface excess concentration at the PTFE-
water interface (I'sy ) for TX165 (curve 1), SF (2) and their sum (curve 3) vs. the logarithm of surfactant
concentration (C) at the constant SF concentration equal to 0.0002 (a), 0.00625 (b), 5 (c) and 40 mg/ dm3
(d); Figure S31: A plot of the Gibbs surface excess concentration at the PTFE-water interface (I'sy)
for TX165 (curve 1), SF (2) and their sum (curve 3) vs. the logarithm of surfactant concentration (C)
at the constant TX165 concentration equal to 5 x 1077 (a), 1 x 1070 (b), 2 x 10~* (c) and 1 x 1073
mole/dm? (d); Figure S32: A plot of the Gibbs surface excess concentration at the PMMA-water
interface (I'sy) vs. the logarithm of surfactant concentration (C) for TX165 + RL (a,b) and TX165 +SF
(c,d) at the constant TX165 concentration (b, d) and RL (a) as well as SF (c); Figure S33: A plot of the
Gibbs surface excess concentration at the PMMA-air interface (I'sy) vs. the logarithm of surfactant
concentration (C) for TX165 + RL (a, b) and TX165 +SF (c, d) at the constant TX165 concentration (b,
d) and RL (a) as well as SF (c); Figure S34: A plot of the Gibbs surface excess concentration at the
quartz-water interface (I'sy) vs. the logarithm of surfactant concentration (C) for TX165 + RL (a,b)
and TX165 +SF (c,d) at the constant TX165 concentration (b,d) and RL (a) as well as SF (c); Figure S35:
A plot of the Gibbs surface excess concentration at the quartz-air interface (I'sy) vs. the logarithm
of surfactant concentration (C) for TX165 + RL (a, b) and TX165 +SF (c, d) at the constant TX165
concentration (b,d) and RL (a) as well as SF (c); Figure S36: The difference between the Gibbs surface
excess concentration at the PMMA-water and PMMA-air interface vs. the logarithm of surfactant
concentration (C) for TX165 + RL (a) and TX165 +SF (b). Curves 1-4 correspond to the constant
biosurfactant concentration equal to 0.0002, 0.00625, 5 and 40 mg/dm?; Figure S37: A plot of the
difference between the Gibbs surface excess concentration at the quartz-water and quartz-air interface
vs. the logarithm of surfactant concentration (C) for TX165 + RL (a) and TX165 +SF (b). Curves 1-4
correspond to the constant biosurfactant concentration equal to 0.0002, 0.00625, 5 and 40 mg/ dm3;
Figure S38: A plot of the difference between the values of the PMMA (quartz)-air interface tension
(Aysy) at the TX165 + biosurfactant mixture concentration equal to zero and equal to a given value
(curve 1) and between the PMMA (quartz)-water (curve 2) and PMMA (quartz)-solution (curve 2)
(Aysp) as well as the difference between the values of contact angle of the water and solution on the
PMMA (a,b) and quartz (c,d) (Avyg) (curve 3) at the constant RL and SF concentration equal to 0.00625
mg/dm?3 vs. the logarithm of surfactant concentration (C).
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Figure S1. A plot of the TX165 aqueous solution contact angle (0) surface tension (y.y)
(curves 1 - 3) and contact angle (8) on PTFE (curves 1’ - 3) vs. the logarithm of TX165
concentration (C). Curves 1 and 1’ correspond to the measured values, curves 2 and 2’ to
values calculated from the exponential function of the second order, curves 3 and 3’
correspond to the values calculated from Egs. (9) and (11), respectively.
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Figure S2. A plot of the RL aqueous solution surface tension (y;y) (curves 1 - 3) and contact
angle (8) on PTFE (curves 1’ - 3’) vs. the logarithm of RL concentration (C). Curves 1 and 1’
correspond to the measured values, curves 2 and 2’ to values calculated from the exponential
function of the second order, curves 3 and 3’ correspond to the values calculated from Egs.
(9) and (11), respectively.
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Figure S3. A plot of the SF aqueous solution surface tension (y;y) (curves 1 - 3) and contact
angle (6) on PTFE (curves 1" - 3’) vs. the logarithm of SF concentration (C). Curves 1 and 1’

correspond the measured values, curves 2 and 2’ to values calculated from the exponential

function of the second order, curves 3 and 3’ correspond to the values calculated from Egs.

(9) and (11), respectively.
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Figure S4. A plot of the contact angle () of aqueous solution of TX165 (curves 1, 1" and 1”),

RL (curve 2) and SF (curve 3) on PMMA vs. the logarithm of surfactant concentration (C).

Curves 1, 2 and 3 correspond to the measured values, curves 1" and 1” correspond to the

values calculated from the exponential function of the second order and Eq. (9), respectively.
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Figure S5. A plot of the contact angle (8) of aqueous solution of TX165 (curves 1, 1" and 1”),
RL (curve 2) and SF (curve 3 and 3’) on quartz vs. the logarithm of surfactant concentration
(C). Curves 1, 2 and 3 correspond to the measured values, curves 1’, and 3’ correspond to the
values calculated from the exponential function of the second order and curve 1”7
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corresponds to the values calculated from Eq. (9).
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Figure S6. A plot of the adhesion tension (y,, cosf) vs. the surface tension (y,;) of aqueous

-20

-25

-30

».
\.:\!\\
3.
™
R
LS
i\\'
.
N
"
(R R It Rl LRI RGATRE- [ WO AL T it O T Vo
25 an 35 4Q 45 a0 55 [51H] [+ 70 75

# . tmN/m}

solutions of TX165 (points 1), RL (points 2) and SF (points 3) for PTFE.
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Figure S7. A plot of the adhesion tension (y,, cos@) vs. the surface tension (y,,) of aqueous
solutions of TX165 (curve 1), RL (curve 2) and SF (curve 3) for PMMA.

a4

A2 K |
40 B .
: | e . :

36 |- v

34 L :

32+

¥ CosFimMNim)

30k
25
26 |
| S—

1 1 1 | | | 1 1 1 ] |
25 ah 35 40 45 50 55 &0 g TO TS
7., (mifm)

1

Figure S8. A plot of the adhesion tension (y;, cosé) vs. the surface tension (y.y) of aqueous
solutions of TX165 (curve 1), RL (curve 2) and SF (curve 3) for quartz.
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Figure S9. A plot of the contact angle (8) of aqueous solution of TX165 + RL mixtures on the
PTFE surface vs. the logarithm of the RL concentration (C). Curves 1 — 16 correspond to the
constant TX165 concentration equal to 1 x 105, 5 x 108, 1 x 107, 5 x 107, 1 x 10,5 x 10, 1 x
105, 5 x 105, 1 x 10+, 2 x 10+, 4 x 10+, 6 x 10*, 8 x 10+, 0.001, 0.002 and 0.004 mole/dm?,

respectively.
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Figure S10. A plot of the contact angle (8) of aqueous solution of TX165 + SF mixtures on the
PTFE surface vs. the logarithm of the SF concentration (C). Curves 1 — 16 correspond to the
constant TX165 concentration equal to 1 x 10%, 5 x 108, 1 x 107, 5 x 107, 1 x 10,5 x 10, 1 x
105,5 x 105, 1 x 104, 2 x 104 4 x 104, 6 x 104, 8 x 10, 0.001, 0.002 and 0.004 mole/dm?,

respectively.
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Figure S11. A plot of the contact angle (8) of aqueous solution of TX165 + RL on PTFE at the

constant RL concentration equal to 5 (a) and 40 mg/dm? (c) vs. the logarithm of TX165

concentration (C). Points 1 correspond to the measured values, curves 2 — 4 correspond the

values calculated form the exponential function of the second order, Egs. (13) and (9),

respectively.
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Figure S12. A plot of the contact angle (6) of aqueous solution of TX165 + RL on PTFE at the

constant TX165 concentration equal to 5 x 10 mole/dm? vs. the logarithm of RL

concentration (C). Points 1 correspond to the measured values, curves 2 — 4 correspond the

values calculated form the exponential function of the second order, Egs. (13) and (9),

respectively.
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Figure S13. A plot of the contact angle (6) of aqueous solution of TX165 + SF on PTFE at the
constant SF concentration equal to 0.00625 (a), 5 (b) and 40 mg/dm?3 (c) vs. the logarithm of
TX165 concentration (C). Points 1 correspond to the measured values, curves 2 — 4
correspond the values calculated form the exponential function of the second order, Egs. (13)
and (9), respectively.
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Figure S14. A plot of the adhesion tension (y,, cos@) vs. the surface tension (y,,) of aqueous
solutions of TX165 + RL and TX165 + SF mixtures both at the constant biosurfactant and
TX165 concentration for PTFE.
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Figure S15. A plot of the contact angle (6) of aqueous solution of TX165 + RL mixtures on the
PMMA surface vs. the logarithm of RL concentration (C). Curves 1 — 16 correspond to the
constant TX165 concentration equal to 1 x 10%, 5 x 108, 1 x 107, 5 x 107, 1 x 10,5 x 106, 1 x
105,5 x 105, 1 x 104, 2 x 104 4 x 104, 6 x 104, 8 x 10, 0.001, 0.002 and 0.004 mole/dm?,

respectively.
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Figure S16. A plot of the contact angle (8) of aqueous solution of TX165 + SF mixtures on the
PMMA surface vs. the logarithm of the SF concentration (C). Curves 1 — 16 correspond to the
constant TX165 concentration equal to 1 x 105, 5 x 108, 1 x 107, 5 x 107, 1 x 10,5 x 10, 1 x
105,5 x 105, 1 x 10+, 2 x 104, 4 x 10+, 6 x 10, 8 x 10+, 0.001, 0.002 and 0.004 mole/dm?,
respectively.
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Figure S17. A plot of the contact angle (6) of aqueous solution of TX165 + RL mixtures on the
quartz surface vs. the logarithm of the RL concentration (C). Curves 1 — 16 correspond to the
constant TX165 concentration equal to 1 x 10%, 5 x 108, 1 x 107, 5 x 107, 1 x 10,5 x 106, 1 x
105,5 x 105, 1 x 104, 2 x 104 4 x 104 6 x 104, 8 x 10, 0.001, 0.002 and 0.004 mole/dm?,
respectively.
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Figure S18. A plot of the contact angle (8) of aqueous solution of TX165 + SF mixtures on the
quartz surface vs. the logarithm of the SF concentration (C). Curves 1 - 16 correspond to the
constant TX165 concentration equal to 1 x 105, 5 x 108, 1 x 107, 5 x 107, 1 x 10,5 x 10, 1 x
105,5 x 105, 1 x 104, 2 x 104, 4 x 10+, 6 x 10, 8 x 10+, 0.001, 0.002 and 0.004 mole/dm?,
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Figure S19. A plot of the adhesion tension (y,, cos@) vs. the surface tension (y,,) of aqueous
solutions of TX165 + RL at the constant concentration of RL (a) and TX165 (b) at all studied
concentration for PMMA.
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Figure S20. A plot of the adhesion tension (y;, cos) vs. the surface tension (y.y) of aqueous
solutions of TX165 + SF at the constant concentration of SF (a) and TX165 (b) at all studied

concentration for PMMA.
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Figure S21. A plot of the adhesion tension (y,, cos@) vs. the surface tension (y,,) of aqueous
solutions of TX165 + RL at the constant concentration of RL (a) and TX165 (b) at all studied

concentration for quartz.
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Figure S22. A plot of the adhesion tension (y;y cos) vs. the surface tension (y.y) of aqueous
solutions of TX165 + SF at the constant concentration of SF (a) and TX165 (b) at all studied

concentration for quartz.
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Figure S23. A plot of the contact angle (8) for TX165 + RL for PMMA at the constant RL
concentration equal to 0.00625 (a) and 5 (b) vs. the logarithm of TX165 concentration (C).
Points 1 correspond to the measured values, curves 2 — 4 correspond the values calculated
from the exponential function of the second order, Egs. (13) and (9), respectively.
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Figure S24. A plot of the contact angle (6) for TX165 + SF for PMMA at the constant SF
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values calculated form the exponential function of the second order, Egs. (13) and (9),

respectively.
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Figure S25. A plot of the contact angle (6) for TX165 + RL for quartz at the constant RL
concentration equal to 0.00625 (a), 5 (b) and 40 mg/dm? (c) vs. the logarithm of TX165
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values calculated form the exponential function of the second order, Egs. (13) and (9),
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al

Contact angle, &

Contact angle, &

[
et

e
* “Wew,
K. :
1
'.
\ .2
4 1
ia
v
b
¥ v
1 1 1 1
-3 7 -6 3 4 ]
lagl
. :'.l.
%
¥
. A
: fegy
L
2.8
v 1.3
1 1 1 1
B 7 & -3 | B
g &

Figure S26. A plot of the contact angle (8) for TX165 + SF for quartz at the constant SF
concentration equal to 0.00625 (a), 5 (b) and 40 mg/dm? (c) vs. the logarithm of TX165
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Figure S27. A plot of the Gibbs surface excess concentration at the PTFE-water interface (I's;)
for TX165 (a, c), RL (b) and SF (d) vs. the logarithm of surfactant concentration (C) calculated

from Egs. (5) and (15).
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Figure 528. A plot of the Gibbs surface excess concentration at the PTFE-water interface (I's;)

for TX165 (curve 1), RL (2) and their sum (curve 3) vs. the logarithm of surfactant
concentration (C) at the constant RL concentration equal to 0.0002 (a), 0.00625 (b), 5 (c) and 40

mg/dm? (d).
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Figure 529. A plot of the Gibbs surface excess concentration at the PTFE-water interface (I's;)

for TX165 (curve 1), RL (2) and their sum (curve 3) vs. the logarithm of surfactant

concentration (C) at the constant TX165 concentration equal to 5 x 107 (a), 1 x 10 (b), 2 x 10+
(c)and 1 x 10 mole/dm?3 (d).
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Figure S34. A plot of the Gibbs surface excess concentration at the quartz-water interface
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d) at the constant TX165 concentration (b, d) and RL (a) as well as SF (c).
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Figure S35. A plot of the Gibbs surface excess concentration at the quartz-air interface (I'sy)
vs. the logarithm of surfactant concentration (C) for TX165 + RL (a, b) and TX165 +SF (c, d) at
the constant TX165 concentration (b, d) and RL (a) as well as SF (c).



a)

-1, {x 107 molim®)

&L

r

L tx 10°% molim?)

Iy

.43
033
.30
023
0.20
013
a1ia
003
aad
S003
-0
-015
-0
-0.25
-0.30

-0.3a

03

03

0.2

01

0.0

-1

a1 -
- - - x
: L
=¥ Sl T
- -
X ; aan 1 T 3
- [ ow L4
. -
[ 4 g T 1 s
; g 2 I \ Trwr—r—r
i ¢ E sl 2 =
F 1 TYeO YT “‘-D
- n [ BN 5 ;
[ L ] . w 2 -
s : = 020 - 3
o " [ oy
L L S
) [ e L [ ——
- . u- EEE=E=R el
b P 0.20 L
w8 i
1 I 1 1 1 1 1 1 e ; : I I :
3 7 - 5 A 3 2 = : - ! . :
lag o

Figure S36. The difference between the Gibbs surface excess concentration at the PMMA -
water and PMMA -air interface vs. the logarithm of surfactant concentration (C) for TX165 +
RL (a) and TX165 +SF (b). Curves 1 —4 correspond to the constant biosurfactant
concentration equal to 0.0002, 0.00625, 5 and 40 mg/dm?.

Bl g5
3 R 0l | Ll ]
L ‘.--‘l' ': '- -———a g P
e EE Forr v v L H
Toooaow 4 f 03
| ! o MR R L o o )
. E I 3 -|""'":" M
: E oozl L e th
| 5 (=3 » — ¥ b _l"
3 = .
» RN S
3-" ot -
i __:'q . - .
/.. .v{ g
S . 3
i L N t2 01 -
-
1 1L 1 1 1 1 1 1 1 1 -0,2 1 1 1L 1 1L 1 1 1L 1
-3 -7 -6 -3 = -3 -2 & 7 & -5 -] -3
lags lagC

Figure S37. A plot of the difference between the Gibbs surface excess concentration at the
quartz-water and quartz-air interface vs. the logarithm of surfactant concentration (C) for
TX165 + RL (a) and TX165 +SF (b). Curves 1 —4 correspond to the constant biosurfactant
concentration equal to 0.0002, 0.00625, 5 and 40 mg/dm?.
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The water/ethanol solutions of surfactants and/or their mixtures are very often used in practice. Alcohol changes
largely, among others adsorption, aggregation and wetting properties of the surfactants. Therefore, measure-
ments of the surface tension of the water/ethanol solution of rhamnolipid were made. For this purpose the du
Noiiy ring method was applied. The measured values of the surface tension of rhamnolipid water/ethanol solu-
tion were compared to those calculated using the Miller et al., Connors equations as well as independent adsorp-
tion method. These results were also analyzed taken into account the contributions of the adsorbed rhamnolipid

Keywords: . . . L. . .

Rhamnolipid and ethanol in the mixed film pressure at the water/ethanol solution-air interface. This analysis allowed us to de-
Ethanol termine the mutual effect of rhamnolipid and ethanol on their adsorption at the solution-air interface. The ad-
Adsorption sorption of the rhamnolipid and ethanol was discussed on the basis of the Gibbs, Langmuir and Frumkin

Surface tension
Gibbs adsorption free energy

equations of the adsorption isotherm. The tendency of rhamnolipid and ethanol to adsorb at the solution-air in-
terface was discussed based on the Gibbs free energy of adsorption which was determined using different
methods. The obtained results and their analysis show that there is not a synergetic effect in the water surface

tension reduction by the ethanol and rhamnolipid mixture adsorption.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The short chain alcohols are often applied as additives and/or co-
surfactants in the systems including surfactant or surfactants mixtures
[1]. In their molecules there is present the -OH group whose properties
are similar to this group in the water. Apart from this group a short hy-
drocarbon tail is found in the alcohol molecules. Thus, it can be stated
that the alcohol molecules contain both hydrophobic and hydrophilic
parts. For this reason the short chain alcohols are capable of adsorbing
at the water-air interface [2-5]. They can also aggregate at a proper con-
centration in the aqueous solution [2-15]. The molecules of short chain
alcohols present in the aqueous solutions of surfactants and their mix-
tures can change hydration of the head and tail of the surfactant mole-
cules and thus the conditions for adsorption as well as the aggregation
of surfactants [1,2]. The molecules of alcohol influence also on the struc-
ture of water by changing its dielectric constant [2,6]. These changes of
the hydration of surfactants molecules and water structure induced by
short chain alcohols influence, among others, on the surfactant adsorp-
tion at the water-air interface [16-18]. However, there is no consensus
on the trend of changes in the amount of even classical surfactant

* Corresponding author.
E-mail address: aniaz@hektor.umcs.lublin.pl (A. Zdziennicka).

https://doi.org/10.1016/j.molliq.2020.113080
0167-7322/© 2020 Elsevier B.V. All rights reserved.

adsorption at the water-air interface in literature [1,16-18]. In the
case of biosurfactants it is very difficult to find the studies dealing
with the effect of short chain alcohols on their adsorption at the
water-air interface. Biosurfactants are increasingly used in various fields
[19-27]. In many cases, they are applied in different solutions, for exam-
ple in ethanol. Among biosurfactants, rhamnolipid is of significant im-
portance. Rhamnolipid, which is produced mainly by Pseudomonas
aeruginosa during cultivation on glucose, glycerol or triglycerides
(representing glycolipids) [28-33], is characterized by very interesting
properties [19,20,26,27]. It should be noted that there are many types
of rhamnolipid but all of them have the same functional groups in
their molecules (-COOH, -CO, -OH, -CH,- and -CH3) [34]. The number
of these groups depends on the type of rhamnolipid. The adsorption, ag-
gregation and wetting properties of mono-rhamnolipid are the most
often studied [34,35]. However, the literature presents different opin-
ions about these properties. As a matter of fact, they depend on the pres-
ence of other substances in the rhamnolipid aqueous solution. From the
practical point of view it is important to be familiar with the influence of
ethanol on the adsorption properties of rhamnolipid. Therefore, the aim
of our studies was to determine the mutual influence of mono-
rhamnolipid and ethanol on their adsorption at the water/ethanol
solution-air interface, the composition of the mixed monolayer and
thermodynamics of the adsorption. For this purpose the measurements
of the surface tension of water/ethanol solution of rhamnolipid were
conducted. These measurements were made in the range of complete
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mixing of ethanol with water and mono-rhamnolipid in the range from
0 to 40 mg/dm?>. On the basis of the obtained results the mutual influ-
ence of ethanol and rhamnolipid on their adsorption at the solution-
air interface was discussed.

2. Experimental
2.1. Materials

Ethanol (ET) (96% pure) was purchased from POCH and purified by
the method described earlier [5]. R-95 Rhamnolipid (RL) purchased
from SIGMA-ALDRICH was used without further purification. For prep-
aration of water/ethanol solutions of rhamnolipid, deionized water of
the internal specific resistance of 18.2 x 10°Q m (doubly distilled,
Destemat Bi18E) was applied. A mixture of water and ethanol at ethanol
concentration from 0 to 17.13 mol/dm® was used as the solvent for
rhamnolipid. The concentration of rhamnolipid in this solvent was in
the range from 0 to 40 mg/dm>. Two series of rhamnolipid solutions
in the water/ethanol solution were prepared for the surface tension
measurements. One series included the solutions with a constant con-
centration of rhamnolipid and different ethanol concentration whereas
the other one included solutions with a varying concentration of
rhamnolipid and the constant concentration of ethanol.

2.2. Measurements

For the measurements of the equilibrium surface tension (y;y) of the
water/ethanol solution of RL, the Kriiss K9 tensiometer was used. The
tensiometer was calibrated on the basis of water and methanol before
the measurements. It was assumed that the water surface tension at
293 K was equal to 72.8 and methanol to 22.5 mN/m. The surface ten-
sion measurements were described in detail earlier [5]. For each
water/ethanol solution of rhamnolipid, at least 10 measurements
were made. The standard deviation depending on the ethanol and
rhamnolipid concentration was in the range from +0.1 to +-0.25 mN/
m and the uncertainty of the surface tension measurements was equal
from 0.3 to 0.7%.

3. Results and discussion
The surface tension of the solutions depends on the number of the

components and their concentration as well as solution components
surface tension and the kind of intermolecular interactions
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contributing to this tension. Thus, the surface tension of the water-
ethanol solution of rhamnolipid depends on the components and pa-
rameters of the water, ethanol and rhamnolipid surface tension and
their concentration in the solution (Figs. 1 and 2). The surface ten-
sion of water at 293 K is equal to 72.8 mN/m [36] (Table 1) and ac-
cording to the van Oss et al. [37-39] it results from the Lifshitz-van
der Waals (LW) and hydrogen bond intermolecular interactions
[38]. The hydrogen bonds interactions is treated as a Lewis acid-
base one (AB). Thus, the surface tension of water consists of two
components - the Lifshitz-van der Waals (y{’) and Lewis acid-
base (y{{). In turn, the AB components are a function of two param-

eters: electron-acceptor (yfy) and electron-donor (yw) (Vi =2

\/YwYw)- Van Oss et al. [37-39] treated water as a model liquid

and assumed that the values of electron-acceptor and electron-
donor parameters of the acid-base components of its surface tension
are the same. The ethanol surface tension also results from the
Lifshitz-van der Waals and hydrogen bond intermolecular interac-
tions, however the electron-acceptor parameter of its acid-base
component is considerably lower than the electron-donor one
[40,41]. In the case of mono-rhamnolipid, according to the van Oss
and Constanzo [42] the surface tension depends on the orientation
of its molecules towards the air phase. In the hydrophobic part of
mono-rhamnolipid two octyl groups are present. Therefore, if the
mono-rhamnolipid molecules are oriented by the hydrophobic part
towards the air phase, at the first approximation, its surface tension
should be equal to the octane surface tension. Thus the surface ten-
sion of mono-rhamnolipid is close to 21.8 mN/m [36,43]. In turn,
the surface tension of RL at the molecules orientation by head

Table. 1

The Lifshitz-van der Waals (y*") and acid-base (y*¥) components as well as the electron-
acceptor (y") and the electron-donor (y-) parameters of water, ethanol and rhamnolipid
head and tail surface tension ().

Substance Components and parameters [mN/m] v [mN/m] Ref.
bl v oAl e

RL (head) 35.38 3.01 0.04 46.74 38.39 [44]

RL (tail) 21.80 0.00 0.00 0.00 21.80 [43]

Water 26.85 45.95 22.975 22.975 72.80 [44]

Ethanol 21.40 1.80 0.09 9.00 23.20 [40,41]
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towards the air phase includes the Lifshitz-van der Waals and acid-
base components. Similar to ethanol, the electron-acceptor parame-
ter of the RL acid-base component is considerably lower than that of
the electron-donor (Table 1) [44]. However, it should be remem-
bered that mono-rhamnolipid can include other rhamnolipids
[26,45,46]. The Lifshitz-van der Waals component of RL head is the
largest of the substances being in the solution (Table 1). It is
known that the adsorption of amphiphilic substances at the polar
liquid-air interface depends largely on the interactions of the surfac-
tant tail with the polar solvent molecules [1]. Due to the adsorption,
the monolayer of surface active agent is formed. In this layer the am-
phiphilic molecules are oriented by the hydrophobic part towards
the air phase. Thus, the surface tension of the water should change
theoretically from 72.8 to 21.8 mN/m if the water surface is
completely covered by the RL molecules. However, in practice, at
293 K the maximal coverage of water surface by the RL molecules
is lower than the limiting one [34] and the water surface tension af-
fected by RL is changed only from 72.8 to 27.89 mN/m [34]. Indeed,
the surface tension of the water-ethanol mixture changes from the
surface tension of water to that of ethanol (Table 1). In the case of
the water/ethanol solution of RL the changes of the water surface
tension depend on the mutual influence of ethanol and RL on their
adsorption at the solution-air interface.

ET and RL independent adsorption at the water-air interface was as-
sumed. In such case the surface tension of the solution can be calculated
from the following expression:

Vv =Y+ Yiv—Yw (1)

where
Y.v is the surface tension of water/ethanol solution of RL, yf\L, is the sur-
face tension of aqueous solution of RL, yf} is the surface tension of
water/ethanol mixture and 7,y is the water surface tension.

From the comparison of the measured water/ethanol solution of
RL surface tension and those calculated from Eq. (1) (Figs. S1 and
S2, and as an example Figs. S3-S8) it results that in any case the cal-
culated values are the same as those measured. For better under-
standing the relationship between the calculated and measured
surface tension values, four cases of the ET and RL concentration
range will be considered. The first case refers to the concentration
range of ethanol (CE#*) [5] and RL (Ci*®) [34] in which the unsatu-
rated monolayer at the water-air interface is formed by ET without
RL and RL without ET. The second one includes the solutions at the
concentration of RL equal to C§/*®* and ET at the concentration at
which its saturated monolayer at the water-air interface in the ab-
sence of RL is formed (C{"). The third case regards the solutions at
the concentration of ET equal to C¥#*®* and RL to the concentration
at which its saturated monolayer at the water-air interface in the ab-
sence of ET is formed (CG"). The fourth case occurs when the concen-
tration of ET is equal to Ci§' and RL to C' [5,34]. The differences
between the values of the surface tension calculated from Eq. (1)
and those measured are the lowest for the first case (Figs. S3 and
S6) and the highest for the fourth one (Figs. S5 and S8). The calcu-
lated values are always lower than the measured ones. The vy, values
calculated from Eq. (1) do not explain the increase of
viv as a function of ET concentration in the range of C{*®* at the con-
stant RL concentration equal to Gg'.

To explain this fact the y;y values were calculated from the expres-
sion:

Yiv = Yw —Xer —XRLTIRL (2)
where 1z [5]is equal to Yy — Vi, g, [34] is equal to Yy — YR, Xgris the

fraction of ethanol pressure in the mixed ET/RL monolayer at the
solution-air interface and xg; is the fraction of the RL pressure in the

RL/ET mixed monolayer. mgr and g, were calculated on the basis of
the ET and RL pressure in their single solution at the water-air interface.
ﬂiﬂan = Tlfm_ The values of
TTET + TIRL Ter + TIRL

xgrand Xg; can be also determined from Eq. (2) on the basis of the mea-
sured values of solution surface tension called as real ones by us.

It was assumed thatxgr = dxg;

The 7,y values calculated from Eq. (2) (Figs. S3-S10) are close to
those measured if the concentration of ET is equal to
Cisat and RL to CHP9. In the cases when the concentration of ET is
equal to Ci*" and RL to G’ or ET to Ci* and RL to Ci** as well as ET
concentration is equal to G¥ and RL to G, there are some differences
between the values of y;y calculated from Eq. (2) and those measured.
However, the maxima are present on the calculated isotherms of surface
tension. They are more evident on the curves showing the changes of
solution surface tension as a function of ET concentration at the constant
RL concentration equal to Gi* (Figs. S8 and S9). These maxima result
from the ET and RL mutual influence on their adsorption at the
solution-air interface. To explain this influence the real fractions of ET
an RL pressure in the mixed monolayer were calculated from Eq. (2)
(Figs. S11 and S12, exemplary Figs. S13-S18). For the calculations, it
was assumed that the contribution of ET and RL to the pressure of the
ET/RL mixed monolayer is proportional to their pressure in the individ-
ual solutions. The values of xgr and xg; determined in such a way were
T

compared to those obtained from the expressions: xgr = ———— and
Tgr + TIRL
XpL = _ R (Figs. S13-520). As follows, independent adsorption
Tgr + TIRL

does not take place even at the concentration of ET equal to CE*®

and RL to Ci*®. On the other hand, in this case RL reduces adsorption
of ET. However, this decrease is not remarkable. The decrease of ET
adsorption by RL causes a slight increase of solution surface tension
(Figs. 1 and 2) in comparison to the individual ET solution at the
same concentration [5]. In the range of ET concentration equal to G,
independently of RL concentration, its adsorption at the solution-air
interface is reduced. However, the presence of RL molecules in the
monolayer causes an increase of solution surface tension compared
to the solution of single ET. To understand the mechanism of ET
and RL adsorption at the water/ethanol solution of RL-air interface,
the changes of the hydration of ET and RL molecules as well as the di-
electric constant as a function of solution composition were ana-
lyzed. The hydration of the hydrocarbon tail of ET and RL increases
the tendency of their molecules to adsorption at the solution-air- in-
terface. However, the hydration of the polar part of ET and RL mole-
cules decreases their tendency to adsorption. The exchanges of water
molecules joined with the hydrophilic part of RL molecules into the
ethanol ones result in greater possibility of RL adsorption at the
solution-air interface. Thus at the RL and ET concentration equal to
CHs and CE™ the increase of RL adsorption may take place. The in-
crease of ET concentration can cause dehydration of not only the
head but also the tail of RL molecules which, in result, decreases RL
adsorption properties. It should be mentioned that the dielectric
constant of the solution decreases with increasing ET concentration
which affects the RL adsorption properties.

It is commonly known that the ET molecules aggregate in water at
the proper concentration [2,5,6]. Thus ET and RL can form mixed aggre-
gates. The aggregates formation can be associated with greater changes
of solution Gibbs free energy than the adsorption of RL at the solution-
air interface. The exchange of the water molecules hydrating the RL
tail on the ET ones which are oriented by the -OH group towards the
water molecules, formation of mixed aggregates and decrease of dielec-
tric constant increases the hydrophilic properties of RL tail. This causes a
decrease of RL adsorption properties. Probably for this reason the sur-
face tension of the studied solutions at the ET concentration equal to
its critical aggregation concentration (CAC) [5] (Table 2) differs only
slightly from that of ET solution without RL. As a matter of fact, the con-
tribution of RL to the pressure of the mixed monolayer at the solution-
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Table 2

The values of the RL CMC, ethanol CAC, maximal surface excess concentration ("), limiting surface concentration (I'"), concentration at ", surface tension at CMC (™€) and at CAC
(¥, minimal surface tension (y™") and minimal area occupied by one molecule of ethanol and rhamnolipid (A°).

Substance CMC or CAC max re YMC or yAC Cat ™M™ ymin Ag Ref.
— 2
x 10~ mol/m? [mN/m] [mN/m] [A7]
RL 26.24 mg/dm> 201 2401 29.08 5 mg/dm? 27.89 69.08 [34,43]
Ethanol 7.04 M or 0.167 791 791 31.72 3.7478 M 23.20 21.00 [5]

air interface decreases practically to zero when the concentration frac-
tion of ET grows to 1.

To prove in which range of ET and RL concentration, the contribution
of ET and RL to the mixed monolayer pressure is or is not proportional to
that of the monolayer of single ET and RL, the calculations of the solution
surface tension were done using the Fainerman and Miller method
[47,48]. For the calculation of y;y of the studied solution, surface tension
of aqueous solution of individual ethanol [5] and rhamnolipid [35] as
well as the number of their moles per unit area were used (Table 1).
This number was determined based on the limiting area of ET and RL
molecules at their perpendicular orientation at the solution-air inter-
face. It should be emphasized that the Fainerman and Miller method
[47,48] was firstly proposed for prediction of the surface tension of solu-
tion of the surfactant mixtures from the same homologous series. It ap-
peared that this method is useful for other systems.

The values of y;y calculated from the Fainerman and Miller equation
[47,48] (Figs. S21 and S22, S3-S8) are only slightly different from the
measured ones in three other cases. The first one includes the ET and
RL concentration equal to Ci#* and Ci*®. The second one includes
the whole range of the ET concentration and RL concentration equal to
CH™™. In turn, the third case includes the whole range of RL concentra-
tion and ET concentration equal to C§#5%. Otherwise, there are great dif-
ferences between the measured and calculated values of ;. These facts
confirm the above mentioned statements dealing with the contribution
of ET and RL to the pressure of the mixed monolayer at the solution-air
interface.

For the surface tension calculation of mixture liquids in the whole
range of their concentration, the Connors method can be also used
[49]. In our case there is a mixture of water, ethanol and rhamnolipid.
To show the extent to which RL affects the applicability of this method,
the surface tension of the studied solutions was calculated (Figs. S3-S8,
S$23).In the whole range of ET concentration and RL concentration equal
to Ci*™, the values of surface tension of water/ethanol solution of RL
calculated from the Connors equation and those measured are compat-
ible. Thus, using the Connors equation it is impossible to predict the in-
crease of solution surface tension as a function of RL concentration at its
constant concentration equal to G".

3.1. Concentration of ethanol and rhamnolipid in the mixed monolayer

The literature presents numerous equations applied for determina-
tion of the isotherm of surface active agents concentration in the surface
region at the solution-air interface. The Gibbs isotherm equation [1,50],
applied the most frequently, allows to establish the Gibbs surface excess
concentration (I'). It should be noted that for the surfactants in the range
of their low concentration, I'is practically equal to the total surface con-
centration of a given surfactant. Thus, the Gibbs surface excess concen-
tration of RL can be treated as a total one. In the case of water/ethanol
mixture, the Gibbs surface excess concentration only in the range of
Ciat is, in the first approximation, close to that of the total one. The
Gibbs isotherm of ET excess concentration shows a maximum. How-
ever, this isotherm does not approach zero if the ET mole fraction ap-

proaches 1. To solve the Gibbs isotherm equation the changes of d'y%

d
dyw _dyy dyw dywy dyw
or ~ic or “ax or dloga " dlogC ° Tlogx must be known. In the

case when the maxima or plateau are present on the surface tension

or or

isotherms, it is difficult to find the function describing these isotherms.
For ET at the constant RL concentration equal to

u1sat and for RL at the constant concentration of ET equal to Ci** the
changes of solution surface tension as a function of ET and/or RL concen-
tration can be described by the second order exponential function.
Therefore, it was possible to calculate the Gibbs surface excess concen-

tration for ET (Ir) and RL (I;) using dg% and dg% respectively. The

maximal value of RL Gibbs excess concentration (I'z™) was determined

dyw
d logC
RL concentration equal to G and ET to Gi, it was difficult to obtain the
correct values of I'y; and Iy It should be mentioned that the presence of
plateau and/or the increase of the surface tension of solution as the
function of ET concentration at the constant RL concentration and/or
as a function of RL concentration at the constant ET one does not
prove that it is caused by the decrease of ET and RL concentration in
the surface region at the solution-air interface. To solve this problem,
the isotherms of the surface tension of aqueous solution of ET and RL
were calculated individually based on the ET and RL contribution in
the pressure of the ET/RL mixed monolayer determined from Eq. (2)
(Figs. S24 and S25). It appeared that there are insignificant differences
between the values of I'zror I'y; determined in a such way and those ob-
tained from the isotherms of measured surface tension of the solution
(Figs. S26 and S27). Unfortunately, in this case it was impossible to de-
termine the I'zy and Iy, values for the all studied systems. As the pres-
sure of the surface monolayer is directly connected with the surface
concentration of surface active agents, it seems that I'zr and Iy, in the
mixed monolayer, at the first approximation, can be determined on
the basis of the I'er and Iy, for their single solution using xgr and xg;
[5,34] calculated from Eq. (2). In fact, the total concentration of ET
(k%) was used in the calculations [5]. The ET total concentration in
the surface layer calculated in this way was compared to the values ob-
tained on the basis of the measured surface tension as well as deter-
mined from ET contribution to the pressure of the mixed monolayer
at the solution-air interface. To determine the total concentration of
ET in the surface layer, firstly the isotherm of Guggenheim-Adam was
established (Fig. S28). Next, 73 was obtained from the following ex-
pression [51]:

using in the Gibbs isotherm equation. In the case of the constant

I =Tg +C-h 3)

where I'#f is the surface excess concentration of Guggenheim-Adam, Cis
the ET concentration and h is the length of the ET molecule.

It appeared that in many cases the theoretical isotherms of the eth-
anol total concentration determined in two different ways were similar
(Fig. S29). There is also a compatibility between the isotherms of the RL
surface excess concentration determined by the above mentioned
methods (Fig. S30).

Knowing the I'tf™* and I'g/* values, it is possible to determine the iso-
therm of ET and RL concentration in the surface region at the solution-
air interface from the Frumkin equation [1,50]. For the calculation of
Ter, IP9%= 791 x 10~° mol/m? was applied for all systems. For
Iz calculations, the values of I'f™ obtained from the Gibbs isotherm
equation were applied. If the measured values of the surface tension
were taken into account, real values of I'z; and I'z; were obtained in
many cases (Figs. S31 and S32). If the values of y;y determined from
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the ET and RL contribution to the surface pressure of the ET/RL mixed
monolayer were used for the calculation of I':rand I';, they were similar
to the theoretical ones, at the first approximation, and for some systems
to those obtained based on the measured surface tension and Gibbs iso-
therm equation [1,50] (Figs. S33-S38).

The calculations of ET and RL concentration in the surface region in-
dicated that in the case of ET or RL concentration in the bulk phase equal
to
G or Gi', it is impossible to obtain real values of the concentration
using the measured values in the Gibbs and/or Frumkin equations. The
knowledge of ET and RL contribution to the pressure of their mixed
monolayer is useful to determine the surface concentration of ET and
RL. As follows from the calculations, at the concentration equal to Cgr
unsat and G, the decrease of ET and increase of RL adsorption at the
solution-air interface takes place in comparison to those resulting
from the ET and RL contribution to the pressure of their mixed mono-
layer proportional to that of individual layers. At the concentration of
ET equal to G, the decrease of RL adsorption by ethanol is observed.
If the ET concentration is higher than CAC [5] the small adsorption of
RL takes place even if the surface tension of water/ethanol solution of
RL is only slightly larger than that for individual ET. If the mole fraction
of ET approaches the unity there is practically no RL adsorption. The de-
termined values of I'zr and I'; confirm the above mentioned statement
that the changes of the head and tail hydration of RL molecules and
changes of the solution dielectric constant as a function of its composi-
tion play a main role in the adsorption of ET and RL at the solution-air
interface. No synergetic effect was found in the ET and RL adsorption.
The coverage of the water surface by the ET and RL mixtures does not
exceed that by single ET and RL [5,34]. At the concentration of ET
equal to GG, even if the summary concentration of ET and RL is changed,
the coverage of the water surface by the mixed monolayer is practically

Table 3

constant. It should be remembered that the cross section of the RL head
is more than three times higher than that of the ET one.

3.2. Standard Gibbs free energy of adsorption

The literature presents numerous different methods for determina-
tion of Gibbs free energy of adsorption (AG24) [1,50]. As it is known,
this energy depends on the standard enthalpy and entropy of adsorp-
tion. Enthalpy is connected to creation and disruption of chemical
bonds. In the solution, the changes of enthalpy during the adsorption
of ET and RL result mainly from formation and disruption of hydrogen
bonds. The changes of adsorption enthalpy in such systems are gener-
ally small and they can assume both negative and positive values [1].
Therefore, the changes of AGLy, during the surface active substances ad-
sorption result from the changes of solution entropy. The entropy
changes of the water/ethanol solution of RL can result from dehydration
of ET and RL molecules, creation of hydrogen bonds between the ET
molecules and the head of RL ones, orientation of ET and RL molecules
in the surface region, changes of the water structure by the ET and RL
molecules as well as changes of the intermolecular distance.

Among the methods used for AGY,s determination, the de Boer-
Langmuir equation and linear form of the Langmuir equation are ap-
plied [1,50,52]. These equations were used for determination of ET
and RL AGY values on the basis of all surface excess concentration iso-
therms (Tables 3 and 4). In the case of ET for determination of AGS, the
equation proposed by us was also used. This equation has the form [53]:

__~/CAC
AGY = RT Inagye— 20 Y- (4)
ET

The Gibbs free energy of ethanol adsorption (AGYs) calculated from the de Boer-Langmuir, linear Langmuir equations and Egs. (4) and (5) on the basis of the different surface concentra-

tion isotherms.

Cre s AGoas [m]/mol]
[mg/dm’] A B C D Egs. (4) and (5)
E F G H
0.0002 —10.16 —10.91 —10.17 —10.51 —7.34° —11.60° —7.79° —7.87°
—9.55° —13.80° —9.99° —10.07°
0.0005 —9.56 —10.35 -10.23 —10.57 —7.38° —11.68? —7.80° —7.91°
—9.58" —13.88° —10.00° —10.11°
0.00125 —9.53 —11.27 —10.29 —10.63 —7.35° —11.73? —7.77% —7.89%
—9.55° —13.93° —9.97° —10.09"
0.003 —951 —9.49 -10.18 —10.68 —7.322 —11.59° —7.74 —7.89°
—9.52° —13.79° —9.94° —10.09"
0.00625 —9.46 —9.47 —10.15 —10.67 —7.322 —11.54° —7.75% —7.87%
—9.52° —13.74° —9.96" —10.07°
0.01 —9.46 —10.34 —10.14 —10.61 —7.28° —11.54% —7.75° —7.88°
—9.48° —13.74° —9.95° —10.08"
0.02 —9.46 —9.52 —10.01 —10.61 —7.222 —11.482 —7.72° —7.88°
—9.42° —13.68" —9.92° —10.08"
0.05 —9.43 —951 —9.78 —10.46 —7.14 —11.39° —7.69° —7.86%
—9.34° —13.59° —9.89° —10.06"
0.1 —9.40 —9.54 —9.40 —10.35 —7.03 —11.24° —7.59° —7.86
—9.23° —13.44° —9.79° —10.06"
0.5 —9.04 —96 —9.76 —6.27° —10.93? —7.02% —7.812
—8.47° —13.14° —9.22° -10.01°
1 —8.54 —9.56 —10.02 —5.64° —10.422 —6.55° —7.70°
—7.84° —12.62° —8.75° —9.91°

A - AGy calculated from the de Boer-Langmuir equation on the basis of ethanol total surface concentration at the solution-air interface determined from the measured values of the stud-
ied solution surface tension (for A° = 21.00 A2 - Table 2). B - AGQy calculated from the de Boer-Langmuir equation on the basis of ethanol total surface concentration at the solution-air
interface determined form the isotherm of the solution surface tension resulting only from contribution of ethanol in the reduction of water surface tension (y.y = yw — XeiTer; see Eq. (2))
(for A° = 21.00 A? - Table 2). C - AGYy calculated from the de Boer-Langmuir equation on the basis of ethanol total surface concentration at the solution-air interface determined from the
Frumkin equation on the measured values of studied solution surface tension (for A = 21.00 A% - Table 2). D - AGy calculated from the de Boer-Langmuir equation on the basis of ethanol
total surface concentration at the solution-air interface determined from the Frumkin equation based on the solution surface tension calculated from Eq. (2) (for A° = 21.00 A> - Table 2).E
- AGYs calculated from Eq. (4) () and Eq. (5) (), respectively, based on ethanol CAC (Table 2), surface tension of solution and ethanol I at CAC (I'- see A). F - AG3y; calculated from Eq. (4)
(%) and Eq. (5) (°), respectively, based on ethanol CAC (Table 2), surface tension of solution and ethanol I at CAC (I- see B). G - AG3 calculated from Eq. (4) (*) and Eq. (5) (®), respectively,
based on ethanol CAC (Table 2), surface tension of solution and ethanol I at CAC (- see C). H - AGo calculated from Eq. (4) (%) and Eq. (5) ("), respectively, based on ethanol CAC (Table 2),
surface tension of solution and ethanol I' at CAC (T- see D).
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Table 4

The Gibbs free energy of rhamnolipid adsorption (AGY;) calculated from the de Boer-
Langmuir and linear Langmuir equations on the basis of different surface concentration
isotherms.

Cer AG4s [m)/mol]

(M] A B C D E F
006692 —4269 —4186  —4390 —4289  —5728  —46.64
0.1338 —4070  —4166  —4170 —4264  —5670  —46.39
02677 —4008  —4144  —4108  —4240 —5593  —46.15
0.4015 3965 —41.19 —4069 —4209 —5498 —4576
0535 —3930  —4096  —4037 —4182 —5415 —4539
1.0706 —38.18  —4056  —39.14 —4127 5214 —4362
1.6062 —3717  —3987 —3810 —4046  —5034  —42.02
2.1416 —3622  —3964 —37.15 —4031 —5034  —4155
2677 3527  —3925  —3622  —4002 —5089 —4144
32124 —3432 —3875 —3541 —3965 —5034 —4146
3.7478 3344  —3839  —3478 —3942  —5034 —4120
42832 3261  —3812 —3425 —3927 —5089  —4130

A - AGYys calculated from the de Boer-Langmuir equation on the basis of the rhamnolipid
surface concentration at the solution-air interface determined from the measured values
of the studied solution surface tension (for A° = 69.08 A - Table 2). B - AGY calculated
from the de Boer-Langmuir equation on the basis of the rhamnolipid surface concentration
at the solution-air interface determined from the isotherm of the solution surface tension
resulting from the contribution of rhamnolipid in the reduction of water surface tension
(Yiv = Yw — XroTre; see Eq. (2)) (for A® = 69.08 A% — Table 2). C - AGy calculated from
the linear Langmuir equation on the basis of the rhamnolipid surface concentration at
the solution-air interface determined from the measured values of studied solution sur-
face tension (for A° = 69.08 A - Table 2). D - AGq calculated from the linear Langmuir
equation on the basis of the rhamnolipid surface concentration at the solution-air interface
determined from the solution surface tension calculated from Eq. (2) (for A® = 69.08 A% -
Table 2). E - AGY; calculated from the linear Langmuir equation on the basis of the
rhamnolipid surface concentration at the solution-air interface determined from Frumkin
equation and the measured values of the studied solution surface tension (for A® =
69.08 A% - Table 2). F - AGy, calculated from the linear Langmuir equation on the basis
of the rhamnolipid surface concentration at the solution-air interface determined form
the Frumkin equation based on the solution surface tension calculated from Eq. (2) (for
A° = 69.08 A% - Table 2).

or

__~,CAC
AGY, = RT Inxgye— 10 Yiv- (5)
rET

Unfortunately, it was impossible to obtain real AGOy values for eth-
anol at the RL concentration equal to Gz}’ and for RL at the ethanol con-
centration equal to G-

It appeared that there are some differences in the AGS; values for a
given system depending on the calculation methods and kind of iso-
therm of surface excess concentration taken for this calculation. More-
over, the values of AGy for ET calculated from Eq. (5), in the first
approximation, are similar to those determined from de Boer-
Langmuir and linear Langmuir equations. Unfortunately, the values of
ET and RL AGY, obtained from the Frumkin surface excess concentra-
tion isotherms [1] are less probable than those calculated from the Lang-
muir equations [1,50,52]. As a matter of fact, there were obtained two
series of AGQys values for ET depending whether their activity (a) or
mole fraction (x) was applied in the calculations. If the activity was
used (Eq. (4)) then the absolute value of AG2y was lower than that ob-
tained from Eq. (5) (Fig. $39). Comparing the AGQys values for ET to
those obtained in a single solution [5] it can be stated that the values cal-
culated from Eq. (5) are similar to those calculated based on the de
Boer-Langmuir equation [52]. This is reasonable because in the de
Boer-Langmuir equation [52] the activity coefficient for the adsorbing
substance at the water-air interface is assumed to be equal to 1. It is in-
teresting to point that in the range of constant RL concentration equal to
Cursat the values of ET AGQys are practically constant. In the case of RL the
absolute values of its AG%; at the water/ethanol solution-air interface
contrary to ET AGYy, decrease with the increasing ET concentration in
the bulk phase from the value corresponding to AGQys of single RL [34]
to the value lower by about 10 kJ/mol (Fig. S40). As the absolute value

of AGS for single RL at the water-air interface is about four time larger
than that of AGY;, for single ET, it is probable that at the constant low
ethanol concentration the RL affects the ET adsorption to a larger extent
than vice versa. This confirms the statement presented above. In turn,
the increase of ET concentration affects the RL adsorption to a larger ex-
tent than RL the ET adsorption at the solution-air interface.

4. Conclusions

From the measurements of the surface tension of the water/ethanol
solution of rhamnolipid and consideration of the ethanol and
rhamnolipid contribution to the pressure of the mixed monolayer at
the solution-air interface, it results that this contribution is not equal
to pressure part of ethanol and rhamnolipid in the mixed monolayer
resulting from their independent adsorption at the solution air inter-
face. In the range of ethanol and rhamnolipid concentration correspond-
ing to the unsaturated single monolayer, the rhamnolipid adsorption is
more favorable than that of ethanol. At the ethanol concentration corre-
sponding to its saturated monolayer a reverse dependence takes place.
On the basis of the ethanol and rhamnolipid contribution to the pres-
sure of mixed monolayer at the solution-air interface resulting from
their independent adsorption it is impossible to predict the surface ten-
sion of the water/ethanol solution of rhamnolipid, but this tension can
be predicted by the Fainerman and Miller equation in the whole range
of ethanol concentration if the constant concentration of rhamnolipid
corresponds to its unsaturated monolayer and vice versa. Otherwise
there are differences between the calculated and measured values of
surface tension of the studied solutions. Similarly to the values of sur-
face tension calculated from the Fainerman and Miller equation those
determined from the Connors equation are in good agreement with
the measured ones in the same range of ethanol and rhamnolipid con-
centration as that mentioned above. The tendency towards ethanol ad-
sorption at the solution-air interface decreases as a function of
rhamnolipid concentration and vice versa. The standard Gibbs free en-
ergy of ethanol adsorption at the solution-air interface can be deter-
mined not only using the de Boer-Langmuir and linear Langmuir
equations but also on the basis of the ethanol critical aggregation con-
centration and the surface tension at this concentration.
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Fig. S1. A plot of surface tension ( 7, ) of the water/ethanol solution of RL vs. the logarithm

of RL concentration (logCrr) calculated from Eq. (1). Curves 1 — 29 correspond to the
constant ET concentration equal to 0.06692; 0.1338; 0.2677; 0.4015; 0.535; 1.0706;
1.6062; 2.1416; 2.677; 3.2124; 3.7478; 4.2832; 4.8185; 5.3538; 5.8893; 6.6925;
7.7245; 8.5664; 10.2797; 11.968; 12.145; 13.3794; 14.5696; 15.4064; 16.084;
16.3777; 16.648; 16.8988 and 17.13 M.
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ig. S2. A plot of surface tension (y,, ) of the water/ethanol solution of RL vs. the ET

concentration (Cgrt) calculated from Eq. (1). Curves 1 — 16 correspond to the constant
RL concentration equal to 0.0002; 0.0005; 0.00125; 0003; 0.00625; 0.01; 0.02; 0.05;
0.1; 0.5; 1; 5; 10; 20; 30 and 40 mg/dm°.
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Fig. S3. A plot of surface tension ( 7, ) of the water/ethanol solution of RL vs. the logarithm

of RL concentration (logCri) at the constant ET concentration equal to 0.06692 M.
Points 1 correspond to the measured values, line 2 corresponds to the values calculated
from Eq. (2), line 3 corresponds to the values calculated from Eq. (1) and line 4 to

those calculated from the Fainerman and Miller equation.
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Fig. S4. A plot of surface tension ( 7, ) of the water/ethanol solution of RL vs. the logarithm

of RL concentration (logCrr) at the constant ET concentration equal to 3.7478 M.
Points 1 correspond to the measured values, lines 2 corresponds to the values
calculated from Eq. (2), line 3 corresponds to the values calculated from Eq. (1) and

line 4 to those calculated from the Fainerman and Miller equation.
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Fig. S5. A plot of surface tension ( 7, ) of the water/ethanol solution of RL vs. the logarithm

of RL concentration (logCrr) at the constant ET concentration equal to 7.7245 M.
Points 1 correspond to the measured values, lines 2 corresponds to the values
calculated from Eq. (2), line 3 corresponds to the values calculated from Eq. (1) and

line 4 to calculated from the Fainerman and Miller equation.
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S6. A plot of surface tension (y,, ) of the water/ethanol solution of RL vs. the ET

concentration (logCer) at the constant RL concentration equal to 0.0002 mg/dm?.
Points 1 correspond to the measured values, line 2 corresponds to the values calculated
from Eq. (2), line 3 corresponds to the values calculated from Eq. (1), line 4 to those
calculated from the Fainerman and Miller equation and line 5 to the values calculated

from the Connors equation.
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S7. A plot of surface tension (y,,) of the water/ethanol solution of RL vs. the ET

concentration (logCer) at the constant RL concentration equal to 0.5 mg/dm?. Points 1
correspond to the measured values, line 2 corresponds to the values calculated from
Eq. (2), line 3 corresponds to the values calculated from Eq. (1), line 4 to those
calculated from the Fainerman and Miller equation and line 5 to the values calculated

from the Connors equation.
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S8. A plot of surface tension (y,,) of the water/ethanol solution of RL vs. the ET

concentration (logCet) at the constant RL concentration equal to 5 mg/dm?. Points 1
correspond to the measured values, line 2 corresponds to the values calculated from
Eq. (2), line 3 corresponds to the values calculated from Eq. (1), line 4 to those
calculated from the Fainerman and Miller equation and line 5 to the values calculated

from the Connors equation.
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Fig. S9. A plot of surface tension ( 7, ) of the water/ethanol solution of RL vs. the logarithm

of RL concentration (logCrr) calculated from Eq. (2). Curves 1 — 29 correspond to the
constant ET concentration equal to 0.06692; 0.1338; 0.2677; 0.4015; 0.535; 1.0706;
1.6062; 2.1416; 2.677; 3.2124; 3.7478; 4.2832; 4.8185; 5.3538; 5.8893; 6.6925;
7.7245; 8.5664; 10.2797; 11.968; 12.145; 13.3794; 14.5696; 15.4064; 16.084;
16.3777; 16.648; 16.8988 and 17.13 M.
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Fig. S10. A plot of surface tension (y,, ) of the water/ethanol solution of RL vs. the ET

concentration (Cgr) (a) calculated from Eq. (2). Curves 1 — 16 correspond to the
constant RL concentration equal to 0.0002; 0.0005; 0.00125; 0003; 0.00625; 0.01;
0.02; 0.05; 0.1; 0.5; 1; 5; 10; 20; 30 and 40 mg/dm°>.
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S11. A plot of real mole fraction of RL in the mixed monolayer at the solution-air
interface calculated from Eq. (2) vs. the logarithm of RL concentration (logCrr).
Curves 1 — 29 correspond to the constant ET concentration equal to 0.06692; 0.1338;
0.2677; 0.4015; 0.535; 1.0706; 1.6062; 2.1416; 2.677; 3.2124; 3.7478; 4.2832; 4.8185;
5.3538; 5.8893; 6.6925; 7.7245; 8.5664; 10.2797; 11.968; 12.145; 13.3794; 14.5696;
15.4064; 16.084; 16.3777; 16.648; 16.8988 and 17.13 M.
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Fig. S12. A plot of real mole fraction of ethanol in the mixed monolayer at the solution-air
interface calculated from Eq. (2) vs. the ET concentration (Cgt). Curves 1 — 16
correspond to the constant RL concentration equal to 0.0002; 0.0005; 0.00125; 0003;
0.00625; 0.01; 0.02; 0.05; 0.1; 0.5; 1; 5; 10; 20; 30 and 40 mg/dm?.
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Fig. S13. A comparison of RL mole fraction determined on the basis of the monolayer
pressure of the individual RL and ET at the water-air interface (curve 1) and those

calculated from Eq. (2) (curve 2) at the constant ET concentration equal to 0.06692 M.

14



Rhamnolipid mole fraction

0.7

g6

0.5

04

03

0.2

0.1

0,0

. S
¢ — —8 " --
T e 1
.
.

" .
'?o"

1 . | . 1 . | 1
a 10 20 30 40

Rhamnolipid concentration (C_ ) [mgfdms]

Fig. S14. A comparison of RL mole fraction determined on the basis of the monolayer

pressure of the individual RL and ET at the water-air interface (curve 1) and those

calculated from Eq. (2) (curve 2) at the constant ET concentration equal to 3.7478 M.
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Fig. S15. A comparison of RL mole fraction determined on the basis of the monolayer
pressure of the individual RL and ET at the water-air interface (curve 1) and those

calculated from Eq. (2) (curve 2) at the constant ET concentration equal to 7.7245 M.
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Fig. S16. A comparison of ET mole fraction determined on the basis of the monolayer

pressure of the individual RL and ET at the water-air interface (curve 1) and those

calculated from Eq. (2) (curve 2) at the constant RL concentration equal to 0.0002

mg/dm?.
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Fig. S17. A comparison of ET mole fraction determined on the basis of the monolayer
pressure of the individual RL and ET at the water-air interface (curve 1) and those

calculated from Eq. (2) (curve 2) at the constant RL concentration equal to 0.5

mg/dm?.
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Fig. S18
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Fig. S18. A comparison of ET mole fraction determined on the basis of the monolayer
pressure of the individual RL and ET at the water-air interface (curve 1) and those

calculated from Eq. (2) (curve 2) at the constant RL concentration equal to 5 mg/dm?.
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Fig. S19. A plot of mole fraction of RL in the mixed monolayer at the solution-air interface
determined on the basis of the monolayer pressure of the individual RL and ET at the
water-air interface vs. the logarithm of RL concentration (logCrr). Curves 1 — 29
correspond to the constant ET concentration equal to 0.06692; 0.1338; 0.2677; 0.4015;
0.535; 1.0706; 1.6062; 2.1416; 2.677; 3.2124; 3.7478; 4.2832; 4.8185; 5.3538; 5.8893;
6.6925; 7.7245; 8.5664; 10.2797; 11.968; 12.145; 13.3794; 14.5696; 15.4064; 16.084;
16.3777; 16.648; 16.8988 and 17.13 M.
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S20. A plot of mole fraction of ethanol in the mixed monolayer at the solution-air
interface determined on the basis of the monolayer pressure of the individual RL and
ET at the water-air interface vs. the ET concentration (Cgr). Curves 1 — 16 correspond
to the constant RL concentration equal to 0.0002; 0.0005; 0.00125; 0003; 0.00625;
0.01; 0.02; 0.05; 0.1; 0.5; 1; 5; 10; 20; 30 and 40 mg/dm?>.
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Fig. S21. A plot of surface tension (y,, ) of the water/ethanol solution of RL calculated from

the Fainerman and Miller equation vs. the logarithm of RL concentration (logCrr).
Curves 1 — 29 correspond to the constant ET concentration equal to 0.06692; 0.1338;
0.2677; 0.4015; 0.535; 1.0706; 1.6062; 2.1416; 2.677; 3.2124; 3.7478; 4.2832; 4.8185;
5.3538; 5.8893; 6.6925; 7.7245; 8.5664; 10.2797; 11.968; 12.145; 13.3794; 14.5696;
15.4064; 16.084; 16.3777; 16.648; 16.8988 and 17.13 M.
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Fig. S22. A plot of surface tension (y,, ) of the water/ethanol solution of RL calculated from

the Fainerman and Miller equation vs. the ET concentration (Cgr). Curves 1 — 16
correspond to the constant RL concentration equal to 0.0002; 0.0005; 0.00125; 0003;
0.00625; 0.01; 0.02; 0.05; 0.1; 0.5; 1; 5; 10; 20; 30 and 40 mg/dm?.
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Fig. S23. A plot of surface tension (y,, ) of the water/ethanol solution of RL calculated from

the Connors equation vs. the ET concentration (Cgt). Curves 1 — 16 correspond to the
constant RL concentration equal to 0.0002; 0.0005; 0.00125; 0003; 0.00625; 0.01;
0.02; 0.05; 0.1; 0.5; 1; 5; 10; 20; 30 and 40 mg/dm°.
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Fig. S24. A plot of surface tension (y,, ) of the water/ethanol solution of RL calculated on

the basis of RL and ET contribution to the mixed monolayer pressure at the solution-
air interface vs. the logarithm of RL concentration (logCrr). Curves 1 — 29 correspond
to the constant ET concentration equal to 0.06692; 0.1338; 0.2677; 0.4015; 0.535;
1.0706; 1.6062; 2.1416; 2.677; 3.2124; 3.7478; 4.2832; 4.8185; 5.3538; 5.8893;
6.6925; 7.7245; 8.5664; 10.2797; 11.968; 12.145; 13.3794; 14.5696; 15.4064; 16.084;
16.3777; 16.648; 16.8988 and 17.13 M.
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Fig. S25. A plot of surface tension (y,, ) of the water/ethanol solution of RL calculated on

the basis of RL and ET contribution to the mixed monolayer pressure at the solution-
air interface vs. the ET concentration (Cgt). Curves 1 — 16 correspond to the constant
RL concentration equal to 0.0002; 0.0005; 0.00125; 0003; 0.00625; 0.01; 0.02; 0.05;
0.1; 0.5; 1; 5; 10; 20; 30 and 40 mg/dm?>.
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Fig. 526

Ethanol Gibbs surface excess concentration
at the solution-air interface, 1'__ (x10°® mol/m?®)
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Fig. S26. A plot of ethanol Gibbs surface excess concentration at the solution-air interface
calculated on the basis of the measured surface tension of the studied solution (a) and
calculated on the basis of the ET contribution to the mixed monolayer pressure at the
solution-air interface (b) vs. the ET concentration (Cgt). Curves 1 — 11 correspond to
the constant RL concentration equal to 0.0002; 0.0005; 0.00125; 0003; 0.00625; 0.01;
0.02; 0.05; 0.1; 0.5 and mg/dm>.
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Fig. 827
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Fig. S27. A plot of RL Gibbs surface concentration at the solution-air interface calculated on
the basis of the measured surface tension of the studied solution (a) and calculated
from the RL contribution to the mixed monolayer pressure at the solution-air interface
(b) vs. the logarithm of RL concentration (logCrr). Curves 1 — 12 correspond to the
constant ET concentration equal to 0.06692; 0.1338; 0.2677; 0.4015; 0.535; 1.0706;
1.6062; 2.1416; 2.677; 3.2124; 3.7478 and 4.2832 M. Curves 1’ — 28’ correspond to
the constant ET concentration equal to 0.06692; 0.1338; 0.2677; 0.4015; 0.535;
1.0706; 1.6062; 2.1416; 2.677; 3.2124; 3.7478, 4.2832; 4.8185; 5.3538; 5.8893;
6.6925; 7.7245; 8.5664; 10.2797; 11.968; 12.145; 13.3794; 14.5696; 15.4064; 16.084;
16.3777; 16.648 and 16.8988 M.
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Fig. S28. A plot of ethanol concentration at the solution-air interface calculated from the
Gugenheim-Adam equation on the basis of the ethanol Gibbs surface excess
concentration determined from the measured surface tension of the studied solution (a)
and calculated based on the ET contribution to the mixed monolayer pressure at the
solution-air interface (b) vs. the ET concentration (Cgt). Curves 1 — 11 correspond to
the constant RL concentration equal to 0.0002; 0.0005; 0.00125; 0003; 0.00625; 0.01;
0.02; 0.05; 0.1; 0.5 and 1 mg/dm?.
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Fig. S29. A plot of total ethanol concentration at the solution-air interface calculated from Eq.

(3) based on the data presented in Fig. S28a (a) and Fig. S28b (b) vs. the ET

concentration (Cgt). Curves 1 — 11 correspond to the constant RL concentration equal

to 0.0002; 0.0005; 0.00125; 0003; 0.00625; 0.01; 0.02; 0.05; 0.1; 0.5 and 1 mg/dm?>.
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Fig. S30. A plot of theoretical RL (a) and ET (b) Gibbs surface excess concentration in the
mixed monolayer at the solution-air interface calculated on the basis of the Gibbs
surface excess concentration of individual RL and ET vs. the logarithm of RL (logCrr)
and ET (logCer) concentration. Curves 1 — 29 correspond to the constant ET
concentration equal to 0.06692; 0.1338; 0.2677; 0.4015; 0.535; 1.0706; 1.6062;
2.1416; 2.677; 3.2124; 3.7478; 4.2832; 4.8185; 5.3538; 5.8893; 6.6925; 7.7245;
8.5664; 10.2797; 11.968; 12.145; 13.3794; 14.5696; 15.4064; 16.084; 16.3777;
16.648; 16.8988 and 17.13 M. Curves 1’ — 16’ correspond to the constant RL
concentration equal to 0.0002; 0.0005; 0.00125; 0003; 0.00625; 0.01; 0.02; 0.05; 0.1;
0.5; 1; 5; 10; 20; 30 and 40 mg/dm?.
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Fig. S31. A plot of ET surface concentration at the solution-air interface calculated from the
Frumkin equation on the basis of the measured surface tension of the studied solution
(a) and calculated from ethanol contribution to the mixed monolayer pressure (b) vs.
the ET concentration (Cgr). Curves 1 — 16 correspond to the constant RL
concentration equal to 0.0002; 0.0005; 0.00125; 0003; 0.00625; 0.01; 0.02; 0.05; 0.1;
0.5; 1; 5; 10; 20; 30 and 40 mg/dm?.
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Fig. 32
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Fig. S32. A plot of RL surface concentration at the solution-air interface calculated from the
Frumkin equation on the basis of the measured surface tension of the studied solution
(a) and calculated from the RL contribution to the mixed monolayer pressure (b) vs.
the logarithm of RL concentration (logCrr). Curves 1 — 12 correspond to the constant
ET concentration equal to 0.06692; 0.1338; 0.2677; 0.4015; 0.535; 1.0706; 1.6062;
2.1416; 2.677; 3.2124; 3.7478 and 4.2832 M. Curves 1’ — 28’ correspond to the
constant ET concentration equal to 0.06692; 0.1338; 0.2677; 0.4015; 0.535; 1.0706;
1.6062; 2.1416; 2.677; 3.2124; 3.7478, 4.2832; 4.8185; 5.3538; 5.8893; 6.6925;
7.7245; 8.5664; 10.2797; 11.968; 12.145; 13.3794; 14.5696; 15.4064; 16.084;
16.3777; 16.648 and 16.8988 M.
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Fig. $33
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Fig. S33. A plot of ET concentration in the mixed monolayer at the solution-air interface vs.
the ET concentration (Cgr) at the constant RL concentration equal to 0.0002 mg/dm®.

Curves 1 -5 correspond to the values from Figs. S30b, S31, S29, respectively.
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Fig. S34
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Fig. S34. A plot of ET concentration in the mixed monolayer at the solution-air interface vs.
the ET concentration (Cgr) at the constant RL concentration equal to 0.5 mg/dm?.

Curves 1 -5 correspond to the values from Figs. S30b, S31, S29, respectively.
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Fig. S35. A plot of ET concentration in the mixed monolayer at the solution-air interface vs.
the ET concentration (Cgr) at the constant RL concentration equal to 5 mg/dm?.

Curves 1 -5 correspond to the values from Figs. S30b, S31, S29, respectively.
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Fig. S36. A plot of RL concentration in the mixed monolayer at the solution-air interface vs.

the logarithm of RL concentration (logCrv) at the constant ET concentration equal to

0,06692 M. Curves 1 -5 correspond to the values from Figs. S30a, S32, S27,

respectively.
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Fig. S37. A plot of RL concentration in the mixed monolayer at the solution-air interface vs.

the logarithm of RL concentration (logCrv) at the constant ET concentration equal to

3.7478 M. Curves 1 -5 correspond to the values from Figs. S30a, S32, S27,

respectively.
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Fig. S38
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Fig. S38. A plot of RL concentration in the mixed monolayer at the solution-air interface vs.

the logarithm of RL concentration (logCrv) at the constant ET concentration equal to

7.7245 M. Curves 1 -5 correspond to the values from Figs. S30a, S32, S27,

respectively.
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(curves 1’ — 5”). Curves 1 and 1’; curves 2 and 2’°, curves 3 and 3’, curves 4 and 4’
correspond to the AG?, values calculated based on ethanol CAC (Table 2), surface

tension of solution and ethanol I" at CAC according to point A, B, C and D in Table 3,

respectively.
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The addition of alcohol to surfactant changes, among others, its adsorption properties, therefore the surface ten-
sion of water/ethanol solution of surfactin was measured at 293 K using the ring detachment method. The mea-
surements were made in the range of surfactin concentration from 0 to 40 mg/dm? and in the whole range of
ethanol concentration so their molecules were present in solution in the monomeric and aggregated forms.
The values of solution surface tension were also predicted using the Miller et al., Connors and independent ad-
sorption methods. Based on these measurement results, the surfactin Gibbs surface excess concentration at the

Keywords: N o h - ’ . -

Surfactin solution-air interface was determined. The ethanol Gibbs surface excess concentration was established using
Ethanol the Gibbs and Guggenheim-Adam concepts as well as that of the total concentration one. Taking into account
Adsorption the Gibbs surface excess concentration of surfactin and total ethanol concentration, the fraction of the area occu-

Gibbs surface excess concentration
Mixed monolayer composition

pied by surfactin and ethanol at the solution-air interface was deduced. Additionally, composition of mixed
monolayer at the solution-air interface was calculated and compared to the theoretical composition resulting
from the independent adsorption of surfactin and ethanol. Based on the Gibbs surface excess concentration of
ethanol and surfactin, the Gibbs standard free energy of adsorption was calculated using different methods.
The obtained results and their consideration indicate that there is a mutual influence of surfactin and ethanol
on their adsorption at the solution-air interface which depends on the concentration of both surfactin and

alcohol.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Biosurfactants are produced by microorganisms mainly on their cell
surfaces or they are excreted extracellularly [1,2]. Their molecules con-
sist of two parts having different affinity for the solvents. One part has
affinity for water and other polar liquids and the other for apolar ones.
Owing to this structure of their molecules biosurfactants form micelles
at the concentration called the critical micelle concentration and adsorb
at different interfaces [3,4]. Except for these two characteristics they
have other unusual properties, for example high biodegradability, effec-
tiveness at extreme temperature, bactericidal and virucidal [5-7]. Such
useful biosurfactants properties make them facilitate solubilisation,
emulsification, detergency and dispersion therefore they are used in
cosmetics, pharmaceuticals, detergents, foods, plant protection prod-
ucts as well as are used in solid bioremediation [8-14]. Of the
biosurfactants, the surfactin plays a very important role. Surfactin pro-
duced by Bacillus subtilis and belonging to the cyclic lipopeptides was
discovered by Arima et al. [15]. In its molecules there is present
heptapeptide with the chiral sequence LLDLLDL that is combined with
p-hydroxyfatty acid having a chain length of 12 to 16 carbon atoms
[11,16]. It is interesting that in the aqueous solution and at the

* Corresponding author.
E-mail address: aniaz@hektor.umcs.lublin.pl (A. Zdziennicka).

https://doi.org/10.1016/j.molliq.2019.112240
0167-7322/© 2019 Elsevier B.V. All rights reserved.

solution-air interface surfactin has a 3-sheet structure with characteris-
tic horse-saddle conformation [17]. Probably because of this conforma-
tion surfactin exhibits biological activity [18]. Despite biological activity
surfactin is also surface active. It reduces the water surface tension to
about 30 mN/m [17,19], similarly to synthetic non-ionic Tritons [20].
However it has very low CMC [17,19,21]. This causes that surfactin can
have wide application in industry, environmental protection and every-
day life [22-25]. In many processes and products surfactin can be used
in various solvents. Unfortunately, it is difficult to find in the literature
its aggregation and adsorption properties in solvents different from
water. Ethanol is an exceptionally often used solvent. Depending on
the concentration this alcohol can act as a co-solvent or a co-
surfactant [26,27]. It is known that ethanol influences on the behaviour
of classical surfactants in the aqueous solution and in the surface layer at
the water-air interface but this influence is not fully explained [27-37].
At the concentration called the critical aggregation concentration short
chain alcohols form aggregates [26,27]. Thus modification of surfactants
behaviour in the bulk phase and their adsorption at the water-air inter-
face by alcohols depends on the form in which alcohols are present in
solution.

As it is difficult to find in the literature investigations on
biosurfactants properties in the alcohol presence, it seems interesting
to determine changes of adsorption properties of surfactin in the
mixed water-ethanol solvent in the whole range of ethanol
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concentration. For this purpose the measurements of surface tension of
water/ethanol solution of surfactin were made at 293 K at the constant
surfactin or ethanol concentration. On the basis of the obtained results,
the Gibbs surface excess concentration, the fraction of the area occupied
by surfactin and ethanol molecules at the solution-air interface, compo-
sition of the mixed monolayer as well as the standard Gibbs free energy
of surfactin and ethanol adsorption were taken into account. Addition-
ally, the measured values of solution surface tension were compared
to those predicted theoretically based on the independent adsorption
as well as Miller et al. [38,39] and Connors equations [40,41].

2. Experimental
2.1. Materials

Ethanol (96% purity) was bought from POCH and it was purified by
the method described earlier [27]. Surfactin (298.0%) was bought from
Sigma-Aldrich and used without further purification. The solutions
were prepared with the addition of deionized water of internal specific
resistance of 18.2 x 10°Q m (doubly distilled, Destemat Bi18E). Surface
tension measurements were used to control water purity. The series of
aqueous solutions of surfactin and ethanol with the addition of water
were prepared in the concentration range of ethanol from 0 to
17.13 M and that of surfactin from 2 x 10~ to 40 mg/dm?>.

2.2. Methods

The surface tension of the mixture of biosurfactant with water and
ethyl alcohol was measured with the Kriiss K9 tensiometer using the
du Nouy's method (platinum ring detachment method). Before the
measurements of solution surface tension the tensiometer was tested
using water and methanol whose surface tension at 293 K was equal
to 72.8 and 22.5 mN/m, respectively. For each measurement the ring
was cleaned in distilled water and heated in the Bunsen burner flame
to red colour. More than 10 successive measurements were performed.
The jacketed vessel with thermostatic water bath was used to control
the temperature with 4-0.01 K. Depending on the range of surfactin
and ethanol concentration, the uncertainty of measurements was
equal from 0.3 to 0.7%.

3. Results and discussion
3.1. Solution surface tension

Surface tension of water/ethanol solution of surfactin (SF) depends
on both surfactin and ethanol (ET) concentration (Figs. 1 and 2). The
isotherms of the surface tension obtained at the constant SF concentra-
tion can be divided into two parts (Fig. 1). The first part corresponds to
the ethanol concentration from O to its critical aggregation concentra-
tion (CAC) which is equal to 7.04 M [27] and the other from CAC to
“pure” ethanol. It is unexpected that the surface tension values of stud-
ied solution at each constant surfactin concentration in the range of al-
cohol concentration from CAC to 17.13 M are close to those for the
individual aqueous ethanol solution [27]. This fact suggests that
surfactin does not adsorb at the solution-air interface in this range of al-
cohol concentration. On the other hand, it should be stressed that the
value of surface tension of surfactin tail is only 1.5 mN/m higher than
that of the surface tension of ethanol (23.2 mN/m) at 293 K (Table 1).

The changes of the surface tension of water/ethanol solution of
surfactin as a function of biosurfactant or ethanol concentration can be
explained based on the components and parameters of the surface ten-
sion of water and ethanol as well as that of surfactin head and tail
(Table 1). According to van Oss et al. [46] the surface tension of the lig-
uid or solid results from the Lifshitz-van der Waals and hydrogen bond
intermolecular interactions. Indeed this approach does not include the
electrostatic interaction which can also influence the surface tension
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Fig. 1. A plot of the surface tension of water/ethanol solution of surfactin (7y;y) vs. the
logarithm of ethanol concentration (Ca). Curves 1-16 correspond to the constant
surfactin concentrations equal to 0.0002; 0.0005; 0.00125; 0003; 0.00625; 0.01; 0.02;
0.05; 0.1; 0.5; 1; 5; 10; 20; 30 and 40 mg/dm>.

of liquid. However, in the case of our systems these interactions can
be neglected.

Van Oss and Constanzo [47] stated that in the case of the sur-
factants the surface tension depends on the orientation of their
molecules toward the gas phase. Thus the surface tension of tail
and head can be used. The values of the Lifshitz-van der Waals
component of the water and ethanol surface tension are close to
each other and insignificantly lower than that of surfactin tail
while the Lifshitz-van der Waals component of surfactin head is
considerably higher than that of water and ethanol. The molecules
of the ET and SF should be oriented by the hydrophobic tail toward
the air in the adsorption monolayer at the solution-air interface. As
the Lifshitz-van der Waals components of water, ethanol and
surfactin tail are at the first approximation similar, the increase
of ET and SF concentration in the solution causes the decrease of
acid-base component of the water surface tension resulting from
the intermolecular interactions of hydrogen bond. For this reason,
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Fig. 2. A plot of the surface tension of water/ethanol solution of surfactin (7y;y) vs. the
logarithm of surfactin concentration (Cs). Curves 1-29 correspond to the constant
ethanol concentrations equal to 0.06692; 0.1338; 0.2677; 0.4015; 0.535; 1.0706; 1.6062;
2.1416; 2.677; 3.2124; 3.7478; 4.2832; 4.8185; 5.3538; 5.8893; 6.6925; 7.7245; 8.5664;
10.2797; 11.968; 12.145; 13.3794; 14.5696; 15.4064; 16.084; 16.3777; 16.648; 16.8988
and 17.13 M.



E. Rekiel et al. / Journal of Molecular Liquids 300 (2020) 112240 3

Table 1

The Lifshitz-van der Waals (y*") and acid-base (y*®) components as well as the electron-
acceptor (y") and the electron-donor (7y~) parameters of water, ethanol and surfactin
head and tail surface tension (y).

Substance Components and parameters [mN/m] v [mN/m] Ref.
» v’ v Y

SF (head) 34.25 8.55 0.37 49.39 42.80 [42]

SF (tail) 24.70 0.00 0.00 0.00 24.70 [19]

Water 26.85 45.95 22.975 22.975 72.80 [43]

Ethanol 21.40 1.80 0.09 9.00 23.20 [44,45]

the solution surface tension decreases at both the constant
surfactin and ethanol concentration. Indeed at the constant SF con-
centration, the surface tension decreases from the surface tension
of aqueous solution of surfactin at each constant concentration to
the ethanol surface tension. In the case of the solution at the con-
stant ET concentration (Fig. 2) the surface tension changes from
the surface tension of aqueous solution of alcohol at the given con-
centration [27] to the value which is in the range of surface ten-
sion of aqueous solution of surfactin at the concentration equal
to 40 mg/dm> [19] to the surface tension of ethanol depending
on the ethanol concentration. As a matter of fact the changes of
surface tension of water/ethanol solution of surfactin at the con-
stant ET and SF concentrations depend on surfactin and ethanol
adsorption at the solution-air interface. The mutual influence of al-
cohol and surfactin on their adsorption at the solution-air interface
can be shown by the determination of the surface tension based on
independent adsorption and Miller et al. [38,39] as well as Connors
[40,41] equations (Egs. (S1)-(S3)).

As follows from these calculations independent adsorption
(Eq. (S3)) takes place if the ET and SF concentrations are in the
range in which their unsaturated monolayer at the water-air inter-
face is formed (Figs. S1-S45). On the other hand, the results obtained
from the calculations of surface tension using the Miller et al. ap-
proach [38,39] (Eq. (S1)) indicate whether solution behaves as
ideal or not ideal. In this case calculations of the surface tension of
the solution were made for two different values of the area occupied
by the surfactin molecules at the solution-air interface. The value of
the area occupied by surfactin equal to 7.24 x 10> m?/mol corre-
sponds to its maximal Gibbs surface concentration equal to
1.38 x 10~° mol/m? while that equal to 5.61 x 10°> m?/mol corre-
sponds to 1.782 x 10~% mol/m? [19].

To show the applicability of the Miller et al. [38,39] (Eq. (S1)) and
Connors [40,41] (Eq. (S2)) equations as well as independent adsorption
(Eq. (S3)) for prediction of the solution surface tension in the whole
range of ET and SF concentrations the absolute values of deviation
from the measured ones were calculated (Tables S1a and S1b). In fact,
the absolute deviation values measured and calculated from the
Connors equation [40,41] (Eq. (S2)) values of the solution surface ten-
sion practically do not depend on the constant SF concentration con-
trary to the case of the constant ET concentration. In the case of
solution at the constant SF concentration the consistence between the
calculated and measured values of surface tension increases with the in-
creasing constant ET concentration. This confirms the above mentioned
conclusion that the surface tension of water/ethanol solution of
surfactin above the ethanol CAC [27] depends only on the ethanol ad-
sorption at the solution-air interface individually or together with the
SF head. This conclusion is also confirmed by the deviation of absolute
values of measured ones and those obtained from the independent ad-
sorption (Eq. (S3)) as well as the Miller et al. equation [38,39] (Eq. (S1)).
In this case the absolute deviation increases with the increase of both ET
and SF concentrations. It should be also mentioned that the better pre-
diction is obtained from the Miller et al. equation [38,39] (Eq. (S1)) if the
value of surface occupied by SF molecule equal to 5.61 x 10°> m?/mol
[19] was used in it.

3.2. Adsorption of ethanol and surfactin at the solution-air interface

Adsorption of SF and ET at the solution-air interface causes the
changes of solution surface tension. Adsorption at the solution-air inter-
face is usually determined from the Gibbs adsorption isotherm which
can be used in a different mathematical form [48]. Therefore the ethanol
Gibbs surface excess concentration was calculated from the Gibbs equa-
tion [3] applying mole concentration, mole fraction and ethanol activity
assuming that it does not depend on the SF concentration (Figs. S46-
$59). Indeed using different alcohol concentration units in the Gibbs iso-
therm equation, different values of maximal ethanol Gibbs surface ex-
cess concentration at the solution-air interface were obtained. They
decrease in the function of SF concentration in the solution (Fig. S60).
However, the isotherms of maximal ethanol Gibbs surface excess con-
centration are different depending on the concentration units applied
for their determination. As it was stated earlier, the most probable
values of ethanol Gibbs surface excess concentration were obtained if
in the Gibbs isotherm equation ethanol activity was used [27]. Therefore
only these values were taken into account in the case of alcohol adsorp-
tion (Figs. S46-S59). Since the SF concentration is considerably lower
than that of ET, only the mole concentration of surfactin was used for
its Gibbs surface excess concentration determination assuming that
the SF activity coefficient is close to 1 according to the asymmetrical def-
inition of its chemical potential. In the case of surfactin the Gibbs surface
excess concentration is practically equal to its total concentration in the
surface layer at the solution-air interface (Fig. S61). However, in the case
of ethanol its Gibbs surface excess concentration is not equal to the eth-
anol total concentration and the values of Gibbs surface excess concen-
tration at high alcohol concentration are not real. In the case of ethanol
to obtain the real surface excess concentration the Guggenheim-Adam
equation should be applied [27,48]. However, to take into account the
changes of solution surface tension under the influence of the SF and
ET adsorption, the total concentration of SF and ET should be known.
Thus the total concentration of ethanol at the surface monolayer at
the solution-air interface (I',) was calculated from the following equa-
tion [35]:

ry=r"+Gh 1)

where I'V is the surface excess concentration of Guggenheim-Adam cal-
culated from the Gibbs surface excess concentration of ethanol assum-
ing that the Gibbs surface was chosen in such a way that the number
of alcohol mole in the real system was comparable to that in the refer-
ence system having the same volume, C; is the ethanol concentration
and h is the thickness of adsorption layer and is equal to 4.61 A.

Knowing the total concentration of ET and SF in the monolayer at the
solution-air interface (Figs. S46-S59 and S61) it was possible to deter-
mine the area fraction occupied by SF and ET molecules as well as the
composition of this monolayer [49] (Figs. S62-S64). The fraction of the
area occupied by ethanol and surfactin molecules as well as the compo-
sition of the formed monolayer depend on the mutual interaction be-
tween the ethanol and surfactin molecules. To show the mutual
influence of the SF and ET on their adsorption at the solution-air inter-
face, the specific concentration of ethanol and surfactin should be
taken into account. In the case of alcohol its concentration correspond-
ing to the maximal Gibbs surface excess concentration at the solution-
air interface (Cao = 3.74 M) and the concentration equal to its CAC
for the aqueous solution of single ethanol (Ccac = 7.04 M) [27] should
be considered. However, for surfactin the first concentration in its indi-
vidual aqueous solution corresponding to its saturated monolayer at the
solution-air interface (Csp,o = 0.1 M) and surfactin CMC =
9.66 x 10~° M should be useful for the consideration of the surfactin ad-
sorption at the solution-air interface [19].

The tendency to adsorb SF and ET at the solution-air interface de-
pends on the mutual interactions of the water, SF and ET molecules in
the bulk phase which influences on Gibbs free energy of the solution.
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It is known that the ET and SF molecules in water are hydrated. The hy-
dration process of SF tail and head is different. The water molecules
around tail are in a different way oriented than around the head. In
the case of the SF head the water molecules are attached by hydrogen
bonds. It is possible that even 9 water molecules can be directly joined
with the SF head. This suggestion is based on the fact that the limiting
area occupied by the SF molecule oriented perpendicular to the inter-
face is equal to 93.17 A% [19] and to water 10 A? [50]. The SF tail is
surrounded by water molecules due to the Lifshitz-van der Waals inter-
molecular interactions between the water molecules and tail. The pres-
ence of the ethanol molecules can change hydration of both SF tail and
head. The replacement of the water molecules joined with the SF head
by the ET molecules causes the increase of head hydrophobic properties.
However, the replacement of the water molecules hydrating the SF tail
by ethanol ones causes the increase of its hydrophilic properties. In the
range of ET concentrations from O to Ca_g and SF from O to Cs_g the sum
of total ethanol concentration and SF in the monolayer is higher than
that resulting from the independent adsorption of ET and SF at the
solution-air interface (Figs. S65). It is possible that at low concentrations
of ET and SF the replacement of the water molecules joined with the SF
head by ethanol ones is more favorable than those surrounding the SF
tail. This causes that the hydrophobicity of SF molecules may increase.
For this reason the adsorption of SF increases insignificantly at the
solution-air interface what is confirmed by the ratio of surfactin Gibbs
surface excess concentration at the solution-air interface to its concen-
tration in the absence of ethanol (Fig. S66). As the ethanol molecules
can adsorb independently and together with the SF ones, the total ad-
sorption of ethanol at the solution-air interface is somewhat higher
than the independent one (Figs. S67).

The increase of the ethanol concentration in the solution can cause
the total replacement of the water molecules hydrating the surfactin
tail and head. As results from this dehydration, the tail becomes hydro-
philic but the head hydrophobic. In such case the adsorption of SF is
inhibited and/or its small adsorption takes place but the SF molecules
in the monolayer at the solution-air interface are oriented by head to-
ward the air phase and therefore the solution surface tension at the al-
cohol concentration higher than its CAC is close to that of the aqueous
solution of individual alcohol. To confirm the above conclusion the sur-
face layer composition was determined and compared to that of the the-
oretical one resulting from independent adsorption of SF and ET at the
solution-air interface (Figs. S68-S81). It appears that at each concentra-
tion of SF and low ET concentration in the solution, the mole fraction of
SF in the real adsorbed monolayer at the solution-air interface is higher
than in the theoretical one resulting from the independent adsorption of
SF and ET. With increasing of SF concentration an increase of the range
of ET concentrations in which the mole fraction of SF in the real mono-
layer is higher than that in the theoretical one is observed. As mentioned
above, at the SF concentration corresponding to its unsaturated mono-
layer in the absence of the alcohol, the increase of SF mole fraction in
the monolayer is associated with the increase of its adsorption at the
solution-air interface compared to SF adsorption from its aqueous solu-
tion (Fig. S66). At the SF concentration corresponding to its saturated
monolayer at the solution-air interface in the absence of ET [19], the
mole fraction of SF is associated with a decrease of SF adsorption. How-
ever, this decrease is smaller than it results from the independent ad-
sorption of SF and ET. In the case of ethanol adsorption a reversed
conclusion can be drawn (Figs. S68-S81). It means that the range of
low SF and ET concentrations in the solution the adsorption of ethanol
increases but to a smaller extent than surfactin. At the ethanol concen-
tration higher than that corresponding to the Gibbs maximal surface ex-
cess concentration but lower than its CAC [27] the greater decrease of
ethanol adsorption than that of SF takes place. As a matter of fact at
the concentration of alcohol higher than CAC the adsorption of SF at
the solution-air interface was not observed. To sum up it can be stated
that there is mutual influence of ethanol and SF on their adsorption at
the solution-air interface, but the influence of ethanol is greater than

that of SF. At low alcohol and SF concentrations the increase of adsorp-
tion of both components takes place.

3.3. Standard Gibbs free energy of surfactin and ethanol adsorption at the
solution-air interface

The tendency to adsorb particular components of solution at the
solution-air interface can be expressed by the standard Gibbs free en-
ergy of adsorption (AG3ys). This energy depends on the changes of the
orientation and configuration of the molecules in solution and in the
surface region as well as on the formation and breaking chemical
bonds during the adsorption process. There are many different methods
for determination of the standard Gibbs free energy of adsorption.
Among them, the Langmuir equation modified by de Boer is very
often used [3,51,52]. It is also possible to determineAGoy from the linear
form of Langmuir isotherm adsorption equation [3,52]. Both equations
were applied for determination of SF AGy (Fig. S82, Table 2).

The values of SF AG2, obtained at different constant ethanol concen-
trations increase as a function of ET concentration. At a low ET concen-
tration, these values are comparable to that obtained for SF in its
individual aqueous solution. It is interesting that the values of AGOys
for SF at the concentration of alcohol higher than its CAC [27] are not
positive. This can indicate that SF adsorption at the ET concentration
higher than CAC takes place but as mentioned above the orientation of
the SF molecules in the surface monolayer is by the head directed to-
ward the air phase. Indeed there are differences between the SF AGS,
values at the same concentration of alcohol calculated from the linear
and modified by de Boer Langmuir equation [3,51,52]. These differences
increase with increasing ethanol concentration.

Of course, it results from the fact that at the higher ethanol con-
centration no independent adsorption of ET and SF occurs. The
AGSs of ethanol was also determined from the Langmuir equation
modified by de Boer (Fig. $83, Table 2). The AG% values of alcohol
increase with increasing SF concentration in the solution (Table 2).
However, it was possible only in the range of SF concentration from
0.0002 to 20 mg/dm>. At the SF concentration corresponding to its
unsaturated monolayer at the solution-air interface in the absence
of alcohol [19], the AG2y, values of ethanol are close to that of ethanol
AGY in the absence of SF [27].

Taking into account the Gibbs-Duhem equation for the surface
region as well as the symmetrical and asymmetrical definitions of
the chemical potential it is possible to make the following equa-
tion [19]:

__~/CMC
AG? :RTlnxCMC—% 2)

ads
max

where
R is the gas constant, T is the absolute temperature, Xcyc is the
molar fraction of the surfactant at CMC, vy, is the surface tension
of the solvent, yfI/C is the surface tension of solution at CMC and
I'max 1S the maximal Gibbs surface excess concentration of surfac-
tant at the solution-air interface.

It is interesting whether this equation can be applied for determina-
tion of ethanol Gibbs free energy of adsorption based on its CAC. In such

a case, Eq. (2) can be written in two forms:

__~/CAC
AGY,, = RTlnacsc —VOFA 3)

max

where in this case 7y, is the surface tension of the aqueous solution of
surfactin at the given concentration and acxc is the ethanol activity at
which its aggregation process takes place. If it is assumed that in the ag-
gregated ethanol pseudophase, its activity coefficient is close to unity,
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Table 2

The values of the Gibbs standard free energy of adsorption (AGYy) for surfactin calculated from the Langmuir equation modified by de Boer and its linear form as well as for ethanol cal-

culated from the Langmuir equation modified by de Boer and based on Egs. (3) and (4).

Ethanol concentration AGY; for surfactin [kJ/mol]

Surfactin concentration AGs for ethanol [k]/mol]

3
(M] Modified Langmuir equation Linear Langmuir equation [mg/dm”] Modified Langmuir equation Eq. (4) Eq. (3)
—47.37 —48.60 0 —9.28 -997  —=777
0
—48.47 —50.31 0.0002 —9.58 —1004  —7.84
0.06692
—48.36 —50.22 0.0005 —9.59 -1013  —7.93
0.1338
—48.13 —50.10 0.00125 —9.59 —10.11 —7.91
0.2677
—47.90 —49.95 0.003 —9.57 -1013  —7.93
0.4015
—47.67 —49.82 0.00625 —9.56 —1008  —7.88
0.5350
—46.75 —4931 0.01 —9.56 -1010  —7.90
1.0706
—45.83 —48.63 0.02 —9.55 -999  -7.79
1.6062
—44.91 —48.16 0.05 —9.46 -975  —755
2.1416
—43.99 —47.64 0.1 —8.83 -928  —7.08
2.6770
—43.07 —47.13 0.5 —7.42 -796  —576
3.2124
—42.15 —46.63 1 —6.39 -7.31 —5.11
3.7478
—41.23 —46.10 5 —4.04 —590  —3.70
42832
—40.31 —45.49 10 —4.60 —523  —3.03
48185
—39.39 —45.07 20 —517  —297
5.3538
—38.47 —44.58 30
5.8893
—37.09 —43.83 40
6.6925
—35.34 —42.82
7.7245
—33.93 —41.88
8.5664
—31.22 —40.42
10.2797
—28.97 —39.29
11.9680
from Eq. (3) there is obtained: On the other hand, the surface tension of aqueous solution can be de-
scribed by the Connors equation choosing the proper values of con-
0 Yo—YHC stants in this equation.
AGads = RTlnXCAc—i (4) . . . )
T max There is mutual influence of SF and ET on their adsorption at the

Taking into account Egs. (3) and (4) the AG3y, values of ethanol were
calculated and are presented in Table 2. As follows from this table it re-
sults that the values of ethanol AGS; calculated from Eq. (4) are at the
first approximation close to those calculated from the Langmuir equa-
tion modified by de Boer. However, the values calculated from Eq. (3)
are higher than those calculated from the modified Langmuir equation
at the given constant SF concentration.

4. Conclusions

From the measured values of surface tension of the water/ethanol
solution of SF and their consideration it results that there is mutual in-
fluence of the ET and SF on the surface tension. The surface tension of
solution at the SF concentration corresponding to its unsaturated mono-
layer in the absence of ethanol and concentration of alcohol from 0 to
that corresponding to the maximal Gibbs excess surface concentration
can be predicted from the independent adsorption of SF and ET at the
solution-air interface. The surface tension can be also predicted using
the Miller et al. equation in the same range of ET and SF concentrations.

solution-air interface. However, ethanol influences on the SF adsorption
to a greater extent that in the reverse way. The adsorption of both SF
and ET at their low concentrations is higher than their independent ad-
sorption. Probably it results from the proper dehydration of the head
and tail of SF by the alcohol molecules. The adsorption of SF at the
solution-air interface was detected only at the ethanol concentration
from O to its critical aggregation concentration because the solution sur-
face tension at the ethanol concentration higher than CAC is close to its
surface tension in the absence of SF. However, it does not exclude the SF
adsorption which was confirmed by the values AGOy of SF. The AGYy of
ethanol can be determined not only by the modified Langmuir equation
but also based on its CAC values.
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Equations used for the solution surface tension calculations:

1. Miller et al. equation:
For calculation of the studied solution surface tension there was applied the equation
proposed by Miller et al. [1,2] based on the surface tension of individual surfactants.
This equation has the following form:

expﬁzexpﬁ1+expﬁz—l (S

where I1=TITw/RT , ITi =I1,w, /RT I = I1,, / RT are the dimensionless surface

pressures of the mixture and individual solutions of surfactin and ethanol,
respectively, @1, @, and w is the molar surface area of the surfactin and ethanol and
their mixture, respectively. In the case of ethanol w, was assumed to be equal to 1.26
x 10° m*/mol. Depending on the surfactin orientation, there were applied the values of
wiequal to 5.61 x 10° m*/mol and 7.24 x 10° m*/mol.

2. Calculations of the solution surface tension from the Connors equation [3,4]:

Y pl-X)
y=7o=(r n){wl_a(l_xﬂx (S2)

were made at the given constat surfactin concentration.
7, 1s the surface tension of aqueous solution of pure surfactin at the given

concentration, y, is the surface tension of “pure” ethanol, X is the ethanol mole

fraction and o and f are the empirical constants.

3. In the case of independent adsorption there was applied the following equation:
Vv =0w =7~ 7, (S3)

where y,, is the surface tension of aqueous solution of surfactin and ethanol, y,, is
the water surface tension, 7, is the difference between the water and aqueous solution

of surfactin surface tension and 7, is the difference between the water and aqueous

solution of ethanol surface tension.
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Table S1a. The absolute deviation between the calculated from the Miller et al., Connors

equations as well as from the independent adsorption and the measured values of

water/ethanol aqueous solutions of surfactin surface tension at the constant

surfactin concentration.

Miller et al. Miller et al.
Conceil; o equation for equation for Indepenc_lent C onn'ors
SFo=56lx | SFo=724x adsorption equation

[mg/dm’] 10° m*/mol 10° m*/mol
0.0002 0.32 0.32 0.32 1.76
0.0005 0.31 0.31 0.31 1.76
0.00125 0.52 0.60 0.33 1.28
0.003 0.95 1.20 0.39 1.20
0.00625 1.18 1.50 0.42 1.27
0.01 1.41 1.80 0.45 1.27
0.02 2.89 3.73 1.00 1.19
0.05 5.95 7.28 3.35 1.15
0.1 7.20 7.93 6.22 1.18
0.5 2.92 2.67 14.77 1.89
1 3.28 5.65 18.01 2.06
5 13.02 15.46 26.18 1.61
10 16.89 19.29 29.51 1.92
20 17.03 19.42 29.61 0.30
30 17.49 19.87 30.00 2.55
40 17.90 20.28 30.34 2.40




Table S1b. The absolute deviation between the calculated from the Miller et al., Connors

equations as well as from the independent adsorption and the measured values of

water/ethanol aqueous solutions of surfactin surface tension at the constant

ethanol concentration.

Ethanol Miller et al. Miller et al. Independent Connors
concentration equations for equations for adsorption equation
M] SF o= 5.61 x SFo=7.24 x
10° m*/mol 10° m*/mol
0.06692 1.32 1.43 1.99 1.28
0.1338 1.63 1.77 2.19 1.82
0.2677 2.66 2.83 4.01 2.76
0.4015 0.30 1.68 4.87 4.55
0.5350 3.07 3.34 5.06 4.35
1.0706 4.19 4.74 6.64 5.13
1.6062 6.28 6.79 8.33 5.28
2.1416 6.21 7.05 9.57 4.74
2.6770 6.89 7.87 10.72 4.16
3.2124 7.47 8.56 11.65 3.38
3.7478 7.77 8.96 12.20 2.81
4.2832 8.11 9.39 13.02 2.49
4.8185 8.09 9.44 13.60 2.31
5.3538 8.50 9.91 13.98 1.98
5.8893 8.63 10.09 14.34 1.88
6.6925 8.71 10.18 14.66 1.74
7.7245 8.76 10.20 14.90 1.57
8.5664 8.78 10.17 14.89 1.35
10.2797 8.42 9.83 15.35 1.05
11.9680 8.29 9.71 15.39 0.97
12.1450 8.28 9.72 15.43 1.04
13.3794 8.19 9.65 15.42 0.78
14.5696 8.10 9.60 15.45 0.68
15.4064 8.02 9.55 15.48 0.62
16.0840 7.96 9.51 15.50 0.47
16.3777 7.93 9.50 15.51 0.41
16.6480 7.90 9.47 15.50 0.33
16.8988 791 9.48 15.51 0.15
17.1300 7.87 9.45 15.50 0.00
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Fig. S1. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 0.0002 mg/dm3 vs. the logarithm of ethanol
concentration (C,). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for @ equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S2. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 0.0005 mg/dm’ vs. the logarithm of ethanol
concentration (Cx). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S3. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 0.00125 mg/dm3 vs. the logarithm of ethanol
concentration (C,). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for @ equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S4. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 0.003 mg/dm’ vs. the logarithm of ethanol
concentration (Cx). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S5. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 0.00625 mg/dm3 vs. the logarithm of ethanol
concentration (C,). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for @ equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S6. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 0.01 mg/dm’ vs. the logarithm of ethanol
concentration (C,). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S7. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 0.02 mg/dm” vs. the logarithm of ethanol
concentration (C,). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for » equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S8. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 0.05 mg/dm3 vs. the logarithm of ethanol
concentration (C,). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for @ equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S9. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 0.1 mg/dm’ vs. the logarithm of ethanol
concentration (Cx). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.



Fig. S10

55
50
45
40
a5
30
25
20
15
10

surfactin, y,, (mN/m)

L S L R . L T R L S L]

Surface tension of water/ethanol solution of

()
(=]
3]
I
(o)
fs+}
—
o
s
3]
—
s
—
(8]
—
o

C,(M)

Fig. S10. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 0.5 mg/dm’ vs. the logarithm of ethanol
concentration (Cx). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S11. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 1 mg/dm? vs. the logarithm of ethanol
concentration (Cx). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S12. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 5 mg/dm?’ vs. the logarithm of ethanol
concentration (C,). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for @ equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.



30

20 |-

10

10 k-

Surface tension of water/ethanol solution of
surfactin, v ,, (mN/m)

C, (M)

Fig. S13. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 10 mg/dm” vs. the logarithm of ethanol
concentration (C,). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S14. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 20 mg/dm” vs. the logarithm of ethanol
concentration (C,). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S15. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 30 rng/dm3 vs. the logarithm of ethanol
concentration (C,). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for @ equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S16. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant surfactin concentration equal to 40 mg/dm” vs. the logarithm of ethanol
concentration (Cx). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.



Fig. S17

70 |
65 -
60 -
55 L
50
45 -
40 |
35

30 |

1 1 1 L 1 L 1 . 1
0.00000 0.00001 0.00002 0.00003 0.00004

Cs (M)

Surface tension of water/ethanol solution of
surfactin, y,,, (mN/m)

Fig. S17. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 0.06692 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S18. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 0.1338 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S19. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 0.2677 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S20. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 0.4015 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S21. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 0.535 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S22. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 1.0706 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S23. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 1.6062 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S24. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 2.1416 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S25. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the
constant ethanol concentration equal to 2.677 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S26. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 3.2124 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S27. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 3.7478 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S28. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 4.2832 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S29. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 4.8185 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S30. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 5.3538 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S31. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 5.8893 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S32. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 6.6925 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S33. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 7.7245 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S34. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 8.5664 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S35. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 10.2797 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for @ equal to 5.61
x 10° m*/mol and 7.24 x mzlmol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S36. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 11.968 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S37. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 12.145 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S38. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 13.3794 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S39. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 14.5696 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S40. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 15.4064 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S41. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 16.084 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S42. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 16.3777 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S43. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 16.648 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*mol and 7.24 x m*/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S44. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 16.8988 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for @ equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S45. A plot of the surface tension of water/ethanol solution of surfactin (y,, ) at the

constant ethanol concentration equal to 17.13 M vs. the logarithm of surfactin
concentration (Cs). Points 1 correspond to the measured values, lines 2 and 3
correspond to the values calculated from the Miller et al. equation for ® equal to 5.61
x 10° m*/mol and 7.24 x mz/mol, line 4 corresponds to the value resulting from
independent adsorption and line 5 corresponds to the value calculated from the

Connors equation.
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Fig. S46. A plot of the ethanol surface excess concentration calculated from the Gibbs
equation based on its activity (curve 1), the Guggenheim-Adam equation (curve 2) and
the total ethanol concentration calculated from Eq. (1) (curve 3) vs. the logarithm of
ethanol concentration (C,) at the constant surfactin concentration equal to 0.0002

mg/dm3.
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Fig. S47. A plot of the ethanol surface excess concentration calculated from the Gibbs
equation based on its activity (curve 1), the Guggenheim-Adam equation (curve 2) and
the total ethanol concentration calculated from Eq. (1) (curve 3) vs. the logarithm of
ethanol concentration (C,) at the constant surfactin concentration equal to 0.0005

mg/dm3.
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Fig. S48. A plot of the ethanol surface excess concentration calculated from the Gibbs

equation based on its activity (curve 1), the Guggenheim-Adam equation (curve 2) and

the total ethanol concentration calculated from Eq. (1) (curve 3) vs. the logarithm of

ethanol concentration (C,) at the constant surfactin concentration equal to 0.00125

mg/dm3.
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Fig. S49. A plot of the ethanol surface excess concentration calculated from the Gibbs
equation based on its activity (curve 1), the Guggenheim-Adam equation (curve 2) and
the total ethanol concentration calculated from Eq. (1) (curve 3) vs. the logarithm of
ethanol concentration (Cy) at the constant surfactin concentration equal to 0.003

mg/dm3.
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Fig. S50. A plot of the ethanol surface excess concentration calculated from the Gibbs
equation based on its activity (curve 1), the Guggenheim-Adam equation (curve 2) and
the total ethanol concentration calculated from Eq. (1) (curve 3) vs. the logarithm of
ethanol concentration (C,) at the constant surfactin concentration equal to 0.00625

mg/dm3.
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Fig. S51. A plot of the ethanol surface excess concentration calculated from the Gibbs
equation based on its activity (curve 1), the Guggenheim-Adam equation (curve 2) and
the total ethanol concentration calculated from Eq. (1) (curve 3) vs. the logarithm of
ethanol concentration (C,) at the constant surfactin concentration equal to 0.01

mg/dm3.
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Fig. S52. A plot of the ethanol surface excess concentration calculated from the Gibbs
equation based on its activity (curve 1), the Guggenheim-Adam equation (curve 2) and
the total ethanol concentration calculated from Eq. (1) (curve 3) vs. the logarithm of
ethanol concentration (C,) at the constant surfactin concentration equal to 0.02

mg/dm3.
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Fig. S53. A plot of the ethanol surface excess concentration calculated from the Gibbs
equation based on i