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A B S T R A C T   

The surface, film and foam properties of two nonionic surfactants, dodecyl sucrose ester (L1695) and dodecyl 
polyoxyethylene ether (Brij L23), were studied at four different temperatures between 25 and 60 ◦C and three 
surfactant concentrations (0.01%, 0.1%, and 1% wt.). The impact of 6 M urea was also assessed to determine the 
role of hydrogen bonds for the observed trends. The foams were generated using two methods: the fast foaming 
method (Bartsch test), producing foams with smaller bubbles, and the slow foaming method (foam rise method), 
yielding foams with bigger bubbles. For Brij L23, an increase in temperature resulted in a decrease in the critical 
micellar concentration (CMC), reduced surfactant adsorption on the air-water interface, weakened electrostatic 
repulsion between the foam film surfaces and significantly decreased foam stability. For L1695, an increase in 
temperature increased surfactant adsorption, maximized the foamability at 40 ◦C, and did not affect the foam 
stability for foams with small bubbles. However, the temperature increase leads to decreased stability at low 
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bond, hydrogen bond; HPLC, high performance liquid chromatography; I,, light intensity; IS,, ionic strength; kB,, Boltzmann constant; L,, wavelength; MBPM, 
maximum bubble pressure method; n,, refractive index; n0,, electrolyte number concentration; NA,, Avogadro number; PC,, capillary pressure; ΠMAX;, maximal 
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molar fraction at CMC; α, excluded area per molecule; ΔG0
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concentrations for foams with bigger bubbles. The addition of 6 M urea, resulted in increased adsorption without 
any effect on foam stability for L1695, whereas it decreased the adsorption and foam stability for Brij L23. The 
comparison of relative foamability vs. dynamic surface coverage revealed that a lower threshold surface coverage 
is required to increase the foamability of L1695 (≈ 80%) compared to Brij L23 (≈ 95%). This difference is 
explained by the action of weak electrostatic repulsion and the adsorption of sucrose diesters on the bubble 
surfaces when L1695 surfactant is used. The higher stability of L1695 foams under all studied conditions is 
attributed to the formation of a denser adsorption layer due to the adsorption of sucrose diesters. The diesters 
prevent the formation of weak spots within the foam films, even at high temperatures. This work contributes to 
the advancement of the foam field by demonstrating that a mixture of sucrose mono and diester surfactants can 
be highly effective in forming stable foams at higher temperatures and in the presence of urea. Both factors 
(higher temperature and 6 M urea) have negative effect on Brij L23 foams, while they have no significant effect 
on L1695 foams with smaller bubbles.   

1. Introduction 

Nonionic surfactants find applications in various industries such as 
food and beverages, home and personal care products, and pharmacy 
[1–5]. The nonionic polyoxyethylene alkyl ether surfactants, denoted as 
CnEOm, where n is a number of C-atom in hydrophobic tail and m is the 
number of EO groups in hydrophilic head group, have been extensively 
studied in the literature for their surface, aggregation, film, and foam 
properties [6–12]. It was shown that the critical micellar concentration 
(CMC) for C12EOm surfactants remains relatively constant for values of m 
ranging from 4 to 25 [12]. The CMC exhibits a minimum at temperature 
≈ 50◦C for homologues with m between 4 and 8 [9]. The surface pres
sure at CMC decreases as the number of EO groups or the temperature 
increases [9]. 

The foamability increases, while the foam stability decreases with 
the number of EO groups for foams formed from 1 mM C12EOm solutions 
in the Ross Miles test [6]. The improved stability of foams formed by 
mechanical stirrer at high surfactant concentrations from C12EOm ho
mologues with a smaller number of EO groups (m = 3 or 5) was 
attributed to the adsorption of lamellar liquid crystalline phases on the 
bubble surface and their presence in the continuous phase [10]. Further 
enhancement of foam stability is reported in [11] for surfactants with a 
small number of EO groups and a longer chain length, such as C16EO2 or 
C18EO2 [11]. 

Sucrose alkyl esters, considered as biodegradable and biocompatible 
surfactants, are widely used in the food industry [1,11,13–15]. These 
surfactants contain a mixture of sucrose mono-, di-, and triesters, whose 
ratio affects the foam properties [16]. A commercial sucrose dodecyl 
ester mixture of monoesters and diesters, L1695, exhibited enhanced 
foamability and stability compared to its individual components 
(monoesters and diesters) [16]. A 4:1 molar ratio mixture of monoester 
and diester showed similar foam performance to L1695 [16]. However, 
the authors noted no significant effect of the added diesters on the 
surface and foam film properties of monoesters, attributing the 
enhanced foaming of the mixture to interactions between monoesters 
and diesters within the bulk [16]. Van Kempen et al. [17] showed that 
oligofructose mono-esters (containing 2–8 fructose units) with inter
mediate fatty acid chain lengths (C10-C16) led to the highest foam sta
bility in a bubbling method compared to diesters or monoesters with 
different chains (C4-C8 and C18). In the same study [18] it was shown 
that C12 sucrose ester produces foams with smaller in size bubbles 
compared to C16 and C8 sucrose esters. 

The temperature significantly impacts the properties of nonionic 
surfactants by decreasing the degree of micelle hydration [18–20]. The 
decrease of hydration numbers from 4.2 at 20 ◦C to 2.9 at 60 ◦C is 
determined experimentally for 0.01 M C12EO6 solution [20]. Molecular 
dynamic simulations suggest that this dehydration involves a collective 
reorganization of the water-water hydrogen-bond network in the pali
sade layer and on the oil core surface of the micelle, but the latter effect 
being more important [18]. 

The increase in temperature also has a significant effect on the foam 
properties [21–23]. Wang et al. [21] demonstrated that the stability of 

foams formed by the bubbling method decreases with increasing tem
perature for all studied surfactants (anionic, cationic, nonionic, and 
amphoteric). Rezaei et al. [22] showed that the stability of foams formed 
from surfactant-silica suspension also decreases with temperature in
crease. Oetjen et al. [23] demonstrated that stability decreases with 
temperature for fresh and UHT treated milk foams. 

The role of hydrogen bonds (H-bonds) for foam stability has been 
extensively studied [24–35]. H-bond formation within the adsorption 
layer has been proposed to explain the improved stability of foams 
formed from dodecanoyl glycinate, as compared to dodecanoyl sarco
sinate [29], the maximal stability around pKa for a series of fatty acids 
[30] and for dodecyldimethylamine oxide [26], for the improved sta
bility of n-dodecyl-β-D-maltoside foams as compared to C12E6 foams 
[31] and of 1-O-dodecyl diglyceryl ether compared to C12E5 [36]. The 
formation of H-bonds was also shown to be responsible [32,33] for the 
very high surface elasticity and viscosities of escin adsorption layers [34, 
35], and for the formation of very stable saponin-stabilized foams with 
respect to Ostwald ripening [37]. Sugar-sugar H-bond formation is 
considered to be enthalpy-driven [27]. 

Urea, known as a denaturant for proteins, has been shown to impact 
the critical micellar concentration for both ionic and nonionic surfac
tants [38–42]. The mechanisms behind this effect are not fully under
stood, but there are two distinctive explanations have been proposed in 
the literature: (1) weakened hydrophobic effect due to lower interfacial 
tension between surfactant tail and water molecules in presence of urea 
and (2) reducing the degree of water-water hydrogen bonding without 
replacing these interactions by strong urea-water hydrogen bonds 
[38–43]. Studies indicate that urea replaces water molecules in the 
hydration shell, leading to an increase in CMC for various nonionic 
surfactants [40–42]. It is well established in the literature, that the in
crease of urea concentration is analogous to the reduced temperature for 
the micellar properties of nonionic surfactants [42]. However, with 
respect to the foaming properties of nonionic surfactant Triton X-100, it 
was shown that the addition of urea was analogous to increasing the 
temperature – the foam stability decreased by adding urea and by 
increasing the temperature [44]. Therefore, it is valuable to compare the 
effect of temperature and urea on the surface, film and foam properties 
of nonionic surfactants and to clarify what is the reason for their 
different effects on micellar and foam properties. 

In our previous studies [45,46], a detailed theoretical approach was 
developed to analyze the foamability of surfactant solutions in different 
foaming methods. For each foaming method, the time scale for bubble 
generation was determined. The dynamic surface tension at this time 
scale was measured and was used to calculate the surfactant adsorption 
on the bubble surface at the moment of bubble formation. The maximal 
adsorption was determined from the measured surface tension iso
therms. The dynamic surface coverage defined as the ratio between the 
surfactant adsorption at moment of bubble formation and maximal 
possible adsorption was calculated. The universal master curves be
tween foamability and dynamic surface coverage were established [45, 
46]. The foamability begins to increase at a dynamic surface coverage of 
≈ 30% for ionic surfactants and 95% for nonionic surfactants with 

L. Delforce and S. Tcholakova                                                                                                                                                                                                               



Colloids and Surfaces A: Physicochemical and Engineering Aspects 691 (2024) 133844

3

ethoxylated head groups [45]. A recent extension of this approach 
demonstrated its applicability to predict the foamability of polymeric 
solutions, considering also the respective long-range steric repulsion 
which decreases the required dynamic surface coverage for starting the 
foamability to 80% [47]. 

To the best of our knowledge, there is no information about the 
impact of temperature or hydrogen bonds on the surface, film, and foam 
properties of alkyl sucrose esters. Therefore, the current study aims to: 
(1) Assess the applicability of the previously developed approach in [45, 
46] for describing the foamability as a function of dynamic surface 
coverage for foams formed at different temperatures and in the presence 
of 6 M urea; (2) Determine the foam stability at different temperatures 
and in the presence of 6 M urea for nonionic surfactants capable of 
forming intersurfactant hydrogen bonds, such as L1695; (3) Clarify the 
impact of temperature and 6 M urea addition on the surface and film 
properties of L1695 and Brij L23. 

To achieve those aims, experiments were conducted with two C12 
surfactants – dodecyl sucrose ester (L1695) and dodecyl polyoxy
ethylene alkyl ether (Brij L23). We chose these surfactants as they have 
significantly different head groups and ability to form intermolecular 
hydrogen bonds. The experiments were carried out at temperatures 
ranging from 25◦C to 60 ◦C, and at 25 ◦C in a highly concentrated urea 
solution (6 M). Adsorption and foam film properties were characterized, 
and the respective results were used to explain the foamability and foam 
stability of these solutions in two foaming methods: the Bartsch test 
(denoted hereafter as BT for shortness) and the foam rise method 
(denoted hereafter as FRM), also known as the bubbling method. 

2. Materials and methods 

2.1. Materials and procedure for solution preparation 

Dodecyl sucrose ester L1695 was obtained from Ryoto. According to 
the producer, it contains 95% lauryl alkyl chains, 80% monoesters and 
20% di-, tri- and polyesters [48]. Brij L23 was obtained from 
Sigma-Aldrich and according to its producer it contains mono dodecyl 
ethers with mean number of EO groups in the head group of 23. Mo
lecular weights of 565 g/mol and 1198 g/mol were used for L1695 and 
Brij L23, respectively. 

Urea (> 99.5%) was obtained from Riedel de Haen (Honeywell In
ternational Inc., USA). All chemicals were used as received without any 
further purification. All solutions were prepared using deionized water 
obtained by Elix 3 system (Merck-Millipore Inc., USA). 

L1695 and Brij L23 surfactant solutions were prepared by stirring the 
surfactant/water mixture at 60◦C for 30 min using a magnetic stirrer. 
For high-urea content experiments, 6 M urea solution was first prepared 
by adding urea to water to yield 33 wt% concentration. This mixture 
was stirred overnight at room temperature using a magnetic stirrer. The 
desired amount of surfactant was then weighed and added to the 6 M 
urea solution, and prepared as described above. All concentrations are 
given as weight percentages relative to the solution weight. All L1695 
solutions and Brij L23 solutions were clear in the investigated conditions 
and were used within 48 hours after their preparation. All chemicals 
used in the chemical analyses were of analytical grade. 

2.2. HPLC and GC procedures for analysis of L1695 chemical 
composition 

2.2.1. Gas chromatography (GC) 
L1695 was weighed on an analytical scale and transferred into a glass 

vial. After that a 3 mL of 3.33 M alcoholic potassium hydroxide (pre
pared with 8:2 ethanol/water) was added. The sample was stirred at 
60◦C for 4 hours, and the ethanol-water mixture was then removed by 
evaporation using compressed air. The resulting saponified fatty acids, 
in a dry state, were reconstituted in water and the pH of the solution was 
adjusted to a value of 2 by addition of 2 M HCl. The fatty acids were then 

extracted with 10 mL chloroform with pre-dissolved pentadecanoic acid 
as internal standard. For the derivatization, prior to injection into the GC 
column, 400 μL of the sample was combined with 200 μL of pyridine and 
200 μL of N,O-bis(trimethylsilyl)trifluoroacetamide. This mixture was 
then heated to 60 ◦C for 1 hour, and then diluted 19x times with iso- 
octane. 

The GC analysis was performed on Agilent 8890 apparatus (Agilent 
technologies, Santa Clara, CA, USA), connected to an autosampler 
7693 A. An Agilent DB-5HT capillary column was used, having the 
following specifications: (5%-Phenyl)-methylpolysiloxane, 30 m length, 
I.D. 0.32 mm, 0.1 µm film thickness. An injection volume of 1 µL and 
cold on-column injection was used. The oven was programmed in the 
following way: start at 60 ◦C, hold 1 min, the ramp to 180◦C at 10 ◦C/ 
min, hold 0 min, ramp to 350◦C at 30 ◦C/min, hold 10 min. The sample 
analysis time was 29.5 min. The flame ionization detector was operated 
at T = 380 ◦C. Helium at a constant flow of 2 mL/min was used as a 
carrier gas. Hydrogen, air and nitrogen (make-up gas) were used as 
detector gases. The concentrations of the fatty acids were calculated 
using pentadecanoic acid as an internal standard. 

2.2.2. High performance thin liquid chromatography (HPLC) 
The HPLC analysis was carried out on a Shimadzu apparatus, 

equipped with LC-40DX3 delivery module and evaporative light scat
tering detector, operating at 40◦C, 350 kPa, Gain 8. The analytical col
umn was Waters X-Bridge, 150 ×4.6 mm, 5 μm, 130 Å, operating at 
45 ◦C. Gradient elution was used with flow rate of 1 mL/min. (A) Water 
(B) Methanol were used in the following sequence: 0 min - 40% B, 
20 min - 70% B, 30 min - 75% B, 45 min - 100% B, 60 min - 100% B, 
60.1 min - 40% B, 65.0 min - 40% B. 

2.3. Determination of micelle size 

The size of the micelles, formed in 1 wt% of L1695 and Brij L23 
solutions, was measured at different temperatures using dynamic light 
scattering on Zetasizer Nano® ZS, Malvern Panalytical. The required 
temperature was controlled by apparatus internal chamber. The tem
perature was adjusted with accuracy of ± 0.1◦C. The mean volume 
diameter of the micelles, dh, is given in the text below. The reported 
results at a given temperature are averaged from 6 measurements of two 
independently prepared solutions. 

2.4. Surface tension measurements 

The surface tensions were measured by using Krüss K100 tensiom
eter equipped with DS110 micro-dispenser (Krüss GmbH, Hamburg, 
Germany). 

For construction of surface tension isotherms, a Du Nouy ring was 
used for the measurements. For calculation the dynamic surface 
coverage on the bubble surface in foam rise test, the surface tension was 
measured by using Wilhelmy plate. In both experiments, the tempera
ture was kept within 0.2 ◦C during the experiment by thermostat (Julabo 
GmbH, Germany) and thermostatic pump CORIO CD-200 F to circulate 
the thermostated water. 

For several selected concentrations of L1695, the surface tension was 
measured using the pendant drop method on DSA30 (Krüss GmbH, 
Germany), equipped with thermostatic cell TC40. Experiments were 
conducted at 25 ◦C and 50 ◦C ± 1 ◦C and repeated twice. 

Dynamic surface tension was measured by the maximum bubble 
pressure method (MBPM) with a processor-controlled bubble pressure 
tensiometer Krüss BP2 (Krüss GmbH, Hamburg, Germany) at fixed 
temperatures of 25.0 ◦C, 40.0 ◦C, 50.0 ◦C and 60.0 ◦C, kept by circu
lating water using a CORIO CD-200 F thermostatic pump (Julabo GmbH, 
Germany) with accuracy of 0.2 ◦C. Hydrophobized glass capillaries with 
a hydrophilic tip were used for all measurements and their diameter was 
measured before each set of experiments. The reported results are from 
single measurement for each concentration. 
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2.5. Foam film properties 

A capillary cell was used to observe the behavior of thin foam films 
[49]. The films were formed in a capillary with radius of 1.25 mm by 
sucking out the solution through a side orifice. The films were observed 
in reflected light with optical microscope Leica DM RXE (Leica Micro
systems, GmbH; Wetzlar, Germany) equipped with long-distance 
objective Nplan 20x/0.4, CCD camera (Sony SSC-C370P) and 5.1 M 
Video Biological Microscope Digital Camera 55FPS LCMOS. The typical 
radius of the foam films formed in this capillary cell was ≈ 0.125 mm. 
The temperature was controlled using a steel cell-holder with inner 
water circulation using a CORIO CD-200 F thermostatic pump (Julabo 
GmbH, Germany). The top glass cover was heated to avoid the formation 
of condensation droplets. The solution temperature was monitored using 
a type K thermocouple probe and a UT325 thermometer (Uni-Trend 
Technology co. Ltd., China). From the intensity of the reflected light, the 
foam film thickness was determined [49]. The film thinning pattern and 
the stability of the foam films were studied in a closed cell to suppress 
the water evaporation from the films. Each film was observed for 10 min 
after its formation. At least three independent films were observed for a 
given concentration at a given temperature. The temperature was 
controlled with accuracy of 1 ◦C. 

The film thickness, h, was determined based on the obtained images, 
after converting them to gray scale, and using the following expression 
[49]: 

h =
L

2πn
× arcsin

(

kπ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
I − Imin

Imax − Imin

√ )

Where L is the wavelength of the incident light (for white light, the peak 
is around 565–580 nm), n is the film refractive index, I is the intensity of 
the reflected light from the film, Imax is the maximal intensity of the 
reflected light of white film, Imin is the minimal intensity of the reflected 
light after film breakage, k is the order of interference maximum (0,1,2, 
etc). Intensities are determined using the Corel Photo Paint software. 

2.6. Foamability and foam stability 

The foamability of the studied solutions was determined in Bartsch 
test (BT, fast-foaming method) and in foam rise method (FRM, slow- 
foaming method). In Bartsch test there is a rapid expansion of the so
lution surface during the air entrapment, whereas the bubbles in foam 
rise method are formed more slowly and they travel through the solution 
where additional adsorption of surfactant can occur before reaching the 
other bubbles in the top of the foam column. 

2.6.1. Bartsch test 
A glass cylinder of 120 mL, filled with 10 mL surfactant solution, was 

shaken using automated Bartsch test for 100 cycles, at shaking period of 
1.23 s (frequency = 0.813 s− 1). The method is described in details in 
Ref. [45]. To control the temperature, we used a 3000 W blow heater, 
regulated by PID thermocontroller and AC phase regulator, connected to 
an in-chamber type K thermocouple probe. Experiments were conducted 
at T = 25, 40, 50 and 60 ± 1 ◦C. At least three different cylinders were 
used to determine the foamability under given conditions. 

2.6.2. Foam rise method 
Foam was generated by blowing the air through a 1.5 cm diameter 

filter paper with pores of 8–12 μm size into 20 mL of the surfactant 
solution, contained in a glass column. The column dimensions are: 
2.8 cm internal diameter and 20 cm total height. An air flow rate of 0.38 
± 0.02 L/min was maintained for 15 s. Experiments were conducted at T 
= 25, 40, 50 and 60 ± 1 ◦C and temperature was controlled by 
immerging the glass column inside a thermoregulated water bath. Foam 
height was monitored by visual observation every minute for 10 min 
after air sparging was stopped. Each experiment was repeated three 

times. 

2.6.3. Characteristics of foamability and foam stability 
To characterize the foamability of the studied solutions, the volume 

of entrapped air, VA, was determined by subtracting the solution volume 
from the total volume (solution + foam). 

The foam stability was evaluated after stopping the agitation in BT or 
after stopping the air supply in FRM. The remaining volume of entrap
ped air was monitored by visual observation every 2 min for 10 min. The 
ratio between the air, remaining in the foam 10 min after stopping the 
agitation, and the initial amount of air entrapped during the shaking 
period is used to characterize foam stability. 

2.7. Viscosity measurements 

The viscosity of the solutions was measured with a modular compact 
rheometer MCR-302e (Anton Paar, Austria), using cone and plate ge
ometry with a diameter of 40 mm (cone angle 1◦, truncation gap 78 μm). 
Measurements were conducted at 25.0, 40.0, 50.0, and 60.0 ◦C, and 
samples were equilibrated for 3 min before each measurement. The 
rheological test in a steady shear regime was performed by varying the 
shear rate logarithmically and stepwise from 0.01 s− 1 to 500 s− 1. The 
viscosity was monitored as a function of shear rate. For reproducibility, 
each measurement was repeated twice, and the average results are 
presented. 

3. Experimental results and discussions 

In Section 3.1, the chemical composition of used L1695, determined 
by GC and HPLC analysis, and the bulk properties (viscosity and micelle 
size) of 1 wt% aqueous solutions, are described. Section 3.2 presents the 
measured surface tension isotherms and the determined characteristics 
of the adsorption layers, which are used in Section 3.3 to calculate the 
dynamic surfactant adsorption from the measured dynamic surface 
tensions. The behavior of foam films is described in Section 3.4. Finally, 
Section 3.5 summarizes the results from the foaming experiments and 
their interpretation. 

3.1. Surfactants’ composition and bulk properties of 1 wt% solutions 

The chemical composition of sucrose ester L1695 was analyzed by 
HPLC to determine the monoester-to-diester ratio, and through GC after 
hydrolysis to establish the fatty acid-chain length ratio. L1695 comprises 
87% monoesters and 13% diesters with chain-length composition of >
99% C12, in good agreement with the information provided by the 
manufacturer [48]. 

The measured shear stress vs. shear rate dependencies for solutions 
with surfactant concentration, CS, of 1 wt% exhibit Newtonian behavior 
under all conditions studied. The measured viscosities are shown in  
Fig. 1 A and it is seen that the viscosity decreases with the increase of 
temperature and increases upon addition of 6 M urea. The latter effect 
can be attributed to the higher viscosity of the urea-water mixture 
compared to water alone (1.403 mPa.s vs. 0.89 mPa.s at 25◦C) [50]. 

The relative viscosity is defined as the ratio between the viscosity of 
the surfactant solution and the viscosity of the continuous phase in 
which surfactant molecules are dissolved (water for aqueous solutions 
without urea and 6 M urea solution for urea-containing solutions). The 
relative viscosity increases from 1.4 to 1.5 with the rise in T from 25 to 
40 ◦C and remains constant thereafter. This suggests that the presence of 
micelles has the least impact on viscosity at T = 25 ◦C. However, the 
relative viscosity of the solutions, containing 6 M urea, is very similar to 
that, determined for water solutions without urea, suggesting that the 
micelles have a comparable effect in both water and water-urea 
solutions. 

Following the approach developed in [51,52], the dependences of ln 
(η) vs. 1/T were plotted for two studied solutions, see Figure S1 in SI. 
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From the slope of the curve, the activation energy (EA), required to 
overcome the attractive forces, binding the molecules to their neighbors, 
was determined and compared to the activation energy, known for water 
molecules in the absence of added surfactants. The presence of Brij L23 
molecules in the solution results in a reduction of EA for water molecules 
from 15.5 kJ/mol [52] to 13.2 kJ/mol. On the other hand, the presence 
of L1695 micelles leads to a further decrease down to 12.4 kJ/mol. This 
comparison indicates that the presence of micelles diminishes the 
attractive forces between water molecules in the bulk. 

The hydrodynamic diameters, dh, of the micelles in 1 wt% solutions 
remain relatively constant with T for both studied surfactants, see 
Fig. 1B. However, the average size of L1695 micelles is twice smaller 
compared to Brij L23 micelles (7.3 nm vs 3.8 nm) at T = 25 ◦C. The 
presence of 6 M urea significantly decreases dh for Brij L23 micelles from 
7.3 nm to 5.5 nm, whereas it has no effect on L1695 micelles. 

The measured sizes for Brij L23 are in good agreement with previ
ously reported results for Brij 35 [53]. Note that Brij 35 and Brij L23 are 
different names for surfactants of similar structures of C12EO23. The 
mean micelle size increases with T for nonionic surfactants close to the 
cloud point [41], however, the studied temperature range is well below 
the cloud point of Brij L23, which is ≥ 100 ◦C. As a consequence, the 
increase of temperature has almost no effect on the micelle size for Brij 
L23. The microviscosity in the palisade layer of Brij 35 micelles was 
found to decrease from 17.1 mPa.s to 9.4 mPa.s when increasing T from 
25 to 50 ◦C [54], suggesting weaker binding of water molecules to the 
EO groups at higher temperature. 

The presence of 6 M urea leads to a decrease of dh from 7.3 to 5.5 nm 
for Brij L23, in accordance with results for C12EO6 [41]. This effect is 
explained with a altered interactions between the EO groups in hydro
philic head and water in the presence of urea [41]. Indeed, the hydration 
shell decreases in the presence of urea [40,41]. No significant impact of 
urea was observed for L1695 micelles, suggesting that the water-sugar 
group interactions are less affected in that case. 

Literature data indicate that the radius of the hydrophobic core of 
Brij 35 micelles is ≈ 1.64 nm [55,56]. Nearly spherical micelles are 
formed in Brij 35 solutions at studied concentrations [55,56]. Assuming 
spherical micelles for both surfactants and a similar hydrophobic core 
radius to that of Brij 35, the palisade layer thickness can be calculated by 
subtracting from dh the core diameter (≈ 3.28 nm) and divided by two. 
The estimated palisade layer thicknesses are ≈ 2 nm for Brij L23, which 
agrees well with data reported in Ref. [56] and ≈ 0.26 nm for L1695 
micelles. Therefore, the substantial difference in dh for Brij L23 and 
L1695 micelles is attributed to the formation of thicker palisade layer of 
EO groups for Brij L23 micelles compared to palisade layer of L1695 
micelles. 

Interestingly, the presence of urea molecules in the solution 

decreases the thickness of palisade layer for Brij L23 micelles from 2 nm 
down to 1.11 nm. This effect can be explained by incorporation of urea 
molecules in the palisade layer in accordance with data reported in 
Ref. [42], which changes the conformation of EO groups chain and de
creases the palisade layer thickness. No such effect is observed for 
L1695, because the palisade layer is very thin and the urea molecules are 
not incorporated therein. 

In summary, these experiments reveal no significant difference in the 
viscosity of Brij L23 and L1695 solutions, but a significant difference in 
the micelle size. The micelles in Brij L23 are about twice larger than 
those in L1695 due to the strong hydration of the EO groups. The 
addition of urea does not affect significantly the properties of L1695 
micelles, while it has a significant impact on the size of Brij L23 micelles, 
possibly by replacing water molecules in the palisade layer and 
decreasing the palisade layer thickness of hydrated head groups due to 
possible change in the conformation of EO groups chain. 

3.2. Properties of equilibrium adsorption layers 

The properties of the adsorption layers, within the temperature range 
of 25◦C to 60◦C, were characterized by measuring the surface tension, σ, 
of the surfactant solutions using the du Nouy ring method. In our pre
vious studies [45,46], the equilibrium surface tension was determined 
from the intercept of σ vs. 1/t1/2, where t is the time, assuming 
diffusion-limited adsorption [57]. In the current study, L1695 is a 
mixture of mono and di-esters, each with significantly different diffusion 
coefficients. At shorter times, monoesters adsorb on the interface due to 
their higher concentration and higher diffusion coefficient, but over an 
extended period, the diesters gradually replace the monoesters at the 
interface due to their higher energy for adsorption and slower rate of 
desorption. Consequently, the surface tension does not reach a plateau 
value even after 1 hour of measurement, particularly at elevated tem
peratures where the adsorption of diesters is easier, see Figure S2 in SI. 

The replacement of monoesters with diesters is crucial for the pro
longed foam stabilization. However, for foamability, the role of diesters 
is limited as they cannot adsorb on the bubble surface at short times due 
to their slow diffusion toward the interface. Therefore, it is reasonable to 
assume that during the foaming process, the prevailing species in the 
adsorption layers formed on the bubble surfaces, are molecules that can 
be adsorbed within the time scale of foam generation. Our previous 
studies show that for the FRM, the characteristic time scale is ≈ 50 s 
[46], whereas for the Bartsch test, it is ≈ 10 ms [45]. Hence, for 
calculating the properties of the quasi-equilibrium adsorption layers in 
the current study, we use the surface tensions measured after 100 s, 
which is twice longer than the characteristic time for foam generation in 
the FRM and 104 times longer than the characteristic time for foam 

Fig. 1. (A) Solution viscosity, η and (B) Mean hydrodynamic diameter of the micelles, dh, measured by dynamic light scattering as a function of temperature, T, for 
1 wt% solutions of Brij L23 (squares) and L1695 (circles) in water (empty symbols) and in 6 M urea solution (full symbols). 
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generation in the BT. 
The determined isotherms are analyzed to extract the key charac

teristics of the studied surfactants: (1) critical micellar concentration, 
CMC; (2) surface tension at CMC, σCMC; (3) surfactant adsorption at 
CMC, ΓCMC; (4) excluded area per molecule, α, and (5) surface pressure 
at CMC, πCMC. Surface tension data below CMC were used to calculate 
the surfactant adsorption at CMC, ΓCMC (μmol/m2), by using Gibbs’ 
equation [57]: 

dσ
d ln CS

= − RTΓCMC (1) 

In this equation ГCMC is the surfactant adsorption at CMC, σ is the 
measured surface tension after 100 s, R is the universal gas constant, T is 
the temperature, and CS is the bulk surfactant concentration. The 
excluded area per molecule, α, was calculated from the measured values 
of σCMC and ГCMC, assuming that adsorption can be described by Volmer 
equation [11]: 

α =
1

NAΓCMC

(

1 −
RTΓCMC

σ0 − σCMC

)

(2)  

where NA is Avogadro number and σ0 is surface tension of the pure 
solvent, which is 72.0; 69.6; 67.9; or 66.2 mN/m at 25 ◦C, 40 ◦C, 50 ◦C or 
60 ◦C, respectively, for water, and 74.8 mN/m for 6 M urea solution at 
25◦C. 

The characteristics for Brij L23, utilizing the equilibrium surface 
tension, σEQ, determined from the intercept of σ vs. t− 1/2 and σ measured 
after 100 s, are compared in Figure S3 in SI. The analysis reveals that 
there is no significant difference between the extracted parameters from 
different adsorption isotherms for this surfactant. This suggests that the 
composition of the adsorption layer does not change significantly over 

time. However, this is not the case for L1695, where notable differences 
are observed not only in the values of CMC, but also in all other char
acteristics. In that case, the composition of the adsorption layer un
dergoes significant changes over time. 

The surface tension isotherms, based on σ measured after 100 s, are 
presented in Fig. 2. A shallow minimum is observed under all studied 
conditions (different T and ± 6 M urea) for both surfactants, indicating 
that some of the most surface-active substances are solubilized in the 
micelles after their formation. There is a well-defined region, in which 
the surface tension decreases linearly with lnCS, from which ГCMC was 
determined, using Eq. (1). The cross point between the linear depen
dence of σ vs. lnCS with the minimal surface tension measured, under 
given conditions, is used to calculate CMC. The extracted characteristics 
are shown in Fig. 3. 

The CMC is significantly higher for L1695 compared to Brij L23 in 
the entire temperature range, and decreases with the increase of tem
perature for both surfactants, see Fig. 3B. The observed CMC decrease 
for Brij L23 with temperature aligns well with literature data for Brij 35, 
where it was demonstrated that CMC decreases from 43 μmol/L down to 
34 μmol/L upon increase of temperature from 35 ◦C to 50 ◦C [58]. 
However, the presence of 6 M urea in the aqueous solution has opposite 
effect on CMC for L1695 and Brij L23: CMC decreases more than 10 
times for L1695, from 345 μmol/L down to 32 μmol/L, whereas it in
creases more than 4 times for Brij L23, from 48 μmol/L up to 210 
μmol/L, see Fig. 3B. The CMC increase upon addition of 6 M urea for Brij 
L23 agrees well with the results reported for C12EO8 [41], showing that 
the molecules rather stay in contact with the water-urea mixture instead 
of forming micelles. The observed effect of urea on L1695 CMC is 
opposite to the well-established effect on other ionic and non-ionic 
surfactants [38–44]. This is probably due to the fact that urea is 

Fig. 2. Surface tension isotherms for (A,C) Brij L23 and (B,D) L1695 measured at (A,B) different temperatures and (C,D) in presence and in absence of 6 M Urea at T 
= 25 ◦C. Surface tension values, σ, are taken after 100 s using a du Nouy ring method. 
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unable to replace the water molecules in the hydration shell of L1695 
micelles, as it does in Brij L23 micelles. The presence of urea in the so
lution is shown to strengthen the water structure, resulting in stronger 
water-water hydrogen bonds and a more rigid occupation of tetrahedral 
coordination positions, as demonstrated by molecular dynamic simula
tions in Ref. [59]. Therefore, the CMC decreases with the presence of 
urea when it does not incorporate in the hydration shell (e.g., L1695), 
and increases when it does (e.g., Brij L23). 

The determined CMC values were used to calculate the micellar 
characteristics, following the approach developed in Ref. [60] for the 
standard free energy of micellization, ΔG0

m: 

ΔG0
m = RT ln XCMC (3) 

Here, XCMC is the surfactant molar fraction at CMC, calculated as 
XCMC = CMC/55.5. The resulting values of − ΔG0

m for Brij L23 increased 
from 35 kJ/mol to 41 kJ/mol with an increase in T from 25 ◦C to 60◦C, 
which is in good agreement with literature data, where an increase from 
35 kJ/mol to 38 kJ/mol was reported upon increase of T from 35 ◦C to 
50 ◦C [58]. The latter effect is explained in Ref. [58] by easier 
approaching of the molecules in the micelles at higher temperature as 
EO groups get dehydrated. For L1695, the − ΔG0

m value increased from 
30 kJ/mol to 37 kJ/mol for T = 25 ◦C to 60 ◦C, highlighting the role of 
the sugar moiety hydration for this rise of standard free energy of 
micellization at higher temperature. 

Temperature rise from 25 ◦C to 60 ◦C has adverse effect on surfactant 
adsorption at CMC, ΓCMC: it decreases from 2.6 μmol/m2 to 2.2 μmol/m2 

for Brij L23, and increases from 3.3 μmol/m2 up to 6.0 μmol/m2 for 
L1695, see Fig. 3 A. In the case of Brij L23, this is in good agreement with 
results obtained for the air-water interface using Brij 35 [61], whereas 
the opposite trend is usually reported for the solid-water interface [62, 
63]. The decreased adsorption with T on the air-water interface is 

somewhat surprising because, according to the conventional view, 
higher temperature should result in a decrease in the hydration shell and 
in the respective steric repulsion between the head groups, leading to 
higher adsorption with T, as observed for the solid-water interface. In 
the case of L1695, the significant increase in ΓCMC with T agrees more 
with the conventional expectation, and is additionally related to the 
faster adsorption of diesters at higher temperatures, forming a denser 
adsorption layer with a smaller hydration shell of sucrose head groups. 

In the presence of urea, ΓCMC increases for L1695 up to its maximal 
value of 7 μmol/m2, indicating that L1695 molecules prefer to form 
micelles or adsorb on the air-water interface, instead of staying as 
monomers in the solution. This behavior is opposite compared to the one 
observed for Brij L23 molecules which prefer to stay dissolved in the 
urea-water mixture instead of forming micelles or adsorbing on the air- 
water interface. As a consequence, CMC increases and ΓCMC decreases 
for Brij L23 in 6 M urea solution. 

The calculated excluded area per molecules, α, is larger for Brij L23 
compared to L1695 under all conditions studied, see Fig. 3 C, indicating 
looser adsorption layers with Brij L23. This significant difference in α 
denotes higher repulsion between Brij L23 molecules than between 
L1695 molecules within the adsorption layer. Diesters in L1695 most 
likely facilitate the formation of a denser layer for this surfactant. 
Moreover, the higher adsorption could also be related to the formation 
of intersurfactant H-bonds in L1695 adsorption layer which could not be 
realized in Brij L23 layers. 

Again, opposite effects are observed on α for both surfactants upon 
addition urea or upon increasing T. The excluded area per molecules 
increases from 0.52 to 0.61 nm2 with T for Brij L23, which is similar to 
the effect of urea incorporation within the adsorption layer. In the case 
of L1695, however, it decreases from 0.40 to 0.17 nm2 upon increasing T 
from 25 to 60 ◦C. The latter value is very close to the cross section of 
frozen surfactant tails [64], indicating the formation of condensed layers 

Fig. 3. (A) Surfactant adsorption at CMC, ГCMC; (B) Critical micellar concentration, CMC; (C) Excluded area per molecule, α; (D) Surface pressure at CMC, πCMC, as a 
function of temperature for Brij L23 (squares) and L1695 (circles) without (empty symbols) and with 6 M urea (full symbols). 
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on the air-water interface at 50 and 60◦C. 
The calculated surface pressures at CMC, πCMC, shown in Fig. 3D, 

reveal significantly higher values for L1695 compared to Brij L23, in 
agreement with the higher adsorption of L1695. Similar trend is 
observed in presence of urea for this surfactant. The increase in πCMC 
value for Brij L23 upon urea addition is probably related to urea 
incorporation close to the interface. This could explain the distinct shape 
of the surface tension isotherm curve for this system, as shown in Fig. 2C. 

From these series of experiments, it can be concluded that both an 
increase in T and the presence of 6 M urea result in the formation of 
looser adsorption layers for Brij L23, and denser adsorption layers for 
L1695. Regarding the evolution of CMC, it decreases for both surfactants 
with the increase in temperature, while urea has adverse effects: it in
creases the CMC for Brij L23 and decreases it for L1695. Those results 
can be explained as follows: (1) the decrease in CMC with T is related to 
the weakening of steric repulsion between the hydrated head groups; (2) 
the increase in CMC for Brij L23 upon addition of urea is related to the 
substitution of water molecules with urea molecules, weakening the 
hydrophobic attraction between the surfactant tails. In L1695, stronger 
H-bonds between the sugar head group and water molecules prevent 
water from being substituted with urea. As a consequence, urea remains 
in the bulk water, facilitating its structuring, and strengthening the 
hydrophobic interactions between L1695 molecules. (3) The higher 
adsorption of L1695 surfactant is related to the incorporation of sucrose 
diesters within the adsorption layer. 

3.3. Properties of dynamic adsorption layers 

The dynamic surface tensions were measured at three surfactant 
concentrations (0.01 wt%; 0.1 wt% and 1 wt%). Note that these con
centrations are above CMC for both surfactants at T ≥ 40 ◦C (see Fig. 2) 
with only 0.01 wt% being below CMC for L1695 without urea and for 
Brij L23 in the presence of urea. The measured dynamic surface tensions 
were used to calculate the dynamic adsorption as a function of universal 
surface age, tu. It is calculated by dividing the nominal surface age by 37 
[65]. The dynamic adsorption, Γ(t) and the dynamic surface coverage, 
θCMC(t) are calculated using the following expressions [45]: 

Γ(t) =
1

αNA

πS(t)αNA
RT

1 +
πS(t)αNA

RT

(4)  

θCMC(t) =
Γ(t)
ΓCMC

(5)  

where the dynamic surface pressure, πS(t), is related to the measured 
dynamic surface tension by πS(t) = σ0- σ(t). 

The dependence of πS vs. lnt reveals three regions, see Figure S4. In 
the first region, observed only at low CS and short tu, the surface pressure 
πS ≈ 0, indicating minimal surfactant adsorption on the surface. This 
region persists up to tu = 10 ms for 0.01 wt% L1695 and only to tu =

0.03 ms for 0.01 wt% Brij L23. It is not observed at higher CS as it ends 
even before the first experimental point can be reliably determined. In 
the second region, πS increases linearly with lnt with the increase is 
much steeper for L1695 compared to Brij L23 across all studied condi
tions. In the third region, a much slower increase of πS vs. lnt is observed. 
For Brij L23, the dynamic surface pressure almost reaches its equilib
rium value, measured in the de Nouy ring experiment, while for L1695 
solutions, especially at higher temperatures, a fourth region is observed 
in which πS starts to increase further, see Figure S4 for example. 

The first region is significantly shorter for Brij L23, indicating that 
the molecules adsorb very rapidly on the air-water interface, possibly 
due to the presence of molecules with smaller hydrophilic head. 
Consequently, at low CS and shorter times, πS for Brij L23 is higher 
compared to that for L1695. The steeper increase of πS with lnt for L1695 
solutions, in the second region, leads to πS being higher for L1695 in the 
third region as compared to Brij L23. To summarize, Brij L23 molecules 

adsorb faster on the interface, but cannot pack as well as L1695 
molecules. 

The presence of urea in L1695 solutions decreases the duration of the 
first region, and increases the slope in the second region, resulting in 
higher πS of urea-containing solutions after 1000 ms. For Brij L23, urea 
increases the slope in the second region of the πS vs. lnt curve, without 
affecting the initial region. 

The dynamic surface pressure, πS at tu= 10 ms at CS = 0.1 wt%, is 
shown in Fig. 4 A and for all three studied surfactant concentrations in 
Figure S5 in SI. It is seen that πS(tu = 10 ms) is higher for Brij L23 
compared to L1695 at all studied temperatures for CS = 0.01 wt%, see 
Figure S5A. At this concentration, tu = 10 ms is very close to the end of 
the first region for L1695, whereas it is in the second region for Brij L23: 
the shorter molecules in Brij L23 ensure faster adsorption at low Cs and 
short times. Increasing CS to 0.1 wt% and 1 wt% leads to a significant 
increase in πS(tu = 10 ms) for L1695, and a smaller increase for Brij L23, 
as illustrated in Fig. 4 A and Figure S5B. At these concentrations, πS(tu =

10 ms) approaches the equilibrium surface pressure. The slower 
adsorption of L1695 at CS = 0.01 wt% is, at least, partially related to the 
higher CMC values and its higher solubility. This is due to a greater 
number of H-bonds formed between its head group and the water mol
ecules. At higher concentrations of L1695, the higher πS(tu = 10 ms) 
values are related to the formation of a denser adsorption layer, even 
under dynamic conditions. The effect of temperature on πS(tu = 10 ms) is 
relatively small for Brij L23, but noticeable for L1695 adsorption layers 
with a significant increase of πS(tu = 10 ms). 

The measured values of πS are used to determine the time depen
dence of Γ and θCMC, see Fig. 4B, S5 and S7. The increase of temperature 
increases significantly the dynamic adsorption Γ(tu = 10 ms) for L1695 
at all three concentrations studied, whereas Γ(tu = 10 ms) slightly de
creases for Brij L23. Regarding the effect of urea, it is similar to that of 
temperature: Γ(tu = 10 ms) slightly decreases for Brij L23, and signifi
cantly increases for L1695 solutions. 

The calculated dynamic surface coverage, θCMC, exhibits different 
behavior compared to the dynamic adsorption Г(tu = 10 ms), see 
Fig. 4 C. θCMC is higher for Brij L23 than for L1695 under all conditions 
studied, indicating faster kinetics of adsorption. Even after 10 ms, the 
characteristics of Brij L23 adsorption layers at CS ≥ 0.1 wt% are very 
similar to the characteristics of equilibrium adsorption layer. The in
crease of temperature leads to formation of adsorption layers closer to 
their equilibrium state for Brij L23, with θCMC approaching a value of 1. 
In contrast, the temperature rise decreases θCMC for L1695 solutions. 

This surprising result could be explained as follows: at low temper
atures, most of the diesters are unable to adsorb on the air-water 
interface and remain incorporated in the surfactant micelles. As a 
consequence, ΓCMC is lower compared to that determined at higher 
temperatures, where some diesters adsorb on the air-water interface. At 
short time scales, a significant fraction of these diesters remain in the 
solution, leading to a decrease in θCMC upon increase of temperature. For 
0.01 wt% L1695, the dynamic surface coverage remains low due to the 
slow adsorption of monoesters on the surface. The effect of urea on Г(tu 
= 10 ms) is similar to that of temperature: Г(tu = 10 ms) is higher for 
L1695 and lower for Brij L23, in accordance with the explanation for the 
changes in adsorption layer composition in the presence of urea. 

In summary, the adsorption is faster for Brij L23 compared to L1695. 
For L1695, dynamic adsorption increases while dynamic surface 
coverage decreases with the increase of temperature, and with the 
addition of urea. This is explained by a higher amount of diesters, which 
control the surface properties of the equilibrium adsorption layers at 
high temperatures and in the presence of 6 M urea, but cannot adsorb 
rapidly under dynamic conditions. On the other hand, from Brij L23 
solutions looser adsorption layers are formed at high temperatures, and 
in presence urea, which are easily reached. 
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3.4. Foam film behavior 

The behavior of foam films was investigated using 0.1 wt% and 1 wt 
% solutions of Brij L23 and L1695. Under all conditions, the observed 
film thinning was similar to the one typical for low molecular mass 
surfactants films, without indication for the formation of condensed 
adsorption layers on the film surfaces. The equilibrium film thickness 

was reached ≈ 1 min after film formation, during which a fast ejection of 
the entrapped dimples had occurred. Note that in presence of condense 
adsorption layer on the film surfaces, the rate of dimple ejection would 
be over 10 min [66]. Further film thinning was observed only for films 
formed from 1 wt% Brij L23, where a stepwise decrease in film thickness 
was observed. Films formed from 1 wt% Brij L23 at temperatures of 50 
and 60◦C ruptured after ca. 10 min after their formation. Illustrative 

Fig. 4. (A) Dynamic surface pressure, πS; (B) Dynamic surfactant adsorption, Г; (C) Dynamic surface coverage, θCMC determined after 10 ms universal surface age as 
functions of temperature for Brij L23 (squares) and L1695 (circles) without (empty symbols) and with 6 M urea (full symbols) for 0.1 wt% surfactant solutions. 

Fig. 5. Foam films formed from L1695 and Brij L23 (a) 0.1 wt% and (b) 1 wt% solutions, observed under polychromatic white light using an optical microscope at 
25◦C, 40◦C, 50◦C, 60◦C, and at 25◦C in 6 M urea solution. Pictures are taken 5 min and 10 min after the film formation. 
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images from these experiments are shown in Fig. 5. 
The thickness of 0.1 wt% L1695 films was ≈ 100 nm and did not 

change significantly with temperature. Thinner films were formed from 
1 wt% L1695 solution, with a thickness of about 70 nm. The addition of 
urea to 0.1 wt% and 1 wt% L1695 solutions further decreased the film 
thickness down to 50 nm. Regarding Brij L23, films with a thickness of 
about 90 nm were formed from 0.1 wt% solutions, and black spots with 
a thickness of about 20 nm were observed at T = 60◦C. For 1 wt% Brij 
L23 solutions, black spots were observed at all temperatures. Upon 
addition of urea, the film thickness of 0.1 wt% Brij L23 decreased to 
50 nm, whereas black spots of about 25 nm were observed for 1 wt% 
Brij L23 solution. 

The formation of thick films from nonionic surfactants, such as alkyl 
glucoside surfactant, has been reported in the literature and was 
explained with the adsorption of hydroxyl (OH-) ions on the film sur
faces, inducing long-ranged electrostatic repulsion due to the low con
centration of background electrolyte [67]. To confirm that this 
explanation stands for the thick films formed using L1695 in the current 
work, experiments were carried out with 10 mM sodium chloride (NaCl) 
solutions. A significant decrease in film thickness was observed, indi
cating that the observed thick films are related to the co-adsorption of 
surfactant molecules and OH- ions. The thinner films, formed at higher 
surfactant concentration, are explained by the replacement of OH- ions 
by surfactant molecules at the interface. 

To investigate whether the film behavior in the presence of urea is 
related to suppression of the electrostatic repulsion, the conductivities of 
the solutions were measured. Values are provided in Table 1. The 
measured conductivities were significantly higher for solutions con
taining 6 M urea, suggesting the presence of ionic species in it. Those 
values were then used to estimate the ionic strength of the background 
electrolyte (see Table 1). The calculated values vary between 0.12 mM 
(0.1 wt% L1695) and 1.19 mM (1 wt% Brij L23 + urea). For calculation 
of the characteristic Debye length, κ− 1, dielectric constants of 78.3 for 
water and 94 for water-urea at 25 ◦C were used. The Debye length, κ− 1, 
varies between 9.7 nm (1 wt% Brij L23 + urea) and 27.7 nm (0.1 wt% 
L1695). 

To assess the effect of electrostatic repulsion on the film behavior, 
the magnitudes of the electrostatic and van der Waals interactions were 
estimated using [57]: 

Π = 64n0kBT
[

tanh
(

eΨs

4kBT

)]2

exp( − κh) −
AH

6πh3 (6)  

where Π is the disjoining pressure acting between film surface, n0 is the 
electrolyte number concentration, kBT is the thermal energy, κ is the 
inverse Debye screening length, ΨS is the electrical surface potential, e is 
the elementary charge, AH is the Hamaker constant, and h is the film 
thickness. For Hamaker constant we used the values of 3.73×10− 20 J for 
water solutions and 4.65×10− 20 J for urea-water solutions, calculated 
using dielectric constants of 78.3 and 94, and refractive indexes of 1.333 
and 1.38 for water and urea-water mixture, respectively. 

Capillary pressures, PC, leading to film thinning were calculated 
using the measured equilibrium surface tensions. The calculated values 
of PC varied between 45 Pa and 67 Pa (see Table 1). The values of the 
surface potential for different systems were estimated from the equal
ization of the disjoining pressure, Π, calculated by Eq. (6) at the 
measured film thickness, and capillary pressures, PC. The resulting |ΨS|

values, ranging from 14 mV to 36 mV, are within the range of values 
measured for xylene drops in the presence of different concentrations of 
C16EO8 [68]. The decrease in ΨS upon increasing the surfactant con
centration is greater for Brij L23 compared to L1695. The estimated 
value of |ΨS| = 14 mV for 1 wt% Brij L23 predicts that the applied 
pressure will be enough to overcome the maximum in the electrostatic 
barrier, as observed experimentally (black spots in the center of the 
films). These thinner films are stabilized by a steric repulsion, explaining 
the destabilization of films formed at higher Brij L23 concentration and 
higher temperatures, as well as the lack of such effect at lower con
centrations. Significant decrease in |ΨS| is also observed for 0.1 wt% Brij 
L23 + urea solutions, but without black spot formation. 

For L1695, a decrease in |ΨS| is also observed upon increasing the 
concentration or addition of urea. However, the estimated value of |ΨS|, 
for 1 wt% L1695, is significantly higher compared to the one for Brij L23 
(22 vs. 14 mV). This higher value of |ΨS| for L1695 provides sufficient 
electrostatic repulsion (300 vs 67 Pa), preventing a transition to thinner 
steric-stabilized films at 25 ◦C. Under those conditions, the temperature 
increase up to 60◦C further decreases the adsorbed OH- ions on the 
interface. At this temperature, thinner films are observed after 10 min of 
storage (see Fig. 5), but they remain stable due to the increased sur
factant adsorption, thus providing sufficient steric repulsion. 

From this series of experiments, we conclude that there is a long- 
range electrostatic repulsion between the film surfaces at low surfac
tant concentrations. This repulsion decreases upon increasing the sur
factant concentration due to the displacement of OH- ions from the 
interface. Transition from electrostatically to sterically stabilized films 
with time is observed for 1 wt% Brij L23 stabilized films, under all 
studied conditions. Those sterically stabilized films are stable at 25◦C 
and 40◦C, and become unstable at temperatures of 50 ◦C and 60 ◦C, due 
to the lower surfactant adsorption. The urea decreases surface potential 
to a similar extent at lower concentrations of both surfactants. In 1 wt% 
Brij L23 solutions, surface potential is the lowest, and urea has no further 
decreasing effect on its value: films transition to sterically stabilized 
films in presence and in absence of urea. 

3.5. Foam properties 

The experimental data from the foaming experiments performed in 
Bartsch test are shown in Fig. 6. The foamability increases with the 
number of shaking cycles for 0.1 wt% and 1 wt% solutions, and remains 
very low for 0.01 wt% solutions for both surfactants. Significant dif
ference in the foam volume is observed for 0.1 wt% surfactant, whereas 
it is very similar for the other two concentrations, see Fig. 6A. 

Under all conditions, the foamability of 0.1 wt% L1695 solution is 
higher compared to that of Brij L23 solution. For both surfactants, the 
addition of urea decreases significantly the foamability of 0.1 wt% so
lutions. Regarding the effect of temperature, the foamability of Brij L23 

Table 1 
The measured electrical conductivity, λ, calculated ionic strength, IS, under the 
assumption that the ionic species is NaCl (50.1 cm2.S/mol for Na+ and 76.4 cm2. 
S/mol for Cl-); Debye length, κ− 1

, at 25◦C; capillary pressure, PC, in the used cell 
for 250 μm diameter films; measured film thickness, h, before black spot for
mation; estimated surface potential, |ΨS| and maximal disjoining pressure, 
ΠMAX.  

System λ, μS/ 
cm 

IS, 
mM 

κ− 1, 
nm 

PC, 
Pa 

h, nm |ΨS|, 
mV 

ΠMAX, 
Pa 

0.1 wt% 
L1695  

15.7  0.12  27.7  54 100 
±10 

36±7 800 
±300 

1 wt% L1695  22.8  0.18  22.7  52 70±7 22±4 300 
±100 

0.1 wt% 
L1695 +
Urea  

129.6  1.02  10.4  45 50±5 23±4 1100 
±500 

1 wt% L1695 
+ Urea  

143.2  1.13  9.9  45 50±5 25±5 1600 
±600 

0.1 wt% Brij 
L23  

16.4  0.13  26.7  67 92±8 35±6 800 
±300 

1 wt% Brij 
L23  

28.7  0.23  20.0  67 30±3 14±1 67±10 

0.1 wt% Brij 
L23 + Urea  

130.4  1.03  10.4  51 50±5 24±6 1300 
±800 

1 wt% Brij 
L23 + Urea  

150.1  1.19  9.7  51 35±4 15±2 200 
±100  
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solution is little impacted, while in the case of 0.1 wt% L1695 it passes 
through a maximum at T = 40 ◦C, and decreases upon further increase of 
temperature to 50 and 60 ◦C. Changes in the temperature have no effect 
for the other two studied concentrations of L1695. 

The experimental foamability results obtained in slow-foaming 
method FRM are shown in Fig. 7. One sees that temperature affects 
only the lowest studied concentration of 0.01 wt% for both surfactants. 
For this particular surfactant concentration, the increase of temperature 
leads to a higher foam volume. The same effect is also observed upon 
addition of urea – higher foamability is determined in 6 M urea, which is 
exactly the opposite of the trends observed in Bartsch test. 

The evolution of the formed foams in both methods was monitored 
for 10 min after stopping the agitation. The foam volume as a function of 
time is shown in Fig. 8. The foams formed from L1695 solutions in 
Bartsch test remained stable at all studied temperatures in presence and 
in absence of urea, whereas significant bubble coalescence is observed in 
foams stabilized by Brij L23 solutions upon storage. The percentage of 
the air remaining in the foams after 10 min of storage is shown in Fig. 9 
as a function of temperature for CS = 1 wt%. It is seen that L1695 foams, 
with and without urea, remain stable, whereas the stability of Brij L23 
foams decrease with increase of temperature from 75% at 25 ◦C down to 
5 % at 60 ◦C. The addition of urea to Brij L23 stabilized foams leads to a 

Fig. 6. Volume of entrapped air, VA, in Bartsch test as a function of the number of shaking cycles for (A) L1695 (red symbols) and Brij L23 (blue symbols) solutions 
with concentrations, CS, of 0.01 wt% (empty symbols); 0.1 wt% (crossed symbols); 1 wt% (full symbols) measured at 25◦C; (B) 0.1 wt% surfactants without (empty 
symbols) and with 6 M urea (full symbols) measured at 25 ◦C; (C) 0.1 wt% L1695 and (D) 0.1 wt% Brij L23 at four different temperatures as indicated in the figure. 

Fig. 7. Volume of entrapped air, VA, in the bubbling method, as a function of temperature T for (A) Brij L23 and (B) L1695 solutions with concentrations of 0.01 wt% 
(empty symbols); 0.1 wt% (crossed symbols); 1 wt% (full symbols) without (blue symbols) and with 6 M urea (green symbols) after 15 s of air sparging in 20 mL 
surfactant solution. 
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significant decrease of foam stability, reaching the typical value for 
foams stored at high temperature. 

From this series of experiments, it appears that the foamability in
creases significantly with the surfactant concentration from 0.01 wt% to 
1 wt% in BT, whereas much smaller increase is observed for foams 
formed in FRM in the same concentration range. The temperature and 
presence of urea only affect the foamability for concentrations around 
the threshold concentration, required to reach the maximal foamability 
in a given foaming test, i.e., ≈ 0.1 wt% for BT and ≈ 0.01 wt% for FRM. 
In BT, the foamability of 0.1 wt% L1695 passes through a maximum at T 
= 40 ◦C, whereas it decreases for 0.1 wt% L1695 and Brij L23 in the 
presence of urea. 

In our previous studies [45,46], it was shown that the foamability 
depends on the dynamic surface coverage, and the type of forces acting 

between the foam film surfaces. Two well-distinguished curves for ionic 
and nonionic surfactants were found to describe the experimental data, 
obtained with a wide range of surfactants. In these previous studies 
[45–47], all experiments were performed at room temperature, and 
good correlation between the foamability and the dynamic surface 
tension was established. 

In the current study, we performed experiments at different tem
peratures, and the experimental data for VA vs. dynamic surface tension 
are compared with the previously obtained data, see Figure S10 in SI. To 
yield an air entrapment VA ≥ 20 mL in the BT method, the threshold 
dynamic surface tension was found to be ≈ 50 mN/m at room temper
ature [45,46]. However, decreasing the dynamic surface tension down 
to 50 mN/m is not sufficient to ensure foam generation from Brij L23 
and L1695 solutions at higher temperatures, see Figure S10 in SI. This 

Fig. 8. Evolution of entrapped air volume, VA, over 10 min for foams formed in (A, C, E) Brij L23 and (B, D, F) L1695 solutions in (A, B, E) Bartsch test, BT, and (C, D, 
F) bubbling method, FRM, from solutions with concentrations of 0.01 wt% (empty symbols); 0.1 wt% (crossed symbols); 1 wt% (full symbols) at (A, B, C, D) four 
different temperatures without urea, and at 25◦C with and without urea (E, F). 
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clearly shows that dynamic surface tension per se is not the key factor for 
the foamability of nonionic surfactants. Therefore, the data shown in 
Figure S10 were replotted as a function of the dynamic surface pressure, 
which is directly related to the dynamic adsorption, to determine 
whether it is the key factor for foamability, see Figure S11 in SI. The 
results at different temperatures match much better the results shown in 
Ref. [45], even though some slight deviation remains. Note that higher 
dynamic surface pressures are required at higher temperature to in
crease the foamability of the solutions. 

Fig. 10 shows the relative foamability as a function of the dynamic 
surface coverage, θCMC. One sees that the data from the current study, i. 
e., Brij L23 and L1695 foams at four different temperature and for the 
two different foaming methods, lay between the curves for Brij 58 and 
Brij 35 (dashed curve) and Tween 20 (dash-dot curve) foams formed at 
25◦C in three different methods [46]. The difference between Tween 20, 
on one side, and Brij 58 and Brij 35, on the other side, was explained in 
Ref. [46] with the occurrence of weak electrostatic repulsion in Tween 
20. Here, similar explanation accounts for the lower threshold θCMC, 
required for increasing the foamability of the studied solutions. The 

electrostatic repulsion is stronger for L1695 solutions, compared to Brij 
L23 and, as a consequence, the critical θCMC for reaching 50% of 
maximal foamability is lower for L1695 (θCMC ≈ 0.8) compared to Brij 
L23 (θCMC ≈ 0.95). This result agrees well with the estimated higher 
surface potentials for 1 wt% L1695 solutions, see Table 1. Those results 
indicate that long-range repulsion between the foam film surfaces de
creases the critical θCMC value for nonionic surfactants required to reach 
substantial foam volume. Note that similar effect was determined for 
PVA solutions: long-range steric repulsion decreases the threshold sur
face coverage to 80% [47] as it is observed here for L1695 solutions. 

The effect of urea on Brij L23 foams falls within the same explana
tion: it decreases long-range repulsions by replacing the hydroxyl anions 
from the interface. As a consequence, the threshold θCMC value reaches 
95%, which is the typical value for nonionic surfactants without elec
trostatic or steric repulsion. However, the effect of urea on L1695 foams 
differs: it does not decrease the surface potential for 1 wt% L1695, see 
Table 1, and the weak electrostatic repulsion remains. Consequently, the 
threshold θCMC value for L1695 in the presence of urea is even lower, 
compared to solutions without urea: both the weak electrostatic repul
sion and the higher adsorption decrease the probability for film rupture 
during the foaming process. 

Therefore, it can be concluded that the approach, developed in 
Ref. [45,46] can be also used to account for the foamability differences 
observed with temperature, and in presence of urea. The weak electro
static repulsion, arising from the adsorption of OH- ions on the bubble 
surfaces, has noticeable beneficial effect for L1695 foamability, 
compared to Brij L23. 

The foam stability depends significantly on the surfactant type and 
its concentration, but also on the method used for foam generation, the 
temperature and the presence of urea. As a rule, L1695 foams are more 
stable compared to Brij L23 ones. The longer stability of L1695 foams is 
related to the formation of denser adsorption layers on the bubble sur
faces, as shown from the surface tension measurements. This is due to 
the presence of diesters in the surfactant. Along with the higher 
adsorption, the films formed from L1695 solutions exhibit a weak long- 
range electrostatic repulsion which also contributes towards the 
increased foam stability. The temperature increase does not affect the 
stability of L1695 foams formed in BT, regardless of the concentration. 
However, the foam stability decreases with T for foams prepared by FRM 
at the lowest surfactant concentrations (0.01 wt% and 0.1 wt%), see 
Fig. 9. 

The significant stability difference between the foams generated in 
BT and in FRM at low concentrations (0.1 wt% and 0.01 wt%) is related 
to the bubble size. Bigger bubbles are formed in the FRM during gas 
blowing, whereas such big bubbles coalesce in BT, and only small 
bubbles remain at the end of the foam generation period, see Fig. 11. It is 

Fig. 9. Percentage of remaining foam 10 min after stopping the agitation, VA(t=10 min)/VA0, for foams, generated in Bartsch test (BT, full symbols) and in bubbling 
method (FRM, empty symbols) from (A) 0.1 wt% and (B) 1 wt% solutions of L1695 (red circles); L1695 + 6 M urea (pink diamonds); Brij L23 (blue squares) and Brij 
L23+6 M urea (green triangles). 

Fig. 10. Relative foamability, compared to that of 50 mM sodium dodecyl 
sulfate (SDS), V/V(50 mM SDS), as a function of the surface coverage, θCMC, for 
Brij L23 and L1695 foams, formed in Bartsch test (BT) and foam rise method 
(FRM) at different temperatures, with and without urea. The curves repre
senting the dependence of the relative foamability with the surface coverage for 
foams formed at 25◦C in different methods, are taken from Ref. [46] for ionic 
surfactants (continuous curve); nonionic Tween 20 (dash-dot curve) and for 
nonionic Brij 35 and Brij 58 (dashed curve). θCMC is determined using dynamic 
surface tension values after tu = 10 ms for BT (measured by MBPM), and after 
50 s for the FRM (measured by Wilhelmy plate method). 

L. Delforce and S. Tcholakova                                                                                                                                                                                                               



Colloids and Surfaces A: Physicochemical and Engineering Aspects 691 (2024) 133844

14

well known from the literature that the bigger the films, the less stable 
they are [69]. As a consequence, the stability of foams formed in FRM, is 
lower compared to the foams formed in BT. Increasing the L1695 con
centration does not significantly impact the bubble size in FRM, but it 
does improve the stability. This is related to the formation of denser 
adsorption layers at higher surfactant concentrations, which is well seen 
from the Wilhelmy plate measurements, see Figure S12 in SI. Note that 
in our previous study, we showed that the Wilhelmy plate method is the 
relevant technique for assessing the surface properties of adsorption 
layers, formed on the bubble surfaces, produced in FRM [46]. The fact 
that both 0.1 wt% and 1 wt% L1695 solutions have identical surface 
tension at 25◦C, is also in good agreement with their very good foam 

stability at 25 ◦C. Therefore, it can be concluded that the stabilization of 
big bubbles requires a surface coverage above 95%, even for L1695. The 
addition of urea has no significant impact on the stability of foams, 
formed from L1695 solutions, in good agreement with the high ad
sorptions, measured for this surfactant. 

The stability of Brij L23 foams decreases with the increase of tem
perature in both methods. However, this is not related to variations in 
bubble size, because the foams formed in BT at different temperatures 
have very similar bubble size distributions, see Figure S13. The observed 
decreased stability is related to the lower adsorption of Brij L23 at higher 
temperature, decreased electrostatic repulsion and higher lateral 
attraction within the adsorption layer. This facilitates the formation of 
surfactant aggregates and bare surface in the film (weak spot), 
increasing the probability for film rupture. The presence of 6 M Urea in 
the solution decreases significantly the foam stability, in agreement with 
the lower adsorption. 

From this discussion, it can be concluded that several important 
factors must be considered for foam stability after stopping the agitation: 
(1) The bubble size – foams containing bigger bubbles are less stable; (2) 
Temperature - higher temperature promotes foam destabilization for 
loosely packed adsorption layers, such as Brij L23, by increasing the 
probability for formation of surfactant-depleted zones and film 
breakage. Even in densely packed adsorption layers such as those of 
L1695, temperature elevates the probability of foam destruction in 
foams with large bubbles. However, if the surfactant concentration is 
high enough to ensure fast adsorption, those foams remain stable; (3) 
Urea - the addition of urea, replacing water molecules from the hydra
tion shell of Brij L23, decreases the foam stability due to weaker steric 
repulsion between surfactant head groups, increasing the probability of 
weak spots formation inside the adsorption layer. The addition of urea 
does not have any effect on L1695 foams stability: it is unable to replace 

Fig. 11. Pictures taken immediately after the generation of foams has stopped. 
The foams are prepared from 0.01 wt% L1695 solutions at T = 60 ◦C in (A) 
Bartsch test and (B) foam rise method. 

Fig. 12. Schematic representation of the films formed between two neighboring bubbles in Brij L23 and L1695 foams formed either at 25 and 60◦C without urea, and 
at 25◦C in presence of urea. 
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the water molecules around the sugar head groups, thus leading to 
higher adsorption of these molecules on the air-water interface. 

A comparative schematic representation of L1695 and Brij L23 foam 
films stability under different conditions is shown in Fig. 12. 

4. Conclusions 

Systematic series of experiments with two C12 nonionic surfactants, 
namely Brij L23 and L1695, were performed to compare their surface, 
film and foam properties at temperatures ranging between 25 and 60◦C. 
Additional experiments at 25◦C with 6 M Urea were conducted to 
examine the impact of H-bonding. 

The temperature increase leads to lower adsorption on air-water 
interface without changing the micelles formed in the solution for Brij 
L23 surfactant. In contrast, a significant increase of surfactant adsorp
tion, attributed to the presence of diesters that incorporate faster into the 
adsorption layer at higher temperatures, is determined for L1695 
surfactant. 

The addition of 6 M urea had opposite effects on the two surfactants. 
For Brij L23, it increased CMC and decreased adsorption, as the urea 
molecules replaced water in the hydration shell, weakening the hydro
phobic interactions between surfactant tails. Conversely, in L1695 so
lutions, urea strengthened the hydrophobic interactions between 
surfactant tails because it is unable to intercalate between the surfactant 
head groups and stays in bulk water, leading to decreased CMC and 
increased adsorption. To the best of our knowledge this is the first study 
in which the decrease of CMC is reported upon addition of 6 M urea in 
the surfactant solution. 

At low surfactant concentrations, the adsorption of the hydroxyl 
anion on the air-water interface resulted in the formation of thick foam 
films for both surfactants. Increasing temperature significantly reduced 
the film thickness for Brij L23, while the L1695 stabilized films remained 
thick even at higher surfactant concentrations and at higher 
temperatures. 

The observed foamability trends were consistent with those seen for 
nonionic surfactants exhibiting weak electrostatic repulsion [46]. 
Temperature increase led to reduced electrostatic repulsion for Brij L23, 
raising the threshold surface coverage for good foamability (θCMC ≈

0.95). For L1695, an increased surfactant adsorption, and the electro
static repulsion being maintained at higher temperatures, allowed for
mation of voluminous foam at lower surface coverage of θCMC ≈ 0.8. 

Brij L23 foam stability decreased with temperature, due to the lower 
surfactant adsorption and increased attraction between the surfactant 
molecules within the adsorption layer, thus leading to bare spots on the 
film surfaces. L1695 foam stability remained unaffected by temperature 
in both Bartsch and foam rise tests at higher surfactant concentration, 
whereas the formed big bubbles in foams generated in FRM at lower 
concentrations leads to destabilization of foams at higher temperature. 

This study demonstrates the applicability of the previously devel
oped approach for analyzing the foamability at room temperature [45, 
46] to foams formed at higher temperatures. The correlation between 
the relative foamability and dynamic surface coverage, rather than the 
dependence on dynamic surface tension, is needed to explain the 
observed trends. Potential limitations of the developed approach could 
be met in the case of non-Newtonian behavior of the foaming solutions. 
Further investigations are currently being carried out on this topic. 

The stability of the formed foams is strongly temperature-dependent 
only when the temperature rise leads to lower surfactant adsorption, as 
observed for Brij L23, whereas it remains unaffected when the adsorp
tion increases with temperature as in the case of L1695. These findings 
suggest potential applications of surfactant mixtures, particularly su
crose mono- and diesters, in various industries utilizing foams. Further 
studies could expand and deepen this approach across different foam 
tests and surfactant systems. 
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