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surfactants in several applications, and therefore the current 
study is a contribution towards the fundamental under-
standing of biosurfactant behavior, on a molecular level, 
at hydrophobic and hydrophilic solid–liquid interfaces in 
addition to the air–liquid interface. Such understanding 
might aid further optimization of the utilization of surfactin 
in a number of industrial applications such as enhanced oil 
recovery, bioremediation, and detergency.
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tension

Introduction

Human activities have caused several irreversible negative 
impacts on the environment. Air, soil, and water pollution, 
global warming, and the damage to ecological systems 
are some examples of the environmental footprints caused 
by several industries and their related applications. These 
alarming environmental issues have thus triggered the 
search for sustainable and more environmentally friendly 
technologies and products in order to replace several 
unclean and unsustainable ones. For example, more clean 
and sustainable surface active agents (i.e., biosurfactants) 
have emerged as replacers for synthetic surfactants, which 
are non-biodegradable and toxic in many cases, in addition 
to the fact that they are derived from polluting and unsus-
tainable sources (i.e., fossil fuels). Among the known bio-
surfactants, surfactin is perhaps the most promising and 
powerful one. Although the discovery of surfactin traces 
back to 1968 when Arima et al. (1968) observed some bio-
logical and surface activity of this compound, its surface 
activity, particularly its assembly at solid–liquid interfaces, 

Abstract  Surfactin, a sustainable and environmentally 
friendly surface active agent, is used as a model to study 
the adsorption of biosurfactants at hydrophobic and hydro-
philic solid–liquid interfaces as well as the air–liquid inter-
face. Surfactin adsorption was monitored as a function of 
time and concentration using surface plasmon resonance 
(SPR) technique in the case of the solid–liquid interfaces 
or the drop shape analysis (DSA) technique in the case of 
the air–liquid interface. The results obtained in this study 
showed that surfactin adsorption at the “hard” hydrophobic 
(functionalized with octadecanethiol) solid–liquid and the 
“soft” air–liquid interface were 1.12 ± 0.01 mg m−2 (area 
per molecule of 157 ± 2 Å2) and 1.11 ± 0.05 mg m−2 (area 
per molecule of 159 ±  7 Å2), respectively, demonstrating 
the negligible effect of the interface “hardness” on surfac-
tin adsorption. The adsorption of surfactin at the hydro-
philic (functionalized with β-mercaptoethanol) solid–liquid 
interface was about threefold lower than its adsorption at 
the hydrophobic–liquid interfaces, revealing the impor-
tance of hydrophobic interaction in surfactin adsorption 
process. The affinity constant of surfactin for the investi-
gated interfaces follows the following order: air > octade-
canethiol > β-mercaptoethanol. Biosurfactants, such as sur-
factin, are expected to replace the conventional fossil-based 
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is still not well documented in the literature. Surfac-
tin is formed from a lactone ring containing seven amino 
acid residues (l-Glu →  l-Leu →  d-Leu →  l-Val →  l-
Asp → d-Leu → l-Leu) (Kakinuma et al. 1969), linked to 
a β-fatty acid (lipidic) via a lactone bond (Lu et al. 2007; 
Onaizi et al. 2014a; Peypoux et al. 1999).

Several studies have related the exceptional and the wide 
performance of surfactin to its structure. The interfacial 
activity of surfactin arises from its amino acid characteris-
tics and sequence (Mulligan 2005). Surfactin has an amphi-
philic character; the two amino acids (Glu and Asp) pro-
vide the hydrophilic domain, while the other amino acids 
and the fatty acid chain provide the hydrophobic moiety 
(Bonmatin et al. 1994; Gallet et al. 1999; Lu et al. 2007). 
This nature promotes surfactin folding into a β-sheet struc-
ture, resembling a horse saddle (Gallet et al. 1999; Ishigami 
et al. 1995; Lu et al. 2007), which explains its wide biologi-
cal and interfacial activity (Bonmatin et al. 1994; Peypoux 
et  al. 1999). For example, surfactin can reduce the inter-
facial tension of the water–air and water–hexadecane sys-
tems from 72.8 to 27.9 mN m−1 (Arima et al. 1968; Cooper 
et al. 1981) and from 40 to 1 mN m−1 (Cooper et al. 1981), 
respectively. Additionally, the molar fractions of surfactin 
in the mixed surfactin–sodium dodecylbenzenesulpho-
nate monolayer at the air–liquid interface and also in the 
mixed micelle were more than five times greater than its 
fraction in the monomeric binary liquid mixture (Onaizi 
et al. 2012). Furthermore, a detergent formulation contain-
ing surfactin has shown a superior cleaning performance 
of protein stains from solid surfaces relative to those con-
taining synthetic surfactants (Onaizi et  al. 2009b). Such 
powerful interfacial and wetting characteristics are key 
requirements in a number of industrial applications such 
as enhanced oil recovery, detergency, and foams and emul-
sions. Surfactin has also a potential to be used in the reme-
diation of soil and water contaminated with heavy metals, 
which is a serious issue in several industries, since it forms 
complexes with metal ions due to its negatively charged 
Glu and Asp amino acids (Bonmatin et  al. 1994; Thimon 
et al. 1992).

The attractiveness of biosurfactants (such as surfactin) 
as potential replacers for synthetic surfactants in many 
industrial applications (in addition to their potential unique 
applications) is obvious. These applications mainly depend 
on the amphiphilic nature of the biosurfactant molecules. 
Therefore, the usage of biosurfactants in many applica-
tions (detergents, emulsions, enhanced oil recovery, etc.) 
will not be optimized without understanding their interfa-
cial behaviors. Hence, the main aim of the current study 
is to reveal the self-assembling tendency of a model bio-
surfactant (surfactin) at solid–liquid interfaces with hydro-
phobic and hydrophilic characteristics. The fundamental 
analysis of the assembly process in terms of adsorption 

isotherm and parameters will also be carried out. Addition-
ally, the assembly of surfactin at the air–liquid interface 
will be studied using surface tension measurements; the 
data obtained from these measurements will be mathemati-
cally analyzed in order to predict the adsorption parameters 
of surfactin at the air–liquid interface, allowing for quan-
titative comparison with surfactin adsorption at the solid–
liquid interfaces. The findings reported in this study reveal 
some useful information on the packing density and also 
the affinity of surfactin for the different interfaces, which 
might be useful in designing products containing surfactin 
to be used in some industrial applications (e.g., detergent 
formulations and foams and emulsions).

Materials and methods

Surfactin was purchased from Wako Pure Chemical 
Industries Ltd (Japan). Surface plasmon resonance (SPR) 
spectroscopy (Resonant Probes GmbH, Göttingen, Ger-
many) was used in this study to monitor the adsorption 
of surfactin at the hydrophobic and hydrophilic solid–liq-
uid interfaces, while a Krüss drop shape analysis system 
DSA10 (Krüss GmbH, Hamburg, Germany) was used to 
measure the changes in the air–liquid interfacial tension 
induced by surfactin adsorption. SPR sensor chips (SF10 
glass slides, 25 × 25 mm, coated with ~45 nm gold film) 
were purchased from Nanofilm Technologie GmbH (Ger-
many). These sensor chips were functionalized to display 
hydrophobic or hydrophilic characteristics using the self-
assembly (Onaizi and Leong 2011) of octadecanethiol 
(purchased from Sigma) and β-mercaptoethanol (pur-
chased from Merck) monolayers, respectively, according 
to the previously published protocol (Onaizi et  al. 2009a, 
b). Before the assembly process, the chips were thoroughly 
cleaned by extensive wash with Milli-Q water (MQW) 
and then with 10 % (v/v) Decon 90 aqueous solution. The 
detergent solution was heated up slowly until the temper-
ature reached 70  °C, and then the solution was discarded 
and the chips were rinsed several times with MQW. After 
this, the chips were rinsed with HPLC-grade ethanol, fol-
lowed by rinsing with MQW again. The chips were then 
placed in 5:1:1 (v/v) mixture of MQW: H2O2 (30  % v/v 
solution): NH4OH (30  % v/v solution) and the solution 
was kept at 70–80 °C for at least 20 min (practically until 
no gas bubbles appeared from the surfaces of the chips). 
Following this, the chips were washed with MQW and 
HPLC-grade ethanol. Finally, the chips were immersed in 
1 mg ml−1 ethanolic solution of octadecanethiol (ODT) or 
β-mercaptoethanol (BME) at room temperature for at least 
1 day.

To study the adsorption of surfactin on the functional-
ized biosensor chips, the SPR flow cell mounted with the 
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chip of interest was equilibrated with 20 mM sodium phos-
phate buffer (pH 8) prior to the injection of surfactin solu-
tion (in the same buffer). The progress of surfactin adsorp-
tion as a function of time was followed by SPR. Once the 
equilibrium was attained, the bulk concentration of sur-
factin was increased, leading to another equilibrium data 
point. The equilibrium data points were used to establish 
the experimental isotherms of surfactin at the solid–liquid 
interfaces; these experimental isotherms were regressed 
using the Langmuir adsorption isotherms, allowing the 
prediction of the maximum adsorption density of surfactin 
(Γmax) as well as the affinity constant (Ka).

The adsorption of surfactin at the air–liquid interface 
was obtained from the surface tension measurements, 
which were performed using the DSA10 instrument. At 
the beginning of every surface tension experiment, 8 ml of 
surfactin solution (in 20 mM sodium phosphate buffer, pH 
8) at a given concentration was placed in an acid-cleaned 
quartz cuvette and then ~8 µl of pendant air bubble was cre-
ated in the solution. The dynamic surface tension was then 
monitored continuously until equilibrium was established. 
At least duplicate runs at each surfactin concentration were 
performed to confirm reproducibility; the variations in the 
equilibrium surface tension from one run to another never 
exceeded 3  %. The equilibrium surface tension-surfactin 
concentration data were used to predict the parameters of 
surfactin adsorption at the air–liquid interface as described 
in the following “Results and discussion” section.

Results and discussion

Surfactin adsorption at the solid–liquid interfaces was 
monitored using SPR. The shift in the SPR angle follow-
ing surfactin adsorption was converted into an average 
film thickness using Winspall software (v 2.20, MPI-für 
Polymerforschung, Mainz, Germany) simulations, which 
are based on Fresnel equations and Kretschmann configura-
tion (Damos et al. 2005; de Bruijn et al. 1991, 1993; Oud-
shoorn et al. 1996; Peterlinz and Georgiadis 1996). In these 
simulations, the refractive index of surfactin was set at 
1.462 (http://www.chemnet.com/cas/en/24730-31-2/surfac-
tin-from-bacillus-subtilis.html). The average equilibrium 
thicknesses of the adsorbed films at the corresponding bulk 
concentrations of surfactin were converted to average mass 
per unit area of the interface (mg  m−2) using the density 
of surfactin, which is 1.037 g cm−3 (http://www.chemnet.
com/cas/en/24730-31-2/surfactin-from-bacillus-subtilis.
html). These surface coverage-surfactin bulk concentration 
data points were used to establish the experimental adsorp-
tion isotherms. The adsorption parameters of surfactin at 
the hydrophobic ODT–liquid and the hydrophilic BME–
liquid interfaces were obtained from the regression of the 

experimental data. Owing to its simplicity, the Langmuir 
adsorption isotherm is widely used to predict the adsorp-
tion behavior of several components at solid–liquid inter-
faces, including biomolecules (Onaizi et  al. 2009a, 2010; 
Roach et al. 2005; Scopelliti et al. 2010). Thus, it will be 
used in this study. Although the underlying assumptions of 
the Langmuir adsorption isotherm might not be fully met 
(in particular the assumption of reversible adsorption and 
negligible interactions between adsorbed molecules), it is 
has been reported that it tracks the adsorption data of sur-
face active agents (including biomolecules) at fluid–fluid 
and solid–fluid interfaces reasonably well (Delgado et  al. 
2006; Giribabu and Ghosh 2007; Lin et  al. 2002; Onaizi 
et al. 2009a, 2010, 2014a, b, 2015). The Langmuir adsorp-
tion isotherm relates the surface coverage to the bulk con-
centration of the solute as follows:

where Γ, Γmax, C, and Ka are the surface coverage (concen-
tration) of the adsorbed surfactin, the maximum adsorption 
density, the concentration of surfactin in bulk and the affin-
ity constant (i.e., the ratio of adsorption to desorption rate 
constants), respectively.

Surfactin adsorption at the hydrophilic  
solid–liquid interface

The BME surface is terminated with the hydroxyl group 
(see Fig. 1). Additionally, BME contact angle with MQW 
is 31° (Onaizi et  al. 2010). Thus, the BME surface is an 
uncharged (neutral) hydrophilic surface. On the other hand, 
the pKa values of Asp and Glu (the two ionizable amino 
acids of surfactin) are 4.3 and 4.5, respectively (Zou et al. 
2010). Accordingly, surfactin is fully ionized at pH 8 (Car-
rillo et  al. 2003; Li et  al. 2013; Zou et  al. 2010), making 
surfactin molecules negatively charged ions under the 
experimental conditions of this study. Therefore, the mode 
of interaction between surfactin and the BME surface is 
expected to be mainly through hydrogen bonding and van 
der Waals forces. Figure 2 shows the adsorption of surfac-
tin onto the BME surface. Although the adsorption is not 
strong, surfactin still accumulates onto the BME surface 
to certain extents. This observation is different from that 
reported by Shen et  al. (2011) in which surfactin did not 
adsorb on the hydrophilic sapphire surface when the pH of 
the adsorption medium was close to the isoelectric point of 
sapphire (i.e., when the surface was neutral). However, ani-
onic synthetic surfactants have been reported to adsorb on 
uncharged hydrophilic surfaces (including BME) to certain 
extents (Onaizi et al. 2015; Tiberg et al. 2000), which is in 
line with the finding of the current study.

(1)Γ =
KaΓmaxC

1+ KaC

http://www.chemnet.com/cas/en/24730-31-2/surfactin-from-bacillus-subtilis.html
http://www.chemnet.com/cas/en/24730-31-2/surfactin-from-bacillus-subtilis.html
http://www.chemnet.com/cas/en/24730-31-2/surfactin-from-bacillus-subtilis.html
http://www.chemnet.com/cas/en/24730-31-2/surfactin-from-bacillus-subtilis.html
http://www.chemnet.com/cas/en/24730-31-2/surfactin-from-bacillus-subtilis.html
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The experimental data shown in Fig.  2 were regressed 
using the Langmuir adsorption isotherm (see Fig. 2). The 
regression provided two important quantities, the maximum 
adsorption density (Γmax) and the affinity constant (Ka). The 
predicted values of Γmax and Ka are 0.44 ±  0.03 mg m−2 
and (1.6 ±  0.3) ×  105  M−1, respectively. Thus, the area 
occupied by a surfactin molecule at the BME–liquid inter-
face is 401 ± 27 Å2, which is quite high (almost threefold 

higher than the area occupied by the surfactin molecule at 
the hydrophobic ODT–liquid interface, see the subsequent 
section). The likely possible reason(s) for such high molec-
ular area is (are): (i) surfactin molecules widely spread on 
the BME surface or/and (ii) the surface is not fully covered 
by the adsorbed surfactin molecules. It has been reported 
that surfactin adopts a ball-like structure under simi-
lar experimental conditions (Shen et  al. 2011). The wide 
spread of surfactin molecules on the BME surface would 
require a strong interaction between the surface and sur-
factin to open up and flatten such a structure. Although it 
has been reported that surfactin interacted hydrophobi-
cally, to a certain extent, with a hydrophilic surface (sap-
phire) (Shen et al. 2011), it is unlikely for the hydrophobic 
(if any) surfactin–BME interaction to be stronger than the 
hydrophobic surfactin–ODT interaction given that ODT is 
more hydrophobic than BME. Thus, hydrophobic interac-
tion between the BME surface and surfactin is unlikely to 
be significant. Additionally, Coulombic attraction is also 
absent since the BME surface is neutral (uncharged). Thus, 
a wide spread of surfactin molecules on the BME surface 
is unlikely to be the cause of this high molecular area of 
surfactin at the BME–liquid interface. Therefore, it seems 
reasonable to assume that surfactin does not fully cover the 
BME surface and there are some surfactin-free “islands” 
on the BME surface. This assumption is supported by the 
likelihood that water molecules could also interact with the 

Fig. 1   Idealized structures (not drawn to scale or exact orientations) 
of the functionalized SPR chips showing the self-assembled mon-
olayer (SAM) of a β-mercaptoethanol (BME) and b octadecanethiol 
(ODT)

Fig. 2   Non-linear regression of the equilibrium surface cover-
age of surfactin at the hydrophilic (BME) solid–liquid interface 
as a function of its bulk concentration using Eq.  (1). The adsorp-
tion took place from 20 mM sodium phosphate buffer at pH 8. The 
predicted maximum adsorption density and affinity constant are 
0.44 ± 0.03 mg m−2 and (1.6. ± 0.3) × 105 M−1, respectively
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hydrophilic (OH-terminated) BME surface through hydro-
gen bonding; such BME–water interaction could reduce the 
available binding sites, leading to surfactin-free patches on 
the surface. Such scenario was also proposed for an anionic 
synthetic surfactant adsorption at the BME–liquid interface 
(Onaizi et  al. 2015). Another support for the aforemen-
tioned assumption is the finding reported by Shen et  al. 
(2011) where surfactin did not fully cover the hydrophilic 
sapphire surface even when the surface is slightly posi-
tively charged. It must be highlighted in this context that 
the non-uniformity (if any) of the adsorbed films does not 
compromise the validity/accuracy of the obtained results 
since the sensing of the SPR instrument used in this study 
is based on the mass of the material bound to the surface 
and not on the thickness uniformity of the adsorbed film.

Surfactin adsorption at the hydrophobic  
solid–liquid interface

ODT is an uncharged hydrophobic surface [contact angle 
with MQW is 93° (Onaizi et  al. 2010)]. Thus, ODT–sur-
factin interaction is expected to be mainly hydrophobi-
cally driven. The adsorption of surfactin at the ODT–liq-
uid interface is shown in Fig.  3. The experimental data 
points were fitted using the Langmuir adsorption isotherm 
to provide estimates for Γmax and Ka. The predicted Γmax is 

1.12 ± 0.01 mg m−2, corresponding to an area per surfactin 
molecule at the ODT–liquid interface of 157 ± 2 Å2. This 
value is close to that (145 ± 5 Å2) reported by Shen et al. 
(2009) for surfactin adsorption on octadecyltrichlorosi-
lane-coated silicon (a hydrophobic surface) using neutron 
reflectivity. The slightly lower surface area per molecule 
reported by Shen et al. (2009) is probably due to the higher 
hydrophobicity of octadecyltrichlorosilane [contact angle 
with MQW is about 112° (Ren et  al. 2002)]. This higher 
hydrophobicity might have led to a more dense packing of 
surfactin molecules, resulting in a lower surface area per 
surfactin molecule at the octadecyltrichlorosilane–liquid 
interface.

The area occupied by a surfactin molecule at the hydro-
phobic ODT–liquid interface is about one-third of its 
molecular area at the hydrophilic BME–liquid interface, 
highlighting the higher packing of surfactin molecules at 
the hydrophobic ODT–liquid relative to the hydrophilic 
BME–liquid interface. This finding contradicts the obser-
vations reported by Hajfarajollah et  al. (2015) and Meyl-
heuc et  al. (2006), where higher biosurfactant adsorption 
on hydrophilic surfaces was obtained. However, the hydro-
philic surfaces utilized by these researchers carried a per-
manent opposite charge to that on the investigated biosur-
factant, resulting in a strong Coulombic attraction between 
the given surface and the biosurfactant molecules. This is 
not the case for the uncharged BME surface, with which 
surfactin interacts via relatively weak van der Waals and 
hydrogen bonding. Thus, it is not surprising that surfactin 
adsorbs less onto BME compared to ODT surface. Higher 
adsorption (almost threefold) on ODT relative to BME sur-
face was also reported for the anionic sodium dodecylben-
zenesulphonate surfactant (Onaizi et al. 2015). Other syn-
thetic surfactants have also been reported to adsorb more 
on hydrophobic than on uncharged hydrophilic surfaces 
(Tiberg et  al. 2000). Thus, there is  a clear evidence that 
when the Coulombic attractive or hydrophobic interactions 
are absent, (bio)-surfactant molecules adsorb in a less com-
pact manner.

In addition to the higher packing density at the ODT–liq-
uid relative to the BME–liquid interface, surfactin has also 
higher affinity for the ODT surface. The estimated affinity 
(Ka) for the ODT–liquid interface is (1.1 ± 0.1) × 106 M−1, 
which is one order of magnitude higher than its affinity for 
the BME–liquid interface. Higher affinity usually results 
from strong interactions between adsorbent and adsorbate 
(Onaizi et al. 2014b). It has been assumed in the previous 
section that surfactin interacts much more strongly with 
the hydrophobic ODT surface than with the hydrophilic 
uncharged BME surface. The higher affinity of surfactin 
for the ODT surface strongly supports this assumption. 
This finding, along with the higher packing of surfactin 
molecules at the ODT–liquid interface, demonstrates the 

Fig. 3   Non-linear regression of the equilibrium surface cover-
age of surfactin at the hydrophobic (ODT) solid–liquid interface 
as a function of its bulk concentration using Eq.  (1). The adsorp-
tion took place from 20 mM sodium phosphate buffer at pH 8. The 
predicted maximum adsorption density and affinity constant are 
1.12 ± 0.01 mg m−2 and (1.1 ± 0.1) × 106 M−1, respectively
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hydrophobicity effect on surfactin adsorption at uncharged 
solid–liquid interfaces.

Surfactin adsorption at the air–liquid interface

As shown in Fig. 3, the maximum adsorption was achieved 
at about 47-µM bulk concentration of surfactin. Above this 
concentration, there was a negligible change in the surface 
coverage of surfactin with a further increase in its concen-
tration in bulk. Owing to the amphiphilic nature of sur-
face active agents, such as surfactin, these agents tend to 
assemble at hydrophobic–hydrophilic interfaces (He et  al. 
2009, 2011; Onaizi et al. 2007), thus minimizing their free 
energy. However, due to coverage limitations, saturation 
in adsorption is reached, above which there is a negligible 
increase in the (bio)-surfactant population at the interface. 
Such a phenomenon is usually accompanied by the forma-
tion of micelles in the solution to minimize the hydration of 
the hydrophobic portion of the (bio)-surfactant molecules. 
It has been observed in some studies that the saturation 
condition was attained at the critical micelle concentration 
(CMC) of the surfactants (Kiraly et al. 1997; Levitz 2002; 
Lindheimer et  al. 1990; Partyka et  al. 1984). The ques-
tion is, therefore, whether 47 µM is equivalent to the CMC 
of surfactin in 20  mM phosphate buffer, pH 8, or not. In 
other words, does the plateau in surfactin adsorption at the 
solid–liquid interfaces correspond to the surfactin CMC? 
To answer this question, surface tension measurements of 
an air bubble in different concentrations of surfactin were 
performed and the result is shown in Fig. 4. It is clear that 
the surface tension levels off at surfactin concentration of 
~47 µM (see also the inset in Fig. 4), suggesting that this 
value is the CMC of surfactin in 20 mM sodium phosphate 
buffer at pH 8. Thus, the start of the plateau of surfactin 
adsorption at the ODT–liquid interface is matching the 
onset of micellization. However, for surfactin adsorption at 
the BME–liquid interface, there is still little increase (even 
though insignificant) in surfactin adsorption beyond the 
CMC, probably due to the low packing density of surfac-
tin molecules at the BME–liquid interface. Such a trend has 
also been reported for other surfactant adsorption at solid–
liquid interfaces (Paria and Khilar 2004; Rojas et al. 2002).

To compare surfactin adsorption at the air–liquid inter-
face to its adsorption at the hydrophobic and hydrophilic 
solid–liquid interfaces, the surface tension data were math-
ematically analyzed. Starting from the Gibbs equation of 
state coupled with the Langmuir adsorption isotherm, the 
following equation was derived:

where γe is the equilibrium surface tension at a given sur-
factin concentration, γ0 (≈72.8  mN  m−1) is the surface 

(2)γ e
= γ0 − RTΓmax ln (1+ KaC)

tension of surfactin-free liquid, R is the universal gas con-
stant and T is the absolute temperature.

The above equation is only applicable up to the CMC 
of the surface active agent. The regression of the γe − C 
data in the pre-micellar region using Eq.  (2) provided 
unsatisfactory fitting (results not shown). To get insight 
into the possible reason(s) for such unsatisfactory fitting, 
the γe − ln C data were plotted as shown in the inset of 
Fig. 4. The γe − ln C plot has two distinct slopes in the 
pre-micellar region, which could be the reason for the 
low-quality fitting of the whole premicellar γe − C data 
using Eq.  (2). Therefore, the γe −  C data in regions I 
and II (see the inset in Fig. 4) were regressed separately. 
The γe −  C data in region I were fitted using Eq.  (2) 
while those in region II were fitted using the following 
equation after taking the new boundary conditions into 
account:

where γe
II, and CII are, respectively, the equilibrium sur-

face tension and surfactin concentration in region II; γI–II 
and CI–II are, respectively, the surface tension and surfac-
tin concentration at the intersection of I and II regions.

(3)γ e

II
= γI−II − RTΓmax ln

(

1+ KaCII

1+ KaCI−II

)

Fig. 4   The equilibrium tension of the air–liquid interface as a result 
of surfactin adsorption, which took place from different surfactin 
solutions in 20 mM sodium phosphate buffer, pH 8. The inset is the 
plot of the equilibrium tension of the air–liquid interface as a function 
of the logarithm of surfactin concentration. The change in the equi-
librium surface tension with surfactin concentration is high in region 
I before slowing down in region II and finally reaching a steady value 
in region III. The intersection of regions II and III represents the 
CMC (~47 μM) of surfactin in 20 mM sodium phosphate buffer, pH 
8
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The fitting of γe − C data in region I (results not shown) 
gave an estimate of 58 ± 1 Å2 for the area occupied by a 
surfactin molecule at the air–liquid interface. Maget-Dana 
and Ptak (1992) reported a smaller value (32 Å2) for surfac-
tin molecular area at the air–liquid interface. However, this 
area is quite small and physically unlikely for a relatively 
large surfactin molecule (Li et al. 2013). It is even smaller 
than the molecular areas of several low molecular weight 
surfactants. It has been reported that at low surfactin con-
centrations, such as those in region I, the strong adsorption 
of surfactin to the air–liquid interface leads to the deple-
tion of surfactin molecules in the bulk solution, resulting 
in a steep slope of γe − ln C, which in turn gives an inac-
curately low surface area per surfactin molecule (Li et al. 
2013). Therefore, γe −  C data in region I were excluded 
and only those in region II were used to predict the maxi-
mum adsorption density of surfactin at the air–liquid inter-
face and also its affinity for the interface using Eq. (3). The 
fitting of γe − C in region II is shown in Fig. 5. The esti-
mated maximum adsorption density (Γmax) of surfactin at 
the air–liquid interface is 1.11 ± 0.05 mg m−2, which cor-
responds to an area per molecule of 159 ± 7 Å2. This area 
is close to that (147 ± 5 Å2) predicted by Li et al. (2013) 
using neutron reflectivity. Jang and Goddard III (2006) also 
reported a comparable (170 Å2) molecular area for a surfac-
tin monolayer film using molecular dynamic simulations.

Strikingly, the molecular area of surfactin at the 
air–liquid interface is close to its molecular area at the 

ODT–liquid interface, which is 157 ± 2 Å2. In both cases, 
the adsorption is mainly driven by hydrophobic interac-
tions. Interestingly, the nature of the interface (soft or hard) 
seems to have a negligible effect on surfactin adsorption. 
The affinity of surfactin for the air–liquid interface was 
estimated to be (1.5 ± 0.6) × 106 M−1.

Comparing the affinity of surfactin for the three inter-
faces investigated in this work reveals that the affinity of 
surfactin for the hydrophilic solid–liquid interface is an 
order of magnitude lower than its affinity for the hydropho-
bic solid–liquid or the air–liquid interface. Furthermore, the 
affinity of surfactin for the “hard” hydrophobic solid–liquid 
interface is slightly lower than its affinity for the “soft” air–
liquid interface.

Conclusions

Surfactin self-assembly at the investigated interfaces is 
strongly affected by the hydrophobicity of the interface. 
The adsorption of surfactin at the two hydrophobic–hydro-
philic (i.e., the ODT–liquid and the air–liquid) interfaces is 
about three times its adsorption at the hydrophilic–hydro-
philic (i.e., the BME–liquid) interface. The maximum 
adsorption density of surfactin at the BME solid-surface 
interface is 0.44 ± 0.03 mg m−2, corresponding to an area 
per molecule of 401 ± 27 Å2. This area is quite large, sug-
gesting a wide spread of surfactin on the BME surface or/
and the presence of unoccupied “islands” on the surface; 
the latter proposition is the most likely. One of the inter-
esting findings reported in this work is the similar pack-
ing of surfactin (i.e., area per molecule) at the hydropho-
bic–hydrophilic interfaces whether the interface is hard 
(solid–liquid) or soft (air–liquid), demonstrating a negligi-
ble effect of the interface hardness. The results presented in 
this work provide fundamental insights into the self-assem-
bly of surfactin at three different interfaces. A fundamen-
tal understanding of biosurfactants adsorption at interfaces 
will aid in optimizing the utilization of these renewable and 
environmentally friendly surface active agents in several 
industrial applications such as enhanced oil recovery, emul-
sions, cosmetics, and detergents.
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