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 i  g  h  l  i  g  h  t  s

Adsorption  kinetics  study  from  sev-
eral milliseconds  to  several  hours.
Diffusion  coefficients  vary  in  a  rea-
sonable  range  particularly  for  short
adsorption  times.
Micellar  kinetics  is masked  by an
adsorption  barrier  at  long  adsorption
times.
Presence  of  micelles  partially  affects
adsorption  layer’s  interfacial  rheo-
logy.
Indication  of  a  mainly  elastic  adsorp-
tion  layer  from  interfacial  dilata-
tional  rheology.
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a  b  s  t  r  a  c  t

Due  to the  increasing  demand  for  environmentally  friendly  surfactants,  a novel  non-conventional  glyc-
erol ether  surfactant  with  12  carbon  atoms  in the  hydrophobic  alkyl  chain  and  the  amino  acid  tyrosine  in
the  hydrophilic  head  (TyrGE12)  is  synthesized.  Measurements  of dynamic  surface  tension  by  maximum
bubble  pressure  tensiometry  and  drop  profile  tensiometry  are  carried  out for  alkali  aqueous  solutions
over a  wide  concentration  range  and  for  surface  ages  spanning  from  milliseconds  to hours.  Critical  Micelle
Concentration  (CMC)  value,  standard  free  energy  of  adsorption  and  other  physicochemical  properties  are
calculated  based  on  static  (equilibrium)  surface  tension  measurements.  Dynamic  surface  tension  data  are
analyzed using  approximate  solutions  of  the  Ward  and  Tordai  model  to  estimate  diffusion  coefficients  for
short  and  long  adsorption  times.  For  concentrations  above  the  CMC,  the effective  diffusion  coefficient  (D*)
icelles
dsorption kinetics
iffusion coefficients

of  monomers  is  also  estimated.  Diffusion  coefficients  for  short  adsorption  times  lie in  a physically  rea-
sonable  range  whereas  for long  adsorption  times  the  computed  very  low  values  indicate  the  presence  of
an  adsorption  barrier.  Interfacial  dilatational  storage  modulus  and loss  modulus  measurements  indicate
a dominant  elastic  character  of  the  adsorption  layer  for all  the  examined  concentrations  and  oscillation
frequencies.  Local  peaks  in  the  values  of  both  moduli,  below  and  above  CMC,  imply  that  structural  changes

ight  b
in  the  adsorption  layer  m

. Introduction
In recent years, environmental awareness has increased dra-
atically leading to a quest of new surfactants with biodegradable

∗ Corresponding author. Tel.: +30 2310 99 7772; fax: +30 2310 99 7772.
E-mail address: karapant@chem.auth.gr (T.D. Karapantsios).
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e  partially  affected  by  the  presence  of micelles.
© 2013 Elsevier B.V. All rights reserved.

and biocompatible properties. Non conventional, ecofriendly
surfactants have attracted attention for applications such as, deter-
gency, emulsification and wetting, as well as for other personal care
formulations [1,2].
The classic soap, consisted mainly of fatty acid salts, is still
believed absolutely ecological as it presents better biodegrad-
ability and is gentler to human skin than commercial surfactants
made from petrochemicals [3]. However, classic soaps present also

dx.doi.org/10.1016/j.colsurfa.2012.12.039
http://www.sciencedirect.com/science/journal/09277757
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Fig. 1. Chemical structure of TyrGE12.

onsiderable drawbacks such as poor surface-active properties,
ow solubility in neutral cold water and formation of insoluble
alcium salts in hard water [4].

In this work we study surfactants that are members of a homol-
gous series of 1-N-L-tyrosine glycerol ethers (shown in Fig. 1),
hich has been produced for the first time in our lab. These are

yrosine derivatives conjugated to glycerol through an amide bond,
hile their hydrophobic alkyl chain comprising 12 carbon atoms

s conjugated to glycerol through an ether bond giving an advan-
age over the hydrolysable ester bond of glycerol esters. Structural
ssignment characterization of the new compounds was made on
he basis of elemental analysis and spectroscopic data [5]. Although
hese surfactants are soap type sodium salts, the carboxylic group of
he amino acid make them attain very low Critical Micelle Concen-
ration (CMC) and, correspondingly, low surface tensions compared
o conventional soaps [4]. They combine the advantages of glycerol
ther surfactants [6–8] and amino acid lipopeptides [9], and due to
heir ether bond they are very stable at high temperatures and can
ndure pH variations [7,10–12]. So far, these molecules have been
sed as wetting agents in the mercerization of cotton, as cleaning
gents etc with very promising results [7,12].

In a previous work we studied the kinetics of adsorption of
n ionic surfactant of 1-N-L Phenylalanine glycerol ether with 10
arbon atoms that it was also developed in our lab [13]. Equi-
ibrium and dynamic surface tension results were compared. It

as shown that for the above type of surfactants the appro-
riate concentration for applications such as mercerization, etc.,
hould be judged chiefly on dynamic surface tension information.
ssuming diffusion-controlled adsorption kinetics the diffusion
oefficients for both short and long times were calculated and
iscussed.

This work aims to investigate the surface activity of the newly
ynthesized tyrosine-based anionic surfactants. Different comple-
entary methods are employed, because a single experimental
ethod cannot provide a sufficiently broad range of surface life-

imes. Equilibrium (static) surface tension data are obtained using
he Wilhelmy Plate (WP) technique. The dynamic surface tension of
he above surfactants for short-living W/A  interfaces is examined
y the Maximum Bubble Pressure (MBP) technique which provides
urface lifetimes from milliseconds to seconds [14]. Dynamic sur-
ace tension for surface lifetimes from seconds to hours is obtained
y Drop Profile Tensiometry (DPT) [15]. In addition, the Oscillating
rop Profile Analysis (ODPA) is employed to measure the dilata-

ional elasticity and viscosity of W/A  interfaces for a number of
xcitation frequencies. Measurements are performed over a broad
ange of surfactant concentrations such as those encountered in
etergency and personal health care formulations.

. Materials and methods
.1. Materials

Non-conventional surfactant 1-N-L-tyrosine glycerol ether with
2 carbon atoms in his hydrophobic alkyl chain (TyrGE12) is
sicochem. Eng. Aspects 438 (2013) 104– 111 105

synthesized and purified according to published methods and its
purity level is graded by elemental analysis [5]. The chemical struc-
ture of the molecule is:

Aqueous solutions of TyrGE12 are prepared using Millipore
water in the range 10−6–5 × 10−4 M.  Surfactant is first dissolved at a
0.1 M sodium hydroxide solution (pH 12) and stored at sealed glass
bottles. Details on the preparation procedure are given elsewhere
[5].

2.2. Equilibrium surface tension

Equilibrium surface tensions are measured by a Wilhelmy plate
tensiometer (LAUDA TE2). The instrument is calibrated against
standard pure liquids and also Millipore water. Measurements are
taken at 25 ± 0.1 ◦C. The CMC  and surface tension at the CMC  (�CMC)
is determined from the break point of the surface tension versus
the logarithm of concentration curve. Three records are acquired at
all experimental conditions and standard deviations are less than
0.3 mN/m.

The adsorbed amount of surfactant � is calculated using the
Gibbs adsorption isotherm equation [16]

� = − 1
2.303RT

(
d�

dlogC

)
(1)

where � is the equilibrium surface tension (Nm−1), R is the gas
constant (8.31 Jmol−1 K−1), T is the absolute temperature, C is the
bulk surfactant concentration, and d�/dlogC is the slope below the
CMC  in the equilibrium surface tension plots. The occupied area per
molecule at the CMC, Amin, is obtained assuming saturated adsorp-
tion, where � CMC is the surface excess concentration at the CMC
and N is the Avogadro number.

Amin = 1
N�CMC

(2)

The value of the CMC  of a surfactant in aqueous solution has been
widely used to determine the standard free energy of micellization,
�G

◦
mic, which for ionic surfactants can be calculated by an proposed

by Nakagaki et al. [17,18].

�G
◦
mic = RT(1 + b)ln (CMC) (3)

where b is the apparent degree of counter ion binding to the
micelle/solution interface, estimated as: b = 1 − a. Here, a is the ratio
of the slopes in electrical conductivity measurements above and
below the CMC. The a values in this study are taken equal to unity
because the conductivity does not exhibit clear break points around
the CMC  (data not shown) [19].

The standard free energy of adsorption, �G
◦
ads, is calculated by

the equation [20].

�G
◦
ads = �G

◦
mis − �CMC

�CMC
(4)

where �CMC, is the surface pressure at the CMC (= �0−�CMC with
�0 and �CMC representing the surface tension of pure water and
surfactant solution at the CMC, respectively).

�G
◦
micand �G

◦
ads are frequently used to appraise whether it is

adsorption at the air/water interface or micellization in the bulk
solution that dictates the equilibrium surface tension of aqueous
solutions.

2.3. Dynamic surface tension

Dynamic surface tension for short surface lifetimes is measured

with a maximum bubble pressure tensiometer (MBP, BPA-1S, Sin-
terface) [21]. The instrument is calibrated against Millipore water.
All tensiometry measurements are carried out with freshly made
solutions at 25 ± 0.1 ◦C. The sample cell is protected with parafilm
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embrane in order to suppress contamination by airborne parti-
les. The stainless steel capillary used for measurements has an
nner diameter 0.13 mm and length l = 1 cm.  Measurements are
aken in two operation modes: (i) standard mode, surface lifetimes
rom �0.2 s to �100 s and (ii) extended mode, surface lifetimes
rom �0 s to �0.5 s. Three repetitions are made for all experimen-
al conditions. Pearson correlation coefficients among repetitions
re above 0.94 with instantaneous standard deviations less than
.5 mN/m.

Dynamic surface tension at long surface lifetimes is measured by
 drop profile tensiometer (DPT, PAT-1S Sinterface). The instrument
llows long-time experiments, from seconds to hours, keeping
ither the volume or the surface area of a drop constant. Due to
he long times involved, surface lifetime is explicitly measured.

easurements are taken at T = 25 ± 0.1 ◦C. In this study we  used a
endant drop (V = 12 mm3) formed at the tip of a stainless steel cap-

llary with diameter 3 mm.  Three repetitions are made for each set
f conditions. Pearson correlation coefficients among repetitions
re always above 0.93 with instantaneous standard deviations less
han 0.3 mN/m.

.3.1. Adsorption kinetic analysis
The conventional theory for analyzing diffusion-controlled mass

ransport to freshly formed interfaces is the equation of Ward and
ordai [22]:

 (t) =
(

D

�

)1/2

⎡
⎣2Ct1/2 −

t∫

0

Cs(�)

(t − �)1/2
d�

⎤
⎦ (5)

here Cs is the subsurface concentration, D is the diffusion coeffi-
ient and t is the surface lifetime. The equation of Ward and Tordai
annot be solved analytically and so experimental results cannot
e easily fitted to it.

.3.1.1. Asymptotic solutions at t −→ 0. For short surface lifetimes
he diffusion controlled adsorption theory for ionic surfactants
ives the following relationship [23]

d�d(t)
dt1/2

)
t−→0

= −RTC
(

4Dt−→0

�

)1⁄2
(6)

here �d is the dynamic surface tension and Dt−→0 is the diffusion
oefficient at short lifetimes. For short lifetimes and low surfactant
oncentrations an assumption regarding an adsorption isotherm is
ot necessary and the diffusion coefficient Dt−→0 can be determined
irectly from the slope of the �d versus t½ data.

.3.1.2. Asymptotic solutions at t −→ ∞.  At long surface lifetimes
nowledge of the equilibrium state of the adsorption layer is
equired in order to determine the diffusion coefficient Dt−→∞. A
ommon approximate expression for long surface lifetimes is [24].

d�d(t)
dt−1/2

)
t−→∞

= RT� 2

C

(
1

�Dt−→∞

)1/2
(7)

The above is valid only for a linear adsorption isotherm and
ives an acceptable approximation for small surface coverage, i.e.,
n the range of the Henry isotherm (� = 2RT� ). This raises two major
ssues. First, data so close to equilibrium rarely exist and second,
urface active impurities may  adsorb in this time region so that
here is always the possibility of significant error in data interpre-
ation.

An approximate expression often used for long surface lifetimes

s [25].

d�d(t)
dt−1/2

)
t−→∞

= RT� 2

C

(
�

Dt−→∞

)1/2
(8)
sicochem. Eng. Aspects 438 (2013) 104– 111

where the excess surface concentration � is usually estimated
through the Gibb’s adsorption (Eq. (1)). In some cases, the Langmuir
and Frumkin isotherms have also been used [26,27].

Eq. (8) compares better than Eq. (7) with the linear part of the
rigorous theory of Ward and Tordai when analyzing data acquired
at realistic long times, yet not so close to equilibrium. Eq. (8) is not a
rigorous asymptotic expression for the Ward and Tordai equation,
as it is derived on the premise that C(t − �) = constant for 0 < � < t,
and this is not a realistic condition for usual dynamic adsorption
processes. However, Eq. (8) offers reasonable accuracy compared to
that of the Ward and Tordai model for applications of small surface
coverage and when the data lie in the region 50 ≥ t/td ≥ 1, where td is
the characteristic time of a diffusion-controlled adsorption process
defined as:

td = 1
D

(
�

C

)2

(9)

Lucassen was  among the first to discuss about the impact of
micelles on adsorption kinetics [28]. Surfactant monomers con-
centration in the subsurface decreases when surfactant molecules
adsorb at the interface. Thus, at every instant monomers are not
in local equilibrium with micelles in the bulk. In order to reestab-
lish equilibrium, micelles dissociate and release single molecules
(fast micellar kinetics) or disintegrate completely (slow micellar
kinetics) [29–31]. The above are the reasons for observing dynamic
surface tension values (higher than the equilibrium surface tension
value) for concentrations above the CMC. As the bulk concentration
increases above the CMC, the driving force for monomers diffusion
increases, too, and so there is a faster decrease of dynamic surface
tension to much lower values. Assuming very fast micelles dissoci-
ation and also relatively fast micelles disintegration there is always
a global pseudo-equilibrium between micelles and monomers in
the bulk reflecting an instantaneous average among the kinetics
of all micelles. In this case, the effective diffusion coefficient D* of
monomers can be described by the formula [32,33]:

D∗ = D(1 + ˇ)
[

1 +
(

Dm

D

)
ˇ
]

(10)

where D is the surfactant monomer diffusion coefficient, Dm is the
micelles diffusion coefficient and  ̌ = (C0−Ck)

Ck
with C0 the initial

(total) surfactant concentration and Ck ≡ CMC for C0 > CMC.
Lucassen (1975) estimated the ratio Dm/D ≈ 0.25 on the premise

of n = 50 where n is the number of monomers per micelle. This esti-
mation is close to the proposal of McQueen and Hermans (1972)
who  said that Dm/D should be of the order of n−1/3. In the latter
case, DmI/D ≈ 0.25 corresponds to n = 65 [28,34].

2.3.2. Dilatational rheology
Dilatational surface rheology measurements provide informa-

tion on the capacity of adsorption layers to store or dissipate energy
and are very sensitive to conformational transitions in adsorption
layers. For surface area variations at moderate rates of deformation,
the ability of a surfactant to relieve stress is limited by adsorption
or desorption from or to the bulk solution, and as a result, relax-
ation processes come into play, leading to gradual re-equilibration
of the system. Thus, any disturbance of an interface initiates elas-
tic and viscous effects that can be described by a complex surface
dilatational modulus. In compression/expansion experiments the
surface dilatational modulus E is defined as the change in surface
tension � for a small relative change of surface area A:

E = d�
(11)
d (ln A)

The surface dilatational modulus E depends on the frequency
of surface deformation and can be presented as a complex num-
ber E(ω) = Er(ω) + iEi(ω). The real part Er(ω) is the storage modulus
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Fig. 2. Equilibrium surface tension, � , versus concentration, C, for TyrGE12 in alkaline
aqueous solutions indicating critical micelle concentration (CMC). Error bars stand
for  standard deviation (T = 25 ◦C, pH 12).
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tension in processes where fresh interfaces are rapidly produced

T
E

epresenting the recoverable elastic energy stored in the sur-
ace (dilatational elasticity) whereas the imaginary part Ei(ω)
s the loss modulus reflecting the viscous dissipation of energy
hrough relaxation (time-dependent) processes at or near the sur-
ace (dilatational viscosity).

The complex surface dilatational modulus is measured by oscil-
ating drop profile analysis (ODPA) technique using a dedicated
ccessory of the drop profile tensiometer (PAT-1S Sinterface). The
pparatus and operational procedures are described in detail else-
here [35]. As with DPT, a pendant drop is created at the tip of a

apillary by a computer driven dosing system. The software allows
ontrolling the volume of the drop as a function of time and thus
mposing harmonic oscillations of the drop volume. The employed
olume oscillation amplitude is 5% of the initial drop volume. The
mployed oscillation frequencies are 0.001, 0.005, 0.01, 0.02, 0.05,
.1 and 0.2 Hz. Measurements are taken after 5000 s of adsorption
o allow quasi-equilibrium conditions of the adsorption layer. Three
epetitions are made for each set of conditions. Standard deviations
n the estimated storage modulus and loss modulus are less than
.3 mN/m.

. Results and discussion

.1. Equilibrium surface tension measurements

Equilibrium surface tension, � , versus bulk surfactant concen-
ration, C, is presented in Fig. 2. It is noted that the surface tension
f the solvent (Millipore water at pH 12) at 25 ◦C is 73 ± 0.5 mN/m.
he curve of � versus logC is approximately linear up to a certain
oncentration beyond which the surface tension remains nearly
onstant as concentration increases. The concentration at which
hese two lines intersect is the CMC  value. The values of the
MC, surface tension at the CMC  (�CMC), surface excess concentra-
ion (� CMC), and area occupied by the surfactant molecule at the
ir/water interface (Amin), are summarized in Table 1. �G

◦
mic, and

G
◦
ads, values are also listed in Table 1.
The absolute value of the free energy for adsorption is con-

iderably higher than that for micellization. This indicates that

dsorption at the air/water interface is energetically more favorable
han micellization in solution.

able 1
quilibrium surface properties of TyrGE12 at T = 25 ◦C and pH 12.

CMC  M �CMCmN/m � CMC, 10−6 mol/m2

2.4 × 10−5 25.4 1.45 
Fig. 4. Dynamic surface tension, �d, as a function of time, t, at various concentrations
of  TyrGE12. Data are obtained with the DPT technique (T = 25 ◦C, pH 12).

3.2. Dynamic surface tension measurements

3.2.1. Maximum bubble pressure measurements
Dynamic surface tension of TyrGE12 solutions measured by the

MBP  technique at the standard mode of operation is presented in
Fig. 3 as a function of surface lifetime for various surfactant concen-
trations. As in other studies [36] the measured curves do not always
span the entire surface age range. This is due to experimental diffi-
culties to maintain the growing bubble stable at the capillary tip. It
is apparent that as surfactant concentration increases wettability
of the tip increases making the bubble floppier and easier to detach.

As expected, dynamic surface tension values are higher than the
equilibrium surface tension values in Fig. 2. This is due to the insuffi-
cient time for the transport of surfactant from the bulk to the surface
at short surface lifetimes. For very low surfactant concentrations
the dynamic surface tension attains values close to the pure solvent
value even for the longer surface lifetimes examined by the MBP
technique. Size and chemical structure of the surfactant molecule
dictates whether a surfactant can be effective in reducing surface
such as in foam production, detergency etc. For surface lifetimes
less than 1 s surfactant concentration has a small effect on dynamic

AminÅ2/molec �G
◦
mic

kJ/mol �G
◦
ads

kJ/mol

114 −26.4 −59.11
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ig. 5. Dynamic surface tension �d as a function of (a) t1/2 and (b) t−1/2 at various
oncentrations of TyrGE12. Data are obtained with the MBP  technique operated at
he  standard mode (T = 25 ◦C, pH 12).

urface tension. For larger lifetimes, the increase of concentration
eads to a clear acceleration of the adsorption process. As surfac-
ant concentration increases above the CMC, the dynamic surface
ension decreases more rapidly. This is due to a fast dissociation
nd/or disintegration of micelles [36]. These phenomena have been
eported for a number of anionic surfactants [37–42]. Strong fre-
uency dependence has been attributed to the high ionic strength
f the employed alkali solution which depletes the availability of
ree surfactant molecules to reduce surface tension [13].

.2.2. Drop profile analysis measurements
Fig. 4 displays the variation of the dynamic surface tension of
yrGE12 with respect to surface lifetime as measured by the DPA
echnique. It is seen that with increasing surfactant concentration,
urface tension decreases faster and to considerably lower val-
es. One can also observe that for concentrations below CMC, the

able 2
stimated diffusion coefficients at short and long adsorption times by the MBP and DPA
onfident estimations (see text).

C(M) DMBP
t−→0 m2/s DDPT

t−→0 m2/s DM
t−

1 × 10−6 3.32 × 10−8 6.47 × 10−9 1.5
2 × 10−6 7.83 × 10−10 3.17 × 10−9 3.5
5 × 10−6 5.81 × 10−10 1.23 × 10−9 4.9
1 × 10−5 3.22 × 10−10 3.59 × 10−10 9.3
2 × 10−5 1.09 × 10−10 1.02 × 10−10 2.5
5 × 10−5 3.33 × 10−11 2.95 × 10−12 8.4
1 × 10−4 1.80 × 10−11 2.70 × 10−12 5.6
2 × 10−4 1.19 × 10−11 4.26 × 10−13 4.0
5 × 10−4 1.15 × 10−11 2.51 × 10−13 3.9
Fig. 6. Extrapolation of dynamic surface tension data obtained with the MBP tech-
nique operated at the standard mode to (a) short and (b) long time (T = 25 ◦C, pH
12).

equilibrium values (shown in Fig. 2) are not attained even at surface
lifetime of 5000 s. There are two  major mechanisms that have been
proposed to explain the continuing decrease of surface tension for
long times. The first mechanism refers to diffusion of surface active
segments of the already adsorbed molecules via their re-orientation
within the adsorption layer [43,44] and the second mechanism to a
steric and an electrosteric barrier presented by the already formed
adsorption layer opposing the adsorption of new molecules [44].

A comparison between the two techniques reveals that the
values measured by maximum bubble pressure and drop profile
techniques are not the same at equivalent surface lifetimes. As

these differences are well beyond the experimental uncertainty of
both techniques this indicates that measurements are technique
dependent. This has been clearly shown by Christov et al. [45] who
managed to converge the values obtained by different techniques

 techniques at various concentrations of TyrGE12. In Bold letters are marked the

BP
→∞ m2/s DDPT

t−→∞ m2/s DMBP
t−→0, short time mode m2/s

9 × 10−8 9.04 × 10−12 3.73 × 10−8

4 × 10−9 1.49 × 10−12 4.80 × 10−8

7 × 10−10 2.56 × 10−13 8.18 × 10−6

9 × 10−11 6.30 × 10−14 3.15 × 10−9

2 × 10−11 2.04 × 10−14 1.39 × 10−9

4 × 10−11 2.44 × 10−13 4.96 × 10−10

5 × 10−12 1.11 × 10−13 1.64 × 10−10

9 × 10−12 4.28 × 10−14 8.76 × 10−11

8 × 10−12 7.25 × 10−14 4.42 × 10−11
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ig. 7. Dynamic surface tension �d as function of (a) t1/2 and (b) t−1/2 at various
oncentrations of TyrGE12. Data are obtained with the DPT technique (T = 25 ◦C, pH
2).

y taking into account the so-called instrument constant (inde-
endent from the nature of the investigated solution). However,
he present work does not care so much about the precise value
f dynamic surface tension but chiefly about its dependence on
urface lifetime, surfactant concentration and presence of micelles.

Measurements from the MBP  and DPT techniques allow approx-
mate estimation of the kinetics at short and long adsorption times.
iffusion coefficients are calculated from the slopes of the linear
arts of the �d versus t1/2 and t−1/2 curves (Fig. 5a,b and Fig. 7a,b)
y using Eqs. (6) and (8). Confident estimations are computed only
rom data that converge to the solvent surface tension value (for
hort times) and to the equilibrium surface tension value (for long
imes) (Fig. 6a,b and Fig. 8 a,b). Table 2 summarizes all the computed
iffusion coefficients. For concentrations above the CMC  the direct
nalysis of the data gives the effective diffusion coefficients D∗ of
onomers. For these cases the diffusion coefficient of monomers

 presented in Table 1 is deduced from Eq. (10) Figs. 7 and 8.
For short times, all estimations of diffusion coefficients Dt−→0

rom the MBP  technique (standard mode; Table 2 column 2) can
e regarded as confident. On the other hand, for the DPT technique
column 3) confident estimations are only those for concentrations
5 × 10−6 M.  For all confident estimations there is a monotonic
ecrease of Dt−→0 as concentration increases, always within a
hysically reasonable range for low-molecular weight surfactants
10−8–10−11 m2/s), e.g. [26,46]. This indicates that adsorption of

yrGE12 at the freshly formed surfaces follows indeed a diffusion
echanism. Some authors have ascribed the decreasing diffusion

oefficients as surfactant concentration increases to external fac-
ors such as convective transport of surfactant to the surface,
Fig. 8. Extrapolation of dynamic surface tension data obtained with the DPT tech-
nique to (a) short and (b) long time (T = 25 ◦C, pH 12).

existence of a surface adsorption barrier, repulsive interactions
between micelles, etc. [47–50].

For long times, the only trustful estimations are those from data
of the DPT technique for all concentrations (Table 2, column 5)
whereas calculations from long time MBP  data are far from con-
fident (Table 2 column 4). The estimated Dt−→∞ values are lower
(10−12–10−14 m2/s; Table 2, column 5) than the physically expected
ones for such systems. Unusually low values for Dt−→∞ have been
found also regarding the PhGE10 molecule [13]. Such low val-
ues imply that at long adsorption times diffusion of surfactant is
not the controlling mechanism but an adsorption barrier exists.
From the two  major mechanisms mentioned before to explain the
retardation of adsorption (re-orientation of molecules within the
adsorption layer and steric or electrostatic barrier) there is no solid
experimental evidence to justify one selection against the others.
We can speculate that at high ionic strength solutions the exist-
ence of an electrostatic barrier is improbable on physical grounds.
In addition, steric effects are not expected to be dominant at low
surface concentrations (not far above the CMC). So, re-orientation
or-rearrangement of surfactant molecules within the adsorption
layer appears a more realistic option at present, an assumption
strengthened further by viscoelasticity measurements (next sec-
tion). According to DPT estimations for long adsorption times,
diffusion coefficients below and above the CMC  (2.4 × 10−5 M)  are
alike. Therefore, it is possible that the electrosteric barrier for
long adsorption times can mask any micellar kinetics (dissociation

and disintegration) effect during the diffusional relaxation process
between the surface and the bulk.

To check on the validity of the estimated Dt−→0 values we
decided to go to even smaller surface ages than those employed



110 C.D. Ampatzidis et al. / Colloids and Surfaces A: Phy

65

66

67

68

69
70

71

72

73

74

75

0.09 0.19 0.29 0.39 0.49 0.59

t1/2, sec1/2

γ d
, m

N
/m

1E-6 M
2E-6 M
5E-6 M
1E-5 M
2E-5 M
5E-5 M
1E-4 M
2E-4 M
5E-4 M

F 1/2

T
m

b
t
0
-
T
T
e
p
e

F
u
s

ig. 9. Dynamic surface tension, �d, as a function of t at various concentrations of
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y the MBP  standard mode. This is accomplished by employing
he extended MBP  mode which yields a useful range between
.09 s1/2 and 0.59 s1/2 (Fig. 9). It is apparent that there is a very fast
yet small- adsorption step at these extremely short surface ages.
he estimated diffusion coefficients from these data are shown in
able 2 (column 6) and range between �10−8–10−11 m2 s−1. The

stimated diffusion coefficients from the two MBP  modes are com-
arable indicating that there is no alteration of diffusion kinetics at
xtremely short surface ages.
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3.3. Dilatational analysis

The dependence of the storage modulus (Er real part, dilata-
tional elasticity) and loss modulus (Ei imaginary part, dilatational
viscosity) of TyrGE12 adsorbed layers on surfactant concentration
and oscillation frequency is displayed in Fig. 10a and b. For all the
examined concentrations and frequencies the storage modulus is
higher than the loss modulus testifying for the domination of the
elastic character of the adsorption layer. This is more so at low con-
centrations and high frequencies. Both the storage modulus and
loss modulus show an increasing trend with frequency indicat-
ing that the relaxation frequency of the system is above the tested
oscillation frequencies [44].

The storage modulus exhibits a decreasing general trend with
increasing concentration presenting two  local peaks at concen-
trations 5 × 10−6 and 1 × 10−4 M after which there is an abrupt
decline with concentration. This behavior gradually fades out
as frequency decreases. As a matter of fact, at the lowest fre-
quency (0.001 Hz) there is only one small local protuberance at
1 × 10−4 M.

The loss modulus appears less sensitive to concentration vari-
ations. However, for the highest three frequencies there are two
local peaks – one at 2 × 10−6 M and another at 2 × 10−5 M – with
respect to concentration which degenerate to a single broad peak
at �5 × 10−6 M as frequency decreases.

Local peaks in the above plots below the CMC  indicate struc-
tural changes in the adsorption layer probably associated with
re-orientation or re-arrangement of surfactant molecules within
the adsorption layer [51]. Peaks at concentrations above CMC  fur-
ther indicate an interaction of these molecules with micelles in
the nearby solution [52]. Ellipsometry and neutron or X-ray reflec-
tivity may  reveal the type and extent of such conformational
transitions.

4. Conclusion

Dynamic surface tension of TyrGE12 solutions at the liq-
uid/air interface in the concentration range 1 × 10−6–5 × 10−4 M
is measured with maximum bubble pressure and drop pro-
file tensiometries. Surface lifetime ranges from 0.01 to 5000 s.
The interfacial dilatational rheology of equilibrium solutions is
investigated by oscillating drop profile in the frequency range
0.001–0.2 Hz. CMC  value and other physicochemical properties are
found by static surface tension measurement using the Wilhelmy
plate technique.

Approximate solutions of the Ward and Tordai model are
employed to estimate diffusion coefficients for short and long
adsorption times from dynamic surface tension data. An expres-
sion proposed by Lucassen is applied for the calculation of effective
diffusion coefficients above the CMC. It is found that at short sur-
face lifetimes adsorption is controlled by diffusion whereas at long
surface ages adsorption is retarded most probably by an adsorp-
tion barrier. It is not possible using solely the present data to tell
whether micellar kinetics (dissociation and disintegration) con-
trol the adsorption process. Interfacial dilatational viscoelasticity
data indicate a mainly elastic adsorption layer for all examined
concentrations and frequencies. Abrupt local variations in the
viscoelasticity are found below and above the CMC  indicating
that structural changes in the adsorption layer might be partially
affected by the presence of micelles.
Acknowledgement

Financial support by the European Space Agency through the
project FASES (ESA-AO-2004-PCP-109/ELIPS-2; CCN6) is gratefully



A: Phy

a
M

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

C.D. Ampatzidis et al. / Colloids and Surfaces 

cknowledged. The work is done under the umbrella of COST Action
P1106.

eferences

[1] M. Infante, A. Pinazo, J. Seguer, Non-conventional surfactants from amino acids
and  glycolipids: Structure, preparation and properties, Colloids Surf. A: Physic-
ochem. Eng. Aspects 123-124 (1997) 49–70.

[2] K. Holmberg, in: Novel Surfactants: Preparation Applications And
Biodegradability, Second edition, revised and expanded, Taylor & Francis,
2003.

[3]  A.T.-J. Goon, C.-L. Goh, Epidemiology of occupational skin disease in Singapore
1989–1998, Contact Dermatitis 43 (2000) 133–136.

[4] D. Ono, A. Masuyama, Y. Nakatsuji, M.  Okahara, S. Yamamura, T. Takeda,
Preparation, surface-active properties and acid decomposition profiles of a
new  ‘‘soap” bearing a 1,3-dioxolane ring, J. Am. Oil Chemists’ Soc. 70 (1993)
29–36.

[5]  E. Varka, E. Coutouli-Argyropoulou, M.  Infante, S. Pegiadou, Synthesis, charac-
terization, and surface properties of phenylalanine-glycerol ether surfactants,
J.  Surfactants Detergents 7 (2004) 409–414.

[6] X.-P. Gu, L. Ikeda, M. Okahara, Synthesis of glycol diglycidyl ethers using phase-
transfer catalysis, Synthesis 1985 (1985) 649–651.

[7] K. Urata, S. Yano, A. Kawamata, N. Takaishi, Y. Inamoto, A convenient synthesis
of long-chain 1-O-Alkyl glyceryl ethers, J. Am.  Oil Chemists’ Soc. 65 (1988)
1299–1302.

[8]  H. Sagitani, Y. Hayashi, M.  Ochiai, Solution properties of homogeneous polyg-
lycerol dodecyl ether nonionic surfactants, J. Am.  Oil Chemists’ Soc. 66 (1989)
146–152.

[9]  C. Selve, L. Mansuy, M.  Allouch, Non, ionic alkyl lipopeptides: synthesis and
properties, J. Chem. Res. Synth. 22 (1992) 401.

10] R. Infante, J.G. Dominguez, P. Erra, R. Julia, M.  Prats, Surface active molecules:
preparation and properties of long chain n�-acyl-l-�-amino-�-guanidine alkyl
acid derivatives, Int. J. Cosmet. Sci. 6 (1984) 275–282.

11] M. Takehara, Properties and applications of amino acid based surfactants, Col-
loids Surf. 38 (1989) 149–167.

12] I. Blute, B. Kronberg, M.  Svensson, R. Unelius, Phase behaviour of alkyl glyc-
erol ether surfactants, Tenside, Surfactants, Tenside, Surfactants, Detergents
35  (1998) 207–212.

13] E.P. Kalogianni, E.M. Varka, T.D. Karapantsios, S. Pegiadou, Dynamic surface
activity of Phenylalanine glycerol–ether surfactant solutions measured by a
differential maximum bubble pressure tensiometers, Langmuir: ACS J. Surf.
Colloids 22 (2005) 46–51.

14] V.B. Fainerman, R. Miller, Maximum bubble pressure tensiometry – an anal-
ysis  of experimental constraints, Adv. Colloid Interface Sci. 108–109 (2004)
287–301.

15] A.W. Neuman, J.K. Spelt, Applied Surface Thermodynamics, in: Surfactant Sci-
ence, Elsevier, Amsterdam, 1996.

16] M.J. Rosen, A.W. Cohen, M.  Dahanayake, X.Y. Hua, Relationship of structure
to  properties in surfactants. 10. Surface and thermodynamic properties of 2-
dodecyloxypoly(ethenoxyethanol)s, C12H25(OC2H4)xOH, in aqueous solution,
J.  Phys. Chem. 86 (1982) 541–545.

17] M. Nakagaki, T. Handa, Effect of structure on activity at the critical micelle con-
centration and on the free energy of micelle formation, in: M.J. Rosen (Ed.),
Structure/Performance Relationships in Surfactants, American Chemical Soci-
ety,  New York, 1984, pp. 73–86.

18] R. Zana, Critical micellization concentration of surfactants in aqueous solu-
tion  and free energy of micellization, Langmuir: ACS J. Surf. Colloids 12 (1996)
1208–1211.

19] T. Yoshimura, A. Sakato, K. Tsuchiya, T. Ohkubo, H. Sakai, M.  Abe, K. Esumi,
Adsorption and aggregation properties of amino acid-based N-alkyl cysteine
monomeric and N,N′-dialkyl cystine gemini surfactants, J. Colloid Interface Sci.
308  (2007) 466–473.

20] M.J. Rosen, S. Aronson, Standard free energies of adsorption of surfactants at
the  aqueous solution/air interface from surface tension data in the vicinity of
the  critical micelle concentration, Colloids Surf. 3 (1981) 201–208.

21] V.B. Fainerman, A.V. Makievski, R. Miller, Accurate analysis of the bubble for-
mation process in maximum bubble pressure tensiometry, Rev. Sci. Instrum.
75 (2004) 213–221.

22] A.F.H. Ward, L. Tordai, Time-dependence of boundary tensions of solutions I.
The role of diffusion in time-effects, J. Chem. Phys. 14 (1946) 453–461.

23] E. Rillaerts, P. Joos, Rate of demicellization from the dynamic surface tensions
of  micellar solutions, J. Phys. Chem. 86 (1982) 3471–3478.

24] A.V. Makievski, V.B. Fainerman, R. Miller, M.  Bree, L. Liggieri, F. Ravera, Deter-
mination of equilibrium surface tension values by extrapolation via long
time approximations, Colloids Surf. A: Physicochem. Eng. Aspects 122 (1997)
269–273.

25]  V.B. Fainerman, R. Miller, P. Joos, The measurement of dynamic surface ten-

sion  by the maximum bubble pressure method, Colloid Polym. Sci. 272 (1994)
731–739.

26] J. Li, R. Miller, H. Mohwald, Characterisation of phospholipid layers at liquid
interfaces. 1. Dynamics of adsorption of phospholipids at the chloroform/water
interface, Colloids Surf. A: Physicochem. Eng. Aspects 114 (1996) 113–121.

[

[

sicochem. Eng. Aspects 438 (2013) 104– 111 111

27] R. Wustneck, J. Kragel, V.B. Fainerman, P.J. Wilde, D.K. Sarker, D.C. Clark,
Dynamic surface tension and adsorption properties of a-casein and b-
lactoglobulin, Food Hydrocolloids 10 (1996) 395–405.

28] J. Lucassen, Adsorption kinetics in micellar systems, Faraday Discuss. Chem.
Soc. 59 (1975) 76–87.

29] B.A. Noskov, D.O. Grigoriev, Adsorption from micellar solutions, in: Surfactants
–  Chemistry, Interfacial Properties and Application, Elsevier, Amsterdam, 2001,
pp.  401-509.

30] K.D. Danov, P.A. Kralchevsky, N.D. Denkov, K.P. Ananthapadmanabhan, A. Lips,
Mass transport in micellar surfactant solutions: 1. Relaxation of micelle con-
centration, aggregation number and polydispersity, Adv. Colloid Interface Sci.
119  (2006) 1–16.

31] K.D. Danov, P.A. Kralchevsky, N.D. Denkov, K.P. Ananthapadmanabhan, A. Lips,
Mass transport in micellar surfactant solutions: 2. Theoretical modeling of
adsorption at a quiescent interface, Adv. Colloid Interface Sci. 119 (2006) 17–33.

32] P. Joos, J. Van Hunsel, Adsorption kinetics of micellar Brij 58 solutions, Colloids
Surf. 33 (1988) 99–108.

33] P. Joos, in: Dynamic Surface Phenomena, VSP BV, Utrecht, 1999.
34] D.H. McQueen, J.J. Hermans, Determination of the translational diffusivity of

detergent micelles from the spectrum of scattered light, J. Colloid Interface Sci.
39  (1972) 389–394.

35] G. Loglio, P. Pandolfini, R. Miller, A.V. Makievski, J. Kragel, F. Ravera, B.A. Noskov,
Perturbation–response relationship in liquid interfacial systems: non-linearity
assessment by frequency-domain analysis, Colloids Surf. A: Physicochem. Eng.
Aspects 261 (2005) 57–63.

36] V.B. Fainerman, V.D. Mys, A.V. Makievski, J.T. Petkov, R. Miller, Dynamic surface
tension of micellar solutions in the millisecond and submillisecond time range,
J.  Colloid Interface Sci. 302 (2006) 40–46.

37] S. Yiv, R. Zana, Chemical relaxation and equilibrium studies of associ-
ation in aqueous solutions of bolaform detergents. 2. Hexadecane-1,16-
bis(trimethylammonium bromide) and dodecane-1,12-bis(tributylammonium
bromide), J. Colloid Interface Sci. 77 (1980) 449–455.

38] A. Avranas, E. Malasidou, I. Mandrazidou, Adsorption of cetyldimethylbenzy-
lammonium chloride on octane emulsions droplets: the effect of the presence
of  tween 80, J. Colloid Interface Sci. 207 (1998) 363–370.

39] T.V. Kharitonova, N.I. Ivanova, B.D. Summ,  Adsorption and, Micellization in
Solutions of Dodecylpyridinium Bromide–Nonionic Surfactant Mixtures, Col-
loid J. 64 (2002) 224–231.

40] D.O. Grigoriev, M.E. Leser, M.  Michel, R. Miller, Mixed micelles as delivery sys-
tems for enhanced emulsifier adsorption at the air/water interface: Sodium
stearoyl lactylate (SSL)/Tween80 solutions, Colloids Surf. A: Physicochem. Eng.
Aspects 301 (2007) 158–165.

41] V.B. Fainerman, A.V. Mys, E.V. Aksenenko, A.V. Makievski, J.T. Petkov, J. Yorke,
R.  Miller, Adsorption layer characteristics of Triton surfactants: 4. Dynamic sur-
face  tension and dilational visco-elasticity of micellar solutions, Colloids Surf.
A:  Physicochem. Eng. Aspects 334 (2009) 22–27.

42] C.J. Beverung, C.J. Radke, H.W. Blanch, Adsorption dynamics of l-glutamic acid
copolymers at a heptane/water interface, Biophys. Chem. 70 (1998) 121–132.

43]  F. d. r. Millet, M.  Nedyalkov, B. Renard, P. Perrin, F. o. Lafuma, J.-J. Benattar,
Adsorption of Hydrophobically Modified Poly(acrylic acid) Sodium Salt at the
Air/Water Interface by Combined Surface Tension and X-ray Reflectivity Mea-
surements, Langmuir: the ACS journal of surfaces and colloids, Langmuir: ACS
J.  Surf. Colloids 15 (1999) 2112–2119.

44] V.G. Babak, J. Desbrieres, V.E. Tikhonov, Dynamic surface tension and dilational
viscoelasticity of adsorption layers of a hydrophobically modified chitosan,
Colloids Surf. A: Physicochem. Eng. Aspects 255 (2005) 119–130.

45] N.C. Christov, K.D. Danov, P.A. Kralchevsky, K.P. Ananthapadmanabhan, A.
Lips, Maximum bubble pressure method: universal surface age and transport
mechanisms in surfactant solutions, Langmuir: ACS J. Surf. Colloids 22 (2006)
7528–7542.

46] V.B. Fainerman, A.V. Makievski, R. Miller, The analysis of dynamic surface ten-
sion of sodium alkyl sulphate solutions, based on asymptotic equations of
adsorption kinetic theory, Colloids Surf. A: Physicochem. Eng. Aspects 87 (1994)
61–75.

47] M. Chorro, N. Kamenka, B. Faucompre, S. Partyka, M.  Lindheimer, R. Zana, Mice-
llization and adsorption of a zwitterionic surfactant: N-dodecyl betaine – effect
of  salt, Colloids Surf. A: Physicochem. Eng. Aspects 110 (1996) 249–261.

48] X. Yang, M.A. Matthews, Diffusion coefficients of three organic solutes in
aqueous sodium dodecyl sulfate solutions, J. Colloid Interface Sci. 229 (2000)
53–61.

49] V.B. Fainerman, S.V. Lylyk, E.V. Aksenenko, L. Liggieri, A.V. Makievski, J.T. Petkov,
J.  Yorke, R. Miller, Adsorption layer characteristics of Triton surfactants: Part 2.
Dynamic surface tension and adsorption, Colloids Surf. A: Physicochem. Eng.
Aspects 334 (2009) 8–15.

50] C. Delgado, M.D. Merchan, M.M. Velazquez, S. Pegiadou, L. Perez, M.  Rosa
Infante, The adsorption kinetics of 1-N-l-tryptophan-glycerol-ether surfactants
at  the air/liquid interface: effect of surfactant concentration and alkyl chain
length, Colloids Surf. A: Physicochem. Eng. Aspects 233 (2004) 137–144.
51] F. Ravera, M. Ferrari, E. Santini, L. Liggieri, Influence of surface processes on the
dilational visco-elasticity of surfactant solutions, Adv. Colloid Interface Sci. 117
(2005) 75–100.

52] P.J.M. Baets, H.N. Stein, Surface rheology of surfactant solutions close to equi-
librium, J. Colloid Interface Sci. 162 (1994) 402–411.


	Adsorption behavior of non-conventional eco-friendly tyrosine glycerol ether surfactants
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Equilibrium surface tension
	2.3 Dynamic surface tension
	2.3.1 Adsorption kinetic analysis
	2.3.1.1 Asymptotic solutions at t⟶0
	2.3.1.2 Asymptotic solutions at t⟶∞

	2.3.2 Dilatational rheology


	3 Results and discussion
	3.1 Equilibrium surface tension measurements
	3.2 Dynamic surface tension measurements
	3.2.1 Maximum bubble pressure measurements
	3.2.2 Drop profile analysis measurements

	3.3 Dilatational analysis

	4 Conclusion
	Acknowledgement
	References


