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ABSTRACT:The equilibrium and dynamic interfacial tension of water/n-octane plus sorbitan monolaurate (the commercial name
of Span 20) were measured using the pendant drop technique at four temperatures, (274.2, 278.2, 282.2, and 293.2) K. The
concentration range of Span 20 is from (0.014 to 1.41) g 3 kg

�1. The experimental results showed that Span 20 has excellent interface
activity and a pronounced dynamic effect on the water/n-octane interface. The critical micelle concentration of Span 20 at different
temperatures was determined, and it shifts toward lower value with the increase of temperature. The dynamic interfacial tension data
show that, at the beginning of the adsorption process, it was only diffusion-controlled. At the near-equilibrium stage, there exists an
adsorption barrier due to the strong molecular interaction of Span 20.

’ INTRODUCTION

Hydrates are crystalline, ice-like solids that form when gas
molecules are trapped in hydrogen-bonded water cages under
high pressure and low temperature conditions.1 Much pipeline
transportation of raw hydrocarbons from wells to processing
facilities is operated in the hydrate formation domain. Hydrate
blockage often happens in these pipelines, and thermodynamics
inhibitors such asmethanol are in general added to overcome this
problem. An alternative method to control gas hydrate is by
adding low dosage hydrate inhibitors (LDHIs), which are
divided into two main categories, kinetic inhibitors (KIs) and
antiagglomerants (AAs).2 KIs are active at low concentration, for
example, w = 0.001 to 0.01, based on the water phase, and they
could delay crystal growth for a certain period of time. AAs allow
hydrates to form and enable them to disperse in the liquid
hydrocarbon phase as small masses but prevent them from
agglomerating. Since AAs are used under the existence of
hydrocarbon liquid,3 the adsorption behavior of AAs at the
oil�water interface is of great importance for their development.
Sorbitan monolaurate (Span 20), a kind of nonionic commercial
surfactant, was tested so that it could keep hydrate particles
suspended in a range of condensate types4 and decreases the
adhesion force between hydrate particles,5 which are acting as a
kind of AA. Additionally, Span 20 is also employed in the
dispersion of water in water�oil nanoemulsions.6,7 Therefore,
it is necessary to investigate the adsorption behavior of Span 20 at
the oil�water interface.

The equilibrium and dynamic interfacial tension are important
interface properties. The equilibrium interfacial tension data for
methaneþ KIs, such as VC713,8 inhibex 301,9 and inhibex 501,9

have been reported. Rojas et al.10 also studied the dynamic
interfacial tension at the air�liquid interface after adding KI. The
equilibrium interfacial tension data for methane11 or ethylene12

þ aqueous solution of surfactant were also reported. For the
oil�water interface containing AAs, interfacial tension data also
provide a great deal of information concerning the adsorption of
AAs. In this work, the equilibrium and dynamic interfacial
tension between water and n-octane plus Span 20 were measured

using the pendant drop technique. The effect of temperature and
concentration on the interfacial properties of Span 20 at the
water�n-octane interface and the corresponding adsorption
mechanism were also discussed.

’EXPERIMENTAL SECTION

Span 20 and n-octane of analytical grade (0.999 mass fraction)
were purchased from Beijing Chemical Reagents Corporation.
The molecular structure of Span 20 is shown in Figure 1. In this
work, as Span 20 is insoluble in water;13,14 it dissolved in the n-
octane phase instead. The water used was distilled twice, and its
conductivity was less than 10�4 S 3m

�1. All of the materials were
weighed using a balance with an accuracy of 0.0001 g.

The pendant-drop technique has been extensively used to
study the dynamic interfacial tension.15�18 In this work, the
modified JEFRI pendant drop apparatus, manufactured by D. B.
Robinson Corporation, was used to measure the equilibrium and
dynamic interfacial tension of water�n-octane plus Span 20. The
schematic diagram of the experimental device was shown in
Figure 2.

An optical system, which consists of a zoom stereomicroscope,
was installed perpendicular to the visualizing window of the high-
pressure interfacial tension cell. The inner diameter and length of
pendant drop cell are (3.5 and 3.0) cm, respectively. In addition, a
high-resolution Panasonic photographic camerawas connected to a
computer for processing the photographic data using a pro-
gram developed in-house.9,11,19 The operating temperature was
controlled by three Eurotherm temperature controllers with an
uncertainty of ( 0.1 K. All of the pressure gauges were calibrated
using a standard RUSKA dead-weight pressure gauge with an
uncertainty of ( 0.25 %.
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The measurement procedure of dynamic interfacial tension is
similar to that of equilibrium interfacial tension, which has been
described in detail in our previous work.9,11,19 First, the pendant-
drop cell and all of the connections were soaked in petroleum
ether over 3 h, and this step was repeated prior to the loading of
each group of new sample. The entire system was then flushed
with hot distilled water and dried with compressed air and
vacuumized. Subsequently, water was added into one of the
sample cylinders, and n-octane with a known concentration of

surfactants was added into another sample cylinder and the
pendant-drop cell. Then the temperature was set to the desired
value. When the system temperature was stable, a water drop was
pressed out and formed at the tip of the needle with a diameter of
2.032 mm. The drop of any required size could be controlled
precisely within 1 s by a motor proportioning pump. Meanwhile,
the timer was started, and the drop profile was magnified by the
microscope and recorded by a computer through the video
camera. The dimensions of the drop profile could be disposed
automatically using software developed in-house. The uncer-
tainty of the interfacial tension results mainly arises from
measuring and processing the profile of pendant drop,9 which
is determined to be 0.20 mN 3m

�1.

’RESULTS AND DISCUSSION

Equilibrium Interfacial Tension. The equilibrium interfacial
tension is often used to describe the equilibrium properties of the
surfactants, which is of importance for the adsorption study. The
equilibrium interfacial tension between water and n-octane plus
Span 20 at four temperatures and 0.1 MPa is listed in Table 1 and
shown in Figure 3. The concentration range of Span 20 in
n-octane is from (0 to 1.41) g 3 kg

�1. From Table 1 and Figure 3,
it was obviously found that interfacial tension value decreases
sharply after adding a small amount of Span 20 into n-octane. For
instance, when Span 20 concentration increases from (0 to
0.056) g 3 kg

�1, the interfacial tension of water�n-octane plus
Span 20 decreases from (53.14 to 18.01) mN 3m

�1 at 274.2 K
and from (50.92 to 15.12) mN 3m

�1 at 293.2 K, indicating that
Span 20 has an excellent interface activity and dynamic effect on
the water�n-octane interface. Temperature also contributes a
positive role to the decrease of equilibrium interfacial tension. It
should be noticed that the equilibrium interfacial tension value
hardly changes after Span 20 concentration attained a certain
value at each group of temperature, showing that there exists a
critical concentration for Span 20 adsorption at the water�
n-octane interface. It is known that there include three hydroxyl
groups in a Span 20 molecular as shown in Figure 1. The strong
interactions (hydrogen bonding) enable Span 20 molecular to
association easily, possibly causing Span 20 to form reversed
micelle in n-octane. This may be the reason that water-in-oil
emulsion forms after adding Span 20.7,13 When Span 20 con-
centration reaches a critical micelle concentration (cmc), the
equilibrium interfacial tension value almost remains constant

Figure 1. Molecular structure of Span 20.

Figure 2. Schematic diagram of the experimental apparatus: 1, pendant
drop cell; 2, thermostat; 3, sample cylinder; 4, motor proportioning
pump; 5, JEFRI 10-1-12-NA pump; 6, microscope; 7, video camera; 8,
computer.

Table 1. Equilibrium Interfacial Tension ofWater�n-Octane
at Different Temperatures and Span 20 Concentrations in
n-Octane Phase when at 0.1 MPa

C/g 3 kg
�1

γ/mN 3m
�1

T/K = 274.2 T/K = 278.2 T/K = 282.2 T/K = 293.2

0 53.14 52.68 52.21 50.92

0.014 25.24 24.69 24.26 23.01

0.028 22.45 21.43 21.61 19.40

0.042 19.19 18.38 17.87 16.38

0.056 18.01 17.36 16.87 15.12

0.070 16.77 15.64 14.72 12.85

0.084 15.50 14.46 13.53 11.48

0.098 14.60 13.40 12.65 10.51

0.14 13.25 12.03 10.56 8.36

0.28 9.80 8.93 8.13 5.65

0.42 8.54 7.41 6.67 5.65

0.56 7.87 7.40 6.67 5.66

0.70 7.86 7.41 6.66 5.65

0.84 7.87 7.41 6.67 5.66

1.41 7.86 7.41 6.66 5.65

Figure 3. Equilibrium interfacial tension of water�n-octane plus Span
20: �9�, 274.2 K; �O�, 278.2 K; �2�, 282.2 K; �]�, 293.2 K.
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with a further increase of the concentration of Span 20, and
the cmc of Span 20 in n-octane at different temperatures is listed
in Table 2. It can be found that with the increase of temperature,
the cmc shifts to a lower value.
Dynamic Interfacial Tension. Figures 4 to 7 show the

dynamic interfacial tension of water�n-octane plus Span 20 at
ambient pressure and the range of temperature from (274.2 to
293.2) K. A total of 14 groups of Span 20 concentration were
examined, which range from (0.014 to 1.41) g 3 kg

�1. In compar-
ison, the variation of trend in dynamic interfacial tension at four

temperatures is similar to each other. From Figures 4 to 7, it can
be seen that the dynamic interfacial tension value at a specified
temperature reduces rapidly in the first 100 s, then followed by a
gradual decrease. If at higher Span 20 concentration, the rapid
reduction of dynamic interfacial tension value at the initial stage
was more obvious.
Several models based on the diffusion-controlled adsorption

of single nonionic surfactant have been proposed to describe the
dynamic process.20�23 Similar to Rojas et al.,10 we used the
classical Ward and Tordai equation20 to build the relation
between equilibrium interfacial tension and dynamic interfacial
tension. This equation accounted for the diffusion of monomers
from the bulk to the interface and was given as follows:

ΓðtÞ ¼ 2C0
Dt
π

� �1=2
� 2

D
π

� �1=2Z ffiffi
t

p

0
Csdð

ffiffiffiffiffiffiffiffiffiffi
t � τ

p Þ ð1Þ

Table 2. The cmc of Span 20 for Water�n-Octane System

T/K 274.2 278.2 282.2 293.2

cmc/g 3 kg
�1 0.56 0.42 0.42 0.28

Figure 4. Dynamic interfacial tension between water and n-octane at
various Span 20 concentrations when at 274.2 K: �9�, 0.014 g 3 kg

�1;
�0�, 0.028 g 3 kg

�1;�b�, 0.042 g 3 kg
�1;�O�, 0.056 g 3 kg

�1;�2�,
0.070 g 3 kg

�1; �4�, 0.084 g 3 kg
�1; �1�, 0.098 g 3 kg

�1; �3�, 0.14
g 3 kg

�1; �[�, 0.28 g 3 kg
�1; �]�, 0.42 g 3 kg

�1; solid left-pointing
triangle, 0.56 g 3 kg

�1; open left-pointing triangle, 0.70 g 3 kg
�1; solid

right-pointing triangle, 0.84 g 3 kg
�1; open right-pointing triangle, 1.41

g 3 kg
�1.

Figure 5. Dynamic interfacial tension between water and n-octane at
various Span 20 concentrations when at 278.2 K: �9�, 0.014 g 3 kg

�1;
�0�, 0.028 g 3 kg

�1;�b�, 0.042 g 3 kg
�1;�O�, 0.056 g 3 kg

�1;�2�,
0.070 g 3 kg

�1; �4�, 0.084 g 3 kg
�1; �1�, 0.098 g 3 kg

�1; �3�, 0.14
g 3 kg

�1; �[�, 0.28 g 3 kg
�1; �]�, 0.42 g 3 kg

�1; solid left-pointing
triangle, 0.56 g 3 kg

�1; open left-pointing triangle, 0.70 g 3 kg
�1; solid

right-pointing triangle, 0.84 g 3 kg
�1; open right-pointing triangle, 1.41

g 3 kg
�1.

Figure 6. Dynamic interfacial tension between water and n-octane at
various Span 20 concentrations when at 282.2 K: �9�, 0.014 g 3 kg

�1;
�0�, 0.028 g 3 kg

�1;�b�, 0.042 g 3 kg
�1;�O�, 0.056 g 3 kg

�1;�2�,
0.070 g 3 kg

�1; �4�, 0.084 g 3 kg
�1; �1�, 0.098 g 3 kg

�1; �3�, 0.14
g 3 kg

�1; �[�, 0.28 g 3 kg
�1; �]�, 0.42 g 3 kg

�1; solid left-pointing
triangle, 0.56 g 3 kg

�1; open left-pointing triangle, 0.70 g 3 kg
�1; solid

right-pointing triangle, 0.84 g 3 kg
�1; open right-pointing triangle, 1.41

g 3 kg
�1.

Figure 7. Dynamic interfacial tension between water and n-octane at
various Span 20 concentrations when at 293.2 K: �9�, 0.014 g 3 kg

�1;
�0�, 0.028 g 3 kg

�1;�b�, 0.042 g 3 kg
�1;�O�, 0.056 g 3 kg

�1;�2�,
0.070 g 3 kg

�1; �4�, 0.084 g 3 kg
�1; �1�, 0.098 g 3 kg

�1; �3�, 0.14
g 3 kg

�1; �[�, 0.28 g 3 kg
�1; �]�, 0.42 g 3 kg

�1; solid left-pointing
triangle, 0.56 g 3 kg

�1; open left-pointing triangle, 0.70 g 3 kg
�1; solid

right-pointing triangle, 0.84 g 3 kg
�1; open right-pointing triangle, 1.41

g 3 kg
�1.
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where Γ(t) is the dynamic adsorption density, C0 is the bulk
surfactant concentration, D is the diffusion coefficient, Cs is the
subsurface concentration, τ is a dummy variable of integration,
π = 3.142, and t is the pendant drop hold time.
At the start of the adsorption process the subsurface concen-

tration is small and is neglected, yielding:

ΓðtÞ ¼ 2C0

ffiffiffiffiffi
Dt
π

r
ð2Þ

After a long time, the adsorption has nearly attained equilibrium,
and the subsurface concentration changes little with time; eq 1
approximates to:

ΓðtÞ ¼ 2

ffiffiffiffiffiffiffi
4Dt
π

r
ΔCs ð3Þ

where ΔCs = C0 � Cs.
If the adsorption process is diffusion-controlled, this change in

subsurface concentration ΔCs corresponds to a change in inter-
facial tension:

γðtÞ � γe ¼ dγ
dC

ΔCs ð4Þ

where γ(t) and γe are the dynamic and equilibrium interfacial
tension, respectively. Combining with Gibbs equation and eq 2,
the long time approximation can be written in the following
form:

γðtÞ ¼ γe þ
RTΓe

2

C0

ffiffiffiffiffiffiffi
π

4Dt

r
ð5Þ

where Γe is the equilibrium adsorption density.
To investigate the adsorption mechanism of Span 20 at the

water�n-octane interface, eq 5 was applied to analyze the
experimental data before the interfacial tension value attains a
plateau region. Figure 8 shows the plot of interfacial tension with
inverse of square root of pendant drop formation time at 278.2 K.
It can be found that at the beginning of the adsorption process,
γ(t) and t�1/2 are in an excellent linear relationship, while it

deviates obviously from the straight line at the end of adsorption
process. This result indicates that the adsorption process at the
initial stage is only diffusion-controlled. However, there is no
more simple diffusion control at the near-equilibrium stage. It
also shows that there exists an adsorption barrier for Span 20
from subsurface to interface, which may result from the molec-
ular interaction of Span 20. With the proceeding of adsorption,
the diffusion of Span 20 was restrained due to the strong
molecular interaction and incurs the adsorption barrier.

’CONCLUSIONS

The equilibrium and dynamic interfacial tension of water�
n-octane plus Span 20 were measured using the pendant-drop
apparatus. The experimental results show that a small amount of
Span 20 in n-octane is capable of decreasing water�n-octane
interfacial tension significantly. The temperature also contributes
a positive role to the decrease of equilibrium interfacial tension. A
critical concentration for Span 20 adsorption at the water�
n-octane interface was also determined, and it shifts to a lower
value with the increase of temperature. The dynamic interfacial
tension value at a specified temperature reduces rapidly at the
initial stage and then decreases slowly. A diffusion-controlled
model was applied to investigate the adsorption mechanism of
Span 20 at the water�n-octane interface. The results confirmed
that, at the beginning of the adsorption process, it was only
diffusion-controlled, but there is no more simple diffusion
control at the near-equilibrium stage.
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