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ABSTRACT

The investigation of surface tension is a very important task for gas hydrate studying. Surfactants can effectively reduce
the surface tension, improve the gas storage capability of hydrate and increase the formation rate, shorten the induction
time. The objective of this study were to obtain a better understanding of the role of surface tension on hydrate forma-
tion and build gas hydrate models involve surfactant. In this study it was highlighted that the surface tension of Inte-
chem-01 + SDS composite surfactants in natural gas hydrate promotion system and the change rules at different tem-
peratures, concentration and proportion. According to the results of experiment, the surface tension of composite sur-
factants decreased with the increase of Intechem-01. The best cooperating effect was observed in proportion (Inte-
chem-01 content) of 0.6 - 0.7, where the surface tension was the lowest. In this proportion range, the composite surfac-
tants showed the same effect to pure fluorine carbon surfactant. The study shown the surface tension of composite sur-
factants decreased with the rise of temperature, and they were in a linear relationship within a certain range. Surface
tension of composite surfactants decreased with the increase of surfactant concentration, however, it was no longer de-
creased above critical micelle concentration (CMC). The fitting equation of surface tension with various factors has

been obtained.
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1. Introduction

Natural gas hydrate has huge gas storage capacity and the
technology of natural gas hydrate storage and transporta-
tion offers a new method for energy storage and trans-
portation. Compared with Liquefied Natural Gas (LNG)
and Compressed Natural Gas (CNG) natural gas hydrate
(NHG) has obvious advantages , which costs less and can
be operated stably. Gudmundsson et al. [1] confirmed
that methane gas can be stored long-term in hydrate
above 258.15 K at atmospheric pressure, while LNG
storage at 7= 111.15 K, and the price of natural gas hy-
drate device is only 25% of LNG. Using Sodium dodecyl
sulfate (SDS), tetradecyl sodium sulfate (STS) and so-
dium hexadecyl sulfate (SHS) as contrast experiments,
Okutani K [2] discovered STS at concentration of 100
ppm had the same positive effect to 1000 ppm SDS. Jef-
fry Yoslim’s experiment [3] studied the effect of SDS on
methane-propane gas hydrate and found that molar gas

Copyright © 2013 SciRes.

consumption increased 14 times in 242 - 2200 ppm SDS
compared with pure water system. The results were
caused by gas liquid contact area increasing since porous
hydrate forming. H. Ganji [4] found that the hydrate
formation rate increased by 35 times in 500 ppm SDS,
gas storage ability increased by one time. At temperature
of 274.15 K and pressure of 3.5 - 4.0 Mpa, Young-Ah
Kwon [5] used various anionic surfactant with different
length of carbon chain (C8,C10,C12) as hydrate pro-
moter and found surfactant with shorter carbon chain had
stronger promote ability. Multiple chain sulfate surfac-
tant had had better gas storage capacity than SDS even at
low concentrations, because of their lower critical mi-
celle concentration (CMC) and special surface tension.
Using drops method, Hu Luo et al. [6] measured the in-
terfacial tension of ethylene surfactant solution in differ-
ent temperature and pressure, and studied the influence
of pressure for CMC, the results of the study showed that
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the CMC decreased with increasing pressure. Y. Zhong
[7] investigated the effect of SDS on methane hydrate
formation, they found CMC of SDS is 242 ppm.

As mentioned above, the effect of some surfactant has
been studied, however, the current researches mostly
limited to the influence of factors such as surfactant dos-
age and concentration. The promotion mechanism of
additives is not very clear yet. The key effect of surfac-
tant is that it reduces the gas-liquid interface surface ten-
sion so that the diffusion resistance between two phase is
reduced and the gas molecules solubility is increased, as
a consequence, better mass transfer effects is gained.

This study was performed based on previous study [8]
which obtained the conclusion that using composite
promoting agents of CP (chemically pure) + SDS and
methylcyclohexane (MCH) + SDS can reduce the phase
equilibrium temperature and shorten the induction time.
The surface tension of Intechem-01 + SDS composite
surfactants and its changes with temperature, concentra-
tion and proportion has been investigated. The aim of the
study has been to reveal the essence of surfactant effects,
which is significance to find the relationship between gas
hydrate formation rate and surfactant kinds, dosage and
concentration and establish new hydrate kinetics model
containing surfactant factors.

2. Description of Experiments
2.1. Experimental Apparatus and Materials

The experimental apparatus produced by Shanghai Fan-
grui Inc is a QBZY series automatic surface tension de-
termine instrument. Laboratory reagent are Perfluori-
nated alkyl ether glycol amine salt type anionic fluoro-
carbon surfactant (Intechem-01), industrial grade,active
matter content > 99% and sodium dodecyl sulfate (SDS),
industrial grade, active matter content > 86%.

2.2. Experimental Procedure

Composite Surfactants whose ratios (the proportion of
fluorocarbon surfactant in the total active agent quality)
are 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, respec-
tively were prepared before experiment. 0 represents for
pure SDS, 1 represents for pure fluorocarbon surfactant.
Solution concentration is between 0.01% - 0.9%. 2. Sur-
face tension values of measured samples at different con-
centrations and proportions, temperatures of 283.15 K,
288.15 K, 293.15 K, 298.15 K and 303.15 K, respectively,
were measured by tensiometer. Record the experiment data.

3. Results and Discussion

3.1. Surface Tension Properties of Pure
Surfactant Liquid

In Figure 1(a), is represented the surface tension changes
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of Sodium dodecyl sulfate along with the concentration
at 298.15 K. As is shown, the critical micelle concentra-
tion (CMC) of sodium dodecyl sulfate is 1.5%, the low-
est surface tension is 34 mN/m [9]. Figure 1(b), is rep-
resented the surface tension changes of pure fluorocarbon
surfactant (Intechem-01) along with the concentration at
298.15 K, the critical micelle concentration is about
0.08%, and the lowest surface tension is 16.8 mN/m. By
comparison, it is known that the fluorocarbon surfactant
shows better surface activity in low concentration.

Figure 2 shows the surface tension changes of Inte-
chem-01 solution along with concentration at different
temperatures, and concentration between 0% - 1%, The
higher temperature is, the lower surface tension, and the
surface activity effects of solution are more evident The
higher concentration is, the lower surface tension is, the
surface tension has dropped sharply at concentration of
0% - 0.1% and did not reduced when the concentration
exceeds 0.1%. The lowest surface tension is 16.2 mN/m
and 17.1 mN/m at 303.15 K and 283.15 K. Fluorocarbon
surfactant is better than the hydrocarbon surfactant in
terms of amount and activity.

3.2. Surface Tension Properties of Composite
Surfactant Solutions

Pure Intechem-01 solution has good surface capability at
very low concentrations, given its expensive price, we
used composite surfactant of fluorocarbon surfactant and
hydrocarbon surfactants such as SDS.

When Intechem-01 and SDS are mixed, the oxygen
combines with H+ and owns a amount of positive charge
[10], molecular interactions are strengthen. It is easy to
make a mixed micelle with better effect of combination.
The above conclusion can be concluded in Figures 3-6.
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Figure 1. Surface tension of pure SDS solution and pure
Intechem-01 solution.
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Figure 2. Surface tension of pure Intechem-01 solution with

the concentration at different temperature.
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Figure 3. Surface tension in different ratio at a concentra-
tion of 0.01%.
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Figure 4. Surface tension in different ratio at a concentra-
tion of 0.05%.
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Figure 5. Surface tension in different ratio at a concentra-
tion of 0.07%.
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Figure 6. Surface tension in different ratio at a concentra-
tion of 0.1%.

Usually fluorocarbon surfactants have more surface ad-
sorption capability than hydrocarbon surfactant [11]. The
fluorocarbon surfactant is readily to be absorbed in sur-
face saturated adsorption layer of combination solution
than hydrocarbon surfactant, which makes solution tends
to shows low surface activity like fluorine carbon surfac-
tant. But, the hydrocarbon surfactant with too long hy-
drocarbon chain is not fit to be chosen, because the
overlong hydrocarbon chain can make solution more like
hydrocarbon surfactant and increase the surface tension.
Two kinds of surfactant with similar hydrophobic chain
length had better be chosen as far as possible [12].

3.3. Incidence Formula

3.3.1. Incidence Formula of Surface Tension and
Temperature
1) Linear correlation
From Figures 3-6, it is easy to see surface tension and
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temperature are approximate a linear relationship. With
the increase of temperature gas, fluid properties and the
corresponding molecule force are get to closer, surface
tension is decreased, o is zero at the critical point. When
the contrast state temperature 7, is in range of 0.4 - 0.7,
simple linear correlations are commonly used.

o=a+bT @)

where T is the absolute temperature, when the concentra-
tion is 0.01%, at various proportions, the use Equation (1)
to associate surface tension and temperature.

According to Table 1 and Figure 7, it is known that at
certain temperature range, when the concentration of
sodium dodecyl sulfate + fluorocarbon surfactant mixture
is 0.01% ,the results of surface tension and temperature
measured with platinum plate method (in atmospheric
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Figure 7. Relationship between surface tension of combina-
tion solution and temperature (0.01%).

Table 1. The related results of surface tension of combina-
tion solution and temperature (0.01%60).

proportion a error b error SD
0.1 75.116 8.315 -0.17 0.028 0.448
0.2 76.387 9.261 —0.18 0.032 0.499
0.3 79.757 9.432  —0.196 0.032 0.509
0.4 70.816 5.491 —0.17 0.018 0.296
0.5 67.450 1.885 —0.162 0.006 0.102
0.6 42.598 1.123 —0.082 0.004 0.061
0.7 42.678 2418  -0.082 0.008 0.130
0.8 42512 1.173 —0.08 0.004 0.063
0.9 43.258 1.759  —0.082 0.006 0.0949

where a, b are fitting parameters; a nodal increment; b slope; Error is the
fitting standard error parameters; SD is Standard deviation.
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pressure) show good linear relationship, linear correla-
tion coefficient are greater than 0.96. Measured values
and the fitting line can be a very good conform, Equation
(1) can be used to associate and forecast

2) Corresponding state index correlation

When the temperature range is a little higher corre-
sponding state index incidence Equation (2) can be used
to relate temperature.

1-T. )
o =0, - ()
I_Trl
where o7 is surface tension in reduced temperature 7,q,
T, is reduced temperature, n is correlation coefficient

(according to different types of solution n can take fixed
value)

3.3.2. Incidence Formula of Surface Tension and
Concentration

Here lists the relationship between surface activity and

concentration at temperature of 298.15 K.

Figure 8 is represented the relationship between sur-
face tension and concentration at different proportion at
the temperature of 298.15 K. It can be concluded that
surface tension and concentration are positive correlation
at low concentration. As is shown in Figures 1 and 2,
surface tensions increase with decreasing of surfactant
concentrations at the beginning, but when concentration
exceeded critical micelle concentration (CMC), surface
tension did not change with concentration. At certain
temperature, the relationship of surface tension of pure
Intechem-01 surfactant solutions and concentration
shown in Figure 2 was related by Origin7.5 [13]. Ac-
cording to the change rules of surface tension along with
concentration, decaying exponential function Equation (3)
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Figure 8. Relationship between surface tension and concen-
tration at different proportion (298.15 K).
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can be used to relate concentration.
o =0, +exp(—x/t,) (3)

The experimental data shown in Table 2 and Figure 9
have good fitting relationship, the relationship between
surface tension and the concentration is index the at-
tenuation relationship, nonlinear relationship.

3.3.3. Incidence Formula of Surface Tension and
Proportion

Here only lists the relationship of surface activity and

ratio at a temperature of 303.15 K.

Figure 10 demonstrates the synergistic effect of SDS
and fluorocarbon surfactant. When the ratio is between
0.1 - 0.6, surface tension decreases with the increase of
the content of Intechem-01. But the ratio is between 0.6 -
1, surface tension rises slightly with the increase of the
content of Intechem-01. It is concluded it is incorrect that
the more of high performance surfactant, the better of
ratio effect. The best ratio result is gotten at ratio of 0.6 -
0.7.

1) Polynomial incidence formula of Solution propor-
tion

Surface tension and proportion are second-degree pa-
rabola relationship, polynomial Equation (4) can be used
to fit.

0'20'0-1-Ax-|-15’T2 4)

where A4, B is correlation coefficient, related results and
fitting graphics are shown in Table 3 and Figures 11-12,
fitting effect is good.

Table 2. The related results of surface tension.
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Figure 9. Fitted curve of surface tension (298.15 K).
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Figure 10. Relationship between surface tension and pro-
portion in different concentrations (303.15 K).

Table 3. Correlation results of surface tension and propor-
tion at different concentration (303.15 K).

Concentration (%) oy A B R-square  SD
0.01 24986 -21.504 16.104 0.995 0.151
0.03 23.898 -19.699 14.199 0.991 0.193
0.07 21.286 -15.636 11.786 0.946 0.353
0.08 21.093 -13.596 9.946 0.978 0.201
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Figure 11. Measurement data and fitting relationship of
surface tension (concentration 0.01% and 0.03%, 303.15 K).

2) Incidence formula of temperature and proportion

The relationship between surface tension temperature
and proportion can be fitted by quadratic polynomial.
Parts of related results of SDS and Intechem-01 are
shown in Table 4. If temperature range is low, the quad-
ratic component in Equation (5) can be deleted.
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Figure 12. Measurement data and fitting relationship of
surface tension (concentration 0.07% and 0.08%, 303.15 K).

Table 4. Polynomial fitting results.

Concentration (%) Ay A A, By B, B,
0.06 65.675 45274 27939 0.143 0.091 0.048
0.07 67.697 53.040 35.764 0.153 0.121 0.077
0.08 72.058 75.726 56.696 0.171 0.208 0.156
0.09 74418 89.612 70.398 0.182 0.263 0.208
0.1 71.818 73.452 44.201 0.178 0.220 0.129
2 . .
o= (4x +BxT) (5)
i-0

where 4 and B are fitting parameters.
Fitting parameters of concentration 0.1% were substi-
tuted into Equation (5) and Equation (6) is obtained.

o =71.818-0.178T —73.45x

(6)
+0.22Tx +44.201> —0.1297x*

4. Conclusions

1) Surface tension was considered in natural gas hy-
drate formation dynamic model, which can more accu-
rately analysis and forecast hydrate formation process
and calculate change process of phases. The minimum
surface tension of fluorocarbon surfactant was 16.8 mN/m
in this experiment, and critical micelle concentration was
0.08%. The surface tension was reduced effectively when
SDS blends with fluorocarbon surfactant, which reduces
usage amount of fluorocarbon surfactant and cut the ex-
penditure. In best ratio of 0.6 - 0.7 conditions, the surface
tension was the same with pure fluorocarbon surfactant.

2) It was obtained that surface tension of composite
surfactants and temperature were linear relation in a
range, and the linear correlation coefficients were above
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0.96; Solution surface tension and concentration were
attenuation function index relationship, surface tension of
composite surfactants decreased with increasing concen-
tration. Exceeding the critical micelle concentration (CMC),
Surface tension won’t change with concentration. And
the linear correlation coefficients were above 0.94. Sur-
face tension and proportion were two-polynomial rela-
tionship and it decreased with increasing proportion. It
was lowest at the best ratio, the linear correlation coeffi-
cients were also above 0.94.

3) Because the high pressure in natural gas hydrate re-
actor, pressure factors effects on surface tension must be
taken in to consideration. It was more accurate that using
contrast state method and the structure method to fore-
cast surface tension, which can effectively solve difficul-
ties of gas hydrate solution surface tension measurement
in high pressure.
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