
World Applied Sciences Journal 9 (10): 1121-1128, 2010
ISSN 1818-4952
© IDOSI Publications, 2010

Corresponding author: Mostafa Keshavarz Moraveji, Department of Chemical Engineering, Faculty of Engineering, 
Arak University, Arak 38156-8-8349, Iran,  Tel: +98-9363098063,  E-mail: m-moraveji@araku.ac.ir.

1121

Effect of an Anionic Surfactant on the Methane Hydrate Formation: 
Induction Time and Stability

Mostafa Keshavarz Moraveji, Arash Sadeghi, Alireza Fazlali and Reza Davarnejad 

Department of Chemical Engineering, Faculty of Engineering, Arak University, Arak 38156-8-8349, Iran 

Abstract: In this article, the effect of sodium dodecyl sulfate (SDS) as an anionic surfactant on the
thermodynamics, formation rate, formation kinetic, critical micellar concentration (CMC) and stability of methane
hydrate was studied. A CMC of SDS and water solution for methane hydrate formation conditions in a batch
process was measured at 450 ppm, where CMC was determined by hydrate induction time. Induction time was
obtained around 40 minutes at an optimum of CMC. Hydrate stability (dissociation rate) tests were performed
at  five   temperatures  of  268.2, 269.2,  270.2,  271.2  and  272.2  K  with  and  without  surfactant  promoters.
The experimental results showed that the gas hydrate formed at a high rate in presence of surfactant.
Furthermore, the dissociation rate of hydrate below the ice point increased at the same as conditions.
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INTRODUCTION mass-transfer  is  enhanced   between   gas   and  liquid

Gas hydrates are solid compounds that form when increased.
light  hydrocarbons or other small gaseous molecules There are a lot of researches on effects of surfactants
such as methane, ethane, propane, nitrogen and carbon on gas hydrate formation and dissociation rate.
dioxide are trapped inside cage formed by hydrogen Zhong and Rogers reported that the formation rate of
bonds from water molecules and stabilized due to van der gas hydrate in a static system increased multiple times
Waals forces at high pressure and relatively low (over 700) at above its CMC [5]. In this research, the SDS
temperatures. Gas hydrates generally have three different concentration for ethane and natural gas hydrate
crystal types involving I, II and H, which they have formation was around 242 ppm.
different number and size of the cavities in the unit cell [1]. Han et al. investigated that maximum gas hydrate

Natural gas hydrates (NGH) have been  recently formation for natural gas was at 300 ppm concentration of
noted for industrial purposes as a new method to store SDS [6].
and transport  natural  gas  in form of the NGH. Natural Karaaslan   et   al.   considered   the   methane  and
gas hydrates contain 150-180 gas volumes  over hydrate gas mixture (with 88.17% of propane) hydrate formation
volume (v/v) [1]. Application of NGH storage has not with an anionic surfactant (linear alkyl benzene sulfonic
been industrialized due to slow formation rate and the acid) [7].
volume of water that does not  react  with  methane  gas. Link et al. reported that SDS is the best surfactant for
Its reason is due to low solubility of  methane  gas in promoting methane hydrate formation [8].
water (only a thin film of hydrate is formed at the interface Sun et al. showed that micellar surfactant solutions
between water and methane gas [2]. increase the gas hydrate formation rate and storage

There   are   number   of  approaches  recommended capacity. According to this research, an anionic
to  increase  solubility   of gas  in water.   Further,  there surfactant, a nonionic surfactant, their mixtures and
are two methods in hydrate formation enhancement cyclopentane were used to improve the hydrate formation
including mechanical and chemical methods. The of a synthetic natural gas and their effects on hydrate
mechanical   methods    which    are    used   to  enhance formation was carefully compared [9].
the   hydrate   formation   mainly   include:   stirring  [3] Kim and Kim studied the methane and natural gas
and  spraying  liquids  using a nozzle [4]. By using a hydrate in order to transport large amounts of natural gas
certain quantity of thermodynamic or kinetic promoters, in form of solid [10].

and therefore hydrate formation can be efficiently
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Fig. 1: Schematic diagram of experimental set-up

Zhang et al. investigated the influence of additives Mandal and Laik studied effects of the anionic
such as alkylpolyglucoside (APG), sodium dodecyl surfactant such as SDS on ethane hydrate formation,
benzene sulfonate (SDBS) and potassium oxalate dissociation and storage capacity in a static system [16].
monohydrate (POM), on hydrate formation rate, hydrate The main purpose of this work is to investigate the
induction time, storage capacity in a static system [11]. effect of various concentrations of an anionic surfactant

Di Profio et al. determined the CMC of several (SDS) on methane hydrate formation rate, induction time
surfactants (such as sodium dodecyl sulfate (SDS), and stability.
sodium laurate (SL), sodium oleate (SO), 4-dodecyl
benzene sulfonic acid (DBSA) as anionic surfactants and Experimental
dodecyl amine hydrochloride (DAHCl) and dodecyl Materials: Sodium dodecyl sulfate (SDS) ((C H O SNa),
trimethyl ammonium chloride (DTACl) as cationic 99.99%) and methane gas (99.95%) were purchased from
surfactants) in water under hydrate formation conditions Acros Company and Technical Gas Services Company,
[12]. respectively. De-ionized water was locally prepared and

Gayet et al. showed that SDS prevents hydrate used in all tests.
particles from agglomerating and forming a rigid hydrate
film in the liquid-gas interface which would hinder further Apparatus: The schematic diagram of the experimental
hydrate formation [13]. set-up which is a custom fabricated apparatus is shown in

Pang et al. experimentally studied the effect of natural Figure 1. The cell was mounted on a pivot. The main part
gas storage in hydrates formation in presence of SDS in of set-up is a cylindrical high-pressure cell with
a static reactor. The experimental results showed that the dimensions of 8.4 cm in inner diameter, 21.4 cm in length
specific hydrate formation rate, the moles of gas and a total available volume of 1150 cm . It is made of
consumed per mass unit of water and time rapidly stainless steel and tested up to 150 bar. The cell was
decreased with increasing quantity of the loaded water equipped with a magnetically coupled rotary impeller
although the storage capacity reduction was not system that is a disk impeller with six  straight  blades
remarkable [14]. (also called a Rushton turbine). The stirring speed could

Zhang et al. reported that SDS addition reduces the be varied between 0-1200 rpm and it was kept at 400 rpm
induction time however a systematic trend was not in this study. A water bath (model: E200, manufactured by
observed between induction times and SDS Lauda Co.) which was able to maintain the temperature
concentrations ranged from 260 to 10000 ppm [15]. with accuracy of ±0.01 K from the set point was also used.
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There was a cooling jacket around the reactor which Robinson equation of state, respectively. Each experiment
ethylene glycol-water solution could circulate out of the was repeated to check the reproducibility of data.
reactor (inside the jacket). The high pressure cell was
equipped with a thermocouple (model: PT100 with Methane Hydrate Dissociation: For methane hydrate
accuracy of ±0.01 K) and a pressure transducer (model: dissociation purpose, the system temperature was
5436 Worenlos with accuracy of ±0.1 bar manufactured by gradually changed and enough time was given the system
Huba control Co.) to measure cell temperature and to reach equilibrium condition [13].
pressure. Those measuring devices were connected to a When hydrate formation was completed, the system
data-logger and a personal computer to record the was cooled down up to 268.2 K. The system was left for
temperature and pressure versus time. Temperature and 4 hours to reach equilibrium condition. Then, the remained
pressure were recorded every second throughout the gas in the cell was slowly purged and then the vent valve
experiments and averaged for every 60 seconds interval. was turned off. The system was left for 4 hours to for
The reactor had some valves for injecting and venting hydrate decomposition while pressure variation versus
gas. The other parts of the set-up are a vacuum pump to time was carefully recorded and the gas value released
evacuate the cell and a high pressure methane bottle to from the hydrate was calculated. The methane hydrate
supply the methane. was then heated by heating the reactor vessel with hot

Procedure dissociation process in four steps (269.2, 270.2, 271.2 and
Methane hydrate formation: A required amount of SDS 272.2 K). At each temperature, hydrate dissociation was
was weighed on an electronic balance (up to 3 decimal monitored for 4 hours. The cell was then allowed to warm
points) and was dissolved in 400 cm  of deionized water. up to the room temperature. The hydrate is separated from3

The cell was rinsed with deionized water two times. The absorbed methane gas. The hydrate storage capacity is
solution was then poured into the cell. Air was removed determined based on the maximum pressure provided by
from the cell by a vacuum pump and methane purging. the released methane inside the cell.
The methane gas was then injected into the cell up to
about 60 bars. RESULTS AND DISCUSSION

Initial temperature and pressure of each test were set
at 288.15 K and 60 bars, respectively. When the According  to  the  experiment, the hydrate reactor
equilibrium was obtained (temperature and pressure was filled with water and then saturated with methane gas
remained constant), the cooling process was started under the experimental conditions. The gas consumption
without mixing and the system temperature was slowly rate is equal to the rate of gas trapped in hydrate cages
decreased until 276.15 K. Initially, there was a slow (the hydrate formation rate). The experiments are done for
decrease in pressure due to dissolving methane gas in the different SDS concentrations (500, 700, 900 and 1100 ppm).
solution phase. After getting a certain period, sudden
drop of pressure at higher rate prepared growth and Hydrate Formation
nucleation of the hydrate. The magnetic stirrer with speed Hydrate Formation Thermodynamics: The Hydrate
of 400 rpm is then turned on. When the pressure of formation thermodynamics is considered by plotting
reactor reaches a constant value that means gas hydrate pressure versus temperature as shown in Figure 2.
formation was completed. The temperature and pressure According to this figure, there is a slight decrease in
were recorded versus time during hydrate formation at pressure (between temperatures of 288 and 276.2 K) due
every second. The amount of methane content in the cell to cooling. The cooling process affects on gas dissolution
at each time step during hydrate formation process was in water. The mixing is started at 276.2 K and hydrates
measured using the non-ideal gases law: formation is started and pressure rapidly drops until no

(1) 8 hours to complete). An impermeable hydrate layer

where: prevent gas dissolution in water.
P, V and T are the gas pressure, volume and temperature, During hydrate growth, temperature rapidly increases
respectively. R and Z are the gases constant and to a maximum and then it slowly decreases to the initial
compressibility factor which is calculated by Peng- temperature. The    pressure    monotonically    decreases

water jacket at a constant temperature to complete

further gas is consumed (this process requires more than

between liquid water and free gas phases forms. It will
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Fig. 2: Pressure system versus temperature during methane hydrate formation for pure water and various SDS
concentrations solutions

according to the equilibrium pressure. The temperature against various SDS concentrations and pure water. SDS
spike is due to releasing the latent heat of hydrate concentration increment effectively increases methane
formation which is faster than heat transfer inside the hydrate formation rate.
reactor wall [15]. Hydrate formation is started (at zero) by starting the

As  shown   in   Figure   2,   temperature    increases mixing. During this time, the system has 2.3 mole of free
(in comparison with the pure water) during the hydrate methane gas content. Further, free gas content decreases
formation with additive surfactants. Its reason is due to versus time due to the hydrate formation. The free gas
the hydrate formation exothermic behavior however a content reduction in hydrate formation process for SDS
systematic trend was not observed between pressure solution is more than pure water. Therefore, SDS
reduction and temperature increment when SDS was used. promoted hydrate formation although its concentration

Hydrate  Formation  Rate:  The  change  of free gas Free gas content reduction (hydrate formation rate) at
content versus time indicates the value of hydrate 500 ppm of SDS solution is more than the other SDS
formation rate in hydrate formation process. By applying concentrations. Hydrate formation rate at 700 ppm of SDS
the real gas law and using pressure and temperature solution is lower than 500 ppm of SDS solution. Hydrate
values, number of moles of free gas content in the reactor formation rate at 900 ppm of SDS solution is higher than
at each time was calculated. The free gas volume was 500 ppm of SDS solution and lower than 700 ppm of SDS
assumed constant during the hydrate formation process solution. Hydrate formation rate at 1100 ppm of SDS is
(volume changes due to the phase transitions were very similar to the 900 ppm of SDS solution.
neglected).

The consumption rate of natural gas during the Effect of Additives on Induction Time: Figure 4 shows
hydrate formation process was determined using the induction time comparison for various concentrations of
pressure and temperature data. The compressibility factor SDS solutions. Initial pressure, temperature and stirring
(Z) of real gas law (PV=ZnRT) was utilized (from Peng- rate were at 60 bar, 276.2 K and 400 rpm, respectively.
Robinson equation) to compute the number of moles of According to Figure 4, CMC was around 450 ppm. A
free gas in the cell at each time. logical trend is observed between induction time and SDS

Figure 3 shows the hydrate formation rate (change of concentration as similar trend was reported by Zhong and
free gas content in the cell versus time during mixing) Rogers for ethane hydrate formation [5].

was low.
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Fig. 3: Change in gas content during methane hydrate formation

Fig. 4: Comparison of induction time versus various SDS concentrations solutions

Hydrate Formation Kinetic: Hydrate formation rate can be since the hydrate rock layer is formed, the free gas
calculated using the recorded pressure and temperature content reduction disappears. It was assumed that the
(versus time). The moles number (n) of the consumed initial linear part of the data from second part gives more
methane and methane content are determined by the real realistic and deterministic results on surfactant effect on
gas law. Compressibility factor is calculated by Peng- hydrate formation [18]. In initial section of the second
Robinson equation of state. part, the slope of the gas content curve (rate of hydrate

Change of methane gas content in the hydrate formation) almost is constant during the first 30 minutes
formation process with four concentrations of surfactant which is after nucleation point [19]. A first-order reaction
is shown in Figure 3. As shown in this figure, there are equation is defined by the following equation [7]:
three parts. First part is started at time of zero where the
system has 2.3 moles (gas content) and pressure slightly N = N e (2)
decreases. This pressure reduction is due to the methane where:
dissolution in water. Second part is after the induction N, N , k and t are the total number of moles at time of t,
time where gas content linearly decreases. This recent initial number of moles, rate constant (s ) and time (s),
reduction is due to the hydrate formation. In the third part, respectively.  As shown  in  Figure 3, changes in free gas
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Fig. 5: Comparison of the formation rate constant for pure water and various SDS concentrations solutions at various
time zones

Fig. 6: Hydrate dissociation pressure versus time with and without SDS after 20 h

versus time do not show an exact linear trend throughout had   a   greater    effect    on   formation   rate  constant.
the hydrate formation process. So, the time zones were At time zone of 25-30 min, a solution with SDS
chosen as 0-5, 5-10, 10-15, 15-20, 20-25 and 25-30 minutes. concentration of 700 ppm had greater  effect.  These
Equation (2) was used to calculate hydrate formation rate results show that in the initial part of hydrate formation,
constant at various time zones. The results are shown in medium concentration of SDS (500 ppm) had the greatest
Figure 5. promotion effect on hydrate formation. In higher SDS

As  shown  in Figure 5, for any SDS concentration, concentrations (1100 and 900 ppm), the higher effect on
the  hydrate  formation  rate  constant  is  higher  than hydrate formation was observed however at the end
pure  water.  At  a  solution  with  SDS  concentration of (based on time), the greater promotion effect on the
500 ppm, SDS had greater effect than other concentrations hydrate formation process was observed at SDS
at  both  time  zones of 0-5 min and 5-10 min. At time zone concentration of 700 ppm.
of  10-15   min,  a  solution  with  SDS  concentration  of Figure 5 also shows formation rate constants for
900  ppm  had  the  highest value for hydrate formation various SDS solutions at various time zones. Initial
rate constant  while  in  at  time  zones  of 15-20 min and pressure, temperature and stirring rate were 60 bar, 276.2
20-25 min, a solution with SDS concentration of 1100 ppm K and 400 rpm, respectively.
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Hydrate Stability: Stability of the methane hydrate is an REFERENCES
important item in commercial storage and transport for
long distances. A set of experiments were conducted to
investigate the effects of SDS surfactant on the methane
hydrate dissociation rate as a criteria of stability. Figure 4
shows dissociation percentages for four concentrations
of SDS solutions and also pure water after 20 hours at five
temperatures of 268.2, 269.2, 270.2, 271.2 and 272.2 K.
Dissociation percentage is defined as the ratio of instance
pressure to the final pressure in complete dissociation.

The main reason for increasing the pressure of the
cell during dissociation is due to releasing gas from
hydrate crystals and free gas expansion however
temperature effect on pressure increment also is not
negligible.

As shown in Figure 4, the SDS increases the hydrate
dissociation percentage rate below the ice point. Similar
results have been reported in the literature [17].

Hydrate dissociation percentage is discussed by two
factors. The first one is the effect of the promoter on
formation of smaller particles that causes more
dissociation rate. The second factor is in presence of the
surfactant. In the recent case, gas consumption in hydrate
formation process is high. So, stability will be less and
dissociation percentage will be high.

At SDS solution of 500 ppm, the dissociation
percentage is higher than the other SDS solutions. After
20 hours (with temperature increment) the dissociation
percentage is about 47%.

Figure 6 shows hydrate dissociation pressure with
and without SDS after 20 hours. Initial pressure,
temperature and stirring rate were 60 bar, 276.2 K and 400
rpm, respectively.

CONCLUSIONS

The experiments were carried out to investigate the
effects of an anionic surfactant such as SDS on methane
hydrate formation, induction time and dissociation
percent. For consideration of the SDS concentrations
effect, various concentrations of SDS solutions (and three
extra concentrations of SDS solutions for consideration of
the induction time) and pure water + methane were
prepared. The critical micellar concentration at methane
hydrate formation conditions of a SDS solution was
measured  about  450 ppm. The experimental results
clearly  showed  that  the gas hydrate formed at a high
rate  in presence  of  surfactant and the dissociation rate
of hydrate below the ice point increased as well.
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