Front. Energy 2020, 14(3): 443451
https://doi.org/10.1007/s11708-020-0683-2

RESEARCH ARTICLE

Quan CAQO, Dongyan XU, Huanfei XU, Shengjun LUO, Rongho GUO

Efficient promotion of methane hydrate formation and
elimination of foam generation using fluorinated surfactants

© Higher Education Press 2020

Abstract Methane hydrate preparation is an effective
method to store and transport methane. In promoters to
facilitate methane hydrate formation, homogeneous sur-
factant solutions, sodium dodecyl sulfate (SDS) in
particular, are more favorable than heterogeneous particles,
thanks to their faster reaction rate, more storage capacity,
and higher stability. Foaming, however, could not be
avoided during hydrate dissociation with the presence of
SDS. This paper investigated the ability of five fluorinated
surfactants: potassium perfluorobutane sulfonate (PBS),
potassium perfluorohexyl sulfonate (PHS), potassium
perfluorooctane sulfonate (POS), ammonium perfluorooc-
tane sulfonate (AOS), and tetracthylammonium perfluor-
ooctyl sulfonate (TOS) to promote methane hydrate
formation. It was found that both PBS and PHS achieve
a storage capacity of 150 (V/V, the volume of methane that
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can be stored by one volume of water) within 30 min, more
than that of SDS. Cationic ions and the carbon chain length
were then discussed on their effects during the formation. It
was concluded that PBS, PHS, and POS produced no foam
during hydrate dissociation, making them promising
promoters in large-scale application.
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1 Introduction

Methane, as a clean energy source, has been applied not
only in people’s daily life, but also plays a crucial part in
the traffic and chemical industry. It is estimated that its
natural reserve can serve mankind for as long as 1000 years
[1,2]. Producing methane by fermentation with waste and
straw was a great breakthrough [3—7]. However, methane
storage and transportation are two major challenges due to
the fact that methane molecules can only be liquefied at a
very low temperature of —161.5°C at atmospheric pressure
[8]. Methane hydrate is an ice-like compound composed of
methane molecule in the cage crystal center surrounded by
water molecules with non-stoichiometric mole ratio [9—
11]. It has been, therefore, considered as a potential
compound to store methane under mild conditions. One
volume of water could theoretically store 172 volumes of
methane in maximum for methane hydrate [12]. Methane
hydrate can be stored at —20°C for 3 months at atmospheric
pressure [13,14]. As increasing attention has been paid to
methane hydrate synthesis, great progress has been made.
Promoters are necessary to facilitate methane hydrate
formation. These surfactants able to reduce the surface
tension of water in an aqueous solution have been proved
to be excellent promoters [15-20]. Among the surfactants,
anionic ones, especially those bearing sulfate or sulfonate
groups, including sodium dodecyl sulfate (SDS) and
sodium dodecyl sulfonate (AS) are excellent choices due
to their fast reaction rate and high storage capacity [21-23].
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However, both of the two surfactants would generate large
quantities of foam during hydrate dissociation [24,25].
Foaming would lead to loss of surfactants and pollution on
the equipment, which further affect their recycling. Lower
surfactant concentration is a method to eliminate the foam.
But this will significantly reduce its activity. In addition,
heterogeneous promoters have also been developed. For
instance, amphiphilic-polymer-coated carbon nanotubes,
grafting of nano-Ag particles on —SO; coated nanopoly-
mers, —SO; coated graphene oxide nanosheets and —
SO; coated nanopromoters have been employed as
methane hydrate promoters which largely alleviated foam
formation [26—32]. Nevertheless, the above heterogeneous
promoters are inferior to SDS in methane hydrate
formation rate. Besides, long-term storage stability is
another challenge for their utilization. It is hence necessary
to develop novel homogeneous promoters with both a fast
reaction rate and a low foam generation. Wang et al. have
compared the activity of SDS with sodium dodecyl
benzene sulfonate (SDBS) in methane hydrate formation.
They have found that the surface tension and contact angle
are two factors affecting the formation rate and growth
pattern of the hydrate [33]. SDS with a weaker surface
tension and a smaller contact angle shows a faster hydrate
growth than SDBS. The difference between SDS and
SDBS in wettability makes their hydrate growth one
upward and the other only at the bottom of the reactor [33].
Foam eventually breaks down due to its instability. For a
surfactant with a long alkyl chain length as SDS, its foam
would be around for a long time owing to the weak surface
tension and high film strength. To alleviate foam genera-
tion, surfactants with a shorter alkyl chain length are better
choices than those longer ones. But they are inefficient in
reducing the surface tension and contact angle [34],
resulting in low activities in methane hydrate formation.

Fluorinated surfactants (FS) are known to be more
surface active than hydrocarbon surfactants (HS) even if
their carbon chain length is shorter than that of HS [35,36].
However, their application in methane hydrate has not
been studied yet. In this paper, commercial FS bearing the
sulfonic group are employed as promoters for methane
hydrate formation. The effects of their carbon chain length
and cationic ions on reaction rate, methane storage
capacity and foam generation are also discussed.

2 Experimental section
2.1 Materials

The potassium perfluorobutane sulfonate (PBS), potassium
perfluorohexyl sulfonate (PHS), potassium perfluorooc-
tane sulfonate (POS), ammonium perfluorooctane sulfo-
nate (AOS), and tetracthylammonium perfluorooctyl
sulfonate (TOS) used in the experiment were produced
by Wuhan Silworld Chemical Co., Ltd., China. The

sodium dodecyl sulfate (SDS), KCI, NH4Cl and KOH
were produced by China National Pharmaceutical Group
Co., Ltd., China. The tetraethyl ammonium hydroxide
(25% aqueous solution) was produced by Yancheng
FineChem Co., Ltd., China. The deionized water with a
conductivity of less than 0.014 ps/cm at 293.15 K was
made in the laboratory where the experiment was
conducted.

2.2 Characterization methods

The surface tension of the fluorinated surfactant solution
was measured using a Teclis Tracker HT-HP surface
tension tester. The contact angle of the surfactant solution
with the vessel wall was measured using a JC2000D1
contact angle analyzer. The viscosities of the surfactant
solutions were analyzed using a Brookfield DV2T
viscometer at 100 r/min.

2.3 Methane hydrate formation

The methane hydrate was prepared in an 80 mL autoclave
made of 316 L stainless steel with a maximum pressure
capability of 20 MPa. In a typical reaction, 10 mL of
surfactant solution was charged into the autoclave which
was sealed and placed in a thermostatic water bath. After
reaching the desired temperature, the reactor was purged
three times with methane and pressurized to a certain
pressure. Then, stirring started at 300 r/min. The evolution
of the pressure and temperature during methane hydrate
formation was recorded by a computer. The schematic
representation of the methane hydrate formation apparatus
was shown in Scheme 1.
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Scheme 1 Graphical representation of hydrate formation apparatus.

After the methane pressure reached a constant value, the
unreacted methane gas in the vessel was released at
atmospheric pressure. Then the vessel was taken out from
the cooling bath and opened immediately to observe the
morphology of the methane hydrate formed. The whole
process was completed within two minutes.

The methane consumed at time ¢ (#,) in the methane
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hydrate formation process was defined as the mole of
methane required per mL of water. n, was calculated
according to the following formulas which were derived by
Wang et al. [32,37].
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where Py, Vo, and Ty represent the pressure, the volume,
and the temperature of the gas phase at time 0; P, V;, and T,
represent the pressure, the volume, and the temperature at
time #; R, m, and AV represent the universal gas constant,
the hydration number, and the molar volume difference
between water and methane hydrates, which has been
reported to be 4.6 cm® per mole of water; and Z, and Z,
represent the compressibility factor at time 0 and ¢. P, and
T. represent critical pressure and critical temperature
respectively. For methane, w, P, and T, are 0.012, 4.599
MPa, and 190.6 K, respectively according to the literature.

The methane storage capacity (Cs) corresponding to the
volume of methane that can be stored by one volume of
water (V/V) of the methane hydrates formed at time ¢ can be
calculated by using

o X Ving X Vi
S Ve X (Viw + AV

®)

where n,, Vine and Vi, represent the methane consumption
at time ¢, the molar volume of gas and the molar volume of
water at standard temperature and pressure; V., is the
volume of water used in gas hydrate formation; and AV is
the molar volume difference between hydrates and water.

3 Results and discussion
3.1 Measurement of surface tension and contact angle

According to the conclusions drawn by Wang et al., the
SDS with a weaker surface tension and a smaller contact
angle than that of SDBS results in a faster reaction rate, a
higher methane storage capacity, and an upward hydrate
growth pattern, because of the fact that a weak surface
tension is beneficial for the diffusion of methane from the
gas to the liquid phase and is thus favorable for the contact
of methane with water [33]. Correspondingly, a weaker
surface tension results in a smaller contact angle and water
is sucked up along the side wall of the reactor due to the

capillary effect. That is the reason for the growth of the
hydrate obtained from SDBS with a low contact angle only
at the bottom of the reactor. Therefore, the surface tension
and contact angle of the surfactant solution of fluorinated
surfactants were investigated owing to their important
role in hydrate formation with the results shown in Figs. 1
and 2.
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Fig. 1 Surface tension of fluorinated surfactants at 20°C.
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Fig. 2 Contact angles of fluorinated surfactant solutions at 20°C.

In Fig. 1, the surface tension decreases upon increasing
the surfactant concentration before it reaches a nearly
constant value, revealing that the micelles are formed [38].
At the same concentration, for example 4 mmol/L, the
surface tension decreases following the order of PBS, PHS,
POS, AOS, and TOS. This is predictable because a longer
C-F chain would make the surfactant more easily adsorbed
at the interface, which reduces the surface tension [38].
The minimum surface tension for PBS, PHS, POS, AOS,
and TOS are around 42, 21, 23, 20, and 19 mN/m
respectively. The counter-ions could compress the double-
layer of the surfactants and make them combine closely
[39]. Therefore, the surface tension and critical micelle
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concentration are reduced after the addition of salts. Figure
1 further demonstrates that NH, and tetraethylammonium
ion are more capable of compressing the double-layer than
K*. Thus the surface tension of AOS and TOS are lower
than that of POS at the same concentration.

A weaker surface tension generally leads to a smaller
contact angle [39]. Therefore, in Fig. 2, as the concentra-
tion increases, the contact angle of all surfactants decreases
correspondingly. At the same concentration, the contact
angle reduces following the order of PBS, PHS, POS,
TOS, and AOS.
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3.2 Methane hydrate formation with fluorinated surfactants

The five fluorinated surfactants were all tested for their
ability to promote methane hydrate formation as depicted
in Fig. 3. In general, the hydrate formation is a two-stage
process. The first is called an induction period in which the
methane pressure keeps almost at a constant value and the
hydrate grows slowly until the nucleus is large enough to
initiate the second stage, which is called the growth period
[32]. During that time period, the methane pressure
decreases quickly. As can be observed in Fig. 3, most of
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Fig. 3 Methane consumption versus time for fluorinated surfactants at 300 r/min, a temperature of 2°C, and a pressure of 6 MPa.
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the FS changes slightly in methane storage for some time
and then increases sharply until reaching a plateau. The
induction time and maximum methane storage capacity are
listed in Table S1 (Electronic Supplementary Material).

For PBS, at a low concentration of 1 mmol/L, the
induction time needed is as long as 65 min. But increasing
the concentration from 1 mM to 30 mM would shorten the
induction time. Since the surfactant could facilitate the
formation of methane hydrate, increasing its concentration
would theoretically lead to a shorter induction time and a
higher methane storage capacity. However, as revealed in
Fig. 3 and Table S1, a higher concentration of the
surfactant would not necessarily lead to a better methane
hydrate formation. PBS reaches its minimum induction
time at 4 mmol/L while the maximum methane storage
capacity is obtained at 30 mmol/L. For PHS, when the
concentration is more than 4 mmol/L, a less than 10 min of
induction time is needed and the maximum methane
storage capacity reaches 156 (V/V) at 10 mmol/L. As the
solubility of PHS at room temperature could not exceed 13
mmol/L, further increase in its concentration was not
investigated. For POS, a minimum induction time of 7 min
and a maximum methane storage capacity of 153 (V/V) are
reached at 4 mmol/L and 0.7 mmol/L respectively. POS is
not soluble above 4 mmol/L. Different from the afore-
mentioned three surfactants, AOS achieves a high storage
capacity of 152 (V/V) at 1 mmol/L. Increasing its
concentration to 7 mmol/L results in dramatical decrease
in methane storage capacity to only 46 (V/V). It is also
inferior to PBS, PHS, and POS in promoting rate. In the
case of TOS, in the range of 0.7 mmol/L to 7 mmol/L, less
than 50 (V/V) is achieved even the time is prolonged to 600
min. Under the same reaction condition as that in Fig. S1, it
is found that SDS (5 mmol/L and 7 mmol/L) achieves a
maximum storage capacity of 141 (V/V) in this paper. The
above results suggest that PBS, PHS, and POS are more
efficient than SDS in methane storage capacity under
optimum conditions without considering the concentra-
tions of surfactants.

A weak surface tension makes it easier for methane to
diffuse from gas phase to liquid phase, leading to a better
contact between methane and water. However, the surface
tension alone cannot explain the slow growth rate of AOS
and TOS, because both of them are very low in surface
tension. Seen from Fig. 3, only AOS at 1 mmol/L achieves
a methane storage capacity as high as 152 (V/F) within a
time as long as 150 min. Increasing the concentration of
AOS and TOS from 1 mmol/L to 7 mmol/L does not
improve their activities, which could be ascribed to the
cations ammonium and tetracthylammonium. To clarify
whether the two cations could make the surfactant inert in
hydrate formation, ammonium chloride and tetraethylam-
monium hydroxide (TEAOH) were added into the PHS
solution (7 mM) with the results illustrated in Fig. 4. The
effects of KCI and KOH were also investigated to rule out
the impact of anions CI and OH™ added. From Fig. 4, it is
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Fig. 4 Effects of salts added on hydration formation at 300 r/min,
a temperature of 2°C, and a pressure of 6 MPa.

noticed that the addition of NH4Cl and KOH does not
affect the activity of PHS. KCl only prolongs the induction
time but with no impact on the maximum storage capacity.
Similar to the results in Fig. 3 (TOS), the addition of
TEAOH into PHS solution decreases the hydrate growth.
Thus it is concluded that tetracthylammonium ion could
make active anion perfluorooctyl sulfonate inert. Different
from Fig. 3 (TOS), PHS (7 mmol/L) and TEAOH (7 mmol/
L) could still achieve a maximum storage capacity of 144
(V/V) after 350 min.

It is not true that a higher concentration of the five
fluorinated surfactants would certainly lead to a higher
storage capacity. It is the optimum concentration that really
achieves the maximum methane storage capacity. The
reason for this is that the surfactant itself is a salt which can
bound water molecules around it. Therefore, increasing the
surfactant concentration blindly will hinder the formation
of methane hydrate in this respect.

Except promoters themselves, mass transfer is also an
important factor for hydrate formation. Therefore, the
viscosities of the surfactant solutions were measured
with the results shown in Table 1. PBS (40 mmol/L),
PHS (10 mmol/L), POS (4 mmol/L), AOS (1 mmol/L), and

Table 1 Viscosities of surfactant solutions at 20°C

Surfactant Concentration/(m-mol-L ™) Viscosity/(mPa-S)
PBS 40 2.9
PHS 10 3.1
POS 4 2.8
AOS 1 3.4
AOS 4 6.7
AOS 7 8.2
TOS 1 3.6
TOS 4 7.1
TOS 7 8.7
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TOS (1 mmol/L) all have a low viscosity of about 3 mPa-S.
Increasing the concentration of AOS and TOS from 1
mmol/L to 7 mmol/L leads to an increase in viscosity from
3 mPa-S to 8 mPa-S. This is due to the growth of micelles
from globe to rod and even wormlike [40]. The changes in
viscosity may be one reason for the deactivation of AOS
and TOS when their concentration increases.

3.3 Foam generation during hydrate dissociation

For aqueous surfactant solutions, when being sloshed or
with gas passing through them, foaming becomes an
important parameter to evaluate a surfactant used in
hydrate production. However, foam is thermodynamically
unstable and finally disappears. It was suggested that foam
with a lower surface tension, a higher membrane strength
and viscosity would last longer [41]. Foam is produced
during the process of methane hydrate dissociation. If the
foam maintains stable, the continuous gas flow would raise
the height of the foam, which explains the fact that when
SDS is used as a promoter, the foam would go along the
pipe with the gas flow during the dissociation of hydrate.
Besides, it is full of foam when the vessel is opened. In the
present paper, when PBS, PHSs and POS were employed
as promoters, no foam was observed after the reactor was
opened as displayed in Fig. 5. The hydrates decomposed in
a very smooth way until they completely became
homogeneous solutions. But for AOS and TOS, a lot of
foam could be seen both in the reactor and gas outlet. All
the five FS demonstrated an upward growth pattern. Figure
2 displays their respective contact angles which are all
lower than 90°, suggesting the wettability of the solution
with the vessel sidewall. Figure 5 demonstrates the foam
generated by SDS, AOS, and TOS.

It was observed in Fig. 5 that no foam was generated

AOS 7 mmol/L

TOS 7 mmol/L

SDS 4 mmol/L

Fig. 5 Photographs of hydrate dissociation.

when the hydrate from PBS, PHS, and POS was
dissociated. To better understand the above conclusion,
the PBS, PHS, and SDS solutions in transparent glass
bottles were violently shaken for ten seconds and then left
still for 5 min with their photographs shown in Fig. 6.
Figure 6 reveals that the foam produced by PBS at 30
mmol/L has completely vanished. Only a little foam still
remain around for PHS at 10 mmol/L. SDS produced a
higher foam height than that of PHS at 10 mmol/L even at
a low concentration of 1 mmol/L. At 4 mmol/L, the bottle
is full of foam. The stability of the foam in Fig. 6 facilitate
the further understanding of the reason why PBS, PHS, and
POS produces no foam in Fig. 5. It could be explained by
the weak film strength of PBS, PHSs and POS resulted
from their short carbon chain length. For AOS and TOS,
the cations ammonium ion and tetraethylammonium ion
could help stabilize the foam.

Fig. 6 Photographs taken five minutes after violently shaking
the surfactant solutions (from left to right: PBS 30 mmol/L; PHS
10 mmol/L; SDS 1 mmol/L; SDS 4 mmol/L).

3.4 Effects of temperature and pressure

As noticed in Fig. 3, PHS at 10 mmol/L is superior to the
other surfactants considering both the reaction rate and
storage capacity. It is therefore significant to investigate the
effects of temperature and pressure. The results are
exhibited in Fig. 7. Increasing the temperature from 2°C
to 4°C at an initial pressure of 6 MPa prolongs the
induction time from 6 to 215 min and lowers the maximum
storage capacity from 156 (V/V) to 130 (V/V). At the same
temperature of 2°C, reducing the initial pressure from 6 to
4 MPa leads to a maximum storage capacity decreasing
from 156 (V/V) to only 51 (V/V). However, when the initial
pressure is 3 MPa, no hydrate is formed as indicated by the
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drop of the pressure even after 24 h. At a fixed temperature,
a minimum pressure is needed to initiate the reaction. The
results further verifies the statement that the low
temperature and high pressure are favorable for the
formation of hydrate. The reason for this is that the high
pressure increases the solubility of methane in aqueous
solution, and as is known to all, low temperature
contributes to the transformation of liquid to solid.

recycling. After releasing the residual methane gas, the
vessel was placed at room temperature for two hours to
make sure that the dissociation of the hydrate is complete.
Then, the next cycle was started. Observed from Fig. 8, a
storage capacity of approximately 140 (V/V) could be
achieved in less than 40 min for PHS (10 mmol/L) even
without stirring, only a little inferior to the maximum
storage capacity (156 V/V) in Fig. 3 under stirring. After
being recycled for 5 times, PHS does not lose its activity at
all, suggesting its high stability.

180
(PHS 10 mmol/L)
o 4 Conclusions
g 140 + rf
£120¢ sl . Five anionic fluorinated surfactants with sulfonate group
§ 100 L were employed as promoters for methane hydration
% sol —=—4°C 6 MPa formation. A storage capacity of more than 150 (V/F)
5 e 2°C 4 MPa could be achieved by PBS, PHS, POS, and AOS under
s 607 e 2°C 5 MPa optimum conditions. Considering both the reaction rate
% 40 e 29C 6 MPa and storage capacity, PHS (10 mmol/L) demonstrated the
= 5 best activity. The higher viscosity of AOS and TOS may be
one reason for their inactivation. During the dissociation of
00 o o 60 700 methane hydrate, foam was eliminated for PBS, PHS, and
Time/min POS due to the low film strength stabilized by these short

Fig. 7 Hydrate formation at 300 r/min, different temperatures,
and pressures.

3.5 Reactions under static conditions and recycling of PHS

Stirring, which facilitated the contact of methane and water
and the subsequent hydrate formation, was conducted in all
the above experiments. However, if the hydrate formation
could be realized under static conditions, it would reduce
the cost of the reactor and simplify the process. Therefore,
reactions were tried to be performed without stirring.
Figure 8 displays the results at PHS 10 mmol/L and its

160
140

120
100 [
80

60

40 g

Methane storage capacity (V/V)

20

0 C 1 1 J
0 50 100 150
Time/min

Fig. 8 Reactions with PHS (10 mmol/L) without stirring and its
recycling at a temperature of 2°C and a pressure of 6 MPa.

carbon-chain surfactants. PHS (10 mmol/L) could achieve
a storage capacity of 140 (V/V) under static conditions with
an excellent stability. The fast reaction rate, high storage
capacity, and foam elimination endow PBS, PHS, and POS
with great potential in large-scale application in the future.
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