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formation with surfactants fixed
on the surface of polystyrene nanospheres

Fei Wang,ab Sheng-Jun Luo,*a Shan-Fei Fu,ab Zhen-Zhen Jia,c Meng Dai,a

Chuan-Shui Wanga and Rong-Bo Guo*a

To improve the application of surfactants in methane hydrate formation, sodium dodecyl sulfate (SDS) was

fixed on the surface of polystyrene nanospheres (named as SDS@PSNS). SDS@PSNS resulted in a shorter

induction period of hydrate formation compared to SDS. With SDS@PSNS as a promoter, hydrates

formed mainly at the bottom of the reactor with a much higher apparent density and higher methane

consumption, and during the hydrate dissociation period, less foam was generated. In addition, the

recycling experiments showed high stability and good recycling performance of SDS@PSNS in seven

methane hydrate formation–dissociation cycles.
Introduction

Natural gas hydrates are nonstoichiometric and clathrate crys-
talline compounds formed by water and natural gas at a suitable
temperature and pressure, through gas molecules occupying
the cavities formed by water molecules as a result of hydrogen-
bonding.1 Gas hydrates have great potential in natural gas
storage and transportation due to the benets, such as their
theoretical storage capacity of up to 180 volumes of natural gas
per volume of hydrates and their relatively moderate storage
conditions.2 However, the industrial application of hydrates in
natural gas storage and transportation has been impeded by
some problems: the long induction time and slow hydrate
growth rate during the hydrate formation process; the sepa-
rating and packing process of hydrate particles for storage and
transportation.3

Surfactants, such as SDS have been conrmed to promote
hydrate formation efficiently.4–11 In the deionized water system,
according to Englezos et al.,12 hydrates initially formed as a thin
lm at the gas/liquid interface and then grew downward as
dendrites into the bulk water. The existence of the hydrate lm
hindered the diffusion of gas into the aqueous phase and
therefore resulted in slow hydrate formation. While with SDS as
a promoter, hydrates did not form at the gas/liquid interface as
dendritic crystals, but on the reactor wall and then grew
upwards along the reactor wall and radially along the gas/liquid
interface.13 Mori et al.4,5 also reported that the hydrates could
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grow upwards on the reactor wall under the capillary effect and
nally accumulated as a highly porous hydrate layer in the
upper part of the reactor, which resulted in rapid hydrate
formation. However, this might also lead to the hydrates exist-
ing in the reactor with a low apparent density. As a result, the
space utilization of the reactor might be low and further sepa-
ration and compaction of the hydrates was inevitable for storage
or transportation.

In addition, the promotion effect of surfactants on hydrate
formation was inuenced by the surfactant concentration
signicantly and a certain concentration was necessary to
obtain an efficient promotion effect.3,6,14 Zhong and Rogers3

reported that SDS over 242 ppm in the solution produced the
efficient promotion of ethane and natural gas hydrate forma-
tion. Ganji et al.6 found that for cationic and non-ionic surfac-
tants, much higher concentrations (1000 ppm) were needed to
produce efficient promotion. However, the solubilities of many
surfactants were very low at the hydrate formation conditions,
which might lead to precipitation of the surfactants before a
high concentration is reached.15 Therefore, the application of
the surfactants with low solubility in hydrate formation might
be hindered. Furthermore, during the hydrate dissociation, a
lot of foam would be generated due to the presence of surfac-
tants, which not only affects the application of natural gas
hydrates but leads to the outow of the surfactants.

Recently, xed bed columns, such as those with a silica
sand bed have been employed to promote gas hydrate
formation.16–20 As the silica sand was usually micro porous,
the water could occupy the interstitial spaces of the particles
in the bed voids and hydrates could form with the silica sand
as the medium. In addition, glass beads21 and active carbon22

were also used to provide media for hydrate formation. Li
et al.23 used surfactant-coated glass beads in clathrate hydrate
formation and found that the foreign particles, if properly
This journal is © The Royal Society of Chemistry 2015
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Scheme 1 The schematic diagrams of the formation of SDS@PSNS (1)
and the methane hydrate formation with SDS@PSNS as promoter (2).
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hydrophobized and located, could promote the hydrate
nucleation. They proposed that the glass beads could provide
nucleation sites for hydrate formation and ordered water
molecules and nanobubbles were increased at the hydro-
phobic surface of the surfactant-coated glass beads, which
resulted in fast hydrate nucleation.

In our previous studies, surfactants could be physically or
chemically xed on the surface of polystyrene nano-parti-
cles.24,25 Surfactants were no longer dispersed in the aqueous
phase but arranged on the surface of the particles, which
could improve both the solubility and the microscopic
concentration of the surfactants. As the nano particles were
dispersed in the aqueous phase evenly, a large solid/liquid
interface was provided in the aqueous phase. In the present
work, SDS was xed on the surface of polystyrene nano-
spheres (named as SDS@PSNS) to study the effect of the
xation of SDS on its application in methane hydrate
formation.
Experimental
Materials

Styrene (A.R.) was purchased from Tianjin Guangcheng Chem-
ical Reagent Co., Ltd (Tianjin, China). Sodium dodecyl sulfate
(SDS, A.R.) was provided by Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China) and ammonium persulfate (APS, A.R.)
was purchased from Hengxing Chemical Reagent Co., Ltd
(Tianjin, China). Pyrene ($99%) was purchased from Sigma.
Nitrogen and methane with purities of 99.99% were purchased
from Heli Gas Co., Ltd (Qingdao, China).
Preparation of SDS@PSNS

Styrene was rstly washed three times with a 10 wt% sodium
hydroxide aqueous solution to remove the polymerization
inhibitor (hydroquinone), then washed three times with
deionized water and stored at 255.15 K for further use.24

SDS@PSNS was prepared by emulsion polymerization with
styrene as the monomer, SDS as the emulsier and APS as the
initiator.24 The stirring rate was set at 250 rpm and the reaction
temperature was maintained at 343.15 K. The reaction time was
about 3 h and the whole polymerization process was nitrogen
protected. The recipe and the product names are shown in
Table 1 and the schematic diagram of the formation of
SDS@PSNS is shown in Scheme 1. During methane hydrate
formation, the SDS@PSNS emulsion was diluted with deionized
water according to the required SDS concentration.
Table 1 The recipe for the emulsion polymerization and the product
names

Reaction Product name SDS/g Styrene/g APS/g Deionized water/g

1 SDS@PSNS-1 1 5 0.2 95
2 SDS@PSNS-2 1 10 0.2 90
3 SDS@PSNS-3 1 20 0.2 80

This journal is © The Royal Society of Chemistry 2015
Characterization of SDS@PSNS

The morphology of SDS@PSNS was measured via Transmission
Electron Microscopy (TEM) using a JEM-1200EX Transmission
Electron Microscope made by Japan Electronics Co., Ltd.

The average particle size and particle size distribution index
(PDI) of SDS@PSNS were measured using a Malvern Nano-s90
Laser Particle Size Analyzer made by Malvern, UK.

The xation ratio of SDS on the surface of polystyrene
nanospheres was measured by a method using surface tension.
The standard curve of SDS concentration vs. surface tension was
measured rstly, which was linear at low SDS concentration.
Then the surface tension of the SDS@PSNS solution was
determined and the concentration of free SDS and the xation
ratio were obtained.

The particle number of SDS@PSNS (Np) in 1 mL diluted
solution was calculated as follows:

Np ¼ 3mh

4prr3
(1)

where m is the weight of the SDS@PSNS solution (g), h is the
solid content of the SDS@PSNS solution (%, determined
gravimetrically), r is the density of SDS@PSNS in solution (g
cm�3, measured using density bottles) and r is the radius of
SDS@PSNS (cm).

The theoretical SDS density at the surface of SDS@PSNS (s)
was calculated as follows:

s ¼ nf rr

3mh
(2)

where n is the overall SDS molar number in the diluted
SDS@PSNS solution, f is the xation ratio of SDS (%), r is the
density of SDS@PSNS (g cm�3), r is the radius (cm), m is the
weight (g) and h is the solid content of the solution (%).
Pyrene uorescence spectra

The steady-state uorescence spectra of the reaction solutions
were obtained using a Hitachi-4600 Fluorescence Spectropho-
tometer with pyrene as a probe and Ar light at a wavelength of
337 nm as the excitation light source at room temperature.26

The emission spectra were recorded from 350 nm to 550 nm and
J. Mater. Chem. A, 2015, 3, 8316–8323 | 8317
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the pyrene concentration in the reaction solutions was
10�6 mol L�1.
Raman spectroscopy

The Raman spectra of the reaction solutions were obtained
using an in-Via Raman Spectrometer made by Renishaw. The
light source was Ar+ laser at a wavelength of 532 nm and a power
of 100 mW and a 10� objective lens was used. The grating
scribed line number was 2200 mm�1 and the slit width was 100
mm. The spectral acquisition time was 5 s and the spectral
acquisition range was 2000–3500 cm�1.
Contact angle of the reaction solution on the reactor wall

To reveal the effect of the xation of surfactants on the surface
tension of the reaction solution the contact angle of the reaction
solution on the reactor wall was measured. A droplet of the
reaction solution with a volume of 1 mL was dropped on the
surface of stainless steel, the same material as the reactor and
then photos were taken to observe the morphology of the
droplet on the surface of the stainless steel.
Methane hydrate formation and dissociation

Methane hydrate formation was carried out in a 350 mL
stainless steel reactor with a wall jacket connected to the cool
bath, as shown in Fig. 1. The reactor was vacuumed and
cleaned with methane three times and then 50 mL of the
reaction solution was charged and cooling started. Aer the
reaction temperature (275.15 K) was reached, the reactor was
pressurized with methane to the reaction pressure (6 MPa)
and the stirrer was set at 200 rpm. The temperature and
pressure of the reaction system were recorded by the
computer during the whole process. Aer the completion of
hydrate formation, the reactor was depressurized and opened
immediately and photos were taken of the formed hydrates to
observe the morphologies of the hydrates in the reactor. Then
the hydrates were taken out and placed on the test bench at
room temperature and photos were taken of the hydrates
during the dissociation process to observe the morphology
changes of the hydrates.
Fig. 1 Schematic diagram of the hydrate formation apparatus.

8318 | J. Mater. Chem. A, 2015, 3, 8316–8323
Calculation of methane consumption

During methane hydrate formation, the reaction can be
expressed as follows:

CH4 + mH2O 4 CH4$mH2O (3)

where m is the hydration number, which is 5.75 for methane
hydrates.27

The molar numbers of methane in the reactor at time 0 and t
are dened as n0 and nt respectively, then the methane
consumption (n) at time t can be calculated as follows:

n ¼ n0 � nt ¼ P0V0

z0RT0

� PtVt

ztRTt

(4)

where P0 and Pt are the pressure of the reactor at time 0 and t; V0
and Vt are the volume of the gas phase in the reactor at time
0 and t; R is the universal gas constant; T0 and Tt are the
temperatures in the reactor at time 0 and t; z0 and zt are the
compressibility factors at time 0 and t, which are calculated
using the Pitzer correlations for the compressibility factor28 and
the derived calculation formula is shown as follows:

zt ¼ 1þ
"
0:083� 0:422�

�
Tc

Tt

�1:6
#

PtTc

PcTt

þ u

"
0:139� 0:172�

�
Tc

Tt

�4:2
#

PtTc

PcTt

(5)

where Tc is 190.6 K, Pc is 4.599 MPa and u is 0.012 for
methane.

It should be noted that with the formation of hydrates, Vt
changed due to the different densities of water and hydrates. Vt
can be calculated as follows:

Vt ¼ V0 � (Vh � Vcw) ¼ V0 � m � n � DV (6)

where Vh is the volume of hydrates in the reactor at time t; Vcw is
the volume of water consumed at time t; DV is the molar volume
difference between methane hydrates and water, which has
been reported as 4.6 cm3 per mole of water;29 n is the amount of
methane consumed at time t and m is hydration number.

Then from eqn (3)–(6) n can be calculated as follows:

n ¼
P0V0

z0RT0

� PtV0

ztRTt

1� PtDVm

ztRTt

(7)

Recycling of SDS@PSNS in methane hydrate formation

Cyclic formation of methane hydrates with SDS@PSNS-2 as a
promoter was performed at 275.15 K and an initial pressure of 6
MPa. Aer the hydrate formation was accomplished, the reactor
was heated to 293.15 K and kept at this temperature for 2 h to
make the hydrates thoroughly dissociated and to avoid the
memory effect. Then cooling was started and a new round of
hydrate formation began. Aer several hydrate formation–
dissociation cycles, the SDS@PSNS-2 solution was sampled and
characterized.
This journal is © The Royal Society of Chemistry 2015
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Results and discussion
Characterization of SDS@PSNS

Fig. 2 shows the morphologies of the SDS@PSNS particles, all
the SDS@PSNS particles appeared as uniform spheres at the
nanoscale. Fig. 3 shows the particle size and PDI of SDS@PSNS
in aqueous solution, which denoted the high monodispersity of
SDS@PSNS. Table 2 shows some colloidal features of different
SDS@PSNS solutions at the same SDS concentration (1mmol L�1).
More styrene used in the polymerization resulted in a higher
surfactant xation ratio and total surface area of SDS@PSNS,
but a lower particle number and surfactant density on the
surface of SDS@PSNS.
Fig. 3 Particle size (d) and PDI of SDS@PSNS in aqueous solution.
Methane hydrate formation

The induction time was dened as the time from charging
methane into the reactor until obvious pressure decrease or gas
consumption was observed.30 Fig. 4 shows the evolution of the
methane consumption during hydrate formation with different
reaction solutions. During hydrate formation with SDS, an
obvious induction period was observed and rapid hydrate
growth was achieved aer the induction period. However, for
hydrate formation with SDS@PSNS-2 and SDS@PSNS-3,
continuous methane consumption was observed from the
beginning of the recorded time. Hydrates formed very slowly
during the initial 400 min and 600 min methane hydrate
formation with SDS@PSNS-2 and SDS@PSNS-3 respectively.
Then rapid hydrate growth was observed. In addition, it should
be noted that even with relatively lower hydrate growth rate, all
the SDS@PSNSs resulted in higher methane consumption
compared with SDS.

According to Hashemi et al.,31 the molar number of solubi-
lized methane in a 50 mL solution in the presence of hydrates
was about 0.005. Taking the maximum error of the recorded
pressure into consideration (the molar error was calculated as
0.005), the methane consumption over 0.01 mol could be
considered as the completion of the induction period and the
beginning of hydrate growth in this work.

Table 3 shows the induction time of methane hydrate
formation with different accelerants. Given the stochasticity of
Fig. 2 TEM photos of SDS@PSNS.

This journal is © The Royal Society of Chemistry 2015
hydrate formation, each experiment was carried out three
times. For comparison, hydrate formation with deionized water
was carried and no obvious pressure decrease was observed
within 3 days. In addition, polystyrene nanosphere powder
(PSNS powder) with the same weight as SDS@PSNS-3 was also
applied in methane hydrate formation to exclude the effects of
the pure polystyrene nanospheres, which showed no promotion
of methane hydrate formation.

As shown in Table 3, the use of SDS@PSNS resulted in a
much shorter induction period than SDS. During hydrate
formation with SDS, SDS molecules were dispersed in the
aqueous phase. Therefore, SDS concentration showed a great
inuence on the promotion effect. When SDS concentration was
low (0.5 mmol L�1), there were not enough SDS molecules to
show efficient promotion of methane hydrate formation.
However, in the SDS@PSNS solution, SDS molecules were
arranged on the surface of the polystyrene nanospheres, which
could improve the microscopic concentration of SDS on the
surface of the nanospheres. As a result, SDS@PSNS could lead
to a much shorter induction period than SDS, especially at low
concentration.

In addition, different SDS@PSNSs also showed unequal
promotion effects (Fig. 4). During the initial 300 min of hydrate
formation, the use of SDS@PSNS-3 resulted in the highest
formation rate, while during the rapid hydrate growth period,
using SDS@PSNS-1 led to the highest formation rate. As shown
in Table 2, SDS@PSNS-3 provided the largest surface area in the
Table 2 Colloidal features of different SDS@PSNS solutions at the
same surfactant concentration (cs)

a

cs (mmol L�1)
Np

(� 1013) f (%) s (m2)
s

(1015 cm�2)

SDS@PSNS-1 1 6.67 81.96 0.27 3.62
SDS@PSNS-2 1 6.08 88.15 0.39 2.70
SDS@PSNS-3 1 4.99 93.78 0.56 2.01

a Np – particle number in 1 mL diluted SDS@PSNS solution, f –
surfactant xation ratio, s – surfactant density at the surface of
SDS@PSNS, s – total surface area of SDS@PSNS in 1 mL of diluted
SDS@PSNS solution.

J. Mater. Chem. A, 2015, 3, 8316–8323 | 8319
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Fig. 4 The evolution of the methane consumption during hydrate
formation with different reaction solutions (the initial pressure was 6
MPa and the cold bath temperature was 275.15 K).

Table 3 The induction time of methane hydrate formation with
different accelerants

Accelerant cs
a (mmol L�1)

Induction time/min

1 2 3

SDS 0.5 —b — —
1 350 — 486
2 185 570 409

SDS@PSNS-1 0.5 209 162 115
1 216 55 76
2 85 80 84

SDS@PSNS-2 1 140 65 63
SDS@PSNS-3 1 87 128 90
PSNS powder — — —
Deionized water — — —

a The concentration of SDS@PSNS was determined as the overall SDS
concentration in the SDS@PSNS solution. b “—” indicates that no
obvious pressure decrease was detected within 1200 minutes.

Fig. 5 Left column: contact angles (q) of SDS and SDS@PSNS solutions
(1 mmol L�1) on the reactor wall; middle column: methane hydrate
morphologies in the reactor after the completion of hydrate forma-
tion; right column: hydrate morphologies during the dissociation
period (photos were taken 3 min after being taken out); 1-SDS, 2-
SDS@PSNS-1, 3-SDS@PSNS-2, 4-SDS@PSNS-3; the surface tension of
deionized water was determined to be 77.6 � 1.6 mN m�1 and the
contact angle of deionized water was determined to be 100.4 � 1.2�.
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reaction solution, which might result in the most hydrate
nucleation sites. Therefore, during the initial 300 min, using
SDS@PSNS-3 resulted in the highest hydrate formation rate.
Table 2 also shows that SDS@PSNS-1 produced the highest
particle concentration and SDS density at the nanosphere
surface. As a result, much more hydrate particles could be
formed during the rapid hydrate growth period in the
SDS@PSNS-1 solution, which might result in the highest
hydrate formation rate.
Methane hydrate growth pattern and dissociation
morphology

Fig. 5 (middle column) shows the morphologies of the methane
hydrates in the reactor aer the reactor was opened. The reactor
was depressurized quickly aer the completion of hydrate
formation and the temperature in the reactor decreased rapidly
until lower than 273.15 K. Therefore, themelting of the hydrates
could be neglected and the morphology of the hydrates
8320 | J. Mater. Chem. A, 2015, 3, 8316–8323
observed aer the reactor was opened could denote the
morphology of hydrates in the reactor aer hydrate formation.
During hydrate formation with SDS as a promoter, hydrates
mainly formed on the reactor wall and grew upwards to the
upper edge of the reactor, which was similar to previous
reports.4,5 While when SDS@PSNS was used, hydrates mainly
formed at the bottom of the reactor.

During hydrate growth with SDS@PSNS, as the surfactants
were xed, a higher surface tension of the SDS@PSNS solution
was obtained compared with the SDS solution, which could also
be revealed by the contact angle of the reaction solution on the
reactor wall,32 as shown in Fig. 5. The high surface tension and
contact angle denoted poor wettability of the SDS@PSNS solu-
tion on the reactor wall,33 which might not be conducive to the
upward growth of the hydrates on the reactor wall. Further-
more, SDS@PSNS was dispersed in the solution uniformly
during hydrate formation and hydrates might form with the
nanospheres as media. Therefore, hydrates mainly formed in
the bulk of the SDS@PSNS solution and the continuous growth
and agglomeration of the formed methane hydrates nally
resulted in the completion of methane hydrate formation at the
bottom of the reactor. A higher surfactant xation ratio was
This journal is © The Royal Society of Chemistry 2015
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more conducive to hydrate formation at the bottom of the
reactor due to the higher surfactant xation ratio and larger
contact angle. In addition, it should be noted that the hydrates
formed with SDS@PSNS as a promoter exhibited much higher
apparent density in comparison to the hydrates formed with
SDS as a promoter, as shown in Fig. 5.

Fig. 5 (right column) also shows that a lot of foam was
generated from the hydrates formed with SDS, while minimal
foam was generated when surfactants were xed on the surface
of polystyrene nanospheres. During the dissociation of hydrates
with SDS, the hydrates melted into the water and the surfactants
dissolved in the water again. Aerwards, with the continuous
release of methane a lot of foam was generated. While when the
surfactants were xed on the surface of SDS@PSNS, few free
surfactants existed in the water melted from the hydrates.
Therefore, minimal foam was generated.
Fig. 6 The pyrene fluorescence emission spectra (A) and Raman
spectra (B) of deionized water, SDS solution (1 mmol L�1) and
SDS@PSNS-3 solution (1 mmol L�1).
Promotion mechanism of SDS@PSNS on methane hydrate
formation

For hydrate formation with SDS as an accelerant, surfactants
could promote hydrate formation by adsorbing onto the hydrate
nuclei, which might result in a decrease in the hydrate nuclei/
liquid interfacial energy.34 However, when the surfactants are
xed on the surface of polystyrene nanospheres, the promotion
mechanism might be different.

On one hand, as previously reported the hydrate formers
could dissolve in the hydrophobic domains formed by the
surfactants adsorbed on the hydrate surface,34,35 the methane
molecules could dissolve in the alkyl chains of the surfactants
and the macromolecular chains of the polymers on the
SDS@PSNS surface (Scheme 1). This view was supported by the
pyrene uorescence measurement, which has been successfully
applied to detect the hydrophobic domains on the
particle surface.32 The ratio of the intensities of the third peak
(I3, l ¼ 384 nm) and the rst peak (I1, l ¼ 374 nm) could denote
the polarities of the microdomains, which vary from 0.50 to 0.80
in polar solvents and 1.65 to 1.75 in hydrocarbon solvents. As
shown in Fig. 6A, the value of I3/I1 in the SDS solution is 0.7,
which is almost the same as that in deionized water (0.69),
indicating that no hydrophobic domains were formed in the
SDS solution. However, the value of I3/I1 in the SDS@PSNS-3
solution is 1.09, denoting the existence of hydrophobic domains
with high nonpolarity in the solution, which could be provided
by the surfactants alkyl chains and the polymermacromolecular
chains on the SDS@PSNS-3 surface.

On the other hand, as discussed by Chrystal et al.,36 water
molecules could be associated at the surface of SDS micelles
through the hydrogen bonds between the oxygen atoms of the
sulfate groups and the hydrogen atoms of the water molecules.
Therefore, a layer of water molecules could be associated on the
surface of the SDS@PSNS in the solution as the structure of the
SDS@PSNS was similar to that of the micelles. Fig. 6B shows
that the intensities in the Raman spectrum of the SDS@PSNS-3
solution were higher than those of the SDS solution and
deionized water at Raman shis of 3241 and 3415 cm�1, which
were the symmetric and asymmetric stretching vibration peaks
This journal is © The Royal Society of Chemistry 2015
of O–H with hydrogen bonding. The higher intensities of the
two peaks indicated the stronger hydrogen bonds in the
SDS@PSNS-3 solution, which could be caused by the associa-
tion of water molecules on the surface of SDS@PSNS-3.

As a result, hydrates might rstly form through the reaction
between the methane molecules dissolved in the surface of the
SDS@PSNS and the water molecules associated by the sulfate
groups, resulting in hydrate formation on the SDS@PSNS
surface and subsequently the formation of hydrate particles
with SDS@NSPS as nuclei. Then the continuous growth and
agglomeration of the hydrate particles nally results in the
formation of gas hydrates.

To verify the hydrate formation mechanism in the presence
of SDS@PSNS, the hydrate formation–dissociation and
freezing–thawing processes of the SDS@PSNS-3 solution were
conducted for comparison. As shown in Fig. 7A and B, the
SDS@PSNS-3 solution became turbid aer the freeze–thaw
process and stratied aer centrifugation. According to the
literature,37 during the freezing process, ice crystals formed in
the aqueous phase, resulting in the continuous increase in the
concentration of SDS@PSNS-3 in the unfrozen water. Finally,
the SDS@PSNS-3 separated out from the aqueous phase and
agglomerated under the extrusion caused by the volume
expansion of the water that was undergoing freezing. During the
melting process, the SDS@PSNS-3 could not detach from the
J. Mater. Chem. A, 2015, 3, 8316–8323 | 8321
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Fig. 7 Photos of SDS@PSNS-3 solutions before centrifugation (A) and
after centrifugation at 2000 rpm for 3minutes (B) (for both A and B, the
left tube is the original SDS@PSNS-3 solution, the middle one is the
SDS@PSNS-3 solution after hydrate formation–dissociation and the
right one is the SDS@PSNS-3 solution after freezing–thawing); C: the
particle size and PDI of the SDS@PSNS-3 solution after hydrate
formation–dissociation (d ¼ 63.99 nm, PDI ¼ 0.160).
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agglomerates, leading to a turbid SDS@PSNS-3 solution which
became stratied aer centrifugation.

However, the hydrate formation–dissociation process did
not impact the SDS@PSNS-3 solution greatly. Fig. 7C shows that
the average particle size and PDI of the SDS@PSNS-3 did not
change too much, indicating a formation mechanism that was
different from freezing. As discussed above, hydrate formation
rstly took place on the surface of SDS@PSNS-3, resulting in the
formation of hydrate particles with SDS@PSNS-3 as nuclei.
Consequently, the SDS@PSNS-3 could not separate out from the
aqueous phase and agglomerate together. Then during the
dissociation process, the SDS@PSNS-3 could be released from
the hydrates and disperse in the aqueous phase as before, which
was consistent with the experimental results.
Fig. 8 Cyclic formation–dissociation of methane hydrates with the
SDS@PSNS-2 solution (1 mmol L�1) (the ascending curves represent
the hydrate formation and declining curves represent the hydrate
dissociation).
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The stability and recycling performance of SDS@PSNS in
methane hydrate formation play a critical role in the industrial
application of methane hydrates. Fig. 8 shows the evolution of
methane consumption in seven methane hydrate formation–
dissociation cycles with the SDS@PSNS-2 solution. All the cycles
exhibited the rapid formation and high gas consumption of
methane hydrates, indicating the good recycling performance
of SDS@PSNS in methane hydrate formation.
Conclusions

SDS was xed on the surface of polystyrene nanospheres in
methane hydrate formation and an efficient promotion effect
was observed. With SDS@PSNS as a promoter, hydrates did not
formed on the reactor wall, but at the bottom of reactor with a
higher apparent density, which could be conducive to the
separation of hydrates from the unreacted water and the
compaction for storage and transportation. The hydrate
formation–dissociation cycles showed the high stability and
good recycling performance of SDS@PSNS in methane hydrate
formation.
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