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ABSTRACT 

Hydrate technology has advanced to greater proportions: implementing the high latent heats as refrigerant, safe carbon 
capture as carbon sequestration in hydrates, purifying rare gases in hydrates, and safe efficient transport of energy using 
rapid hydrate formation. These account for only a small amount of the fundamental understanding of gas hydrates and 
the use of such a novel technology. A quick and broad analysis of novel hydrate promoters is needed to assess the po-
tential of other promoter agents. This will improve the understanding of rapid hydrate formation and fundamental ideas 
related to the kinetics and formation of hydrates. There are still hundreds of other surfactants that have not been identi-
fied for rapid formation. The insurmountable endeavor deters many from trying as it can be like finding a needle in a 
hay stack. This almost futile endeavor of correctly identifying a surfactant as a promoter agent without doing a forma-
tion test can be accomplished with recent techniques. Using Raman and a liquid hydrocarbon (Cyclo-pentane), surfac-
tants may shift the sample’s peak towards the hydrate peak (890 cm–1), thereby identifying it as a choice surfactant for 
rapid formation of hydrates. With a broad survey of surfactants, understanding fundamental science and engineering 
kinetics for hydrates will be easily achieved. Finding more effective and novel surfactants for hydrate formations will 
broaden the field of hydrates and self-assembling crystallization. As hydrate technology broadens, interdisciplinary 
fields can contribute expertise from surface science to spectroscopy leading to geological formations and engineering 
kinetics. 
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1. Introduction 

Hydrate technology has advanced to greater proportions: 
implementing the high latent heats as refrigerant [1], safe 
carbon capture as carbon sequestration [2] in hydrates, 
purifying rare gases [3] in hydrates, and safe efficient 
transport of energy [4] using rapid hydrate formation. 
These account for only a small amount of the fundamen-
tal understanding of gas hydrates and the use of such a 
novel technology. A quick and broad analysis of novel 
hydrate promoters is needed to assess the potential of 
other promoter agents. This will improve the under-
standing of rapid hydrate formation and fundamental 
ideas related to the kinetics and formation of hydrates.  

Gas hydrates are non-stoichiometric crystalline com-
pounds that have a guest molecule such as: methane, 
ethane, carbon dioxide, or hydrogen surrounded by a host 
structure of water molecules [5]. Hydrate formation re-
quires high pressures and low temperatures. The hydrate 
structure is able to store 170 times the volume of gas at 
atm [5]. The difficulties are slow formation rates and low 
water conversion. To compensate for the slow formation  

rate, mixing is used. However, mixing is energy intensive. 
The solution was to use promoters, such as sodium do-
decyl sulfate (SDS) to allow for greater formation rates 
and water conversions while not using energy intensive 
measures. The results for SDS were phenomenal, increa- 
sing rates 100-fold [6]. The hypothesis for increased 
rapid formation was that micelle formations created nu-
cleation sites [6]. However this was not possible as the 
Kraft point for SDS is 16˚C which limits the solubility 
below the CMC [7]. As to the role of surfactants in rapid 
hydrate formation, it is still undeterminable.  

There are still hundreds of other surfactants that have 
not been identified for rapid formation. The insurmount-
able endeavor deters many from trying as it can be like 
finding a needle in a hay stack. This almost futile en-
deavor of correctly identifying a surfactant as a promoter 
agent without doing a formation test can be accom-
plished with recent techniques. Using Raman and a liquid 
hydrocarbon (Cyclo-pentane), surfactants may shift the 
sample’s peak towards the hydrate peak, thereby identi-
fying it as a choice surfactant for rapid formation of hy-
drates. 
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2. Promoter Effects 

2.1. Crystallization 

There are two leading theories of how crystallizations 
occur: local crystallization [8] and cluster formations [9]. 
In local crystallization, localized crystal formations ap-
pear over large ranges in orders of hundreds of nanome-
ters. This implies that local ordered structures are the 
initiators of crystallization. In cluster formations, a criti-
cal nuclei size is required to form in order for the start of  
crystallization. During this stage nuclei form and disap-
pear until these nuclei reach the critical size to maintain 
it size. Nuclei size ranges in tens of nanometers.  

Hydrate nucleation is a stochastic and complex process 
in the formation of gas hydrates. Firoozabadi [10] de-
veloped a general formula to predict nucleation rate in 
systems with and without additives. The formula sug-
gested that the adsorption of surfactants can lower the 
effective critical nuclei size, thereby increasing nuclea-
tion rates. However theoretical arguments and experi-
mental discoveries suggest that the additive adsorption 
may not always occur, because the lifetime of the nuclei 
is short, in the nano-to milliseconds, and thus diffusion 
cannot reach them. As such an additive in solution can 
either promote nucleation or have no effect when adsorp-
tion is impossible.  

2.2. Interfacial Measurements at the THF 
Hydrate/Liquid Interface 

The template is used to format your paper and style the 
text. All margins, column widths, line spaces, and text 
fonts are prescribed; please do not alter them. You may 
note peculiarities. For example, the head margin in this 
template measures proportionately more than is custom- 
ary. This measurement and others are deliberate, using 
specifications that anticipate your paper as one part of the 
entire journals, and not as an independent document. 
Please do not revise any of the current designations. 
Formation kinetics of a non-stoichiometric compound is 
difficult to determine as its mass and porosity is unde-
termined. A clear mechanism for hydrate formation has 
yet to be established. However Zhang et al. [11], has 
speculated that the addition of SDS on the THF interface 
can reduce the induction time to a statistically consistent 
time. In this work THF hydrates were placed in a Mal- 
vern Nanosizer ZS at 3.2˚C. Using a 10-wt% THF solu-
tion THF hydrates have a dissociation temperature of 4˚C. 
With various concentrations of SDS, a qualitative meas- 
urement of surfactant concentration on the hydrate parti- 
cles was measured via Zeta potential and fluorescence. 
This was the first time anyone has looked at the effects of 
SDS on the hydrate/liquid interface at the microscopic 
level. Fluorescence measurements had further confirmed 
a hydrophobic layer had formed on the hydrate/liquid  

interface.  
From Zeta potential measurements three regions were 

demarcated in Figure 1. Region I shows a flattened line. 
This line inferred that the addition of 0.17 mM SDS did 
not change the Zeta potential, which was reasoned to be 
the competition effect of the original ions (bicarbonate) 
with SDS on the surface. Region II, a dramatic decrease 
in Zeta potential is observed, this is interpreted as the 
continued adsorption of the SDS onto the surface. Region 
III is a somewhat slower slope, which is indicative of a  
slowing adsorption or saturated system.  

Fluorescence measurements confirm the presence of a 
hemi-micelle layer, shown in Figure 2. Fluorescence 
measurements are performed using pyrene and reading the 
intensity ratio of the third (I3) and first (I1) peak. The in- 
tensity ratio indicates the microenvironment the probe is in. 
At 0mM of SDS the I3/I1 ratio (0.54) is similar to an in- 
tensity ratio for water (0.5). Beyond 0.17 mM of SDS the 
intensity ratio goes to 0.7. Usually a hemi-micelle inten- 
sity ratio should be around 0.7 - 1.0. From fluorescence 
there is a clear sign of when the I3/I1 intensity ratio 
reaches a hemi-micelle plateau. Just from these two meas- 
urements, a confirmation can be made that SDS adsorbs 
onto a hydrate surface and a layer appears to form. 

As a corollary induction time measurements versus 
surfactant concentrations were studied and shown in 
Figure 3. Using the same concentrations of SDS for the 
formation of THF hydrates, induction time measurements 
were recorded. Induction time was posed as the time 
when the final set temperature first started to the occur- 
rence of a temperature spike due the increased heat of 
formation. Each measurement was repeated three times 
for statistical precision. Induction times were reduced by  
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Figure 1.  -Potential of THF hydrates as a function of 
SDS concentrations [11]. 
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Figure 2. Variations of I3/I1 in THF hydrate slurries as a 
function of SDS concentrations [11]. 
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Figure 3. Relationship between the induction time for THF 
hydrates at 268.2 K and SDS concentrations [11]. 
 
about a third of the time. This correlated to the adsorp-
tion of SDS on the hydrate/liquid interface. 
With this correlation, a speculative interpretation was 

needed to be presented as to why this correlated so well. 
This was a remarkable occurrence to be seen. SDS is 
known to be a promoter and many kinetic studies have 
been done. However, correlating the adsorption of SDS 
to the induction time was never introduced. Two me- 
chanisms were proposed that need to be explored:  
 SDS reduces the interfacial tension allowing for faster 

crystallization. 
 The adsorbed SDS layer provides a hydrophobic do- 

main to allow for co-adsorption of the hydrate form-
ers.  

3. Anionic Surfactant Adsorption on 
Different Hydrates 

From the previous study on THF hydrates, it was identi- 
fiable that THF hydrate had an adsorbed layer of SDS. 
That spurred the question of whether an adsorbed layer 
of SDS would appear on different hydrates. In Lo et al. 
[12], different hydrate formers were used to see whether 
the effect of a more hydrophobic (CP hydrate melt tem- 
perature: 7.8˚C) or semi-clathrate (TBAB hydrate melt 
temperate: 9˚C) hydrate had any influence on the adsorp- 
tion of SDS. Fluorescence measurements, in Figure 4, 
showed that the interface of cyclo-pentane (CP) hydrates 
is indeed slightly hydrophobic to the degree of a hemi- 
micelle (0.7 - 0.75). With no clear indication of adsorp-
tion, Zeta potential measurements were used to confirm 
the adsorption. 

Again demarcated regions are shown in Figure 5. Re- 
gion I revealed an increasing slope, which was inter- 
preted as the competition of SDS to the ions in the sys- 
tem. However this was different from the THF hydrate 
adsorption of SDS. The increasing slope inferred to us 
that the SDS monomer was lying flat on the CP hydrate 
and displaced more ions than that of SDS on the THF 
hydrate. Region II and III shows an increasing adsorption 
of SDS on the surface with faster and slower slopes. Re- 
gion IV plateaus which is a clear indication of where it is 
saturated.  

This was a clear indicator that the DS monomers 
form a hemi-micelle at a level where the Zeta potential 
was saturated. From these two qualitative analyses, a pre- 
sumption on the mechanism (Figure 6) for the adsorp- 
tion of SDS on CP hydrate was made. At 0 mM of sur- 
factant only carbonate ions are present in the system. At 
0.17 mM of SDS the surfactant monomers lay flat cover- 
ing the surface of the hydrate. Beyond 0.34 mM there is a 
saturated level of surfactant on the surface of the hydrate.  



For the semi-clathrate, adsorption was the same as 
THF hydrates however there were more ions in the su- 
pernatant due to the nature of the hydrate former being a 
salt. As a result, the I3/I1 fluorescence measurement 
versus SDS concentration was slower to rise to a hemi- 
micelle fluorescence of 0.7. The dotted line in Figure 7 
indicates where the start of the hemi-micelle formation 
about a concentration level of 1.5 mM of SDS. This in-
dicated that the influence of ion competition, in this case 
high Br , has a great effect on the adsorption of SDS on 
the hydrate/liquid interface. For THF hydrates the rise 
started at 0.17 mM. 

From these two experiments we know that hemi-micelles 
can form on the hydrate surface. It is also observed that 
ions act as competitive site holders to prevent the adsorp-
tion of SDS. The different hydrate former can also affect 
the adsorption of SDS onto the surface as well as have a  
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Figure 4. Variations of I3/I1 in CP hydrate slurries as a 
function of SDS concentrations [12]. 
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Figure 5.  -Potential of CP hydrates as a function of SDS 
concentrations [12]. 
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Figure 6. Schematic representation of SDS adsorption at the 
CP hydrate/water interface [12]. 
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Figure 7. Variations of I3/I1 in TBAB hydrate slurries (●) at 
277 K and 15 wt% TBAB solutions (○) at room temperature 
as a function of SDS concentrations [12]. 
 
different hydrophobicity. An adsorbed layer of SDS can 
reduce induction time. With these observations the active 
role of SDS in the mechanism for formation can be clari-
fied.  

4. Role of Surfactants 

Zhong and Rogers [6] found that the effectiveness of 
SDS promoting ethane enclathration is observed at a 
SDS concentration above 0.35 mM, which corresponds 
to the one above which tails of surfactants start to orient 
toward the aqueous phase while headgroups attach to the 
hydrate surface (Figures 6 and 8). As tails orient parallel 
to each other, hydrophobic microdomains form at the 
hydrate-water interface, into which hydrate formers like 
methane molecules could solubilize. On the other hand, 
adsorption of DS makes the hydrate surface more nega- 
tive at higher SDS concentrations, which could change 
the water structure at the interface. The water structure at 
the solid-water interface is strongly dependent on the 
surface charge. Becraft and Richmond [13] found that the 
water hydrogen-bonding structure at the CaF2-water in- 
terface becomes relatively weak as the surface charge 
approaches zero, but it becomes strong if the net surface 
charge increases, which is favorable for the enclathration. 
The water structure at the hydrate-water interface should 
follow the same behavior. The increased concentration of 
hydrate former, favorable water structure, or both give 
rise to a fast growth rate. At this point, we cannot exclude 
that surfactant adsorption could reduce the adhesion 
force between hydrate particles, via increasing the net 
surface charge, or forming an adsorbed layer around hy- 
drate particles, or both, lowering the possibility of ag- 
glomeration [14]. As a consequence, more small hydrate 
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p
at which the hydrate growth prefers to proceed, is higher 
than that in a system without surfactants, causing more 
guest molecules to be enclathrated in a given period. Be- 
sides, a low possibility of agglomeration also gives rise 
to a longer period of contact between water and guest 
molecules. These two factors lead to favorable enclathra- 
tion kinetics. 

Controllability for inhibiting or accelerating
hydrate formation is based on a solid understanding of 
the enclathration kinetic including both hydrate nuclea- 
tion and crystal growth. The enclathration is usually car- 
ried out with a small amount of surfactants, e.g., sodium 
dodecyl sulfate (SDS), to enhance enclathration kinetics 
in the absence of mechanical agitation.  

This is the first experimental attempt to understand the 
fect of sodium dodecyl sulfate (SDS) on the water 

structure around CP both at the hydrate-water interface 
and in bulk aqueous solutions using surface-enhanced 
Raman spectroscopy (SERS) [15]. With a SDS concen- 
tration higher than 0.087 mM, the structure of water mo- 
lecules at the water-CP hydrate interface is the same as 
that in the large cavity of sII hydrates. It is observed that 
the microenvironment of CP in bulk aqueous solutions is 
clathrate-like at SDS concentrations above 0.35 mM. 

The Raman spectrum of liquid CP exhibits five pr
inent bands at 888, 1030, 1445, 2869, and 2942 cm–1 

(Figure 9). The bands at 888 and 2869 cm–1 have been 
assigned to ring breathing and C-H stretching modes of 
A1’ (symmetric vibration) species, the Raman bands at 
1030 and 2942 cm–1 are assigned to ring and C-H stret- 
ching modes of E2

′ (degenerate vibration) species, and 
the 1445 cm–1 frequency denotes the CH2 deformation 
mode of E2

′ species. As Figure 9 shows, five bands ap-
pear in the Raman spectrum of the water-CP hydrate in-
terface and all bands are blue-shifted from those of liquid 
CP. Again, the strongest band of CP Hydrates at 894 
cm–1 is assigned to the A1’ ring breathing mode. This 
high-frequency shift of the ring breathing and C-H 
stretching bands is due to encaging CP molecules in large 
cavities (51264) of sII hydrates. Also, a shoulder (left dot-
ted line) is observed at the low frequency side of the 894 
cm–1 band, which is attributed to the dissolved CP at the 
interface. A close examination of Figure 9 reveals that 
the A1’ ring breathing mode at the liquid CP-water inter-
face is at 890 cm–1, indicating that the water structure 
surrounded CP in this region is clathrate-like. Additio- 
nally, A1’ ring breathing mode of dissolved CP both in 
bulk aqueous solutions and at the water-hydrate interface 
(Figure 9) experiences a red-shift compared with that of 
liquid CP. 

With 0.0
 CP at the water-hydrate interface vanishes as shown in 

Figure 10. This observation can be interpreted in terms 
of the effect of surfactant chains on the local water 
structure. A previous simulation work suggests that the 
aqueous environment around the non-polar tails of sur-  
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Figure 9. Raman spectra of liquid CP, water-CP hydrate 
interface, bulk aqueous solution, and CP-water interface 
without any SDS: (a) in the region of 500 - 1000 cm–1 fre-
quency; (b) in the region of 1000 - 1600 cm–1 frequency and 
(c) in the region of 2600 - 3200 cm–1 frequency [15]. 
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factants is similar to the structure of hydrate surface. 
Thus, adsorption of DS on hydrates causes the local 
microenvironment of dissolved CP at the water-hydrate 
interface to be identical to the water structure of the large 
cavity of sII hydrates, even with 0.087 mM SDS. 

To confirm the influence of surfactants on the local water 
structure, Raman spectra of dissolved CP in aqueous solu-
tions is measured. In Figure 11, Raman bands at 877 cm–1 
shift to a higher wavenumber as the SDS concentration 
increases from 0.17 to 0.35 mM. With 0.35 and 1.0 mM 
SDS, the A1’ ring breathing appears near 890 cm–1, which 
corresponds to the A1’ ring breathing of CP in clath-
rate-like clusters. This blue-shift is due to the change in 
the microenvironment around CP. The Raman spectrum 
of liquid CP is not affected by the hydrocarbon chain in 
dodecanol solutions and the tail of SDS in CP microe-
mulsions. 
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Figure 10. Raman spectra of water-CP hydrate interfac
with different SDS concentrations [15]. 
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Figure 11. Raman spectra of dissolved CP in bulk aqueou
solutions with different SDS concentrations [15]. 
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at the water-hydrate interface is the same as the hexakai-
dodecahedron (51264) cavity of sII hydrates. Also, the 
microenvironment of CP in bulk aqueous solutions is 
close to that in hydrates when a SDS concentration is 
higher than 0.35 mM (or 100 ppm). Additionally, the 
water structure around cyclopentane at the CP-water in-
terface, regardless of the presence of surfactants, is 
clathrate-like. Adsorption of surfactants at the water- 
hydrate interface causes hydrogen-bonded water mole-
cules to arrange in the same way as in clathrate hydrates, 
which enhances the intrinsic enclathration rate. Moreover,
the presence of surfactants in bulk aqueous solutions in- 
creases the concentration of clathrate-like water aggre-
gates, shortening the induction. 

5. Quick Assessment of H

The clear understanding of rapid formation lies in th
adsorption of surfactants on hydrates and the spectral 
shift of hydrate formers in surfactant solutions. Some 
preliminary results have shown very influential and rele- 
vant data. Figure 12 shows the Raman spectral data for 
several surfactants and a 1 wt% CP mixture in an aque-
ous colloid of silver. The spectra are red shifted to indi-
cate no involvement in promoting hydrate formations or 
blue shifted, indicating promoter effects. We see the 
standard SDS surfactant being blue shifted to 890 cm–1. 
This blue shifting indicates a clathrate-like microenviron-
ment around CP, while red shift is indicative of a non- 
ordered environment. Kinetic hydrate formation tests also 
solidly confirm the surfactant’s ability to promote hydrates. 
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Figure 12. Raman spectra for several surfactants. Blu
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With a broad survey of surfactants, understanding fun-
d engineering kinetics for hydrates will 

[1] D. Liang, K. Guo, R. Wang and S. Fan, “Hydrate Equi-
librium Data hane (HFC-134a), 
1,1-Dichloro-1 41b) and 1,1-Di-

6. Summary 

 
mental science an
be easily achieved. Finding more effective and novel 
surfactants for hydrate formations will broaden the field 
of hydrates and self-assembling crystallization. As hy- 
ate technology broadens, interdisciplinary fields can con-
tribute expertise from surface science to spectroscopy 
leading to geological formations and engineering kinetics. 
This cumulative study encompasses physical chemistry 
techniques and various spectroscopic techniques to iden- 
fy the loading and promoter effects of various surfactants. 
With this knowledge base, screening for hydrate promot- 
s can be achieved quickly and efficiently. 
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