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ABSTRACT

Gas hydrates show promise as gas storage and transportation media. But before using them in
such industries, we should learn how to better control their formation. In particular, their
nucleation is stochastic and requires either high supersaturations or long induction times. Here
we study experimentally how the induction time varies with the gas composition using methane
(CH4) + propane (C3Hg) mixed-gas hydrate as a mimic of natural gas. We form CH4 + C3Hg
mixed-gas hydrates with a composition ratio CH4:C3Hg ranging from 100:0 to 0:100 in a high-
pressure vessel with a stirring system at a constant temperature of about 274.7 K. The induction
time is determined as the time period from the start of stirring to the hydrate formation defined
by either a sudden temperature rise or a pressure drop in the vessel. To obtain quantitative
nucleation data, we repeat at least 10 experiments for each condition. Compared to that of pure
CHj4 hydrate, the induction time of CH4 + C3Hg mixed-gas hydrate is found to be significantly
shorter when C;3Hg is present at even 1% in the vapor. Then, we quantify the stochastic
nucleation process as the composition-dependent nucleation frequency. As a result, we show
that the nucleation frequency of CH4 + C3Hg mixed-gas hydrate exponentially decreases with
increasing C3Hg in vapor. This behavior correlates well with the composition dependence of
the empty-cage ratio in the gas hydrate. Based on these results, we propose a model for the

nucleation of mixed-gas hydrates.
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I. Introduction

Gas-hydrate crystallization is a possible way to store and transport natural gases. For industrial
use, we need better technology for promoting gas-hydrate crystallization. Most gas-hydrate
research has historically targeted the prevention of hydrate formation because hydrates that
form in gas pipelines cause blockage,!? with relatively little research targeting the promotion
of hydrate crystallization.>!® For crystallization, one problem is the random nature of the
nucleation process. As is the case with ice, nucleation of gas hydrate requires either a high
supercooling or a long induction time, increasing the difficulty of experimental studies. Thus,

there are relatively few experimental studies of hydrate nucleation.!->!%17-2!

Through experimental and simulation approaches, several nucleation mechanisms have
been proposed.>!%?2 For example, Sloan et al.?>?* proposed the labile-cluster hypothesis, which
proposes that nucleation begins when water molecules form a cage-like structure around the
guest molecules. Presumably, during this initial stage the cage structure that develops must be
large enough to encompass the guest molecular. For example, the smaller 5'2-cage-like cluster
will form around the smaller CHs molecule, whereas the larger 5'26%-cage-like cluster will form
around the larger C3Hs molecule. Such size selection will apply to all mechanisms. A later
mechanism to be proposed argues that nucleation occurs at an interface, for example, at the
gas-liquid interface.>>*® Another mechanism is based on local structure, assuming that the
structuring of guest molecules induces nucleation.?” The above models all presume single-guest
hydrate nucleation and focus on the initial stage in which isolated cages form. As such, the

assembly of the cages into the final lattice must be considered separately.

A recent model that also applies to mixed gas hydrates is the blob model, a model that
assumes nucleation begins from an amorphous precursor.?®* This concept has been developed
as a two-step formation model in which an amorphous precursor changes to a crystalline

structure.>**? Even more recent is the multi-pathway nucleation model.*® This model assumes



that several processes occur in combination. However, there is still a knowledge gap in

comparing these models with macroscopic phenomena observed in the laboratory.

Several methods have been proposed to promote gas-hydrate nucleation, such as adding

3439 and solid particles,’”*** but these methods have economic and environmental

surfactants
drawbacks. Instead, a technique that uses the memory effect, a property unique to gas hydrates,
has attracted attention as a sustainable method.’*>® The memory effect is a phenomenon in
which the time required for nucleation is shorter when gas hydrates are formed using water in
which they have been decomposed than using pure water.!> As for the mechanism of the
memory effect, several hypothesis have been proposed, such as the water-structuring

hypothesis,’”-

which states that a hydrate-like water-network structure remains in the water,
and the gas-dissolved hypothesis,> which states that guest molecules remain in the water in a
supersaturated state. Uchida et al.>**-6* found that the presence of ultra-fine bubbles formed
when gas hydrates dissociate induces the memory effect for single-gas hydrates.>* They then
extended their research to the nucleation of mixed-gas hydrates using a methane (CHa) +
propane (C3Hg) mixed gas, and found that nucleation occurred more quickly with mixed gases
than with single gases despite the memory effect. This means that it is difficult to predict the
nucleation of mixed gases based on models for single-gas hydrates. They also found that the

nucleation occurred more quickly at a higher supersaturation, which is consistent with

supersaturation being the driving force of crystal growth.%*

Although bulk CH4 + C3Hg mixed gas hydrate with any amount of C3Hg should have
structure type II (sII) in equilibrium,% the nucleus may initially have a less stable structure
according to the Ostwald step rule. For example, several experimental and simulation studies
on the nucleation of mixed-gas hydrate have reported a coexistence of both sI and sII structures
in the early stages of formation.!>1%%6-"! Simulation studies have predicted several features of

the nucleation processes of sl gas hydrate, such as nucleation being more rapid at higher C3Hg



concentrations,*® that the formation of empty cages as well as guest-occupied cages is
important,® and that the occupancy of 5'2 cages by CHa is observed before the formation of
the sII structure.”® In this study, we investigate the nucleation mechanism of mixed-gas
hydrates by systematically examining the gas-composition influence on the nucleation of CHy

+ C3Hg mixed-gas hydrate.

I1. Experimental Procedures
To ensure data consistency and allow a firmer comparison to previous studies, we use the same
experimental method and apparatus as that in our previous study.®* We now briefly describe

this method.

We used ion-exchanged pure water of resistivity about 15 MQ cm. The sample gas was a
mixture of high-purity CHs (99.99%) and CsHs (99%) gas (Hokkaido Air Water, Hokkaido,
Japan). The composition was CH4:C3Hg = 100:0 to 0:100. Data for pure C3Hg-hydrate were
taken from a previous study.®? A high-pressure vessel (232.2 cm® in volume) equipped with a
stirrer was submerged in a constant-temperature bath to maintain an experimental temperature
of 274.2 £ 1.0 K. After introducing about 50 cm® of pure water, pure CH4 and C3Hs gases were
introduced to the target partial pressure by considering a set composition. The initial total
pressure Py was selected at twice the equilibrium pressure Pq for the composition as calculated
with the CSMHYD program’? (i.e., supersaturation o= Py/Pq— 1 = 1). To test the composition
of the source mixed-gas, we sampled a small amount of gas from the high-pressure vessel
before the experiment and measured the composition using gas chromatography (GC-2014,
Shimadzu, Kyoto, Japan) with a column of Sunpak-A 50/80 mesh (Shinwa Chemical Ind.,
Kyoto, Japan). The values measured by gas chromatography were used to analyze the results.
For one case (CH4:C3Hg = 99:1 mixed gas), accurate adjustment by partial pressure was

difficult, so a standard gas (Hokkaido Air Water) was used instead.



The gas-hydrate formation tests began with an agitation of about 300 rpm. Temperature
and pressure were measured by a data logger (GL-240, Graphtech, Kanagawa, Japan) every 5
s. The induction time (#inq) 1s defined as the time interval from the start of agitation to the time
of nucleation ¢ = #- when we detected either a temperature rise or a pressure drop due to the
subsequent growth of bulky gas-hydrate crystal. This series of experiments was repeated more
than 10 times under the same conditions, exchanging the fresh water every time to eliminate
any memory effect coming from the sample. To effectively eliminate any memory effect from
the equipment, we also took the following steps. The reaction vessel was retrieved from the
temperature bath at each experimental interval, and then the inside of the vessel was thoroughly
dried and brought to room temperature by airing out with forced ventilation for several hours.
When no such nucleation occurred within 50 h (3000 min), we classified the case as "no

nucleation".

As to the location of nucleation, we could not observe the hydrate directly and thus could

not determine whether or not the nucleation occurred at an interface.

As tr differs for each experiment, the temperature and pressure at nucleation are not the
same as the initially set conditions. We then use the temperature 7yand pressure Primmediately
before nucleation to represent the nucleation conditions for each sample, and assume that the
variations in 7y and o between the repeated experiments provide a measure of the uncertainty
because they are larger than those of measurement accuracies. To evaluate the nucleation
phenomenon quantitatively, the fraction of trials that nucleate within a given ¢, is considered
to be the nucleation probability. The cumulative #,¢ curve is the nucleation probability
distribution 77(?), which is fitted to equation (1) below’’* using commercially supplied

software (Origin Pro 9.0, Light Stone):



1) = 1— exp[-J(t — )], (1)

where J is the nucleation frequency and 7y the offset time. Generally, J is closely related to the

nucleation rate and 7y generally scales with the minimum induction time.

II1. Results

Figure 1 (a) shows the resulting nucleation probability distribution for the full range of
compositions at temperature 7y=274.7 K and supersaturation o= 0.99. To aid comparison, the
data for pure CH4 hydrate (this study) are connected with a dark solid line, whereas that for
pure C3Hs hydrate® are connected with a light hollow line. Several CHa-rich cases are also
connected. Figure 1 (b) shows the composition dependence (shown as the C3Hg concentration,
x) of the induction time at 50% nucleation probability, which is shown as the cross point of
each nucleation probability distribution curve and the horizontal line at the nucleation

probability of 0.5 (light dotted line in Fig. 1(a)).
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Fig. 1: (a) Nucleation probability distributions of CH4 + C3Hg mixed gas hydrates of nine
composition conditions (legend at top) at 7= 274.7 + 0.4 K and supersaturation o= 0.99 +
0.18. Dark solid line is pure CH4 hydrate, light hollow line is pure C3Hg hydrate (from ref. 64),
and dashed or dotted lines are mixed-gas cases with C3Hg below 20%. (b) The induction time

at 50% nucleation probability for the full range of compositions.

Considering the trend with composition, Figs. 1(a) and (b) shows the nucleation
probability distribution shifting to smaller #,s with increasing CH4 concentration (or decreasing
CsHg concentration), indicating that CHs promotes nucleation of the mixed-gas hydrate.
Consistent with this trend, the nucleation probability distribution of pure C3;Hg hydrate is
smaller (longer ¢.4) than those of any of the mixed-gas hydrates. However, in the other direction,
when the concentration of C3Hg goes to zero, the nucleation probability distribution of pure
CHa4 hydrate shifts to longer times than that of the mixed-gas hydrates containing less than 10%
of C3Hs. This trend is clearer in Fig. 1(b), where we plot the 50% induction time. In other words,
the nucleation of CH4 hydrate appears to be promoted by the presence of a small amount of

CsHs.



Moreover, with the addition of small amounts of C3Hg, the induction time ¢, spreads out.
Times less than several minutes were even observed for the cases of CH4:C3Hg = 87:13 and
96:4. However, in the case of CH4:C3Hg = 99:1, the values of #,s concentrate in the range of 40
to 400 min. Overall, it is clear that different compositions result in different patterns of

nucleation probability distribution.

Using the fitting equation (1), we compiled the values of J for the full range of
compositions, listing them in Table 1 and plotting the values in Fig. 2. For a useful comparison
of the composition dependence, the supersaturations should all be the same. However, as the
supersaturation changed during a given experiment (due to dissolution of gas in the water or
the fluctuation of the temperature control system), the average supersaturation deviated from
the initial value of o= 1 (Table 1). Thus, to aid the comparison of the composition dependence,
we also calculated a o-corrected nucleation frequency <J> for the condition of o= 1. For the

calculation, we use the following relationship obtained in a previous study:®*

J=Ko , )

with K and n being obtained at the composition of CH4:C3Hs = 90:10 and having the values®*
K =5.5%102 and n = 2.6. Although these values may vary with composition, here we assume

they hold for all CH4 + C3Hg mixed-gas hydrates (applied only for sII structures).

Table 1: Average formation conditions and fitting parameters.



CHs | CsHg | Pr Ty o J <J> ) R?

% % MPa | K x103 min? | x10 min? | min

100 |0 577 | 274.7 | 0.902 2.33 -132 | 0.970
99 1 3.13 2752 |0.956 12.0 13.5 34 0.975
96 4 1.50 | 274.3 | 0.980 7.50 7.91 -21 0.956
87 13 1.07 | 274.4 | 0.906 5.24 6.77 —49 0.955
80 20 0.779 |274.8 |0.798 2.54 4.57 =51 0.940
63 37 0.637 |274.6 | 0.815 1.95 3.32 —104 | 0.962
42 58 0.499 |274.7 |0.758 0.953 1.96 —67 0.941
34 66 0.432 |274.7 |0.812 0.550 0.945 —196 | 0.940
0 100 042 [273.7 |1.21 0.331 0.0201 -204 |0.714
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Fig. 2: Nucleation frequency J (open circles) and o-corrected nucleation frequency <J> (solid
diamonds) for a range of C3Hg concentrations in CH4 + C3Hg mixed gas hydrates. No diamond
is shown for x = 0 because that hydrate has the sl structure and thus is not used to estimate <J>.

The dotted line shows the regression line of equation (3).

As shown in Fig. 2, the value of <J> decreases with an increasing concentration of C3Hs.
For pure CH4 hydrate, the value of J is nearly one order of magnitude smaller than that of the
condition of 1% Cs;Hg containing mixed-gas hydrate. Except for pure CH4 hydrate, therefore,
the value of <J> decays exponentially with x, the concentration of C3Hg in CH4 + C3Hg mixed-

gas hydrates. This relationship is fit by the equation (3) (R? = 0.88):

<J>=1.0x102 exp(-0.037x). 3)
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Research® has shown that the nucleation frequency J increases with pressure and the
supersaturation. However, the temperature dependence of J has yet to be examined. To check
the effect of temperature, we investigated the nucleation of CHs + C3Hg mixed-gas hydrates
(fixed at CH4:C3Hg = 95:5) at 274.3 and 275.4 K. For this purpose, we also examined two o

conditions, approximately 1.0 and 1.2.

In Fig. 3, we plot the resulting nucleation probability distributions. The experimental
conditions and the parameter values obtained by fitting the equation (1) to each distribution are

listed in Table 2.

o o o
EN o o

nucleation probability

o
()

0.01 0.1 1 10 100 1000
induction time [min]

Fig. 3: Nucleation probability distributions 77(z) of CH4 + C3Hg (95:5) mixed gas hydrates for

four P and T conditions. The values of P, T, and o are listed in Table 2.
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Table 2: Summary of average formation conditions and fitting parameters.

Exp. | CHs | C3Hs | Pr Ty o J <J> 0 R?
No.

% % MPa | K x103 min! | X102 min! | min
(1) 93 7 1.70 | 2754 | 1.27 | 273 147 —0.92 |0.923
(2) 93 7 1.53 | 2754 | 1.04 | 44.8 40.6 -37 0.938
3) 96 4 1.50 | 274.3 | 0.88 | 7.50 10.5 21 0.956
4) 92 8 1.37 [ 2742 | 1.24 | 1.36 0.77 —-103 0.950

These results show that for a (nearly) fixed o, a temperature difference of only 1.1 K results
in a difference in the value of <J> of nearly two orders of magnitude. For instance, the
nucleation frequency for experiment 1 (o is about 1.25) is about 200 times higher than that of
4. Thus, the nucleation process of mixed-gas hydrates is sensitive to not only supersaturation,
but also temperature. The results also show that for a fixed temperature and composition, the
nucleation rate increases with supersaturation. This suggests that the relationship in equation
(2) holds qualitatively for the nucleation process of mixed-gas hydrates with different
compositions. This finding supports our use of equation (2) to adjust J to the o-corrected value

<J>.

IV. Discussion
The presence of a small amount of C3Hg in CHs has long been known to promote hydrate
nucleation,! but this study is the first to show that there is a clear composition dependence on

the nucleation frequency (Fig. 2). We now examine the cause of this composition dependence.
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Even at gas-phase concentrations as low as 1%, having C3;Hg present gives the hydrate
crystals the slI structure.”> So, except for the pure CH4 hydrate case, all hydrate crystals
obtained in this study are considered to have the slI structure. For this structure, we assume
that the nucleation frequency may depend on the enclathration state of the guest molecules. For
structure slI, the number of 5'26* cages (L cages) is half that of the 5'% (S cages). A CH4
molecule can be enclathrated in either S or L cages, whereas a C3Hg molecule can only
enclathrate in an L cage. Previous studies have also shown that C3Hg molecules in the gas phase
are preferentially incorporated into hydrate crystals over CH4 molecules in the sense that the
resulting hydrate crystal becomes C3Hs-rich compared to the gas-phase composition.!’? As the
gas-phase concentration of CH4 decreases (i.e., X increases), we expect that the occupancy ratio
of S cages with CH4 molecules to also decrease. From the trend in Fig. 2, we then hypothesize

that the value of <J> decreases as the proportion of empty S-cages increases.

We calculated the equilibrium occupancy of CHs in the S cage € by using the CSMHYD
program,’? and overlaying this €s-x curve on the <J> versus x plot in Fig. 4. This is fitted by

the exponential curve:

0s = 0.759 exp(—0.0295x), “4)

where the fitting has R?> = 0.98. When the gas composition becomes 100% C3Hs, all small cages

will be empty, although the above fit does not completely vanish at x = 100%. Overlaying this

Os-x curve on the <J> versus x plot in Fig. 4 shows good agreement with these two trends.

14



nucleation frequency J, <J>

Fig. 4: Dependence of <J> and 6s on the C3Hs concentration x. Datapoints of .J (open circles)

and <J> (solid diamonds) are from Fig. 2 and the dashed line shows the &s-x curve (right
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As the relationship between <J> and x (equation (3)) can also be approximated with an

exponential function, the correlation between <J> and & for the mixed-gas hydrate is high (R*
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=0.95). The good agreement in Fig. 4 indicates that our hypothesis is valid.
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checked whether the results hold when we instead use the estimated fraction of dissolved CsHsg

in aqueous solution Xaq. For the estimate, we assume that the solubilities of CH4 and C3Hg in

water at T = 274.7 K and atmospheric pressure are 4.4x107° and 6.8x10, respectively.”

Assuming that the dissolved amount of a gas type depends linearly on its partial vapor pressure,

we estimated the amount of each gas molecule dissolved under the conditions for its formation,
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and thus the CsHs concentration in aqueous phase. Upon plotting with x,q instead of x in Fig.

4, the datapoints fit essentially the same curve, so our conclusion above remains unchanged.

Assuming that the nucleation frequency of CH4 + C3Hs mixed-gas hydrate is controlled by
05, we now examine the nucleation process. Using MD simulations, Zhang et al.®® found that
the #.« of CH4 + C3Hg mixed gas hydrate decreases with increasing C3Hg concentration in the
gas phase, the opposite trend to that found in our measurements. They suggested that the trend
results from a considerable time being needed for the formation of stable cages for guest
molecules (especially CH4 molecules). However, their results were not verified experimentally.
In contrast, the simulation of pure C3Hg hydrate by Chen et al.*” indicated that the formation
of empty cages is equally important to that of guest-occupied cages. The importance of the
formation of empty cages during nucleation is also high in the blob hypothesis.?’ As we found

here that the nucleation frequency <J> depends on &, or the fraction of cages that are empty

(1—65), our results here qualitatively support the results of these last two studies.

Considering the initial stage of nucleation in the CH4 + C3Hg mixed-gas hydrate system,
which would be related to the amorphous state in the blob hypothesis,?®*° the theory predicts
that first an L-cage-like structure will form around the dissolved C3Hg molecule and then will
stabilize, as C3Hg occupies only the 5'26* cage. Another simulation has shown that a cage-like
structure surrounding a C3Hg molecule is formed in the early stage of nucleation, although it
would last a relatively short time.”® On the other hand, as CH4 can occupy any type of cage in
both sl and slI structures, it is possible for any structure to form around the dissolved CHy
molecule. Hence, wrong (unstable) structures may form first based on the occupation of the
CHa4 molecules, thus slowing down the nucleation of the stable phase.® As the CHs molecules

70,76

occupy the small cage in the early stage of gas-hydrate formation, and the small cage is

common to all hydrate structures, the formation of the large cages determine which type of

16



structure will form in such mixed-gas hydrates. Also, for determining the bulk-hydrate

structure, it is important to stabilize the empty S-cage structure not occupied by CHa.

Based on our experimental results and the above considerations, we propose the overall

rate of the mixed-gas hydrate nucleation involves the following individual rates:

(A) How quickly dissolved guest molecules aggregate in water.

(B) How quickly each guest molecule selects the stable cage-like structure.

(C) How quickly the empty-cage structures are stabilized.

After these three processes are completed, the amorphous phase will change to the critical
nucleus. The time required for the nucleation is the sum of the times for all three processes, but
we expect that one process will be much slower than the others and thus will dominate the time
scale. In the case of CHs + C3Hs mixed-gas hydrate, we expect that at higher CsHg
concentrations the timescales of A and B will decrease, but that of C will increase. Furthermore,
once CH4 molecules are arranged at suitable sites, the host structure becomes stable, but the
more the empty cages there are, the more difficult it becomes to reach the final structure of the
critical nucleus. So, it will take longer to form a critical nucleus if the amorphous phase has a
larger number of empty cages. In other words, the formation process of this critical nucleus
determines the length of the induction time and thus the magnitude of the nucleation frequency
J. We argue that this process qualitatively explains the exponential decrease in the nucleation

frequency of CHs + C3Hg mixed-gas hydrate.

Here, we claim that the length of the induction period of CH4 + C3Hg mixed-gas hydrate
(sII structure) is mainly controlled by rate C, the stabilizing of the empty 5'2 cages. Of course,
under short ¢4 conditions, which are the CHs-rich conditions, the sl-like structure likely forms

prior to that of the sll-like structure, which would increase #;,. This may be the reason why the

17



induction time at 50% nucleation probability slightly increases when the C3Hsg concentration

decreases below about 10% (Fig. 1(b)).

In addition, the nucleation frequency J of mixed-gas hydrate formed with gas of x = 1% is
one order of magnitude higher than that of pure CH4 hydrate, which indicates that the presence
of even a small amount of C3Hs molecules promotes the gas-hydrate nucleation. For the
formation of pure CH4 hydrate (sl structure), experiments show that CH4 molecules tend to be
included in the 5'? cage in the early stage of formation, with the other cage-structures having
an energy barrier to formation.’® If a similar situation applies to the nucleation of CH4 + C3Hs
mixed-gas hydrate (sII structure), which contains more 5'2 cages in the unit cell than that of sI,
then it may take less time to form stable nuclei in the system if the CHs molecules occupy 5'2
cages and the CsHs molecules stabilize 5'26* cage-like structures simultaneously in the early
stage of nucleation. In this way, the C3Hg molecules would act as a stabilizer for the initial
amorphous phase formed by CHs molecules. According to CSMHYD calculations,”® the
composition in the mixed-gas hydrate under equilibrium conditions with gas of x = 1% is CHa:

C3Hs=67:33, which is close to the ratio of 5'% cages and 5'%6* cages in the slI structure.

Therefore, this is the composition at which CHs molecules occupy all 5'? cages and C3Hs
molecules occupy remaining 5'26* cages —that is, the two gases are separated by cage type.
We argue that this condition allows the initial amorphous phase formed by the aggregation of
guest molecules to quickly stabilize, requiring the shortest time to complete process B and thus

maximizing the nucleation frequency J.

Although we have argued that C3Hs molecules promote the formation of mixed-gas
hydrates, the same can also be said for CH4. As shown in Fig. 2, the more CHj is contained in

the mixed-gas phase, the larger the value of J becomes over that for pure C3Hg hydrate. This

18



clearly indicates that CHs4 molecules also promote the formation of mixed-gas hydrates.

Moreover, in this case, the promotion holds true at all concentrations.

On the other hand, classical nucleation theory'*7’-"

predicts that the size of the critical
nucleus increases with increasing temperature, thus increasing the energy barrier. So, the
nucleation frequency J may decrease (i.e., increase tixq) at higher temperature. However, as
shown in Fig. 3 and Table 2, we found the opposite trend, specifically that the value of J for
mixed-gas hydrates to be larger at higher temperature 7. Therefore, we consider that the
“induction time” observed experimentally involves not only the formation of the critical nuclei
(A to C above), but also the time for the crystals to grow large enough to detect experimentally.

If so, the nucleation frequency observed experimentally should be determined by the following

rates:
(D) How quickly a sufficient number of critical nuclei form in the system

(E) How fast the initial crystal growth induces a measurable temperature rise or pressure

drop

For the processes of (A) to (C), the time to reach a stable structure should be shorter at higher
temperature because the frequency of molecular reorganization within the amorphous phase
should be faster. For (D) and (E), the growth process of the macroscopic crystal structure is
thought to be a thermally activated process and thus should also be faster at higher temperature.
Unfortunately, we cannot accurately estimate the 7" dependence from only two 7 points and
two o conditions. Nevertheless, we roughly estimated the activation energies in this 7 range to
be about 75 kJ/mol when o= 1.2 and about 17 kJ/mol when o= 0.9. These values are within
an order of magnitude of that for the hydrogen bond energy of ice Ih (about 28 kJ/mol®?). If we
assume that the activation energy for bulk crystal growth of CH4 + C3Hsg mixed gas hydrate is

similar to that of pure CHy4 hydrate (1.1-1.9 x10? kJ/mol>*!-#2), then the activation energy for
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the structure-formation process from the amorphous phase to a small crystal structure is one
order of magnitude smaller. Thus, this nucleation process differs from the subsequent bulk

growth process of the mixed-gas hydrate crystal.

V. Conclusions

We measured the induction times of CHs + C3Hg mixed-gas hydrate at about 274 K and a range
of compositions, finding them to be shorter than those of both pure hydrates. The composition
dependence of the nucleation frequency of CHs4 + C3Hg mixed-gas hydrate exponentially
increased with increasing CH4 concentration. By increasing the temperature 1 K at a fixed
composition and supersaturation, we found the nucleation frequency to increase by about one

order of magnitude.

Since the composition dependence of nucleation frequency is similar to that of the empty-
cage ratio, we argued that the nucleation rate is controlled by the time required for the
construction of stable empty cages. Based on these experimental results, we proposed a
nucleation process of mixed-gas hydrates. In this model, the initial structure of mixed-gas
hydrate is the amorphous phase that contains C3Hs-containing 5'26* cage-like clusters, CHa-
containing 5'% cage-like clusters, and empty-cage-like aggregates. In addition, the temperature
dependence of the nucleation frequency suggests that the experimentally obtained induction
time includes not only the critical-nucleus formation process, but also the time for the crystals
to grow large enough to be observed experimentally (e.g., by a temperature rise or a pressure
drop). This model will need to be tested through experimental studies, including spectroscopy,

as well as with simulation studies.
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If nucleation of gas hydrate is such a two-step formation process, then it is not yet possible
to fully understand its nucleation process because molecular-dynamic simulations cannot
calculate over the experimental timescales (minutes to hours), whereas experiments cannot
discern the short timescales in the simulations (pico- to nano-seconds). However, the results of
this study strongly suggest the possibility that the empty-cage formation process controls the
bulk crystal formation process in the early stage of nucleation, and therefore experimental

results can help fill the knowledge gap between these two approaches.
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