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Induction phenomena are explained that exist in the only two reproducible sets
of kinetic data in the literature for gas hydrate formation from an agitated ice
surface. The previously unexplained data are interpreted using recent crystal dif-
Sraction results. The induction explanation is validated through cyclopropane hydrate
kinetic experiments. The induction reasoning forms the basis of an hypothesis for
a molecular mechanism of hydrate formation from ice. The hypothesized mechanism
is quantified and given physical interpretation. The hypothesis may have significant
implications for inhibiting hydrate formation.

Introduction

Since the discovery of clathrate hydrates as plugs in pipelines
by Hammerschmidt in 1934, natural gas producers and pro-
cessors have prevented hydrates through the following four
thermodynamic means:

1. By removing free water, as well as reduction of water
content of the hydrocarbon phase

2. By maintaining the temperature of the system above the
hydrate formation temperature

3. By maintaining the pressure of the system below the hy-
drate formation pressure

4. By injecting inhibitors such as methanol and glycol to
shift the equilibrium, so that lower temperatures or higher
pressures are required to form hydrates.

Recent reviews of the state of the art in natural gas hydrates
(Robinson, 1989; Sloan, 1990a) suggest that applications are
turning away from time-independent thermodynamics to the
more difficult regime of time-dependent kinetics. Thermo-
dynamic inhibitors such as those in item 4 above may be sup-
planted or supplemented by newer kinetic inhibitors. One
impetus to determine a molecular mechanism for hydrate pro-
duction is the formulation of such kinetic inhibitors.

To consider hydrate kinetics, two terms relating to hydrate
crystal growth or nucleation should be defined. These defi-
nitions differ from those in traditional crystal kinetics, due to
the multiphase nature of hydrates. Hydrate crystal kinetics
studies are bifurcated into the following regimes:

e [n the primary nucleation domain, subcritically sized crys-
tals may grow or shrink before obtaining a larger critical size
(a maximum in Gibbs free energy).

e [n the crystal growth domain, monotonic growth occurs
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from nuclei that have already achieved critical size. This occurs
at the end of the primary nucleation region and marks the
beginning of very rapid ‘‘catastrophic’’ crystal growth and
lowering of the Gibbs free energy.

Bishnoi and coworkers have done the most extensive studies
of macroscopic hydrate kinetics from gas and liquid water,
emphasizing crystal growth, which occurs after the point of
turbidity in the liquid phase. Bishnoi’s work, including ther-
modynamic stability criteria to enter the crystal growth region,
is reviewed by Englezos et al. (1990).

Recent studies from Holder’s laboratory (Wright, 1985;
Hwang et al., 1990) have validated earlier work by Barrer and
Ruzika (1962), which suggested that a very limited amount of
hydrates will form from ice in a nonagitated chamber at tem-
peratures below the ice point. Without agitation, the ice surface
area may be easily quantified as a kinetic parameter, but the
formation rates are too slow to be measured. Holder and
coworkers suggest, however, that melting ice acts as a template
(not readily available in liquid water) for the hydrogen bonds
of hydrate formation. The facility of available hydrogen bonds
in melting ice provides different kinetics than formation from
water without such a substantial structure. Barrer and Ruzicka
indicated that more rapid hydrate formation occurred from
ice with surface renewal in a ball-mill-like apparatus at liquid
nitrogen temperatures.

Virtually all published, reproducible hydrate kinetic meas-
urements from liquid water—in the laboratories of Bishnoi,
Holder, Kamath and Godbole, Kobayashi, and our labora-
tory—have been done in the crystal growth domain, due to
the experimental difficulty of primary nucleation studies. The
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principal reason for primary nucleation experimental incon-
sistency is that a highly variable degree of hydrate metastability
exists, which is difficult to quantify. It has been intractable to
reproduce even the most recent work to correlate primary
nucleation for hydrate formation from gas and liquid water
(Lingelem and Majeed, 1989) through more than seventy 24-
hour days of experiments in our laboratory.

The primary nucleation regime has been known to last for
days before hydrates occur in liquid water; conversely, in-
stantaneous hydrate formation has sometimes occurred, with
no clear definition of the controlling variables. Yet the primary
nucleation regime is the controlling factor in many, if not all,
hydrate formation processes. At the end of the primary nu-
cleation period, one can expect very rapid hydrate growth
within a short time in the crystal growth regime. Until primary
nucleation phenomena are microscopically known, one cannot
optimize a means of interrupting the crystallization process.
The state of the art in hydrate research does not permit a
reliable answer to such a problem for hydrate formation from
gas and liquid water, either in theory or in experiment.

Because primary nucleation concerns crystal structures of a
very small size (12A and 17A for unit crystals of structure I
and structure II, respectively), the experimental molecular evi-
dence for a hydrate formation mechanism is very sparse. The
very best spectroscopic evidence, such as those via Raman and
NMR for hydrate crystal nucleation kinetics, and the best
computer simulations for pure-component nucleation (for ex-
ample, Swope and Andersen, 1990) are limited by size con-
straints of spectroscopes and computers,

Such measurements and calculations are currently in prog-
ress in various research laboratories, but, as with most time-
dependent phenomena, accurate results are painstakingly dif-
ficult to get and therefore slow to produce. Until such infor-
mation becomes available, one may hypothesize a microscopic
kinetic model to fit to macroscopic data. Refinement will await
later experiments or simulations, which may be constructed
via aid of the model or in model falsification attempts.

For a model of hydrate formation to be useful, it should be
intrepretable on a molecular scale and offer a bridge between
the microscopic domain and macroscopic measurements of
pressure, temperature, volume, etc. The purpose of this work
is to state the evidence for a microscopic mechanism hypothesis
for the kinetics of hydrate primary nucleation from ice. Due
to the difficulty in duplicating hydrate primary nucleation data
from liquid water, reproducible hydrate kinetic data from the
ice phase will be considered.

Of course, industry wishes to avoid both ice and hydrates,
because either aggregated solid will not flow, but will block
channels such as pipelines, drill strings, heat exchangers, and
strainers. However, it may be that a mechanism for hydrate
formation from ice will suggest similar steps in a mechanism
from water.

To discuss how hydrate crystals are formed, the crystal struc-
tures are reviewed briefly in the first section. Subsequently,
the literature experiments are examined together with one cause
of hydrate formation induction or metastability. Then, our
experimental data for cyclopropane hydrate kinetics are used
to validate the induction cause. Finally, an overall primary
nucleation hypothesis and its quantification as obtained from
an analysis of the literature are discussed. Experiments are
suggested for further refinement or falsification.
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Figure 1. Sizes of gas molecules relative to those of
hydrate cages.

A Central Concept of Hydrate Structure

Natural gas clathrate hydrates are crystalline enclosure com-
pounds, which can form at low temperatures and high pressures
when gas molecules are brought into contact with water. Sloan
(1990b) offers an overview of hydrates in a recent monograph.
Hydrates form in either of two repetitive unit crystals: a body-
centered cubic crystal structure I (sI) or a diamond lattice
structure II (sII). Each unit crystal has two cage types of dif-
ferent sizes, with each cage formed by water molecules around
at most one gas molecule.

One way to visualize formation of hydrates is to consider
the relative sizes of the enclosed gas molecule within each cage
formed by the water molecules. Figure 1 is updated from an
original version by von Stackelberg (1949). Along the vertical
line in the figure are the sizes of some common guest molecules
that form hydrates. The cross-hatched regions in the figure
indicate broad separations of molecules by cavity sizes. Listed
between the cross-hatched boundaries is the ideal hydrate ratio
(water:gas) for single-component gas molecules that form hy-
drates in each cavity.

The rightmost column in Figure 1 indicates the cavities oc-
cupied, as determined by the shaded region boundaries. The
larger numerals indicate the number of sides to each face, while
the superscripts indicate the number of faces in each cavity.
For example, 5'%6% represents a 14-sided cavity, which is com-
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Table 1. Ratios of Molecular to Cavity Diameters for

Molecules*
Guest Molecular Dia./Cavity Dia.

Molec. Dia., A Structure [ Structure I1

512 51262 5]2 51264
Ne** 2.97 0.604 0.516 0.606 0.459
Ar 3.8 0.772 0.660 0.775"  0.599'
Kr 4.0 0.813 0.694 0.816 0.619"
N, 4.1 0.833 0.712 0.836" 0.634"
0, 4.2 0.853 0.729  0.856"  0.649"
CH, 4.36 0.886" 0.757" 0.889 0.675
Xe 4.58 0.9317 0.795¢ 0.934 0.708
H,S 4.58 0.931° 0.795" 0.934 0.708
CO, 5.12 1.041 0.889" 1.044 0.792
C,H, 5.5 1.118 0.955" 1.122 0.851
C;H, 6.3 1.276 1.090 1.280 0.9717
i-C,H 6.5 1.321 1.128 1.325 1.005°
n-CJH,p** 7.1 1.443 1.232 1.447 1.098

*If a molecule enters the small cavities of a structure, it will also enter the
large cavities.

**A molecule will not form hydrates as a single guest component, because it
is too small (or too large) to stabilize a cavity.

Cavity occupied by the simple hydrate former.

posed of 12 faces with five sides each and two faces of six
sides each.

Descending in Figure 1, the cavity sizes are listed in increasing
order: the small pentagonal dodecahedron (5'2) cavity in sII
(denoted by 52+ 5'%6* because the larger 5'%6* cavities are also
occupied), progressing through the small 5'% cavity of sl (de-
noted by 52+ 5'26%), to the larger tetrakaidecahedron (5'%6%)
cavity of sI, and finally to the largest hexakaidecahedron (5'%6%)
cavity of sII.

In Figure 1, the region discussed in the central hypothesis
of this article is denoted by the shaded area at sizes slightly
greater than 4A . It may be seen that CH, and Kr straddle that
region which separates the small cavity of sII from that of sI,
while N, and O, are at the lower boundary. It should be em-
phasized that until 1984, it was not known that this shaded
line (between 5 2/3 and 5 3/4) existed. The erroneous idea was
commonly held that the smallest hydrate formers only fit the
smallest cavity of structure I, denoted in Figure 1 by (52 + 5'26°).
Through crystal diffraction measurements, Davidson et al.
(1984) confirmed the suggestion by Holder and Manganiello
(1982) that argon and krypton stabilized the 5% cavity of sII.
Later work by Davidson et al. (1986) established this boundary
for molecules with similar sizes.

Table 1 quantifies the visual scheme of Figure 1. In this
table, guest:cavity size ratios are shown for several molecules,
relative to the diameter of each of the four sizes of cavity. The
ratios denoted by a T indicate those cavities occupied by the
single (simple)-hydrate formers.

In comparing the guest:cavity ratios of Table 1, it appears
that a size ratio between 0.78 and 1.0 is necessary for hydrate
formation. Smaller values indicate the guest cannot contribute
to the cavity stability (or that the other cavity in the same
structure may be stabilized). Larger values indicate that the
molecule is too large to fit the cavity. For small molecules, the
stability of the 5'* cavities provides the major stabilizing effects
on hydrate nucleation; however, the inclusion of small mol-
ecules in larger cavities may contribute to the stability of each
crystal structure to some extent.
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Figure 2. Apparatus for hydrate formation from ice ex-
periments.

Hydrate Formation Induction or Metastability

In the literature there are only two data sets, in which simple
hydrate metastability has been reproduced from separate lab-
oratories at an interval of almost a decade—the case of an
induction period for formation of some hydrates from ice at
liquid nitrogen temperatures in a agitated vessel. Barrer and
Edge (1967) first used a shaking ball-mill-type apparatus sim-
ilar to that in Figure 2 to renew the ice surface that was con-
verted to hydrate. They found that hydrates formed from ice
with agitation. In this apparatus, the temperature was main-
tained constant, while the reaction chamber was shaken. Upon
hydrate formation, constant pressure was maintained via dis-
placement of gas into the hydrate formation cell. The gas
consumption rate was taken as an indication of gas concen-
tration on hydrate formation.

Barrer and Edge studied the formation of simple hydrates
of three inert gases (argon, krypton, and xenon) from ice. They
demonstrated that, while argon and xenon initially formed
hydrates rapidly, an induction period of about one hour was
observed for krypton. During the induction period the krypton
conversion to hydrate was negligible, but induction was fol-
lowed by a rapid growth of hydrate before a gradual decline
due to exhaustion of ice. The induction phenomenon appeared
to be similar to the metastability of subcooled solutions in the
absence of a seed crystal. Barrer and Edge did not explain why
krypton alone exhibited the induction period.

Almost a decade later, Falabella (1975) determined both the
equilibrium and kinetic properties of hydrates of methane,
ethane, ethylene, acetylene, carbon dioxide, and krypton,
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Figure 3. Kinetic of methane and krypton hydrate for-
mation with induction period.
From Falabella (1975)

formed from ice at temperatures from 148 to 240 K and at
subatmospheric, constant pressures. Falabella used a very sim-
ilar apparatus to that of Barrer and Edge and duplicated their
unusual induction results for krypton. While replications of
his own experiments indicate a small amount of scatter,
Falabella was able to obtain two types of kinetic results: one
with a clearly defined induction period for methane and kryp-
ton, with typical data shown in Figure 3, and the other for all
the other gases listed, which exhibited no induction period,
shown in Figure 4. Again, no explanation was given for the
induction period of either methane or krypton hydrate.

Using the terminology of the introduction, one may infer
analogies for the two regimes experimentally observed in the
laboratories of Barrer and Falabella:

1. The observed induction period for methane and krypton
may be related to hydrate metastability or primary nucleation.

2. The period of rapid conversion after induction may be
related to crystal growth.

If the above analogies are assumed, it is possible to suggest
areason for the induction period observed in both laboratories,
as stated below. It is initially necessary to suppose that im-
pingement of the balls on the ice/hydrate surface provides
sufficient mechanical energy to form a mobile, localized water
layer, even at low temperatures. A localized liquid layer enables
dissolution of gas in the water at the gas surface of the ice/
water interface.

Supposing a mobile, localized water layer, an examination
of the induction period in Figure 3 for krypton and methane
provides insight into the formation of critical nuclei size for
stable crystal growth. It should be noted from Figure 1 and
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Figure 4. Kinetics of hydrate formations without induc-

tion period.
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Table 1 that pure methane (4.36 A diameter) only stabilizes
the 5'2 cavity of sl, as proven through multiple X-ray exper-
iments. However, the guest:cavity size ratio of the methane
molecule in sI (0.886) is within 0.5% of that for methane in
the 5% cavity of sII (0.889).

Although both Falabella (1975) and Barrer and his cowork-
ers (1962, 1967) adopted the common belief that methane and
krypton (4.04 A diameter) each stabilized the 5'2 cavity of sI,
almost a decade later Davidson et al. (1984) used X-ray meas-
urements to confirm that krypton stabilized the 5' cavity of
sI1. This new knowledge provided for formulation of the fol-
lowing suggestion for the cause of the induction period.

The size difference between methane and krypton appears
to be sufficient to discriminate between the slight differences
in the 5'? cavity diameter of each structure to cause a change
of hydrate structure. Differences in guest:cavity size ratios may
provide one explanation of the induction/metastability period
observed in the kinetics of methane and krypton hydrate. Glew
(1959) first suggested that when the size of a guest molecule
approached the limiting size of a cavity, a high degree of
thermodynamic nonstoichiometry was observed. The guest
molecule size was sufficient to cause a substantial variation in
the occupation of the cavity, with a consequent variation in
hydrate number. Similar behavior on a kinetic level is suggested
by the induction periods for methane and krypton simple hy-
drates.

As a microscopic hypothesis for the cause of induction,
consider the initial formation of simple hydrate nuclei of the
5'2 cavity of either structure with methane (or krypton) as guest
molecules. Each type of 5'2 cavity is within 0.5% of the size
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Figure 5. Effect of ethane on induction kinetics of kryp-

ton hydrate induction kinetics.
From Falabella (1975)

of the other, so that little discrimination is obtained. As has
been noted by several authors (see Jeffrey’s review, 1984) the
5'2 cavity is the “‘basic building block’’ of each hydrate struc-
ture, connected by its vertices to form sI or connected by its
faces to form sII. It is suggested that the induction period for
the simple hydrates of methane and krypton may represent a
period of oscillation between the 5'2 cavities of sI and siI,
before sl achieves the critical nuclei radius stability (the size
of several unit crystals) for simple methane hydrates (or before
sII attains critical size for stability of simple krypton hydrates).

The suggestion of such a cause is supported from two sources.
First, as shown in Figure 4 when Falabella formed simple
hydrates of other guest molecules (Xe, C,H,, C,H,, C,H,, or
CQ,) from ice, no kinetic induction periods were observed.
The lack of induction period may be due to the structural
stability brought about by a higher discrimination between the
cavity diameters; this is confirmed by the guest:cavity size
ratios shown in Table 1 for some of the molecules studied by
Falabella. In comparing the guest:cavity ratios of Table 1, it
is suggested that the size ratio between about 0.81 and 0.89
for the small cavities is susceptible to the oscillation (or in-
duction) period.

Secondly, as suggested by van der Waals and Platteeuw
(1959), the addition of a small amount of propane to methane
will cause the entire hydrate structure to change from sl (for
pure methane) to sII (for 99.5% CH,+0.5% C,H,), because
propane can only fit into the large (5'%6*) cavities of sII. In an
analogous manner, the addition of small amounts of ethane
to krypton may cause the hydrate structure to change from
sII for pure krypton to sl for the mixture, because ethane
provides substantial stability to the tetrakaidecahedral (5'%6%)
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Figure 6. Effect of addition of ethane or air on methane
hydrate induction kinetics.
From Falabella (1975)

cavity. While no crystallographic data are available to support
this assertion, Falabella’s kinetic data in Figure 5 clearly show
that the addition of as little as 5% ethane to krypton eliminated
the induction period observed in pure krypton. Similarly, the
addition of 10% ethane to methane eliminated the induction
period shown in Figure 6, again probably due to the high
stability of ethane in the 5'%6* cavity, but without a hydrate
structure change.

The above argument, based on the induction period for the
formation of simple hydrates of methane and krypton from
ice, then suggests consideration of a new nucleation rate pa-
rameter, namely the guest:cavity size ratio. If the above logic
is valid, molecules such as nitrogen (4.1 A) and oxygen (4.2
A) with sizes intermediate between krypton (4.0 A) and meth-
ane (4.36 A) should show a greater nucleation period (that is,
longer induction times) than that of methane. Such an induc-
tion is displayed in Falabella’s data for a single kinetic run in
Figure 6 for mixtures of methane and air (79% N, +21% O,).
Kinetic data studies of simple hydrates of oxygen and nitrogen
await a future study.

Cyciopropane Kinetic Data

To investigate the induction hypothesis proposed in the sec-
ond section we performed experiments on kinetics of cyclo-
propane hydrate formation from ice. Cyclopropane has the
unusual property of occupying either the large cavity of sl
(5'%7) or the large cavity of sII (5'%6*) as a function of tem-
perature; a suggestion for the cause of this unique behavior
has been provided (Sloan, 1990a). Therefore, cyclopropane is
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Figure 7. Cyclopropane pressure-temperature phase
diagram.
From Majid et al. (1986).

uniquely qualified to probe our earlier logic because its size
places it at a cavity borderline (see Figure 1), albeit a different
cavity border than that for methane or krypton. It should be
noted that cyclopropane is more experimentally tractable (low
pressure, safety, etc.) than the oxygen or nitrogen hydrates
mentioned at the end of the previous section.

Cyclopropane hydrate formation kinetics from ice have not
been previously reported. However, the pressure-temperature
phase equilibrium diagram was originally proposed by Hafe-
mann and Miller (1969) before being corrected by Davidson
and coworkers (Majid et al., 1969), as shown in Figure 7. In
our experiments, three types of conditions were chosen for
formation of cyclopropane hydrates below 273 K: (1) the hy-
drate sl-vapor region (H-G); (2) the hydrate sII-vapor region
(H;-G); and (3) along the line between the two quadruple
points, Q; and Q,, where both hydrate crystal structures exist
in equilibrium with each other and with vapor.

Along line 6364 of Figure 7, since both the large cavity of
sI and the large cavity of sIl may be occupied, the logic of the
second section suggests that a kinetic induction time should
be observed. Alternatively, in the regions marked H,-G and
H ;-G no induction period should be observed for cyclopropane
hydrates.

Our experimental apparatus was similar to the one shown
schematically in Figure 2. The apparatus differs from those
of Falabella (1975) and of Barrer and coworkers (1962, 1967)
in two respects: (1) a differential pressure manometer (accurate
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to within an error of 0.02%) was used to replace the McLeod
gage as a pressure measurement device; and (2) a calibrated
piston volumeter (accurate to within 0.01%) was used to re-
place the mercury—gas volume displacement method to main-
tain constant pressure. A procedural difference from the
previously published experiments is that our temperatures are
higher and closer to the freezing point of ice (250 K< T<273
K). Double de-ionized water and research-grade cyclopropane
(99.99% pure) were used in all experiments.

The experiment consisted of first in outgassing de-ionized
water using freeze-pump-thaw cycles, and then forming ice by
vacuum distilling the water into a spherical glass reactor using
liquid nitrogen as a cooling agent. The reactor was then sealed
via a stopcock and placed in an ethylene glycol bath, which
was cooled by a closed-cycle refrigerator. Once the cell tem-
perature (measured via platinum resistance thermometry)
reached equilibrium, gas was admitted at time zero.

The ice in the reactor was bombarded by stainless steel ball
bearings using an electric shaker to cause the water molecules
to have the ‘‘artificial mobility’’ suggested by Barrer and co-
workers (1962, 1967) and by Falabella (1975) for hydrate-ice
kinetics from different guest molecules. Since the stable solid
phase was H|, H;;, or H-H,;; (dependent on conditions of pres-
sure and temperature) in equilibrium with gas, the ice should
have completely converted to hydrate. When the pressure de-
creased upon hydrate formation, the volumeter was advanced
to maintain constant pressure. Therefore, the volume of gas
consumed was measured vs. time at constant temperature and
pressure. Once the volume change ceased, the reaction was
considered to have reached equilibrium.

Results for seven experimental runs are shown in Figures 8-
10. At the coordinate origin of the first two figures, it is
observed that the kinetics of sI cyclopropane hydrate formation
(Figure 8) as well as those of slI formation (Figure 9) have no
induction period.

In Figures 8 and 9, the reaction goes to equilibrium when
the curves approach asymptotic limits. Within each figure,
different asymptotes are obtained due to different initial
amounts of ice distilled within the reaction cell. Table 2 shows
the experimental results in comparison to calculated gas con-
sumption for the four runs of Figures 8 and 9. The calculated
gas consumption is at ambient temperature and the pressure
of the reactor. In these calculations, the large cavity occupation
of each structure is taken as 100%, whereas there was no
occupation of either small cavity; these percentages were con-
firmed using both statistical mechanics calculations and the
experimental values of Hafemann and Miller (1969). The re-
sults in Table 2 indicate that all of the ice present has converted
to hydrate within experimental inaccuracy (=<6%).

Figure 10 shows experimental data obtained for conditions
of hydrate formation along the structural transition line. At
the origin of the axis, it is seen that a short reaction induction
of approximately 3 minutes occurred for all three runs. (Note
that Falabella’s induction time for methane in Figure 3 was
less than 10 minutes.) After the induction, a normal gas volume
consumption occurred, and the reaction proceeded as in Figure
8 or 9. Unfortunately, the induction times in Figure 10 were
too short to quantify accurately.

For those experiments in which both hydrate structures co-
existed, a linear interpolation technique was used to calculate
the percentage of H, and H); hydrates in the sample. The
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experimental conditions of temperature and pressure for H,,
H,;, and structural transition hydrate formation were chosen
to be as similar as possible. This requirement enabled the
analysis of two of the three runs in the structural transition
region; however, the analysis of the third run (at 260 K and
39 kPa) was invalidated, because the run did not attain final
equilibrium after the induction period.

Table 3 provides a linear interpolation of the 270-K structural
transition run of Figure 10 relative to two similar single struc-
ture runs in Figures 8 and 9. The 267-K run was entirely con-
verted to structure 11 after the initial induction period. Further
refinement of the calculation is not warranted by these few
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Table 2. Volumes of Cyclopropane Consumed in Figures 8
and 9*
Run Str. Tr, K Ta, K P, kPa My, g V,, mL V, mL % Error
1 H 249 295 38 0.25 116.85 115.00 1.6
2 H, 255 298 38 0.17 80.19  78.61 1.9
3 H 268 298 63 0.29 83.60 88.71 5.8
4 Hy 266 295 50 0.20 32.06 31.02 3.2

*V, and V, are the calculated and the experimental volumes of gas consumed
at ambient temperature Ta of the volumeter, where Tr is the reactor temperature.

experiments. The process of combined structural growth is
unknown and requires further investigation.

The above experimental results seem to validate the reason-
ing that molecules of a van-der-Waals-size intermediate to
hydrate cavity size show a kinetic induction time due to primary
nucleation. Future experiments will shift to natural gases such
as methane and paraffin mixtures, in the hope of better un-
derstanding primary nucleation phenomena.

Molecular Mechanism Hypothesis for Hydrate
Primary Nucleation

As a physical picture for the hypothesis of hydrate kinetic
mechanism, consider the schematic given in Figure 11. The
figure proposes several enlargements of the phases present in
the ice-gas-hydrate experiment by Barrer and coworkers (1962,
1967) or by Falabella (1975). The mechanism for nucleation
of hydrates from ice is envisioned as a series of consecutive
reactions, progressing from the stable species in Figure 11A
to the beginning of crystal monotonic growth species in Figure
11D, with the attainment of a critical hydrate radius. The
molecular species present in each portion of the figure represent
the median of a spectrum of molecular weights about the given
species.

In Figure 11A ice is shown together with gas and liquid
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Figure 10. Cyclopropane hydrate kinetic data in the re-
gion of structures | and |l coexistence.
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Table 3. Percentage of Coexisting H; and Hy Hydrates for Two Structural Transition Experiments

Conditions H; Hy H,+ Hy H+H,
T(K)/P(kPa) 268/63 266/50 270/67 267/50
Vol. Consumed (mL) 88.71 32.06 48.45 31.92
Moles Consumed (r,) 2.12x 107} 6.53x107* 1.32x107? 6.5%x107*
Moles of H,O (nH,0) 0.0161 0.0111 0.0166 0.0116
X=n,/nH,O 0.1316 0.0588 0.1137 0.056
Fraction of Hydrates

Structure | 100.0 0.0 75.41 0.00

Structure II 0.0 100.0 24.59 100.00

water. As discussed earlier, transient liquid water may be pres-
ent on a local scale because the ice molecular arrangement
(either cubic at very low temperature or hexagonal at higher
temperature) must undergo considerable relocation to form
the predominately pentagonal faces of the hydrate cages. Single
molecule rearrangement will not suffice; approximately 20
ice lattice molecules must be simultaneously relocated to form
one hydrate cavity. The energy for the conversion to localized
water may be provided by the mechanical action of the ball
mill on the ice. With some localized liquid water, molecular
translation is much easier to achieve the condition shown in
Figure 11B.

Figure 11B schematically represents the basic hydrate (5'%)
cavity as a labile species within the liquid film at the ice in-
terface, with the melting ice as a template for the hydrogen
bonds that need to occur for hydrate formation. Molecular
dynamic studies by Chen (1980) and Dang (1985) have shown

small prenucleation 5" cavities similar to speciss 11B to be
very hardy, absorbing easily the energy of other water mole-
cules that might disrupt a less stable structure.

The experimental solubility data of Franks and Reid (1973)
and the Monte Carlo solubility calculations of Swaminathan
et al. (1977) in Figure 12 suggest that water molecules organize
in labile cavity-like clusters around a dissolved apolar molecule,
with a coordination number of 20, the same as that of the 5
structure. For crystallization from salt solutions, Larson and
Garside (1986) drew Figure 13 in support of the fact that
subcritically-sized species have a substantial metastability in
the Gibbs free energy minimum of the dashed line. The met-
astable equilibrium of a cluster smaller than critical size r, is
caused by having surface tension dependence upon radius for
small sizes as originally suggested by Tolman (1949). For salt
nucleation, small metastable clusters have been found via Ra-
man spectroscopy (Hussmann et al., 1984).
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Figure 11. Proposed kinetic mechanism for hydrate formation from ice.
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Figure 12. Monte Carlo simulations for solubility of large
apolar molecule surrounded by water mole-
cules.

From Swaminathan et al. (1978)

The 5'% structure is most favored because it maximizes the
number of bonds (30) to molecules (20) along the surface,
relative to similar cavities. Since the 5" cavity of both sl and
sH are within 0.5% of the same size, Figure 11B shows a very
rapid transition between the two structures (if a difference
exists at all) at this state. It may be that the size difference
occurs only when the 5" cavities are joined to form the unit
cells of sI or sII, in which case the cavities shown in 11B would
be identical.

After the state described in Figure 11B, two parallel paths
are shown. The top path is given for the construction of sl
using simple hydrates, like methane, while the bottom path is
given for sl using simple hydrates like krypton. When the 5'
cavities of Figure 11B link, they either link through vertices
(to form sl) or they share faces (to form sII).

The above evidence for the 11B clusters of water molecules
around the apolar guest, combined with data for the highly
negative entropy of solution (see, e.g., Himmelblau, 1959),
indicates a highly-ordered cluster system. Nature abhors such
negative entropy structures without high energy input, and
Ben-Naim (1980) provides evidence that the clusters combine
to minimize negative entropy through the much-studied, but
ill-named, ‘‘hydrophobic bond.”’

In Figure 11C, the unit crystals of either structure are formed.
These unit crystals still are not beyond the critical size for
growth, so that some of them shrink to the left (Figure 11B)
while some combine with other unit crystals to give the struc-
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Figure 13. Gibbs free energy change for cluster me-
tastability below the critical radius r..
From Larson and Garside (1986)

tures of Figure 11D. The hypothesis of previous sections sug-
gests that the transition from the upper path to the lower path
species in 11C, including that between the 5'* nuclei in 11B,
may account for the induction period between methane and
krypton hydrates. In this sense then, the rate of progress from
11B to 11C to 11D should be considered as ‘‘overall rates,”’
rather than rates in only one direction.

When the species have grown to the state of Figure 11D,
they have grown beyond critically-sized crystals, so that they
grow monotonically. This is the end of the primary nucleation
period, and species like those in 11D grow until one phase
(either ice or gas) is depleted.

As a preliminary attempt to quantify the physical mechanism
shown in Figure 11, consider each of the four states to represent
a limiting species of subhydrate, in progression from no hy-
drate (114 = [A]) to a stably growing crystal (11D =[D]). Gas
at the interface is assumed to be available in excess. Only species
[A4] (melted ice) should be initially present at concentration
[A)=[A,]. The hypothesis in Figure 11 is constructed such that
gas and water are in excess; therefore, the physical reaction
should be determined by the concentration of the single species
shown in each portion of the figure (i.e., a first-order mech-
anism). The time dependence of each species concentration
may be written with first-order chemical kinetics as follows:

dla)/dt= — k|A] ¢))
d|B)/dt = ki[A] - k,|B] )
d[C)/dt = ky| B] - k,[C] €)
d[D)/dt = ks[C] @

where [A], {B], [C], and [D] represent the concentration of
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Figure 14. Methane hydrate kinetics: temperature ef-

fect.
From Falabella (1975)

each hydrate species, with the initial conditions of [4] =[A(]
and [By] = [Col = D] =0.

Equations 1 through 4 are first-order differential equations,
which may be simultaneously solved (for example, either via
integrating factors or LaPlace transforms) to obtain:

[A] =[Agle &)
_kdAd ik

18- L (eh ek ©

[Cl=[AJ(Fie " — Fye " — Fe™") (7

[D]= —%— [AF) (e ' = 1)+% [AF2(e ™ —1)
] 2
+[AJF (e -1)  (8)
where

k.k, kik,

Sk (k—k) 2 (k) (ka—k,)’

Fa hk
(ks— k) (ks —k;)

The rate constants (X, k,, and k3), which should be fit in
the above equations may be obtained from Falabella’s data.
We are not interested in the growth rate of either intermediate
species([B] or [(]), but Eq. 8 for the growth of the stable
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Table 4. Nonlinear Regression of Figure 14

September 1991 Vol. 37, No. 9

Temp. No. Data k, k, k3
K Points Est./Std. Err. Est./Std. Err. Est./Std. Err.
148 3 25.25/0.00 2.36/0.00 29.75/0.00
Correlation Matrix at 148 K
k, 1.00
ky ——— 1.00
ky - —— 1.00
173 7 25.26/0.02 2.41/0.01 29.74/0.02
Correlation Matrix at 173 K
k,  1.00
k, —0.48 1.00
ky 0.213 0.321 1.00
189 5 25.29/0.10 2.34/0.02 29.72/0.13
Correlation Matrix at 189 K
k; 1.00
ky 0.75 1.00
ky  0.99 0.82 1.00
191 8 25.26/0.01 2.42/0.01 29.75/0.01
Correlation Matrix at 191 K
k. 1.00
Kk, ~0.16 1.00
ky 0.38 0.58 1.00

hydrate [D] is of central interest. As with every consecutive
reaction containing =2 steps (see Hill, p. 151, 1977) the form
of Eq. 8 is such that the induction time (and the entire ““S’’-
shaped curve) shown in Figures 3, 5 and 6 may be clearly
obtained. With such a simple model, a unique set of rate
constants may be determined to fit the Falabella data. A more
complex model will require more data to determine a statis-
tically unique set of rate constants. Thus, the simple differential
equations, which conform to the physics of the microscopic
model, have solutions that are of the form of the macroscopic
rate data.

Nonlinear regression of Falabella’s data for temperature
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Figure 15. Arrhenius plot of rate constants in proposed
hydrate formation mechanism.
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dependence of methane, shown in Figure 14, has enabled a
preliminary calculation of rate constants &y, k,, and k; as a
function of temperature at constant pressure (1 atm). The data
of Figure 14 were digitized up to the time at which the isotherm
exhibited a rapid increase in slope, identifying a shift from
primary nucleation to the crystal growth regime.

A quasi-Newton minimization method was used to regress
the data of Figure 14. The hydrate number was taken as 5.82
based on a statistical thermodynamic model. The concentration
of component [D] in Figure 11 was related to the original ice
present via a mass balance; the fraction of ice converted to
hydrate was divided by a factor of 5.82 times the number unit
cells required for the critical radius. The calculations were
found to be insensitive to the number of unit cells (taken as
10) for the critical radius of component [D]. A summary of
regression statistics is presented in Table 4.

Even though the 183-K methane isotherm showed the correct
qualitative trends, the lack of data in the primary nucleation
region caused this data set to be discounted in the regression.
An Arrhenius plot of rate constants vs. temperature is shown
in Figure 15.

Figure 15 is encouraging, since the rate constants conformed
to a semilogarithmic straight line with reciprocal temperature.
However, the lack of slope of each rate constant with tem-
perature suggests a negligible activation energy for hydrate
formation. This is a little surprising since one would normally
expect a positive activation energy for a chemical reaction.
However, Vysniauskas and Bishnoi (1983) reported a negative
activation energy for crystal growth, confirming an intuitive
view that hydrate formation reaction proceeds faster at lower
temperatures. Nevertheless, zero activation energy may indi-
cate the need for a more sophisticated mechanism, perhaps
containing reversible reactions or a hypothesis including mass
transfer effects. Experiments are under way to provide more
data for a better statistical definition of a mechanism.

Other compounds such as ethane, which occupy only the
large 5'%6° cavity of sl (see Figure 1) exhibited no induction
period in Figure 4. To explain the kinetic behavior of these
larger molecules by the hypothesis, the formation of the basic
5'%6? cavities must be rapid; once the basic 5'26* cavities are
formed, rate constants k, and k; must also be very high so that
Eq. 8 effectively shows no induction time. The entire sl crystal
may be built using solely the larger cavities occupied by ethane,
with very high kinetic rates, as suggested in the lower sche-
matics of Figure 7 for both ethane (sI) as well as for propane
(sII). Therefore, with appropriate fitting of rate constants k,,
k,, and k;, the induction period may be included or excluded
in the model.

Verification/refinement of the mechanism

Additional physical information will be required to refine
the hypothesized mechanism or to replace it with another.
There are three types of information needed to correct the
mechanism: (1) molecular measurements through spectroscopy
and X-ray diffraction; (2) computer simulation of crystalli-
zation via molecular dynamics; and (3) macroscopic experi-
ments to test implications of the hypothesized mechanism.

First, molecular measurements of clustering may be done
through Raman spectroscopy such as has been done by Larson
and his coworkers (Hussmann et al., 1984; Rusli et al., 1989)
for crystallization of salts from solution. It is also possible to

AIChE Journal September 1991

measure cluster exchange kinetics through isotopic NMR meas-
urements of relaxation times, such as those done by Ripmeester
and his coworkers (Collins et al., 1990). The validation of
structural transition as a function of the temperature-
dependent guest:host size ratio may be determined through X-
ray diffraction over a range of temperatures; such experiments
have recently been suggested by Tygesen and Mollerup (1991).

Secondly, molecular dynamics simulations will prove more
capable of providing quantitative crystallization descriptions,
such as those of Cook and Clancy (1990) for electronic ma-
terials. Because nucleation calculations are both time-consum-
ing and size-dependent requiring large (=4,000 particles)
systems, they initially may be simulated by inserting well-
established crystal and liquid phases into the simulation system.
This last approach has recently been used successfully for ice
crystallization phenomena by Haymet and coworkers (Karim
et al., 1990).

Finally, the end result of the hypothesized mechanism must
be macroscopically demonstrated to be pragmatic. The hy-
pothesis implies that induction times should also be observed
in similar experiments for molecules such as nitrogen, oxygen,
and trimethylene oxide. If the hypothesized guest:host size
ratio effect is taken as temperature-dependent, then observed
induction times should be studied over a range of temperatures,
to determine if metastabilitiy can be induced/eliminated as a
function of temperature. The molecular hypothesis provides
a basis for determining new hydrate inhibitors, which may be
viewed as blocks to sequential reaction species in the mecha-
nism vs. the older colligative-type thermodynamic inhibitors.

All of the above measurements and simulations are in prog-
ress in several laboratories. While that information may be
used to refine or to falsify the mechanism hypothesized in this
work, all three correction means are painstakingly difficult;
thus it may take some time before refinements evolve. In that
light, the hypothesized mechanism may serve as an initial heu-
ristic basis for further research. No other molecular mechanism
is currently available for comparison.

Conclusions and Implications

A new induction nucleation parameter (guest:cavity size ra-
tio) has been proposed and verified using experimental data
from Falabella and from new measurements using cyclopro-
pane. Based on the induction model, the first molecular mech-
anism for hydrate formation from an agitated ice surface has
been hypothesized. Some success has been achieved in fitting
the mechanism to the limited data available in the literature.

If such a hypothesis presents a viable picture of hydrate
formation, it provides a tool for finding methods of hydrate
inhibition. For example, if hydrate plugs are an aggregation
of small nuclei shown in the mechanism of Figure 11, it would
suggest preventing agglomerations of these nuclei so that the
fluid would continue to flow. Such a mechanism may be pro-
vided by the use of additives such as polymers and surfactants
(e.g., Behar et al., 1988) in pipelines and processes.

Much more experimental data (both macroscopic and mi-
croscopic) and simulations will be required before a totally
satisfactory kinetic model can be obtained for hydrate for-
mation from ice. The connection of the hypothesized mech-
anism for hydrate formation from ice to that from liquid water
is yet to be established. The hypothesized mechanism may be
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considered a first effort to propose a means of guiding ex-
periments for future refinements and corrections.
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Notation
[A]

concentration of species 4, mol/cm?

[B] = concentration of species B, mol/cm?
[C] = concentration of species C, mol/cm®
[D] = concentration of species D, mol/cm?
k, = rate constant for reactions 1 and 2
k, = rate constant for reactions 2 and 3
k; = rate constant for reactions 3 and 4
F; = factor in Eqgs. 7 and 8 where i=1,2,3
G = gas
H, = cyclopropane hydrate structure I
H, = cyclopropane hydrate structure II
Q; = cyclopropane + water quadruple phase point (ice-H;-H;-gas)
Q, = cyclopropane + water quadruple phase point (H,0-H-H-

gas)
sI = hydrate structure I
hydrate structure I
time

~
]|

Numerical symbols

5'2 = pentagonal dodecahedron clathrate hydrate cavity
5'%62 = tetrakaidecahedron clathrate hydrate cavity
5'%6" = hexakaidecahedron clathrate hydrate cavity
Subscripts

0 = initial concentration, mol/cm’
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