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High-field nuclear magnetic resonance (NMR) relaxometry and diffusometry along with magnetic reso-
nance imaging were used to monitor phase transition molecular dynamics during hydrate formation
occurring in water droplets dispersed in liquid cyclopentane. 1D T, relaxation measurements indicate
the extent of hydrate formation as well as a reduction in water droplet size with progression of hydrate
growth. MRI intensity maps and T, relaxation maps indicate spatially dependent hydrate formation rates
due to the heterogeneity of the system. Spectrally resolved diffusion measurements indicate a reduction

Iég’;’;’(‘;ﬁse:t in the porosity of the hydrate agglomerate as the hydrate shell increases in thickness. A novel signal rise
Diffusomet?; observed in two dimensional T;-T, relaxation correlation experiments indicates complex diffusion

dynamics due to coupling between regions with varying relaxation and diffusion. These results indicate
the ability to monitor hydrate growth and phase transition molecular dynamics due to evolution of the
porous hydrate agglomerate by means of high-field NMR.

Molecular dynamics
Hydrate formation

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Clathrate hydrates are ice-like crystalline compounds in which
hydrocarbon is caged by hydrogen bonded water molecules [1,2].
Hydrates typically form at low temperatures and high pressures,
and are of particular interest to the oil- and gas industry due to
their potential as a natural gas storage, transportation, and recov-
ery source, and their applications in CO, sequestration and separa-
tion [3]. However, they are also of major concern to the industry as
hydrates tend to agglomerate in oil and natural gas pipelines and
have the potential to clog pipelines causing damage [1,4,5].
Hydrates nucleate and grow at the interface of water droplets dis-
persed in the organic phase where hydrogen bonded water cages
combine into larger structures. A more detailed understanding of
the kinetics of the phase transitions involved in the nucleation,
growth and decomposition process of hydrates is needed to further
develop and improve technologies required to exploit the potential
of natural gas hydrates [6,7], and to reduce the risk of hydrate
blockage in pipelines. One of the main obstacles of investigating
the phase transitions involved in hydrate formation is the short
time and length scales at which the transitions occur and the opa-
que nature of the material. Nuclear magnetic resonance (NMR)
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techniques allow for non-invasive studies of complex opaque
structures at microscopic length and timescales and have been
used extensively in research on hydrates [8-12]. High field studies
have focused on spectroscopy [13-15] using '3C, 2H, ?°Xe, and
solid-state NMR methods [16]. Other high field applications have
used magnetic resonance imaging (MRI) to monitor water-
methane hydrate formation rates in porous systems [17,18] and
for individual water droplets [19]. NMR relaxation is highly sensi-
tive to the thermodynamic phase of the system (liquid-solid-gas)
as well as restrictions in motion that occur in porous systems
and is therefore an ideal tool for investigating hydrate formation
processes.

MRI has been used to monitor the formation of hydrates as the
phase transition from liquid water dispersed in the organic phase
to crystalline hydrate clusters that occur in bulk or in porous sys-
tems generates signal loss [9,17-23]. Haber et al. [10] used low-
field NMR relaxometry to measure water consumption and pulsed
field gradient (PFG) NMR techniques to monitor the diameter of
the water core within a hydrate shell during model cyclopentane
hydrate formation. Kleinberg et al. [12] measured T, relaxation dis-
tributions using a 2.2 MHz logging tool on the sea floor and Gao
et al. [24] obtained 2H relaxation distributions in the lab at
2 MHz. However, to our knowledge, no high-field NMR studies of
TH relaxation and diffusion during controlled hydrate formation
have been reported. NMR relaxation and diffusion data provides
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information on the mesoscale dynamics complementing micro-
scale molecular dynamics simulations and macroscale models.

Model cyclopentane hydrates were used in this work to explore
the use of high-field NMR relaxometry and diffusometry to charac-
terize molecular dynamics and aggregation structure evolution
during the hydrate phase transition. Cyclopentane was chosen as
the organic phase as the thermodynamic conditions for hydrate
formation are easy to obtain in the NMR sample and it is well stud-
ied. It has a high hydrate-forming equilibrium temperature of
7.7 °C at atmospheric pressure and unreacted cyclopentane gives
a strong NMR signal since it is a liquid for the temperature range
used in this study (—20 to 4 °C). T, relaxation MRI was used to pro-
vide information on spatial heterogeneity. One dimensional relax-
ation experiments along with two dimensional T;-T, relaxation
correlation experiments and spectrally resolved diffusion measure-
ments were used to observe and characterize the transition from
mobile to restricted dynamics simultaneously for both water and
cyclopentane throughout the formation process.

The unique ability of NMR relaxometry and diffusometry to
measure molecular motion allows this study to characterize
mesoscale phase transition molecular motion during hydrate for-
mation due to evolution of the hydrate agglomerate porous struc-
ture. The NMR data provides insight into the rate of formation of
the hydrates, size and connectivity of the pore space that the water
occupies throughout the formation process, and the nature of the
exchange of molecules across the evolving hydrate shell.

2. Background

In order to clearly demonstrate the ability of the NMR measure-
ments to characterize the phase transition dynamics, a model of
hydrate formation is considered. In this work, cyclopentane is the
organic phase. Cyclopentane hydrates form structure II cages at
atmospheric pressure and have a hydrate-forming equilibrium
temperature of 7.7 °C [25]. This means hydrates will form at any
temperature above the melting temperature of the ice and below
7.7 °C, at which point the hydrates will dissociate. Structure II
hydrates consist of 16 small 5!2 cages with the shape of a pentag-
onal dodecahedron, and 8 hexakaidecahedral shaped larger 5'264
cages |2]. The hydrate cage structures represent the system micro-
scale with time and length scales of microseconds and nanometers.

When the hydrate formation temperature is reached, initial
hydrate nucleation occurs at the water-cyclopentane interface.
For this study, the experiments were conducted during warming.
Initial hydrate nucleation is a stochastic process often followed
by an induction time, which is the time between hydrate nucle-
ation and when the system reaches temperature and pressure con-
ditions that support stable hydrates [26-28]. At this point, the
growth of hydrate clusters begins [7]. Early hydrate growth is a
rapid process that results in a thin hydrate shell with a highly den-

T=-20°C T=1°C
t =0 hours t< 25 hours
Hydrate

dritic structure encapsulating the water droplets and creating a
barrier between the water and the organic phase [10,29,30]. Haber
et al. observed an increase in hydrate shell thickness and a
decrease in water core diameter as the hydrate growth progressed
[10]. Rao et al. [29] observed a highly porous shell early on in the
hydrate growth phase with a porosity of ¢ ~ 95%, consequently
the thin hydrate shell does not pose a significant barrier to mass
transport [31,32]. In the first 25 h after the onset of hydrate
growth, the porosity of the hydrate shell gradually decreases to
below 50% and remains almost constant for a period of time [29].
Towards the end of the hydrate growth (the last ~20 h) the shell
gets thicker and becomes less porous as the dendritic structure fills
in [10] with a final porosity of ¢ ~ 5% [29]. A model of the pro-
gression of the hydrate shell growth is shown in Fig. 1. This is
the mesoscale of the system, the porous media formed from
agglomeration of hydrate cage clusters with length and time scales
of microns and milliseconds. NMR relaxation and diffusion data
measures molecular dynamics on this scale and they are shown
to be consistent with such a shell growth model.

Another aspect of hydrate formation the NMR data informs is
the impact of hydrate inhibitors. Hydrate nucleation and growth
can be disrupted by hydrate inhibitors which are used by the oil
and gas industry to prevent hydrate plugging in pipelines. The
most common types of hydrate inhibitors used today are known
as low-dosage hydrate inhibitors (LDHIs) [33]. Two different types
of LDHIs were added to the aqueous phase in some of the studies
performed in this work to investigate changes in molecular
dynamics during hydrate formation evident in the NMR data due
to the presence of a hydrate inhibitor. The two types of LDHIs
are known as kinetic hydrate inhibitors (KHIs) and anti-
agglomerants (AAs) [33]. KHIs act to prevent nucleation and are
generally water-soluble polymers with functional groups that can
be accommodated into the hydrate cages, thus also resulting in
an increased induction time and severely delaying the onset of
hydrate growth [33,34]. However, when hydrate formation begins,
hydrate clusters will form in the same fashion as in the absence of
a LDHI. The AAs generally consist of molecules with a hydrate-
philic head group and hydrophobic tails and tend to accumulate
at the hydrocarbon-water interface where initial hydrate forma-
tion occurs. The hydrate-philic head groups will attach to the sur-
face of the hydrate crystals, while the hydrophobic tails repel the
aqueous phase, preventing the formation of new hydrate crystals
on that surface [33]. Consequently, the hydrate crystals do not
agglomerate and remain small and exist as particles dispersed in
the liquid hydrocarbon and aqueous phase.

3. Methods

Cyclopentane hydrates were prepared by crushing distilled
water ice in a blender. The ice particles were then sieved to

T=1°C T=1°C
t> 25 hours t=end-20 h to end
@ <50% <p~5%

Fig. 1. Once the hydrate nucleation temperature is reached (1 °C in this model), a thin, highly porous hydrate shell will encapsulate the water droplet. Over the first 25 h, the
thickness of the shell will increase and gradually fill in, resulting in a decreasing porosity. After the first 25 h, the porosity of the shell stabilizes for a period before it continues
to decrease while also continuing to increase in thickness. By the end of the hydrate growth, the porosity has decreased to ~5%. This model is based on the interpretation of

work by Haber et al. [10] and Rao et al. [29].
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diameters < 250 um at —20 °C (Montana State University Subzero
Research Facility) as thawing ice particles contribute to more rapid
hydrate nucleation and more uniform growth [10,35]. Precooled
cyclopentane was added in excess to the ice particles using a micro
pipette and the mixture was stored in 5 mm NMR test tubes in a
Fisher Scientific cooling bath kept at —20 °C. The sample was then
transferred to the precooled NMR probe in the magnet bore, also
kept at —20 °C. The temperature within the magnet bore was grad-
ually increased at a rate of 1°C/180 s until the desired melt and
nucleation temperature, 1 °C for the data shown here, was reached.
This temperature is above the melting temperature of the ice, but
below the equilibrium temperature of 7.7 °C for cyclopentane
hydrates [25]. Once the desired formation temperature was
reached, free induction decays (FID), T,, T;-T,, and diffusion mea-
surements were interleaved until the hydrates reached an equilib-
rium state and no further hydrate formation occurred. This process
took anywhere from 15 to 72 h as monitored by the decrease of the
limiting component water spectral peak. In studies where hydrate
inhibitors were introduced to the system, the liquid hydrate inhi-
bitor was mixed with the aqueous phase before freezing.

NMR measurements were performed on a Bruker 250 MHz
superconducting magnet integrated to an Avance Il spectrometer
using a high-power rf probe with a 5 mm radio frequency (rf) coil
custom built by Bruker. The high-power rf probe integrates with a
Diff30 gradient coil capable of z-direction gradients up to 17 T/m
at 60 A and allows for rf pulses at 100 W as short as 1 us. This
probe was used to collect T; and T, relaxation data by performing
1D T, experiments and T;-T, correlation experiments, as well as
spectrally resolved diffusion data using a pulsed gradient stimu-
lated echo (PGStE) sequence. Spectrally resolved diffusion mea-
surements were performed with pulse length &§=1ms,
observation time A =300 ms, 64 gradient steps, and a maximum
gradient of 0.7 T/m. The PGStE sequence was a mono-polar
sequence. The internal gradients were not observed to impact the
signal in this system enough to warrant the added complexity and
number of phase cycle averages that the Cotts 13 interval bi-polar
sequence requires, given the additional time that would be
required to acquire a full diffusion data set while the hydrate struc-
ture is evolving.

Magnetic resonance imaging (MRI) measurements used a
Micro5 gradient coil and probe capable of 3 T/m gradients on all
3 coordinate axes at 60 A. This allowed monitoring of total hydrate
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formation rate and spatial heterogeneity within the system. A
multi-slice multi-echo (MSME) sequence with repetition time
TR =5000ms, and echo time TE=7.35ms was used to obtain
relaxation and signal intensity maps of hydrates using 8 echoes.
The signal intensity maps were obtained by extrapolating the echo
data back to zero time. The sagittal slice has a thickness of 1 mm
and a field of view of 5 x 30 mm with 64 x 128 points for a reso-
lution of 0.078 mmy/pixel in the x-direction and 0.234 mm/pixel
in the z-direction.

T, and T;-T, correlation data were acquired using the standard
CPMG and inversion recovery pulse sequences with 10 ps rf pulses,
echo time of 2 - 7, = 192 s, and inversion time 7, logarithmically
spaced from 1 ms to 50 s. The T; and T, relaxation times of water
and cyclopentane are similar, so to separate the two populations
based on relaxation times, a paramagnetic gadolinium complex
was added to the cyclopentane. The gadolinium complex, gadolin-
ium tetramethyl heptanedionate (Gd(IIl) TMHD), is only soluble in
the organic phase cyclopentane, and should not impact the relax-
ation rate of the water [10]. However, the T; of water is reduced
by the addition of Gd(Ill)-complex to the cyclopentane (from
T;=10s to T;=1s), but the T; of the water was not further
impacted by increased concentration of Gd(IIl)-complex, suggest-
ing an impact on the water relaxation from Gd-complex at the
organic water interface. To determine the concentration of Gd(III)
TMHD needed to separate the relaxation rates of the water and
the organic phase, the Gd(IlI) TMHD concentration was gradually
increased in increments of ~0.5%. At 0% Gd(III) only one population
representing both phases can be seen in the T;-T, correlation map
in Fig. 2(a). At 2-2.5% concentration TMHD, the relaxation rates of
the two phases were clearly separated as shown in Fig. 2(b), with
cyclopentane exhibiting the shorter relaxation times. Full hydrate
experiments were run using concentrations of 0.6%, 1.0%, 1.5%,
2.0%, and 2.5%. The concentration of Gd(III) did not impact the for-
mation of hydrate.

4. Results and discussion

T, distributions of a hydrate sample with 2.5% Gd(III) TMHD on
day 1 and day 4 after the hydrate nucleation temperature of 1 °C
was reached are shown in Fig. 3. A shift towards faster relaxation
rates is observed for both water and cyclopentane, in agreement
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Fig. 2. T,-T, correlation maps for hydrate containing (a) 0% Gd(IlI) TMHD and (b) 2.5% Gd(III) TMHD. At 0% Gd(IIl) TMHD, the water and the cyclopentane population cannot
be separated based on relaxation rates. At 2.5% Gd(Ill) TMHD, the relaxation rate of cyclopentane is fast enough that the two populations are clearly separated.
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Fig. 3. T, distributions of hydrate with 2.5% Gd(III) TMHD on day 1 (blue) and day 4
(red) normalized to the maximum of the cyclopentane peak on day 1. Day 1 is
defined as when the nucleation temperature of 1°C is reached. As the hydrate
formation progresses, a shift to shorter T, times and a decrease in signal amplitude
was observed for both populations. Increase in Gd(IlII) TMHD concentration causes
the shift in T, relaxation rate for cyclopentane, while the T shift for water is a result
of the water getting more restricted as the hydrate cluster grows. The signal
amplitude decreases due to solidification of the water in the hydrate, and single
cyclopentane molecules getting trapped in hydrate cages. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

with the results obtained at low field by Haber at al. [10] and Gao
et al. [24]. The initial T, value is ~500 ms for water and ~40 ms for
cyclopentane. A shift to shorter T, times can be seen for both pop-
ulations as the hydrate formation progresses, with a final T, value
of ~200 ms for water and 20 ms for cyclopentane. Additionally, a
decrease in signal amplitude with hydrate formation is observed
for both water and cyclopentane when the distributions are nor-
malized to the maximum of the cyclopentane peak on day 1. A shift
towards shorter T, values for water is expected because the liquid
water is gradually confined in smaller and smaller spaces as the
hydrate formation progresses. The shift to shorter relaxation times
for the cyclopentane is attributed to minor changes in gadolinium
concentrations over the formation period since the hydrate forma-
tion process occurs in the presence of excess cyclopentane. A pro-
gressively higher number of cyclopentane molecules get trapped in
hydrate cages, leaving a higher ratio of gadolinium to cyclopentane
molecules behind to further increase the relaxation rate of the
excess cyclopentane. The decrease in signal amplitude is expected
as the T, relaxation times of water molecules entrained in hydrate
cages, and the cyclopentane molecules trapped within these cages,
become too short for the NMR equipment to detect. Additionally,
the excess cyclopentane was observed to drain towards the bottom
if the test tube in some studies. These results agree with previous
low-field NMR measurements of a water-cyclopentane [10] and a
deuterium water THF [24] hydrate system.

4.1. Frequency spectra

As indicated in the methods, free induction decays (FIDs) were
collected throughout the hydrate formation process and Fourier
transformed, producing frequency spectra as shown in Fig. 4. Since
13.5 mol of water are consumed for every one mol cyclopentane
[1] and the process occurs in the presence of excess cyclopentane,

the water frequency peak decreases more rapidly than the
cyclopentane peak during hydrate formation. Once the water peak
is fully depleted, all of the water is entrained in hydrate cages and
no further hydrate nucleation and growth will take place. This
state is considered to be the equilibrium state of the hydrate. The
variability of the kinetics of the hydrate formation under the same
conditions is indicated in Fig. 4(b). While the rates of formation
varied from 15 to more than 40 h, the resulting molecular dynam-
ics discussed below were consistently similar.

4.2. Magnetic resonance imaging

Hydrate formation in porous media and in bulk has been stud-
ied in detail using MR imaging [9,17-23]. 2D imaging was used to
investigate how the heterogeneity of the hydrate samples affect
the formation process. Relaxation images were collected to look
for variations in relaxation rates across the hydrate sample, and
signal intensity images were collected to look for variations in
cyclopentane concentration within the ice/cyclopentane mixture.
It should be noted that the relaxation measured with the MSME
sequence is effective T, relaxation due to both surface relaxation
and restricted diffusion [36]. Fig. 5 shows a relaxation image and
a signal intensity image at —20 °C, where cyclopentane is the only
liquid phase in the system. No reaction occurs at this temperature
in a cyclopentane/ice system. It can be seen from the relaxation
image in Fig. 5(a) that some regions have slower relaxation rates
than others, indicating that the liquid cyclopentane in these areas
is more restricted. A signal intensity map of the same hydrate at
the same temperature can be seen in Fig. 5(b). The different regions
are more easily visualized in the relaxation image, Fig. 5(a),
because of the low standard deviation of T, times within a region,
and a 25.6% difference in the average relaxation times between the
two regions. The signal intensity (Fig. 5(b)) within the region with
shorter relaxation times has a standard deviation that is two times
the difference in signal intensity between the two regions, and an
average difference in signal intensity of only 5%. Thus, the low dif-
ference in signal intensity along with the high standard deviation
in the signal intensity map makes it hard to differentiate between
regions. However, the 5% difference in signal intensity confirms
that the ice particles are more densely packed in regions with
shorter T, times.

Fig. 6 shows signal intensity maps of a hydrate cluster at 0, 10,
and 25 h after the nucleation temperature of 1 °C was reached. At
1°C, the ice particles start to thaw, and there is both liquid
cyclopentane and liquid water present in the system. Yellow
regions are areas with high signal and plenty of liquid cyclopen-
tane and water, while dark red regions are areas with hydrate. At
0 h, the signal intensity is high across the entire sample, with liquid
water and cyclopentane everywhere. However, as the hydrate for-
mation progresses, the signal intensity decreases, and the previ-
ously distinguishable regions reappear, indicating that the
hydrates form at a slower rate in some regions of the sample.
Due to similarities between Figs. 5 and 6, this spatial variation in
the rate of hydrate formation is clearly related to the non-
uniform distribution of the ice particles. This initial ice particle
packing heterogeneity may cause variation in hydrate formation
rate due to higher water droplet concentration, spatial variation
in the onset of melting of the ice due to clumping of ice particles,
or temperature gradients due to inhomogeneous melting. Hydrate
nucleation occurs at water cyclopentane interfaces and is therefore
dependent on both interfacial area and the diffusion of the excess
cyclopentane to the water interfaces. The cyclopentane/ice surface
contact is greater when the ice particles melt while more evenly
dispersed throughout the liquid cyclopentane phase. The results
confirm that hydrate formation rates have significant variations
due to the spatial heterogeneity of the initial distribution of water
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Fig. 4. (a) Frequency spectra showing water (left peak) and cyclopentane (right peak) amplitude throughout the hydrate formation. The water peak disappears due to
solidification of the water in the hydrate. (b) Water peak amplitude depletion rate for three different hydrate studies all at 0.6% Gd(III) are shown (study 1 in green, study 2 in
red, and study 3 in blue) alongside the time evolution of the cyclopentane peak amplitude (black) for study 2. The plot indicates varying formation rate even in similar
systems. The increase in signal in some experiments at 1 h indicates all ice was not melted at t = 0 h. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. T, relaxation image (a) and signal intensity image (b) at —20 °C before
hydrate formation has started. Cyclopentane is the only liquid phase at —20 °C,
while water is in the frozen ice phase, thus the uniformity in Fig. 5(b) indicates that
the cyclopentane is fairly uniformly (+5%) distributed across the sample. From the
relaxation image (a) it can be seen that some regions have faster relaxation rates
than others. These darker regions consist of densely packed ice where the liquid
cyclopentane is more restricted. The signal intensity image indicates that these
darker regions have the same concentration of liquid cyclopentane present on the
scale of pixels.

Signal intensity maps
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Fig. 6. MR images showing the signal intensity at 0, 10, and 25 h in a hydrate
sample as the growth progresses. In these images, the system is at 1°C, and the
liquid phase consist of both cyclopentane and water. At 0 h, the bright yellow color
of the S.I. map indicates plenty of liquid water and cyclopentane. As the hydrate
formation progresses, the signal intensity across the sample decreases as the water
is entrained in hydrate cages. At 25 h, all the water is essentially consumed in the
hydrate phase and no longer visible in the S.I. map. The brighter regions at 0 and
10 h therefore demonstrate where water is distributed, and it is clear it is consumed
more slowly in some regions such as indicated by the dashed line. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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and organic phase within a sample, as observed in a methane-
water hydrate system [19].

4.3. Diffusion

As discussed earlier and shown in Fig. 1, following initial
hydrate nucleation, a thin layer of hydrate will form a shell around
the suspended water droplets [8,10]. With time, the hydrate shell
increases in thickness [37]. This reduces the hydrate growth rate
due to mass transfer limitations of the excess organic phase
cyclopentane to the water interface through the hydrate agglomer-
ate porous media [31,32,37,38]. Mass conservation requires that
excess cyclopentane penetrate through the hydrate agglomerate
shell, since it is at the liquid water-cyclopentane interface at the
interior of the hydrate shell where cages are formed and signifi-
cantly more water, 13.5 mmol water/1 mmol cyclopentane, is con-
sumed. Spectrally resolved diffusion data indicate two separate
diffusion coefficients for water after 6 h of hydrate growth, one fast
on the order of 1072 and one slow on the order of 107!° (Fig. 7(a)).
The signal attenuation data shown in Fig. 7(a) is biexponential with
contributions from both the slow and fast diffusion. The fast diffu-

sion coefficient (1.0 x 10~° m?/s) is close to that of free water at
1°C [39] and is attributed to water in the droplets larger in size
than 50 um as A = 300 ms is not long enough to allow significant
restricted diffusion impact of water trapped inside the hydrate
shell. The slow diffusion coefficient is attributed to the water
trapped within the dendritic structure of the porous hydrate shell.
The decrease in the slow diffusion coefficient with the progression
of hydrate growth indicates a decrease in the pore sizes of the
hydrate shell. This can be confirmed by estimating the mean
square displacement of hydrogen nuclei in the system given by
(Z*)= 2DA, where D is the measured diffusion coefficient, and A
is the observation time in the PGStE measurement. Fig. 7(b) shows
the slow diffusion coefficient decreasing as the hydrate growth
progresses. Here, A =300 ms is kept constant for all measure-
ments, thus a decreasing diffusion coefficient results in a decrease
in mean square displacement from Z = v2DA of 8.9 um at 6 hours
to 4.8 um at 69 hours, confirming that the hydrate shell is getting
less porous.

The microscale molecular dynamics during hydrate formation
have been modeled using classical molecular dynamics simula-
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tions [1,4,40] and phase field models [41,42]. These models predict
complicated diffusion dynamics due to molecular reorientations
and interactions during nucleation and subsequent hydrate growth
that occurs on timescales of the order of microseconds (~1 ps) and
nanometer length scales (~1 nm) [40]. These molecular reorienta-
tion events are occurring constantly throughout the NMR data
sampling period. The NMR relaxation and diffusion data provide
unique insight into the mesoscale molecular motions associated
with hydrate cage agglomeration forming shells around the dis-
persed water phase droplet and evolution of the agglomerate por-
ous media structure.

The acquired T;-T, correlation data is impacted by these com-
plex diffusion dynamics. In systems with complex diffusion
exchange processes the data can exhibit an initial rise in signal
in the T; dimension whereas an exponential decay is expected in
the T; dimension in simple systems. This initial rise in signal was
first observed by Song et al. [43] for water in 150 pm microporous
beads. The signal rise is due to complex diffusion dynamics from
coupling between pores of varying size and surface relaxivity
[43]. The complex diffusion dynamics in the hydrates includes
multiple pore sizes, inter-pore diffusion or exchange, and surface
relaxation of the cyclopentane within the porous structure formed
by the hydrate agglomeration.

Recently we have been developing and extending a coupled
pore model [44,45], that demonstrates that a T;-T, signal rise is
highly dependent on pore size ratio, pore connectivity, and cou-
pling of relaxation modes. The results of these simulations show
that a signal rise is observed for coupling of T; and T, relaxation
modes in a specific combination of the fast and slow diffusion
regime, where the fast diffusion regime is defined as %2> 1,

D
and the slow diffusion regime is %12 <« 1 [46]. Here, a is the pore
diameter, D is the diffusion coefficient, and p, , is the surface relax-
ivity for the T; and T, relaxation modes. When mixed mode condi-
tions for fast and slow diffusion regimes are met, an increase in the
amplitude of the dominating negative eigenmode is observed.
Negative eigenmodes are introduced and described in detail by
Song et al. [43,47,48]. These negative amplitude eigenmodes
reduce the stability of inverse Laplace transformations [47-49],
and are known to reduce the resolution of, and produce T; < T,
peaks in T;-T, correlation maps. Consequently, when high ampli-
tude negative eigenmodes are present, T;-T, correlation maps are
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Fig. 7. (a) Stejskal-Tanner plot showing the water phase at 6 (blue) and 69 (red) hours after the onset of hydrate growth. The dashed lines represent the biexponential fit used
to obtain the slow diffusion component. At 6 h, a majority of the signal originates from larger droplets of water with a diffusion coefficient at the order of 10~° as indicated by
the fast low-q decay. At 69 h, an increase in the ratio of signal originating from water within the porous hydrate shell can be seen. The water trapped in the pore space of the
hydrate shell has a diffusion coefficient at the order of 10~!'. (b) A decrease in the slower diffusion coefficient with hydrate growth progression is observed. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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unreliable. Instead, results should be obtained from the T;-T, time-
domain data directly as indicated by Song et al. [43]. The presence
of a physical peaks in the ILT is sporadic, dependent on the ampli-
tude of negative eigenmodes [48], so there is no guarantee that
aphysical peaks will appear even when the signal rise is robust,
thus a signal rise may be present even when no T; < T, peaks are
observed in the T;-T; correlation map, emphasizing the importance
of observing the more robust time-domain data.

4.4. T;-T, relaxation correlation

In our simulations it appears another requirement for the
observed signal rise is an intermediate level of connectivity
between the coupled regions. We can denote this connectivity with
exchange parameter x. If k. — O the regions are completely iso-
lated with no magnetization exchange, and no signal rise is
observed. If k. — oo, the regions are fully connected, and the sys-
tem reduces to a single pore system which also does not produce
a signal rise. The connectivity between bulk cyclopentane and
hydrate agglomerate porous regions in a hydrate system gradually
changes throughout the formation process playing a significant
role in the T;-T, time domain signal rise observed in the hydrate
phase transition dynamics.

During early hydrate formation x. — oo due to the thin and
highly porous hydrate shell surrounding the water droplets.
Towards the end of the hydrate growth, k. — 0 as the hydrate shell
becomes impermeable. The signal rise observed in the hydrates
(Fig. 8(b)) occur exclusively during the intermediate stage of the
hydrate formation when the hydrate agglomerate porosity is stable
around ¢ < 50% [29]. By the time the water is fully depleted, and
the hydrate has reached an equilibrium state, the T;-T, time
domain data returns to its usual processed form of an exponential
decay (Fig. 8(c)).

Following the early stage of hydrate formation, further hydrate
growth along with the exchange of magnetization due to molecular
diffusion of cyclopentane between regions of bulk organic phase

(a) early stage

(b) intermediate stage

13

and pore space within the hydrate agglomerate becomes mass-
transfer limited and depends on the diffusivity of the hydrocarbon
molecules through the shell as well as the porosity of the shell [38].
The transport of hydrocarbon molecules through the shell is a slow
process compared to the frequency at which the NMR signal is col-
lected during T;-T, measurements. Therefore, the effect of the
complex diffusion dynamics on the NMR measurements becomes
greater with time, as can be seen in the T;-T, time domain data
in Fig. 8(b). The initial signal increase becomes more pronounced
at longer 7,-times, since the diffusion exchange between regions
of different relaxation and diffusion dynamics occurs at longer
T,-times [43].

To further investigate the ability of T;-T, relaxation correlation
measurements to provide novel data on hydrate formation dynam-
ics, LDHIs were added to the aqueous phase. The first LDHI used,
Luvicap® 55 W (provided by BASF, Global Oilfield Solutions), is a
KHI which interferes with hydrate nucleation and the formation
of hydrate crystals. The second LDHI is an industrial AA (provided
by Nalco Champion, Ecolab) which prevents hydrate particles from
agglomerating.

The frequency spectra (not shown, data as in Fig. 4) collected
during the inhibitor studies show that there was indeed a long
delay in the onset of hydrate growth when the KHI was added to
the system. The delay was typically 24-48 h relative to the same
conditions without KHIs, and no T;-T, signal increase is observed
during this initial delay. After 24-48 h, hydrates began to form
and a signal rise was again observed during the intermediate stage
of the hydrate formation (Fig. 9(a)). As indicated, KHI will delay ini-
tial hydrate nucleation, but will not prevent the hydrate crystals
from agglomerating once the hydrate growth has started. Hence
formation of a porous layer of hydrate agglomerates will occur as
a shell around the water droplets suspended in the liquid
hydrocarbon phase and an evolving porous media occurs after
initial delay, just as in the absence of inhibitors. A signal rise is thus
observed in this system as the hydrate formation process is
identical to that of hydrates growing in the absence of KHI. In

(c) hydrate equilibrium
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Fig. 8. T;-T, time domain data processed to show exponential decay for ILT analysis. The signal in these plots comes from all liquid water and cyclopentane. (a) Early stage of
hydrate formation process at 6 h (b) intermediate stage of hydrate formation process at 14 h, and (c) hydrate equilibrium state at 21 h. An initial increase in signal was
observed during the intermediate stage of the hydrate growth process. The data sets are manually shifted vertically at each 7, for easier visualization of each individual data
set. By the time the hydrate reaches an equilibrium state and hydrate growth was complete, the signal returns to the exponential decaying signal typically observed for

processed T;-T, correlation data.
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Fig. 9. T,-T, time domain data collected during the intermediate stage of the hydrate formation process in the presence of (a) KHIs and (b) AAs. The signal in these plots
comes from all liquid water and cyclopentane. A signal rise was observed in the presence of KHIs due to the fact that KHIs do not disrupt the agglomeration of hydrate
crystals, thus a hydrate shell will still form around the water droplets. No signal rise was observed in the presence of AAs. AAs prevent hydrate crystals from agglomerating,
resulting in a slurry of fine hydrate particles which do not form a shell encapsulating the water droplets.

the presence of AAs, no signal rise is observed during hydrate for-
mation. Because the AAs prevent hydrate particles from agglomer-
ating, no hydrate shell will form around the water droplets, leaving
the hydrate particles dispersed in a slurry of cyclopentane. In the
absence of a hydrate shell, there is no restriction to mass transfer
between the two phases, and the intermediate level of connectivity
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required to produce a signal rise according to the coupled pore
model is never reached. The additional noise observed at longer
T,-times in the presence of AAs is a result of a more rapid signal
decay (Fig. 10(a)), and therefore a shorter T>-time, in this system
(Fig. 10(b)). The shorter T,-time is indicative of uniformly dis-
persed hydrate particles and a lack of larger pockets of liquid as
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Fig. 10. (a) signal decay in hydrates forming in the presence of KHIs (blue) and AAs (red), and in the absence of a LDHI (black) as a function of 7, and (b) corresponding T,
distributions. In the presence of AAs, a more rapid decay of the NMR signal is observed resulting a shorter T, time (~135 ms) compared to the T, time (~200 ms) of hydrates
forming with KHIs present. The shorter T of hydrates with AAs indicate smaller hydrate particles more uniformly dispersed in cyclopentane. The T, time of hydrates with KHI
is identical to that of hydrates growing in the absence of a LDHI confirming that the mechanism of the hydrate formation in the presence of KHI is not different once it starts.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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those known to exists in hydrate systems without an inhibitor, or
in the presence of KHIs. Fig. 10 also confirms the similarity
between a hydrate system with KHI and a hydrate system without
inhibitors once hydrate formation is initiated in the KHI system.

5. Conclusion

Hydrate formation and growth was detected and monitored by
frequency spectra obtained using 'H NMR measurements. Fre-
quency spectra also indicated the hydrate equilibrium state at
which point no further hydrate growth was indicated by no further
change in the water peak. 1D T, distributions show a decrease in
peak amplitude for both water and cyclopentane, and a shift to
shorter T, times for water consistent with low field measurements
[10,24]. Water entrained in hydrate cages and cyclopentane mole-
cules trapped within these cages exhibit relaxation times too short
to detect due to hardware limitations, thus the decrease in T, dis-
tribution amplitude indicates the extent of hydrate formation. The
decrease in T, relaxation time for water indicates a decrease in
water droplet size as the hydrate shell surrounding the water dro-
plet increases in thickness. MRI intensity and T, relaxation maps
indicate spatially dependent hydrate formation rates determined
by the density of the packed ice which was heterogeneous.
Hydrates grow more rapidly in regions with low ice density due
to the increased area of the water-cyclopentane interface. This spa-
tial heterogeneity is related to variations in the rate of hydrate for-
mation observed under the same conditions in the water peak
spectra. Spectrally resolved diffusion measurements indicate two
distinct diffusion coefficients for the aqueous phase, differing by
approximately one order of magnitude. The faster diffusion coeffi-
cient is attributed to larger water droplets likely located in regions
with high ice density. The slow diffusion coefficient decreases with
the progression of hydrate formation, and is attributed to water
trapped within the porous hydrate shell. The decrease of the diffu-
sion coefficient indicates a reduction in the pore sizes of the
hydrate agglomerate as the hydrate shell increases in thickness.

A novel signal rise is observed in the T;-T, data which indicates
that during the intermediate stage of the hydrate growth, when the
shell porosity has decreased to < 50%, the system consist of two
regions, where one region, the trapped water droplets, is in the fast
diffusion regime, and the other region, the cyclopentane, is in the
slow diffusion regime. The porous hydrate shell determines the
connectivity between the two regions and thus controls the exis-
tence as well as the amplitude of the signal rise. The data indicates
complex diffusion dynamics due to coupling between regions of
varying diffusion and relaxation. This research indicates the ability
to characterize phase transition molecular dynamics by high-field
NMR relaxometry and diffusometry during hydrate formation
due to evolution of the hydrate agglomerate porous structure.
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