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ABSTRACT

Nucleation of hydrates is constrained by very long induction
(wait) times, which can range from hours to days.
Electronucleation (application of an electrical potential across
the precursor solution) can significantly reduce the induction
time for nucleation. This study shows that porous aluminum
foams (open-cell) enable near-instantaneous electronucleation at
very low voltages. Experiments with tetrahydrofuran hydrates
reveal that aluminum foam electrodes enable voltage-dependent
nucleation with induction times of only tens of seconds at
voltages as low as 20 V. Foam-based electrodes can reduce the
induction time by up to 150X when compared to non-foam
electrodes. Furthermore, this study reveals that electronucleation
can be attributed to two distinct phenomena, namely bubble
generation (due to electrolysis), and the formation of metal-ion
coordination compounds. These mechanisms affect the induction
time to different extents and depend on electrode material and
polarity. Overall, this work uncovers the benefits of using foams
for formation of hydrates, with foams aiding nucleation as well
as propagation of the hydrate formation front.
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INTRODUCTION

Clathrate hydrates [1, 2] are water-based solids with a guest
molecule trapped in a lattice of water molecules. Hydrates have
significant potential in applications such as storage and
transportation of natural gas [1,4,5]. Other applications include
CO; capture and sequestration, hydrate based desalination, and
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hydrogen storage etc. [1-5]. The formation of many hydrates like
methane hydrates in laboratory conditions is hindered by high
pressure and low-temperature requirements. Furthermore,
hydrate formation requires significant induction time, which can
range from hours to days, especially in quiescent systems [3].
This presents challenges for the development of applications [4,
5], requiring rapid hydrate formation (e.g. natural gas
transportation by forming a hydrate). The use of surfactants and
mechanical agitation of the precursor solution are common
techniques to promote the formation of hydrates [6, 7].

The present group recently demonstrated electronucleation
for rapid and controlled nucleation of hydrates [10]. Experiments
with Tetrahydrofuran (THF) hydrate formation demonstrated a
significant reduction in induction time on the application of
electrical potentials using stainless steel (inert) electrodes dipped
in the precursor solution. The voltage-dependent induction time
was reduced [10] to a few minutes at high voltages (100 V).

The present study reveals that aluminum foam-based
electronucleation electrodes can reduce the induction time by
more than 150X when compared to bare stainless steel
electrodes. The use of aluminum foams for hydrate formation
has been previously explored [11, 12] to enable rapid removal of
the heat generated during hydrate formation. This study shows
that aluminum foams also accelerate the nucleation kinetics,
which can be attributed to two separate phenomena (bubble
generation, and formation of aluminum-based metal-ion
complexes). These mechanisms are strongly dependent on the
material and polarity of the electrodes. Importantly, aluminum
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foam electrodes trigger near-instantaneous nucleation when used
as the anode. Induction times on the order of 10 seconds were
observed at low voltages of 20 V, which is a significant
advancement over previous work [10]. Overall, this work studies
the electrochemistry-based mechanisms and analyzes the
benefits of foam-based electro-nucleation.

EXPERIMENTAL DETAILS

THF hydrates were used in the present study as a substitute
for methane hydrates [13-16], since they are easier to form. THF
forms hydrates from a THF-water mixture (molar ratio of
THF:water is 1:17) at atmospheric pressure, and below 4.4 °C. A
slight excess of THF was used in this work to prevent ice
formation.

A schematic of the experimental setup is shown in Figure 1.
Experiments were conducted in a cold isothermal bath, with a
50/50 mixture of ethylene glycol and water. Electronucleation
was studied in 14 mm diameter glass tubes fitted with a rubber
stopper to prevent evaporation, and hold the two electrodes and
a T-type ungrounded thermocouple.

Open-cell aluminum foams with 92 % porosity and a surface
area-to-volume of 1720 m*/m?3 were used. A 6 mm x 8 mm x 50
mm sized foam plug was used as the electrode. A stainless steel
electrode was the other electrode. The spacing between the
electrodes and thermocouple was 5 mm. The electrodes were
connected to a DC power supply and an ammeter. Additionally,
baseline experiments were conducted with two stainless steel
electrodes.

Stainless
Thermocouple

Thermocouple

(a) (b)

Figure 1. (a) Schematic of experimental setup, (b) Stainless steel
and aluminum foam electrodes inside the tube.

A tube containing the water-THF mixture was agitated and
degassed in a sonication bath. The tube was immersed in the bath
at 5 °C, till it reached steady state. The bath temperature was then
lowered to -5 °C. Once the contents of the tube reached -5 °C, an
electrical voltage was applied. The induction time was measured
from this point onwards to the time when hydrates nucleated.

Electronucleation was detected by tracking the thermal
signature of the solution, as detailed in our previous study [10].
The heat released at the onset of nucleation instantaneously
raises the temperature of the solution to ~ 4 °C (Figure 2).
Another indication [10] of hydrate nucleation is a sudden
decrease in the electrical conductivity due to the formation of
hydrates (Figure 2). Similar techniques have previously been

used to infer the nucleation of THF hydrates [17] and ice [18-
20].
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Figure 2. Temperature and current flow in the precursor hydrate

forming solution. The onset of nucleation is accompanied by a rise

in the temperature along with a simultaneous decrease in current
flow.

RESULTS AND DISCUSSIONS

Figure 3 shows the measured induction time versus the
voltage for the baseline (non-foam) case and the cases with the
aluminum foam electrode as the cathode/anode. Each data point
is the average of more than five individual measurements. The
baseline case, showed a voltage-dependent reduction in the
induction time, as per our previous study [10]. Aluminum foam
as the cathode (negative polarity) significantly reduced the
induction time. This highlights the benefits of foams, with the
high surface area of the foams clearly promoting nucleation (the
foam provided a 17X enhancement in the surface area, as
compared to the bare electrode).

The induction time can be further reduced (Figure 3), by
using the foam electrode as the anode (positive polarity). At 5V,
the induction time is reduced by 40X when compared to the foam
as the cathode. The average induction times at 10 V and 20 V
were only 43 seconds and 20 seconds, respectively. This is a
substantial increase in nucleation kinetics when compared with
our previous work [10]. Positively biased aluminum electrodes
can enable instantaneous nucleation, which will benefit
applications needing ‘hydrates on demand’. It is noteworthy that
no nucleation was observed in any experiment at 0 V even after
twelve hours. Overall, these results suggest that aluminum foams
as the anode can enable > 100X reduction in induction time as
compared to non-foam inert electrodes. It is noted that data used
in Figure 3 is tabulated in Table 1.
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Figure 3. Induction time versus voltage for the baseline (non-foam)
case, and the cases where the aluminum foam is the
cathode/anode.

Table 1: Induction time (in minutes)

Al foam as cathode Al foam as anode

Voltage (V) | 20 | 10 5 0 20 | 10 5 0

Average | 2.1 | 102 | 62 ;12 0307 |16]| 12

ours hours

Standard | 5 | 14 |5 - lo1lots|o3] -
deviation

Non-foam electrodes
Voltage (V) 20 10 5 0
Average 21.8 103.6 280.9 >12 hours
Standard 13.8 65.7 279 ;
deviation

Al foam as cathode

Voltage (V) 50 80
Average 0.59 0.35
Std. Dev 0.2 0.18

The influence of polarity on electronucleation is significant.
The above experiments show that the induction time reduced by
40X, 14X, and 7X at 5, 10, and 20V respectively, by switching
the polarity of the foam to be the anode. Furthermore,
experiments with Al foam as cathode at higher voltages suggest
that very high voltages (>80 V) would be required to obtain the
induction times resulting from using Al foam as an anode at low

voltages (~20V). This suggests that utilizing Al foam as an anode
can significantly reduce the supercooling requirements, which
would benefit many energy-related applications.

Polarity-dependent induction times indicate that multiple
physical phenomena are likely at play. One possible mechanism
briefly mentioned in our previous study [10] was bubble
generation at the electrodes, resulting from hydrolysis. These
bubbles act as nucleation sites, and the convection associated
with bubble growth and detachment can trigger nucleation.
Bubble generation on the foam electrode was indeed observed,
as described below.

This study identifies another mechanism, which affects
nucleation more strongly than bubble-related effects, and is
polarity dependent. It has been hypothesized [22-25] that the
electrofreezing enhancement of water can be attributed to the
formation of aluminum-based coordination compounds at the
electrodes, the structure of which resembles the structure of ice
[22]. This mechanism is analyzed in this work to explain
accelerated hydrate formation with aluminum foam anode.

Both the above mechanisms and the related chemical
reactions are discussed in detail. For foam electrode as the
cathode, water is reduced to hydroxyl ions and hydrogen gas is
generated (Figure 4a), which accounts for the bubbles (4H,O +
4e — 40H + 2H> 1) at the cathode. The high surface area of the
foam, and the presence of nucleation sites (bubbles) explains the
faster electronucleation as compared to the non-foam electrode.
At the anode (stainless steel) the hydroxyl ions are oxidized to
generate oxygen (4OH™ — O, 1+ 2H,0 + 4¢°). Importantly, Joule
heating is very low in these experiments. Also, stoichiometric
calculations indicate that less than 0.001 % of water is
hydrolyzed.

Polarity-dependent nucleation is explained by a different
reaction when the foam is the anode. Oxidation of aluminum is
favored [22] over the oxidation of hydroxyl ions. AI** ions enter
the solution and are surrounded by water molecules to form a
hydroxo-aquo-aluminum coordination compound [Al(H,0)s]".
Furthermore, OH™ ions form bridges between the coordination
compounds leading to the synthesis of an octahedral polynuclear
complex [22] (Figure 4b). We believe (like in [22]), that the
resemblance of this structure to the structure of the hydrate
promotes nucleation. Furthermore, since the physics of the
nucleation is primarily determined by the number of oxidized or
hydrolyzed ions, it is the magnitude of the applied voltage,
translating into the number of ions entering the precursor
solution rather the electric field itself, which will be the key
factor underlying electronucleation.
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Figure 4. Mechanisms underlying electronucleation (a) Bubble-
related effects with foam as cathode (b) Coordination compound
formation-based nucleation with foam as anode.

The bubble formation mechanism was validated by
visualization of bubbles in the foam electrode. When the foam is
the cathode, significant bubble generation is seen on the foam
(Figure 5a). Effects associated with bubble growth and
detachment can provide the activation energy for nucleation.

No bubble generation

@ T
Figure 5. Aluminum foams as (a) cathode, leading to bubble
generation, and (b) anode, (no bubbles observed).

There is no bubble generation when the foam is the anode
(Figure 5b). This indicates that an alternative reaction (oxidation
of aluminum) occurs at the foam anode, and is responsible for
nucleation promotion. It is noted that it is challenging to
experimentally detect coordination compounds at the interface.
This work detected AI*" ions in solution, which are the
precursors to these coordination compounds.

The current-time plot (Figure 1¢) can be used to estimate the
concentration of A’ ions in the present experiments, by
estimating the total charge transfer in the solution till the onset
of nucleation. The molar concentrations have been summarized
in Table 2. These calculations indicate that the concentrations of
Al**ions will be (O) 10°° mol/liter at the onset of nucleation. The
resulting [Al(H,0)6]*" concentrations would be challenging to
detect with conventional spectroscopic studies [26-28].

Table 2. Molar concentration of Al ions in the solution at the onset

of nucleation.
Al Foam as Anode
Voltage (V) 20 10 5
Concentration
(x 10" mol/L) 1.92 1.77 1.66

In this work, a colorimetric indicator reaction was used to
show that AI*" ions enter the solution when the foam is the anode.
Pyrocatechol Violet (PV) is used as a complexometric indicator

dye to detect the presence of Group III cations [29-31]. PV was
used to detect AI’* ions in solution. Figure 6 shows the foam
electrode as the cathode and the anode in separate experiments
where 0.2 mM PV is dissolved in the solution. With the foam as
the cathode (Figure 6a), no color change is seen (there is bubble
formation, which will also accelerate nucleation). However,
when the foam is anode (Figure 6b) the color of the solution
changes to violet-blue as the PV chelates aluminum ions.

The above experiments attribute accelerated hydrate
nucleation to the formation of aluminum-based coordination
compound. Induction time measurements indicate that this
mechanism influences nucleation more strongly than bubble-
related effects.

No color change,

Color change to blue

(a) (b)

Figure 6. Bubble generation (a) on the foam as the cathode.
However, when the foam is the anode, there is a color change (b),
which indicates that aluminum ions enter the solution to form
aluminum-based coordination compounds, which accelerate
electronucleation.

BENEFITS OF FOAMS IN HYDRATE FORMATION
Metal foams also accelerate the rate at which the hydrate
formation front progresses, in addition to promoting
electronucleation. This is due to the higher thermal conductivity
(~12 W/mK) when compared to the conductivity of the precursor
solution alone (0.6 W/mK). Higher thermal conductivity aids
removal of the heat generated during formation. The effective
thermal conductivity of a metal foam (kefeciive) in a liquid is [32]:

kal

k k
P sol_20<1_ sol)
kai
k k
2+ sol_HD(l_ sol)
kay

keffective = ky [ (1
kai

where k4 is thermal conductivity of aluminum, k. is thermal
conductivity of the THF/water solution and @is the foam
porosity.

The decreased time for hydrate formation was quantified by
measuring the phase change propagation time (time since the
onset of nucleation to convert the entire tube to a hydrate plug).
This can be inferred from the temperature-time curve in Figure
Ic and is summarized for in Table 3. The propagation time for
the -5°C experiments is reduced from 7.5 minutes (non-foam
electrodes used) to 5.1 minutes with the foam (average of 5
experiments with the foam as the cathode and anode). The foam
polarity and the voltage magnitude did not influence the
propagation time. Repeating the experiments at -10°C shows that
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the propagation time is reduced from 4.8 minutes to 1.9 minutes
with foams. It should be carefully noted that that hydrate
formation is determined by all the pathways available to reject
heat; the present results apply only to this geometry. Overall, it
is clear that the heat transfer benefits and the electronucleation
promotion resulting with foams will assist in the synthesis of
hydrates.

Table 3. Time taken for hydrates to form in the entire tube

(minutes).
Bath With foam Without foam
temperature electrode electrode
-5°C 5.1 7.5
-10°C 1.9 4.8
CONCLUSIONS

In conclusion, this study reveals that positively biased
aluminum foams can enable near-instantancous low voltage
electronucleation. This study has shown up to a 150X decrease
in induction time with foams, as compared to non-foam cases.
Bubble-based mechanistic effects and electrochemistry-based
mechanisms influence the nucleation kinetics. While this study
used THF hydrates, similar benefits are possible for other
hydrate systems such as cyclopentane and methane hydrates.
Overall this work shows that foam-based electronucleation can
promote rapid hydrate formation without excessive
supercooling, which has energy consumption reduction benefits.
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