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The effect of Type I antifreeze protein (AFP) from winter flounder on the formation of
propane hydrate and methane hydrate was studied. We show that the formation of both
hydrates is inhibited significantly, with both nucleation and crystal growth being affected.
Also, AFP showed the so-far unique ability to eliminate the “memory effect” in the
reformation of gas hydrate. We have proposed a mechanism involving the interference of
AFP with heterogeneous nucleation and subsequent growth of the hydrates. It is also
shown that a number of samples must be studied in order to obtain meaningful statistics,
and that magnetic resonance imaging provides a novel way of studying the nucleation and
growth of hydrate in multiple droplets. © 2006 American Institute of Chemical Engineers
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Introduction

The formation of gas hydrates during hydrocarbon produc-
tion and transportation is a serious problem in the petroleum
industry.! To prevent the formation of gas hydrate, chemicals
such as methanol have been widely used as a thermodynamic
inhibitor, despite concerns about methanol’s environmental
effects as well as the expense due to the large amounts re-
quired.? During the past decade, some new “low dosage hy-
drate inhibitors” (LDHIs) have drawn much attention because
of their ability to either retard the formation of gas hydrate
(kinetic inhibitors, KIs) or to prevent the aggregation of small
hydrate crystals (anti-agglomerants, AAs).> Despite the fact
that the development of LDHIs was inspired by the discovery
of antifreeze glycoprotein (AFGP),* antifreeze proteins (AFP)
and AFGP have not been studied for hydrate inhibition nearly
as much as synthetic LDHISs, probably because of the limited
availability of these materials. Recently, hyperactive AFPs
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have been found in insects and polar fish,5¢ and progress has
been made in the understanding of the structure and function of
several AFPs.7-8 Therefore, it is worthwhile to study the poten-
tial inhibition activities of AFPs to gas hydrate formation in
order to design new LDHIs with higher inhibition activities.
Previous experiments have shown that commercial gas hy-
drate inhibitors, such as polyvinylpyrrolidone (PVP), inhibit
the formation of a structure II tetrahydrofuran (THF), often
used as a model system.”!© We have shown that Type I AFP
from winter flounder surpasses PVP’s inhibition activity of
THF hydrate.'® Although the model for the inhibition of THF
hydrate likely is valid, there are some differences between this
hydrate and natural gas hydrates. First, without agitation, the
formation of gas hydrates usually starts from the water/hydro-
carbon interface,'! making the behavior of the inhibitor mole-
cules at the interface an important issue; whereas THF hydrate
forms within a single aqueous phase. Second, it is possible that
the high concentration of THF (~20 wt%) in the model hydrate
solution could affect the properties of inhibitor molecules in a
way that would not happen for actual hydrocarbon gas hydrate-
forming systems. Therefore, it is important to determine if
AFPs can also inhibit hydrocarbon gas hydrates, as these do
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Figure 1. A typical gas uptake curve observed during
propane hydrate formation.

cause very real problems in gas pipelines and drilling opera-
tions.

Experimental

Purified Type I fish AFP from the winter flounder (WfAFP)
was kindly provided by A/F Protein Canada Inc. This, the most
extensively studied Type I AFP, is comprised of 37 amino
acids and contains three 11 amino acid repeats of Thr-X,-
Asx-X; where X is generally Ala. The protein is a monomeric
a-helix,'? with its helicity preserved by the high Ala content
(>60%), internal salt bridges, and N- and C-terminal cap
structure.'? Water of HPLC grade was used in this study.

For propane hydrate formation experiments, wfAFP was
prepared as a 0.25 mM aqueous solution. Test solutions (water
or AFP solution) of 5 ml were sealed in a high-pressure cell
(~30 ml) at 278 K and degassed under vacuum (using a water
pump) for 1 h. Propane gas (99.99%) at ~400 KPa was then
introduced into the cell. Subsequently, the temperature of the
cell was decreased to 273 K while stirring the solution with a
magnetic stir bar. The pressure of the gas and temperature of
the solution were recorded, and a sudden drop in pressure was
noted as the onset of gas hydrate formation (Figure 1). Five
independent samples were tested for each test solution.

To test the effect of AFP on hydrate reformation, the pro-
pane hydrate that crystallized either in the presence or absence
of additives in the test solution was kept completely frozen at
194.5 K for 0.5 h by placing the high-pressure cell in dry ice.
The cell was then transferred into a bath at 275 K for melting,
and propane was removed from the cell under vacuum (using
the water pump) at the same time, all the while stirring, for 1 h.
The temperature of the bath was then lowered to 273 K and,
when the temperature of the test solution in the cell reached
equilibrium, propane gas (~400 KPa) was re-introduced and
the recording started to monitor the second round of hydrate
formation.

For the 'H NMR microimaging experiments, 0.25 mM
wfAFP aqueous solution (containing 25 mM Cu(NO;)-2.5H,0)
was prepared (copper nitrate was added to reduce the relaxation
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time of the protons and, therefore, to reduce data acquisition
times for the NMR imaging). Although it is well-known that
electrolyte solutions can inhibit the formation of gas hydrate,
the concentration of the electrolyte used in this experiment is so
low (mM) that it should not affect the formation of methane
hydrate in this study.

The diagram of the sample tube for imaging (I) and the insert
for "H NMR micro-imaging (IT) of water droplets is shown in
Figure 2b. The imaging tube and insert were made from Tor-
lon® (polyamide-imide (PAI), from Boedeker Plastics, Texas).
It includes a base with a supporting rod, and three stackable
rounds, each of which has four holes (4 1 mm). In each
experiment, water droplets (& 1 mm) were placed into the
holes in the insert with a micro-syringe and transferred into the
imaging tube. The samples were first degassed at —69 KPa for
Imin, then pressurized with methane gas at 11.7 MPa at
274.0K.

The "H NMR microimaging experiments were performed on
a Bruker Avance200 NMR instrument using a multi-slice spin-
echo pulse sequence with Gaussian selective pulses (slice, read,
and phase gradients were 43, 35, and 71 G/cm, respectively).
Normally, three slices 500 um thick with a separation of 1.5
mm (shown as dashed-line box) were acquired simultaneously
in a plane parallel to the axis of the cell, as shown in Figure 2b.
A 192 X 192 acquisition matrix was extended to 256 X 256 for
Fourier-transformation. In the experiments, 8 scans were accu-
mulated in order to obtain a good signal-to-noise ratio (pixel
size 0.1 mm).

Results and Discussion

For the propane hydrate formation experiments, hydrate
formation was monitored by gas uptake, and a sudden drop in
pressure marked the start of hydrate formation (Figure 1). The
time between the point at which the pressure drop started and
the point at which the solution reached equilibrium pressure (z,
— t,) was recorded as the induction time (¢;). From Figure 1, it
can be seen that the gas consumption rate changed with time,
consistent with the fact that the driving force of hydrate for-
mation is time-dependent. To simplify the calculation, the
average gas consumption rate (r) was calculated as

where P, represents the pressure at the conclusion of the
experiment, P, is the pressure when hydrate nucleation is
initiated (indicated by a drop in pressure), ¢, is the time when
the pressure reached equilibrium, and 7, is the time when the
pressure dropped significantly (Figure 1).

The fraction of hydrate-free samples (N/N,, where N, is the
number of hydrate-free samples at time ¢ and N, is the number
of hydrate-free samples at time 0) was plotted versus time for
each test solution (Figure 3a). Assuming that the phase change
in the test solution is a one-step transformation,'# the nucle-
ation rate, k, and the average lag time, 7, can be derived
according to

N/N, = exp|-k t]

and 7 = k'

The results are listed in Table 1. The average gas consump-
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Figure 2. (a) The experimental apparatus for "H NMR microimaging, and (b) the high pressure cell (l) as well as the
location of the positions of the three optical slices (ll).

tion rate for propane hydrate formation from the test solutions
was monitored (Figure 3b) and the data shown in Table 1. The
addition of 0.25 mM AFP increased the lag time for nucleation
3-fold (56 versus 179 min) and reduced the hydrate growth rate
in terms of the rate of gas consumption, r, 5-fold (4.1 versus 0.8
kPa/h), compared to propane hydrate reformation without AFP
(Table 1).

Once hydrate forms and is melted, subsequently it reforms
more easily.’>'® This “memory effect” was observed when
samples containing the melted propane hydrate were subjected
to conditions again favoring hydrate formation; there was a
3-fold increase (18 versus 59 X 107> min~ ') in the nucleation
rate for propane hydrate reformation. A memory effect was not
observed in the presence of AFP since the nucleation rate was
the same for both the formation and reformation of propane
hydrate (5.6 versus 5.9 X 102 min~ ") within experimental
error. Although it is expected that such a small volume of
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propane hydrate (5 ml) would be completely decomposed after
being kept under vacuum at 275 K for 1 h while stirring, even
if there is a very small concentration of propane hydrate re-
maining in the sample, it would not change the conclusion that
the memory effect was “eliminated” by the presence of AFP
since the difference is so significant. Notably, although the
overall hydrate growth rate, as monitored by propane consump-
tion, was lower in the presence of AFP, it did not appear to
change from the first formation to the second in either AFP or
control samples (Figure 3b and Table 1). Previously, we re-
ported that AFPs were effective inhibitors of THF hydrate.!°
Here we show that wfAFP inhibits structure II propane hydrate
formation, validating the utility of the model and confirming
the inhibition activity of the protein, as demonstrated by the
3-fold increase in nucleation time and the 5-fold reduction in
propane consumption (Figure 3 and Table 1). This inhibition,
coupled with the remarkable suppression of the memory effect
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Figure 3. Inhibition of propane hydrate formation with AFP.
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(a) The fraction of untransformed samples versus time for propane hydrate formed at 273 K, 400 Kpa, in the presence of water (ll) and propane
hydrate in the presence of 0.25 mM AFP (@). The hydrate was then melted and reformed, again in the presence of water ((J) or AFP solution
(O). N number of unfrozen sample at time #; N,: number of unfrozen sample at time 0. (b) Gas consumption rate of propane hydrate formed
initially and reformed after melting. Samples were formed initially with water (M) and reformed after melting ([]), or formed initially in the
presence of 0.25 mM wfAFP (@) and reformed after melting (O). It should be noted that there was no transformation for run 5 for the

reformation of hydrate in the presence of wfAFP. See Figure 3A.

of propane hydrate, indicates that AFPs are extraordinary hy-
drate formation inhibitors.

The NMR microimaging results for methane hydrate formed
in the absence of AFP (Figure 4a) and for methane hydrate
formed in the presence of AFP (Figure 4b) are presented as a
series of three slices through water droplets at the positions
shown in Figure 2b. Hydrate formation was recorded at the
start of the experiment (time = 0, #,) and at different times (z,)
after that. The formation of methane hydrate was followed
quantitatively by monitoring the reduction in the amount of
liquid phase present by measuring the change in liquid proton
spin density in the NMR images. Visually, this becomes evi-
dent by a shrinking and a loss of intensity of the bright areas in
the drop images as the amount of solid methane hydrate in-
creases in each pixel (size 0.1 mm) The difference images
(image at time ¢ = t, — t,) present hydrate formation that
occurs as a function of time, with the hydrate shown in black.
The average conversion ratio calculated by comparing the
intensity change of 9-10 droplet samples was more than 50%
after 42 h (Figure 4c) for methane hydrate formed in water
droplets in the absence of AFP. With wfAFP, the average

Table 1. Nucleation Rate (k), Average Lag Time (7), and
Rate of Gas Consumption (r) for Propane Hydrate

k T r
Hydrate Conditions (X107 3 min™ ") (min) (KPa/h)
C;Hg 179 £0.2 559*+06 4.1=*04
melted 588 £ 1.2 170 04 3.7 x038
C;Hg-wfAFP (0.25 mM) 5.6 0.1 178.6 =27 08 *04
melted 59 =*0.1 169529 0.7*0.2

Means + standard deviation are shown for 5 experiments using propane hydrate
(C4Hg; at 273K, starting pressure is ~400 KPa) alone, or with wfAFP. The
memory effect is shown by the difference (k, 7, and r) prior to and after
melting.
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conversion ratio was only 23% after 64 h, showing the strong
inhibition activity of wfAFP to methane hydrate formation.
Therefore, the average conversion rate of the test solution into
methane hydrate decreased about 3-fold in the presence of
AFP.

The 'H NMR imaging results presented here not only dem-
onstrate that the technique has potential for the evaluation of
hydrate formation and inhibition, but show that wfAFP indeed
inhibits structure I methane hydrate formation (Figure 4). The
addition of AFP reduced the conversion ratio of aqueous so-
lutions to methane hydrate 3-fold. The inhibition of both pro-
pane and methane shows that AFP is effective for the inhibition
of clathrate hydrate formation with different hydrate structures.

It has been documented that AFPs inhibit the formation of
ice. A surface adsorption mechanism has been proposed,
where, once protein molecules bind to the surface of ice, the
growth of ice from the area between the adsorbed AFP mole-
cules will be unfavorable. Growth in such a restricted area
defined by AFP molecules “pinned” to the surface causes an
increase in surface curvature, which then inhibits further
growth (the Kelvin effect).!®

One component of ice or hydrate inhibition that has received
very little attention is that of nucleation. It has been demon-
strated that AFPs control morphology and growth in ice and
THF hydrate. Usually, gas consumption measurements are
used to test the effectiveness of inhibitors. However, it is
impossible to separate the effect of the inhibitors on the nucle-
ation and growth processes that occur simultaneously in bulk
solution. Separate indicators of nucleation and growth must be
used. In some of our previous work on THF hydrate, we have
shown that AFP in fact acts as an inhibitor of heterogeneous
nucleation, that is, it takes place at sites provided by the
container wall and impurity particles in bulk solution, and we
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Figure 4. Representative '"H NMR microimages of methane hydrate formation from water droplets in the absence of
wfAFP (a) and in the presence of 0.25 mM wfAFP (b).

(The sample geometry is shown in Figure 2b). The average transformation rate to methane hydrate, obtained by integrating the proton spin
density in each drop (indicated visually by the brightness in the drop images), is shown in c, both in the absence of wfAFP ([J]) and in the

presence of 0.25 mM wfAFP(A).

have discussed the inhibition of hydrate formation and the
memory effect with AFPs?0 in terms of an impurity mecha-
nism. We can only speculate on the nature of impurities that
may act as hydrate nucleators in bulk solution. Hydrated oxides
(for instance, those of Si or Fe) are common contaminants of
water, and such impurities are likely to have highly hydrated
surfaces.

We can offer some further discussion on ice and hydrate
inhibition-using AFPs that may be relevant in further elucidat-
ing the inhibition mechanism. It has been reported that an AFP
analogue can bind to the surface of calcite.?' The effect of AFP
on the growth morphology of THF hydrate crystal'® revealed
that AFP adsorbs on the surface of a model gas hydrate. Our
quartz crystal microbalance (QCM) experiments have also
shown that AFPs adsorb on hydrophilic silica, forming a com-
pact film.22 It is apparent that AFPs will adsorb on most if not
all hydrophilic surfaces, which is not unexpected for large
molecules such as proteins. Previous work has suggested that
ice has crystal faces on which AFPs adsorb preferentially, but
that does not preclude the adsorption of AFPs on any suitable
hydrophilic surface, such as hydrate crystals of several struc-
tures, calcite, and amorphous silica. The QCM measurements
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on amorphous silica suggest that the rapid formation of a rigid
film on hydrophilic surfaces is a key element of the inhibition
activities, as this ability distinguishes AFPs from synthetic
inhibitors. AFP film formation, therefore, should take place
both on hydrate crystals and on hydrophilic impurities and,
therefore, heterogeneous nucleation, growth, and the memory
effect all can be affected. In our studies it was shown that AFP
can inhibit the faster reformation (that is, the memory effect) in
propane hydrate as well as for THF hydrate.?° To our knowl-
edge, this is the first report of any molecule that can eliminate
the memory effect in natural gas hydrate formation. We believe
that applications of these results can have an important impact
on the safe and economical transportation of natural gas and/or
oil. The fact that the propane gas consumption rate did not
change during the reformation of propane hydrate in the pres-
ence of AFP also confirms that the memory effect is more
likely related to the nucleation stage of hydrate formation
rather than the growth stage.

In summary, AFP inhibits the formation of not only the
model hydrate, THF hydrate, but also natural gas hydrates of sl
and slI, propane, and methane hydrates. In this work and in a
study with THF hydrate,?? this protein also shows the unique
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ability to inhibit the memory effect. These favorable features
and new insights make the study of AFP hydrate inhibitors
crucially important for their potential utility for industry. More
detailed studies, such as the structure-inhibition activity rela-
tionship of AFPs on gas hydrate formation, will give additional
insights into the mechanism of action of the LDHIs and also
will help in designing a new generation of LDHIs.
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