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Abstract

An experimental investigation on mass transfer of CO, through the liquid CO,—water interface is reported. At high
pressures and low temperatures, water at the liquid CO,—water interface has a quasi-crystalline structure which, locally,
may resemble a hydrate crystal element. If the pressure and temperature of the system fall within the hydrate-formation
region, then hydrate will form rapidly at the interface; in this case, the quasi-crystal becomes a true crystal. It is found
in this study that the interfacial crystallization does not cause a dramatic decrease in the rate of mass transfer, and for
both cases with and without an interfacial hydrate layer the overall mass-transfer coefficients are of order of 107" ms™'.
A mechanism for the interfacial mass-transfer is proposed, which reasonably explains the behavior of the interfacial
hydrate layer. © 1998 Published by Elsevier Science Ltd. All rights reserved.

Nomenclature t; hydrate formation time

C concentration of CO, in water x distance from interface

C, density of CO, [kmol m~?] Yco, mole fraction of CO,.
C,p apparent CO, concentration )

C,, concentration of hydrate clusters Greek letters

Cy density of CO, hydrate [kmol m 7] Yo, activity coefficient of CO,
D (diffusion coefficient of CO, in water 0 hydrate layer thickness

Dy interstitial diffusion coefficient of CO, in hydrate K reaction rate constant

feo, fugacity of CO, pco, density of liquid CO, [kg m~?].
12, fugacity of pure liquid CO,

H dimensionless concentration of hydrate clusters Subscripts

K overall mass-transfer coefficient cr property at minimum hydrate stability
K, overall mass-transfer coefficient for CO, droplet s property at interface

K: mass-transfer coefficient based on fugacity w  property of bulk water.

[ length of liquid CO, column

m  rate of mass transfer Superscripts

Mco, molar mass of CO, H hydrate phase

n hydrate number W bulk water phase.

p pressure

r radius of CO, droplet

¢t time 1. Introduction

T temperature
Disposal and sequestration of anthropogenic CO, in
deep waters (depths > 3000 m) in the ocean has been
- proposed by many investigators as a means to mitigate
* Corresponding author. Fax: 852-2358-1543; e-mail: global warming [1-4]. Under conditions of deep-ocean
mehoteng@uxmail.ust.hk waters, CO, is in liquid state and denser than sea water.
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It is believed that if the disposal process is controlled
properly, then the liquid CO, disposed of in the deep
ocean would form a lake on the sea floor [5-13]. Owing
to hydrodynamic instability, the liquid CO, effluent may
break up into droplets and these droplets may be covered
with a thin hydrate layer [5-10]. This suggests that the
CO, lake be formed with discrete liquid elements (drop-
lets) which are separated by a hydrate interphase, i.e., the
CO, lake may not be a continuous fluid phase. However,
the inside structure of the CO, lake may not influence
mass transfer between the CO, and sea water which
occurs only at the surface of the CO, lake.

Dissolution of a CO, droplet in high-pressure and low-
temperature water was investigated previously [5-9, 13].
It was found in the previous investigations that if a CO,
droplet was released in water at 7'< 10°C and p > 45
bar, then a thin hydrate layer would form rapidly on the
surface of the droplet. The interfacial hydrate layer was
found not to stop mass transfer as long as the water
was unsaturated with CO,. Almost all of the previous
investigations on dissolution of liquid CO, in water
focused on the shrinkage of a CO, droplet and the
phenomenon of the interfacial mass transfer was not
studied in detail. To date, no investigation on mass trans-
fer at a planar liquid CO,—water interface has been
reported. Thus, behavior of the surface of the CO, lake
(a liquid CO,—sea water interface) and mechanism for
the interfacial mass transfer are not well understood. To
fill that void, this study examines behavior of and mass
transfer at the liquid CO,~water interface.

2. Phenomena of mass transfer at liquid CO,—water
interface

2.1. Characteristics of the liquid COx—water system

Since mass transfer in the liquid CO,—water system
differs from that in many other liquid—liquid systems
often encountered in the engineering applications, the
characteristics of the liquid CO,~water system are briefed
in the following.

In a binary liquid-liquid system, generally, the two
pure components are mutually soluble; thus the terms
solute and solvent become somewhat arbitrary. However,
if the system is only slightly soluble and highly asym-
metric, then it may be treated as a one-sided solubility
system [14]. CO, and water are highly thermodynamically
dissimilar [15]. Under conditions in the deep ocean, the
solubility of liquid CO, in water (~4.0 mol%) is larger
than that of water in liquid CO, (< 0.1 mol%) by one
order of magnitude. Therefore, it is reasonable to treat
the liquid CO,—water system as a one-sided solubility
system, with liquid CO, as the solute and water as the
solvent. This one-sided solubility feature greatly sim-
plifies modeling of the interfacial mass transfer because

it implies that mass transfer at the liquid CO,-water
interface occurs in one way: only CO, diffuses through
the interface. Since molecular diffusion in liquids, as in
solids, has a kinetic mechanism [16] which is influenced
by the local structure, the structure of the interfacial
water plays an important role in controlling the rate of
mass transfer.

Structure of water at the liquid CO,~water interface
depends largely on the characteristics of water. The water
molecule has four charges: the two positive charges are
given by the shared electrons with the protons and the
two negative charges are formed by the lone pairs of
electrons. Each water molecule therefore can be attached
to four other water molecules through four hydrogen
bonds by donating two and receiving two. Owing to
molecular interactions and hydrogen bonding of water
molecules, liquid water has a very complicated local
structure (note that a liquid is ordered only locally).
Large amounts of water molecules in liquid water exist
in the form of hydrogen-bonded ring structure, i.e., five-
and six-membered polygons. Hydrogen bonds in these
pentagonal and hexagonal rings are arranged in such a
way that they tend to share edges to form polyhedral
cavities. Because water molecules are bonded with geo-
metrical distortions in these cavities, such cavities are
unstable under their own attractive forces and electro-
static interactions with water molecules in the neigh-
borhood. Although diameters of water cavities are less
than 10 A, these cavities are large enough to allow some
small, nonpolar solute molecules to enter if their sizes
are smaller than the free diameters of the cavities. The
presence of a solute molecule (as the guest) in a water
cavity (as the host) modifies the distorted hydrogen bond-
ing through the host—guest interactions and hence sta-
bilizes the cavity. If the stabilized cavities are associated
with each other, then a tridymite-like crystalline struc-
ture, i.e., hydrate, may be formed; however, hydrate is
thermodynamically stable only at high pressures and low
temperatures. Because the solute mole fraction in hydrate
is much larger than solubility of the solute in water,
hydrate formation requires that the system be highly
supersaturated; therefore, without agitation, the solute—
water interface is the only location for hydrate to form,
i.e., hydrate formation occurs only as an interfacial
phenomenon. Many liquids encountered in engineering
applications are either polar substances or with too large
molecular sizes; thus the aforementioned phenomenon
does not occur in systems formed by such solutes and
water.

CO,is a nonpolar substance and its molecular diameter
(5.12 A) is smaller than the free diameter (5.76 A) of
most of water cavities; thus CO, molecules may enter
water cavities (here only cavities related to CO, are of
interest). Although the CO, concentration may be neg-
ligible in the bulk water (as in the ocean), at the liquid
CO,—water interface water can be highly supersaturated
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with CO,. Owing to reorientation of water molecules
induced by the polar (water)-nonpolar (CO,) inter-
actions and supersaturation with CO,, the interfacial
water becomes more highly ordered than the bulk water,
implying that more polyhedral cavities form in the inter-
facial water. If the system pressure is greater than 45 bar
and the system temperature is less than 10°C, then
hydrate will form at the interface. (Note that conditions
for hydrate formation from gaseous CO, are different
from those discussed here; however, these conditions can-
not be satisfied in the ocean, i.e., hydrate cannot be for-
med from gaseous CO, in the ocean.) The unit crystal
cell of CO, hydrate has a pseudo body-centered structure
formed by a linkage of 46 water molecules with two
pentagonal-dodecahedral cavities and six tetrakai-
decahedral cavities. If all the cavities are occupied by CO,
molecules (note that each cavity can hold at most one
CO, molecule), then the chemical formula for CO,
hydrate is 8CO,*46H,0 or CO,*5.75H,0. In reality, it
is difficult for all of the cavities to be occupied; thus, CO,
hydrate always contains fewer than the stoichiometric
number of CO, molecules and, in practice, the chemical
formula for CO, hydrate should be CO,nH,0O, where
n > 5.75. Crystallization at the interface causes changes
in structure of the interfacial water and hence affects the
rate of the interfacial mass transfer.

2.2. Experimental system

Mass transfer through the liquid CO,~water interface
was investigated experimentally. A schematic diagram of
the experimental system is shown in Fig. 1. The system
consisted of a sapphire tube of 6 mm inside diameter, 260
mm in length, and 2 mm in wall thickness; a 90-mm i.d.
acryl cylinder (water jacket) through which the water in
a thermal bath was circulated; a water reservoir which
volume was about 25 times that of the sapphire tube; a
piston pump; and a pressure control unit. The tem-
perature of the system was controlled by the thermal bath
with an accuracy of +0.2°C. The pressure of the system
was controlled by the piston pump and the pressure con-
trol unit. The high-pressure side (pressurizing chamber)
of the pump which was filled with water and connected
with the water reservoir, and the low-pressure side (con-
trol chamber) of the pump was filled with nitrogen gas
whose pressure was controlled by the pressure control
unit. The pressure control unit consisted of a pressure
transducer, two on/off magnetic valves which controlled
the nitrogen pressure in the pressure control chamber,
two needle valves which controlled the venting/filling
rates of the magnetic valves, and a PID controller which
controlled the actions of the magnetic valves according
to the pressure difference between the set value and the
value detected by the pressure transducer at the water
reservoir. The system pressure could be controlled at an
accuracy of +0.1 bar. The system was tested at 350 bar

by filling with water; no leakage was found over a period
of one week.

In the experiments, the water reservoir and the sapph-
ire tube was filled with the deionized water, then CO,
gas (with a purity > 99.99%) at room temperature was
introduced from a high pressure CO, cylinder into the
system. At the required pressure and temperature (p > 60
bar and T < 20°C) CO, was in liquid state, so CO,
became liquid when it entered the system. When the
desired amount of liquid CO, was added, the filling valve
was shut off. The liquid CO, column (in the upper sec-
tion) in the tube was then in contact with a water column
(in the lower section) which connected with the water
reservoir. The tests covered a range of p = 60 ~ 300 bar
and T = 5 ~ 18°C. During each test, the temperature and
pressure of the system were maintained at set values.
The temperature was measured by a thermocouple in
the water jacket, and the pressure was determined by a
pressure gauge installed at the water reservoir. Changes
in volume of the liquid CO, column due to mass transfer
were determined with a scale attached to the sapphire
tube in the water jacket. The behavior of the liquid CO,—
water interface could be viewed by a video camera and a
monitor. In order to keep the water in the system to be
highly unsaturated with CO,, each test lasted only 5 h
and then the substances tested were replaced with fresh
water and liquid CO, for another test. Although at high
pressures and low temperatures the density of liquid CO,
may become slightly larger than that of water, owing
probably to crystallization (if 77< 10°C) or quasi-crys-
tallization (if 7> 10°C) at the interface and the small
tube diameter as well as the wall effect on the interfacial
layer, no inversion was observed, i.e., the liquid CO,
column was remained in the upper section of the sapphire
tube in all of the tests that we conducted.

2.3. Interfacial phenomena

2.3.1. Crystallization and quasi-crystallization at the
interface

It has been reported by many investigators that CO,
hydrate will form at the liquid CO,—water interface if the
system pressure and temperature fall within the hydrate-
formation region, i.e., p > 45 bar and 7 < 10°C. Since in
each test liquid CO, was filled at about 60 bar and then
the system pressure was increased to a desired value, after
filling the CO, and before pressurizing the interface was
usually in a concave shape because the system pressure
was set to be a little lower than 60 bar when filling the
CO,. It was observed that at 7' < 10°C (note that in all
the tests that we conducted pressures were greater than
45 bar) when liquid CO, was in contact with water a thin
hydrate layer formed rapidly at the interface. Although
hydrate seemed to form at the interface in a few seconds,
the curvature of the interface began to respond only after
about 10 ~ 15 s, indicating that it took a short period of
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Fig. 1. Schematic diagram of experimental system. 1, Sapphire tube; 2, water jacket; 3, thermal bath; 4, water reservoir; 5, piston pump;
6, pressure gauge; 7, pressure transducer; 8, PID controller; 9, magnetic valve; 10, needle valve; 11, thermocouple; 12, CO, cylinder.

time for hydrate to cover the interface fully. Hydrate
formation did not stop after a full coverage of the inter-
face and the interfacial hydrate layer formed grew con-
tinuously which induced changes in rigidity and cur-
vature of the interface. Hydrate growth apparently
stopped when the interface became a planar surface
because no further observable changes in hydrate-layer
thickness were noticed. This hydrate growing process
took about a few minutes. The thickness of the apparently
stabilized hydrate layer was estimated to be in the range
80 ~ 100 um. Since hydrate was observed to form more
easily near the surface of the sapphire tube, the tube
surface may have a catalytic effect (this catalytic effect of
a solid surface on hydrate formation has been noticed in
many other systems); thus we believe that the hydrate-
layer thickness may have been affected in some degree by
the sapphire tube and a larger tube diameter may result
in a thinner hydrate layer.

At T > 10°C, very similar interfacial phenomena to
those below 10°C were observed. However, a significant
difference is that the interface was often bumpy albeit its
shapes were very similar to those observed at 7' < 10°C,
which suggests that there may exist a difference in struc-
ture in some degree between the interfacial water above
and below 10°C. To examine the difference in structure
of the interfacial water at temperatures below and above
10°C, the interface was moved slowly via venting some
liquid CO, out of the system while the pressure and tem-
perature of the system remained constant. It was

observed that at T < 10°C, when the interface moved
upward the hydrate layer underwent cycles of collapse
(into ice-like pieces) and reformation which was almost
immediate. Collapse and reformation of the hydrate layer
induced variations in shape and surface area of the inter-
face: although the shape of the interface was often an
oblique plane, the oblique angle varied from a few degrees
to a very large value (sometimes even larger than 45°);
however, there were no noticeable changes in the hydrate-
layer thickness. At 7 > 10°C, the interfacial water
behaved more like an assembly of many small solid pieces
when the interface moved upward and the shape of the
interface was an asymmetric convex surface rather than
an oblique plane. In this case, since the interfacial water
may resemble hydrate in local structure, i.e., at 7> 10°C
the interfacial water may have a quasi-crystalline struc-
ture. This argument is supported by the scanning electron
microscopy of the supersaturated water reported by
Ohgaki et al. [17].

2.3.2. Behavior of the interface during CO, dissolution
into water

It has been mentioned in the introduction that crys-
tallization (hydrate formation) at the interface does not
stop mass transfer of CO, into water as long as the water
is unsaturated with CO,. The most interesting phenom-
ena that we observed were variations in shape of the
interface during the course of CO, dissolution into water.
Since the pressure and temperature of the system
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remained constant in each test, mass transfer of CO, into
water caused a decrease in volume of the liquid CO,
column which induced the interface to move upward at
a rate of order of 107* mm s~'. Various shapes of the
interface were observed. Selected shapes of the interface
are presented in Fig. 2. It is seen from Fig. 2 that the
shapes of the interface above 10°C were very similar to
those below 10°C, which supports the argument that
at 7> 10°C the interfacial water has a quasi-crystalline
structure. In both cases, the oblique plane and the asym-
metric convex were the most common shapes. The convex
shape may be caused by the force balance at the interface:
because the volume of the liquid CO, column decreased
continuously due to mass transfer, the pressure of the
liquid CO, column was always a little lower than that of
the water column; thus the effective interfacial-tension
pressure must be toward the water column to balance the
pressure difference at the interface. However, the rigidity
of the interface was variable around the surface and chan-
ged with time, as was reflected by various types of
surfaces.

Behavior of the interfacial hydrate layer is of particular
interest. The variation in shape and surface area of the
interface suggests that the hydrate crystal may experience
cycles of collapse and reformation. Collapse of the
hydrate layer may be due to a physicochemical mech-
anism for instability [18] because the hydrate framework
is unstable without filling a large percentage of its cavities
with CO, molecules, or may be caused by the unbalanced
forces at the interface. However, both mechanisms have a
common cause—diffusion of CO, through the interfacial

(@
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hydrate layer. Since the interface was always covered
with hydrate at T < 10°C, it is reasonable to assume that
hydrate reformation from collapsed hydrates is much
faster than the initial setup. Behavior of the interface
indicates that the interfacial hydrate layer is stable only
in a chemical kinetic sense.

2.3.3. Interfacial mass transfer
Following the traditional practice, we may describe the
interfacial mass transfer by Fick’s law as:

m = —D,(0C/0x),, )]

or, alternatively, by the overall mass-transfer coefficient
K as

m = K(Cy,—C,), 2
where 71 is the rate for mass transfer of CO, through the
interface (unit area), and D, and (0C/0x), are the diffusion
coefficient of CO, and the CO, concentration gradient at
the interface of the water side; Cy = pco,/Mco,» Pco, and
Mo, are the density and molar mass of CO,, respectively,
and C, is the concentration of CO, in the bulk water.
Behavior of the interface suggests that equation (2) may
be more appropriate to describe the interfacial mass
transfer than equation (1). Equation (2) may be rewritten
as

—d(Col)/dr = K(Cy—C.), (©)

where / is the length of the liquid CO, column. Since
C, is constant at given pressure and temperature and
C,, « Cy, equation (3) becomes

|d//dt| = K(Cy—Cy)/Cy = K, “

co, co, Co,
= R

J

H,0 H,0 |H,0
|

o, Co, ’ Co,
|

H,0 H,0 H,0

l

®

o, o, o,
=

H,0 H,0 H,0

o, Co, co,
N

H,0 H,0 H,0

Fig. 2. Selected shapes of the liquid CO,—water interface: (a) below 10°C; (b) above 10°C.
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where |d//dz| is the shrinkage rate of the liquid CO,
column. Thus K = |d//d¢|. Changes in / were recorded
every hour during the course of CO, dissolution in each
test and the rate of mass transfer was found to be basically
independent of time. For each given temperature, tests
were performed at six different pressures (p = 60, 100,
150, 200, 250, 300 bar); however, no obvious pressure
dependence was noticed, as was found in dissolution of
a CO, droplet in water [9, 13]. Therefore, the overall
mass-transfer coefficient was obtained based on the aver-
aged shrinkage rate for the six different pressures at each
experimental temperature (7 =15, 8, 15, 18°C). The
resultant overall mass-transfer coefficient K (=5.65 ~
7.13x 1077 m s~') as a function of temperature T is
presented in Fig. 3.

It is seen from Fig. 3 that K increases with 7" and,
evidently, hydrate formation does not induce a significant
change in the rate of the interfacial mass transfer. Since
diffusion coefficients both in solids and in liquids have an
Arrhenius-type temperature dependence [16], the depen-
dence of K on T'may simply reflect this nature of diffusion
in a condensed phase: increase in temperature enhances
diffusion of CO, in both crystalline and quasi-crystalline
interphases. The limited range of changes in K suggests
that values of the activation energy for diffusion of CO,
in crystalline and quasi-crystalline structure may not be
different significantly. While the pressure independence
of K may indicate that the variation with pressure of the
local crystalline or quasi-crystalline structures may not
be different significantly. While the pressure inde-
pendence of K may indicate that the variation with pres-
sure of the local crystalline or quasi-crystalline structure
formed by hydrogen bonding of water molecules is very

limited. As was noticed by Aya et al. [5-7] and Shindo et
al. [13] in investigations of CO, dissolution in water, at a
given temperature, the overall mass-transfer coefficient
K is constant. This is due to the characteristics of the
interfacial water and the CO,—water system: As was men-
tioned in the preceding, hydrate forms only in the super-
saturated interfacial layer where water has a quasi-crys-
talline local structure; thus hydrate formation does not
change the local interfacial structure considerably [18].
When CO, dissolves in water, it reacts rapidly with water
to form carbonic acid H,CO;, which subsequently yields
bicarbonate ion HCO7 and carbonate ion CO?~. Since
carbonic acid is denser than water, it induces a downward
transport (this downward convection was confirmed by
using a pH indicator in our experiments). Because of
these characteristics and the low solubility of liquid CO,
in water, the overall resistance to and the driving force
for the mass transfer varied only limited during the CO,
dissolution, resulting in a constant overall mass-transfer
coefficient. However, it needs to be pointed out that this
constant mass-transfer rate holds only when the water-
rich phase is highly unsaturated with CO,.

Since the interfacial hydrate layer is very thin, the
curvature of the interface may not affect the overall mass-
transfer coefficient significantly. Therefore, the overall
mass-transfer coefficient of the present study and that for
a CO, droplet in water should be of the same order of
magnitude if the diameter of the droplet is not very small.
The corresponding form of equation (3) for a CO, droplet
in water is

g i‘3C = 4nr* Ky (Cy—C. 5
_dt3l o | = 4nr Ky (Cy—Cy), Q)

8.0 T T v T : T T 1
| ]
7.5 Hydrate-formation | Non-hydrate-formation region T
- region .
“w TOF § .
g ]
ré 6.5 , -
e | 1
M 6.0F | -
5.5F ]

L |
50 L 1 : 1 1 1
6 9 12 15 18
Temperature t (°C)

Fig. 3. Dependence of the overall mass-transfer coefficient on temperature.
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where r is the droplet radius and Kj is the overall mass-
transfer coefficient for the droplet. At given pressure and
temperature, C, is constant; thus equation (5) may be
rewritten as

|dr/dt] = K4(Co —C.)/Co = Ky, (6)

where |dr/d¢| is the droplet-shrinkage rate. The droplet-
shrinkage rate was measured previously by Aya et al. [5—
7] and Fujioka et al. [9]. Within the hydrate-formation
region, the values of |dr/d¢| obtained by Aya et al. is
4.67x107"ms™ ' for T = 1.9 ~ 7.2°C [7] and by Fujioka
et al. [9] is 2.5x 107" m s~ ! at T = 3°C. In the non-
hydrate formation region, droplet-shrinkage rates were
investigated only by Aya et al. Although in their early
investigation Aya et al. [5] reported that |dr/dz| was much
larger than that in the hydrate-formation region, their
most recent experiments showed that |dr/df| =
4.25~839%x10""m s ' for T < 15°C [6, 7]. Evidently,
the values for K obtained in the present study agree
reasonably well with those for K, obtained in previous
investigations. However, the interfacial behavior was not
revealed in previous investigations on dissolution of a
CO, droplet in water, nor was the hydrate layer thickness.

3. Discussion

Behavior of the liquid CO,~water interface during the
course of CO, dissolution indicates that mechanism for
mass transfer at the liquid CO,~water interface may differ
from that for the usual-type mass transfer that occurs in
many other liquid-liquid systems. Since pressures and
temperatures of deep-ocean waters fall within the hydrate
formation region (note that conditions for hydrate for-
mation are generally satisfied below 500 m in the ocean),
the liquid CO,—water interface (for hydration only water
is relevant) covered with hydrate is of our interest.
Hydrate formation at the interface and mechanism for
the interfacial mass transfer will be discussed in this
section.

3.1. Formation of hydrate at liquid CO,—water interface

In this subsection, we discuss the initial setup of the
hydrate layer at the interface. Hydrate formation is a
kinetic process which may be expressed as

CO, +nH,0 = CO, - nH,O0, )

where 7 is the hydrate number. Based on the measured
density of CO, hydrate, n = 7.67 [18], i.e., CO, hydrate
is a non-stoichiometric compound. It may be assumed
that the interfacial water is supersaturated with CO,
initially and hydrate clusters form in water via diffusion
of CO, in water. Hydrate formation is a complicated
process involving several intermediate reactions for cav-
ity formation and cavity association. The overall reaction

for hydrate formation may be modeled as a first-order
reaction on the basis of an apparent CO, concentration
C,pp as

0C,/0t = KCypp, ®)

where C, is the concentration of hydrate clusters in water
and « is the reaction-rate constant. C,,, is related to the
actual CO, concentration in water C as follows:

Capp = (1 - Ch/CH)Ca (9)

where Cy; = 5.76 kmol m~* is the hydrate density [18].
At the interface, equation (9) becomes

Capp =(1_H)C>a (10)
where H = C,/Cy and C; is the CO, concentration at the
interface. Combining equations (8) and (10) leads to

OH(t,x = 0)/0t = y(1— H(t,x = 0)), (11)

where x denotes a distance from the interface and
7 = kC,/Cy. The solution to equation (11) is

H(itx=0)=1—e"". (12)

If we define the hydrate-formation time ¢ by
H(t;, x = 0) = 0.999, then the reaction-rate constant may
be derived from equation (12) as

K = 6.91Ch/(1:C.). (13)

Based on our experiments, it may be estimated that
tr~ 13 s and C, ~ 5.0 kmol m~* (here the coefficient of
supersaturation is taken as 2.5 [19]). Substituting the
values for Cy, t;and C, into equation (13) yields x = 0.61
s~'. Note that the value of x may be system dependent
because the primary nucleation period, the rate-con-
trolling period in the hydrate-formation process, is
noticed to vary with system [20].

Formation of the interfacial hydrate layer may be mod-
eled by the following diffusion-reaction equation:
oC o*C

app app
TN Y, Kcapp’
ot dx2

where D is the diffusion coefficient of CO, in water. The
corresponding initial and boundary conditions for equa-
tion (14) are

t>0, 0<x< o0, (14)

Carp(0,) =0, 0 < x < o0, (15)
Capp(tao) = Cse_w7 (16)
Capp(tsoo) =0. (17)

Here, the x = 0 boundary is modeled as a reaction bound-
ary because hydrate formation at the interface is very
rapid. A solution to equations (14)—(17) is obtained,
employing Laplace transform, as

Cg rms X
Copp(t,x) = 27 |:e‘v BIDx erfc (

2 \/m_\/@

1 eVFIDx erfie < J% +\/E>} (18)
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where f§ = k—v and erfc represents the complementary
error function. From equation (8),

aH(lyx) — ze*‘ﬂ |:e*\/%x erfc ( al

o2 J/ADr _\/@
+ ev//TD'\‘ erfc <\/4xjt + ﬂ>:| . (19)

Integration of equation (19) between 0 and ¢ yields

H(t,x) = % [e*v/’ﬁ-\f e " erfc < al —. /ﬁf) dr
0 /4Dt

13
+e\/%xj e " erfc ( o —I—\/W) dt’:|. (20)
0 4Dt

The thickness of the hydrate layer ¢ should be evaluated
after the hydrate concentration profile has developed
fully (the corresponding time required may be assumed to
be r* and * > t;based on the experimental observations).
Under such a condition, the hydrate concentration profile
is, approximately,

H(x) ~ exp(—+/k/Dx). 21
If we define that H(5) = 0.001, then the thickness of the
hydrate layer is

0= —InH()/D/x. (22)
The diffusion coefficient in the bulk water is
D ~2.0x107° m? s~! [21]. Because changes in structure
of the interfacial water induce the diffusion coefficient
to decrease significantly, it is reasonable to assume that
D~ 107" m? s7! in the interfacial water. Substituting
the values for H, D, and x into equation (22) yields
0=2885x10"% m (i.e., 88.5 um), indicating that the
hydrate layer is very thin. This prediction agrees with the
experimental observation reasonably well.

3.2. Mechanism for mass transfer through interfacial
hydrate layer

Mass transfer of CO, through the interfacial hydrate
layer was proposed previously to follow an intermittent
decomposition mechanism [10] which presumes that
water diffuses into liquid CO, and reacts with CO, to
form an impermeable hydrate layer; the hydrate layer
decomposes in water and thus it is renewed following this
same process. Alternatively, there may be a continuous
decomposition mechanism [13, 22] which presumes that
the hydrate layer is permeable to water (or to both water
and CO,) and that hydrate forms at the CO,-rich inter-
face and decomposes at the water-rich interface con-
tinuously. Both mechanisms assume that hydrate forms
in the CO, phase. However, this assumption may be
challenged on the basis that the mole fraction of water in
hydrate is larger than 85% (which corresponds to the
stoichiometric mole fraction) while the solubility of water
in liquid CO, is less than 0.1% (which is less than that

required for hydrate formation by more than two orders
of magnitude) and, therefore, it is difficult for hydrate
to form in the CO,-rich phase, as was observed in our
experiments. Thus the mechanism for the interfacial mass
transfer should differ from those proposed previously.
Based on the characteristics of hydrate, a plausible mech-
anism is proposed for mass transfer of CO, through the
interfacial hydrate layer.

CO, and water are associated only via molecular forces
in hydrate and the CO, molecule is smaller than the free
diameter of most water cavities in hydrate; thus CO, can
penetrate through hydrate. Although the water molecule
(diameter 2.7 A) is smaller than the CO, molecule, water
molecules in liquid water exist in clusters with an average
of 4.4 water molecules hydrogen bonded, indicating that
it is difficult for water molecules to enter hydrate. Fur-
thermore, since the broken hydrogen bonds of water
molecules at the hydrate surface are arranged toward the
water phase and interaction between water molecules at
and in the vicinity of the hydrate surface is subject to an
electrostatic force (note that each water molecule has
four charges) which is much greater than the van der
Waals driving force for water molecules to enter hydrate,
water molecules are easily hydrogen-bonded at the
hydrate face. This is consistent with the preceding argu-
ment that only CO, molecules can penetrate through the
interfacial hydrate layer. The water (or mutual) diffusion
concept [10, 13, 22] is contradictory to the fact that each
water cavity in hydrate can hold at most one guest mol-
ecule and all of the cavities are occupied by CO, molecules
at the stoichiometric condition. Even if water molecules
enter the hydrate lattice, based on the guest-to-cavity size
ratio rule for hydrate stability [23], they are too small to
stabilize the cavities; otherwise water would form hydrate
by itself. Because the framework of hydrate is formed
with geometric distortions, the hydrate lattice by itself
is unstable and its stability depends strongly on CO,
occupancy [24].

The diffusive nature of CO, in hydrate indicates that
establishment of the interfacial hydrate layer will not stop
mass transfer from liquid CO, into water, which implies
that if conditions for hydrate formation can be satisfied
at the hydrate surface, the growth of the hydrate layer
may continue. However, since molecular diffusion in sol-
ids is much slower than that in liquids, growth of the
hydrate layer is much slower than the initial setup. This
separates the initial setup and growth of the hydrate
layer into two distinct states: the former is controlled by
hydrate kinetics and the latter is governed by the rate of
CO, transport. The mole fraction of CO, in hydrate
2o, is regulated by the rates of mass transfer from liquid
CO, into hydrate and from hydrate into water. The resist-
ance to the CO, transport increases as the hydrate layer
grows; thus, the rate of CO, transport from liquid CO,
to the hydrate face decreases as the thickness of the
hydrate layer increases. In comparison, the rate of CO,



H. Teng, A. Yamasaki/Int. J. Heat Mass Transfer 41 (1998) 43154325 4323

transport from hydrate into water changes only very lim-
ited as long as water remains highly unsaturated with
CO,. Once the rate of CO, transport from liquid CO, to
the hydrate face is lower than that from hydrate into
water, the number of CO, molecules leaving hydrate
becomes larger than that of entering, causing y&o. to
decrease. Thus the hydrate layer grows with decrease in
y?oz and this will eventually cause the hydrate layer to
become unstable. Once the hydrate layer collapses, the
rate of CO, transport from liquid CO, into water
increases significantly which results in reformation of
hydrate at the interface. Since hydrate formation from
collapsed hydrates is much faster than in the CO, super-
saturated water, re-establishment of the hydrate layer is
very rapid. During the course of CO, dissolution, the
hydrate layer undergoes a continuous cycle of collapse
and re-establishment, which results in variation in shape
of the interface. Although the hydrate layer is ther-
modynamically unstable, rapid hydrate formation can
maintain a hydrate layer at the interface during CO,
dissolution and hence the hydrate layer may be con-
sidered to be chemical kinetically stable.

Based on our observations, the thickness of the hydrate
layer is apparently unchanged during CO, dissolution.
This may be explained as follows. The rates of transport
of CO, from liquid CO, to the hydrate face and from
hydrate into water may be expressed, respectively, as

iy = DH(CO _Cs)/53 (23)
rty = K‘(fElOZ _fgvoz)» (24)

where Dy is the interstitial-diffusion coefficient of CO,
in hydrate, K; is the mass-transfer coefficient based on
fugacity, fco, = ycozycozf((’foZ is the fugacity, yco, is the
activity coefficient, yco, is the mole fraction of CO,,
S0, is the fugacity of pure liquid CO, at the same state,
and the superscripts H and W denote the properties of
hydrate and water phases, respectively. Since
Yeo, » ¥8o,s flo, » [0, For a freshly-formed hydrate
layer, it is reasonable to assume that

Dy(Cy—Cy/6 = Kf”/goz}’gozfgoz’ (25)

where )/{502 = 0.115 (based on n = 7.67). Under the con-
dition of equation (25), growth of the hydrate layer con-
tinues. Further growth of the hydrate layer leads to
11y < rir, which caused y¢'o, to decrease. Decrease in yio,,
in turn, causes decrease in /¢, and, therefore, reduces
ri,. Thus a new balance (i1, = 7i,) may be obtained.
Through such regulations, the hydrate layer grow con-
tinuously with reducing the mole fraction of CO, in
hydrate. After a certain number of cycles, the critical
condition may be reached:

DH(CO - Cs)/écr = Kf’ygozyl(:loz.crflgoza (26)

where the subscript cr denotes the properties at the criti-
cal condition (i.e., the minimum hydrate stability) and

y?opcr = 0.098 [18]. Hydrate is a solid solution; thus, K;
and y¢o, depend on y¢o, only slightly and may be treated
as constant at given thermodynamic conditions. Then the
ratio of d., to 0 may be derived from equations (25) and
(26) as

5cr/5 = ygoz/ngz,cr = 1.18. (27)

Since 0. ~ ¢ and collapse and re-establishment of the
hydrate layer are all very rapid, the thickness of the
interfacial hydrate layer appears unchanged during CO,
dissolution. This gives an explanation to the apparently
unchanged thickness of the hydrate layer.

Collapse of the hydrate layer may also have a mech-
anical mechanism, i.e., caused by unbalanced forces at
the interface because mass transfer induces the interface
to move toward the CO, phase. However, a sole mech-
anical mechanism cannot explain the kinetic behavior
and the apparently unchanged thickness of the hydrate
layer. Owing to the diffusive nature of CO, in hydrate
(which also is the cause for the move of the interface), the
CO, mole fraction in hydrate is variable and, accordingly,
stability of hydrate will be influenced significantly by
changes in the CO, mole fraction. Thus the physico-
chemical mechanism discussed above should be the major
cause for the collapse; however, the shape of the interface
is due to a certain type of force balance at the interface.

4. Summary and conclusions

Mass transfer through the liquid CO,-water interface
was investigated experimentally. Under high pressures
and low temperatures, the solubility of water in liquid
CO, is negligible in comparison with that of liquid CO,
in water. Owing to this one-sided solubility feature and
the characteristics of water, mass transfer at the liquid
CO,—water interface occurs in one way: only CO, can
penetrate through the interface. Because of super-
saturation with CO, and hydrogen bonding of water mol-
ecules, the interfacial water has a quasi-crystalline struc-
ture. If the pressure and temperature of the system fall
within the hydrate-formation region, then hydrate will
form rapidly at the interface; in this case, the quasi-crystal
becomes a true crystal. The major experimental findings
are summarized as follows:

(1) Hydrate formation at the interface was very rapid
and it took less than 15 s for hydrate to cover the
interface. The thickness of the interfacial hydrate
layer was in the range 80 ~ 100 um which is close to
that of the supersaturated interfacial water.

(2) Formation of the hydrate layer did not stop dis-
solution of CO, into water, however, mechanism for
the interfacial mass transfer might differ from that
for the usual-type mass transfer at a liquid-liquid
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interface because the hydrate layer had kinetic
behavior.

(3) Because the local structure of the interfacial water
is similar to that of hydrate crystal, the interfacial
crystallization did not change the rate of the inter-
facial mass transfer dramatically. The overall mass-
transfer coefficients for the cases with and without an
interfacial hydrate layer were of order of 107" m s~

(4) The overall mass-transfer coefficient depended only
on temperature and increased with increasing tem-
perature, which may reflect an Arrhenius-type tem-
perature dependence of diffusion coefficients in
hydrate and in water.

Kinetic behavior of the interfacial hydrate layer was
discussed. The hydrate layer was assumed to undergo a
continuous cycle of collapse and re-establishment during
CO, dissolution into water. Based on the characteristics
of hydrate, collapse of the hydrate layer was proposed to
have a physicochemical mechanism, i.e., the CO, mole
fraction in the hydrate layer becomes so small that it
cannot satisfy the requirement by the minimum hydrate
stability. This mechanism gives a reasonable explanation
to the kinetic behavior of the hydrate layer and to the
limited changes of the hydrate-layer thickness. The reac-
tion-rate constant for hydrate formation was predicted
from a first-order reaction model for hydrate formation
and the measured hydrate-formation time. The hydrate-
layer thickness was estimated based on a diffusion-reac-
tion model and the hydrate-layer thickness predicted
agreed reasonably well with that observed in experiments.
The results of this study may be used as a basis for
modeling dissolution of anthropogenic CO, disposed of
in the deep ocean.
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