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CO2 hydrate formation experiments are performed in a 20 L semi-batch stirred tank reactor using three different impel-
lers (a down-pumping pitched blade turbine, a MaxblendTM, and a DispersimaxTM) at various rotational speeds to exam-
ine the impact of the flow conditions on the CO2 hydrate formation rate. An original mathematical model of the CO2

hydrate formation process that assigns a resistance to each of its constitutive steps is established. For each experimental
condition, the formation rate is measured and the rate-limiting step is determined on the basis of the respective values
of the resistances. The efficiencies of the three considered impellers are compared and, for each impeller, the influence
of the rotational speed on the rate-limiting step is discussed. For instance, it is shown that a formation rate limitation
due to heat transfer can occur at the relatively small scale used to perform our experiments. VC 2015 American Institute

of Chemical Engineers AIChE J, 61: 4387–4401, 2015
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Introduction

Carbon dioxide (CO2) capture and storage (CCS) has

become a major research focus due to the potential of CCS for

mitigating anthropogenic CO2 emissions. CCS is aimed at

large point emission sources such as fossil fuel power plants

and major industrial CO2-emitters such as cement kiln plants

and refineries. In this method, CO2 is first separated

(“captured”) from flue/fuel gases, transported and then either

isolated from the atmosphere in a long-term storage location

or used industrially.1,2 Reducing the cost of separation, which

is the principal financial impediment to CCS projects, is one

of the main challenges to making industrial CCS deployment

economically feasible.1–3 Conventional separation technolo-

gies based on chemical absorption, physical adsorption, mem-

brane separation, and cryogenic distillation are very energy

intensive and suffer from other drawbacks such as chemical

degradation, low capacity, or high capital costs.1,4–6

Hydrate-based CO2 separation (HBCS) techniques have

been receiving increasing attention as promising viable alter-

natives to conventional capture technologies.1,4,7 In these tech-

niques, flue/fuel gases containing CO2 are exposed to liquid

water under high pressure, resulting in the formation of CO2

hydrates. Gas hydrates are ice-like solid compounds in which

gas molecules are physically trapped by van der Waals forces

in polyhedral cages formed by hydrogen-bonded water mole-

cules.8 Gases that form hydrates when they come into contact

with liquid water at the appropriate temperature (typically less

than 300 K) and pressure (typically more than 0.6 MPa) are

small molecules (< 0.9 nm), including light hydrocarbon

gases such as methane and CO2, rare gases such as argon and

krypton, and diatomic gases such as nitrogen and oxygen.9

The basis of CO2 separation by gas hydrate formation is that,

when a flue/fuel gas is put in contact with liquid water in con-

ditions leading to the formation of hydrates, CO2 is preferen-

tially incorporated into the cages of the formed hydrates,

compared with the other molecules of the gas. This results in a

CO2-rich hydrate phase and a CO2-poor residual gas phase.3,4

This formation, taking place within the liquid water phase, can

be described as a crystallization in solution process that

involves a series of mass and heat transfer steps.10

Relative to the other separation techniques, the advantages

of HBCS techniques are the high storage capacity, low invest-

ment, small energy penalty, simple process, and environmen-

tal friendliness.4,11,12 Furthermore, the decomposition of the
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hydrates generates CO2 at elevated pressure, which reduced
the compression costs associated to the downstream CCS steps
(transport, storage, or sequestration).12,13 Last, gas hydrates
have also been considered as a potential means for deep ocean
storage of CO2.14,15 Nonetheless, several factors make that
HBCS is still in the research stage. First, this technology is rel-
atively recent comparatively to the established CO2 separation
technologies. Additional efforts have to be made in the acqui-
sition and modeling of phase equilibrium data for CO2-other
gas(es)-in-water8,16–18 and intrinsic kinetics data relative to
the formation of hydrate from such systems.3,19–22 These
information are of fundamental importance for the design of
separation processes utilizing gas hydrate formation. Second,
CO2 hydrate formation typically requires high pressure, espe-
cially if the CO2 concentration in the hydrate-forming gas
mixture is low, which can lead to prohibitive operating costs
related to the compression of the gas to the necessary hydrate
formation pressure. This fact is currently limiting the interest
of the application of HBCS for the treatment of flue gases
(post-combustion CO2 capture), in which the CO2 concentra-
tion is typically low (�10–20 mol %).11,12 However, it is
believed that HBSC would be more competitive than conven-
tional capture technologies for the treatment of fuel gases
from gasification plants (pre-combustion capture), generally
called “synthesis gas” or “syngas,” in which the CO2 concen-
tration can be much higher.11,12,23 For example, a syngas that
has undergone a water gas shift reaction typically has a CO2

concentration on the order of 40 mol % (the rest of the gas
being principally composed of H2) and comes out of the water
gas shift converter at relatively high pressure, which is advan-
tageous for hydrate formation.11,12 Finally, the capability of
HBCS techniques to process the important amount of CO2

involved in CCS applications with a sufficient productivity
has yet to be established.4,11,22

In order to contribute to the transfer of HBCS techniques

from the laboratory benches to industrial scale applications

such as CCS, there is an ongoing search for strategies that

would enable to generate CO2 hydrates at low operating costs

and with a high productivity. Two approaches are receiving

the most attention. The first is the development of chemical

additives that can moderate the CO2 hydrate formation condi-

tions (thermodynamic additives) or promote their rate of for-

mation (kinetic additives). Although, to date, no stand-out

additives have been identified, some thermodynamic additives,

such as tetra-n-butyl ammonium fluoride, cyclopentane, tetra-

hydrofuran, and tetra-n-butyl ammonium bromide, and some

kinetic additives, such as sodium dodecyl sulfate, have demon-

strated their ability to considerably reduce the equilibrium

hydrate formation pressure and substantially promote the

hydrate formation rate, respectively.12,22–27 The second

approach is the development of apparatuses specifically

designed to generate gas hydrates with a high productiv-

ity.28–30 A great effort is being made to find efficient contact-

ing mode between the gas, liquid, and solid phases in terms of

mass and heat transfer performances.4,12 The apparatuses

developed generally resort to bubbling, spraying, and stir-

ring.29–34 Another point of focus is the development of appara-

tuses that operate in continuous mode.4 While no compelling

breakthrough apparatus design has yet emerged, several

advanced pilot scale reactors, recently developed by different

groups, have demonstrated their capability to produce CO2

hydrate at high rate for extended periods of time and their

potential for scalability. For example, Szymcek et al.35 devel-

oped a continuous jet hydrate reactor, that contacts CO2 and
water using a multiple capillary injector system and extrudes
hydrate solid particles. Another example is the tubular contin-

uous flow reactor designed by Yang et al.,7 that consists of a
Venturi gas-liquid mixer followed by several tubular finned
heat exchangers.

The most straightforward and economic method used in

chemical engineering to increase the rate at which a given pro-
cess involving mass and heat transfers takes place is to carry it
out in the presence of a flow field. Surprisingly, no extensive

study on the effect of the flow conditions on the formation rate
of gas hydrates has been performed. A great number of gas
hydrate formation studies have been carried out with mechani-

cal agitation or under flowing conditions, and several have
shown that an increase in mixing intensity results in an
increase in the formation rate.10,13,21,36–41 However, the results

from these studies with respect to the effect of the flow condi-
tions on the gas hydrate formation rate are of limited use for
the design of efficient large-scale reactors. More often than

not, the experimental setups used in these studies consist in
small-agitated vessels in which the liquid volume almost never
exceeds 1 L. Such small volumes do not reflect the various
limitations, especially heat transfer, that are typically encoun-

tered with industrial size reactors. Furthermore, the results of
these studies are almost always reported in terms of the effect
of a unique fluid flow-related parameter, generally only linked

to the mixing intensity and specific to the setup used (such as
the rotational speed of a given impeller or the fluid velocity),
on the global hydrate formation rate. This fact makes it diffi-

cult to identify general flow characteristics that lead to high
formation rate. Moreover, it does not allow determining nei-
ther which steps of the CO2 hydrate formation process are par-

ticularly influenced by these characteristics nor the extent of
these influences. Consequently, these studies do not allow
drawing general conclusions that could be applied to design

and optimize the flow conditions of other systems or scales.
The general objective of this work is to characterize the

impact of the flow conditions on the CO2 hydrate formation
rate. For this purpose, several CO2 hydrate formation experi-

ments are performed under different flow conditions using a
medium-sized (20 L) semi-batch stirred tank reactor. Stirred
tanks, in addition to being used for industrial applications, are
well suited for studies requiring different flow conditions. To

generate various flow conditions, two fluid flow-related
parameters are varied. First, different rotational speeds of the
impeller are used. Second, three different impellers are used: a

down-pumping pitched blade turbine (PBTD), a MaxblendTM,
and a DispersimaxTM. The impact of the flow conditions gen-
erated by the impellers on the CO2 hydrate formation rate is

characterized based on their effect on two variables: the mag-
nitude of the formation rate and the nature of the rate-limiting
step. The CO2 hydrate formation rate is measured directly.

The nature of the rate-limiting step is identified using two
methods. The first is based on an original mathematical repre-
sentation of the CO2 hydrate formation process that assigns a

resistance to each of its constitutive steps, including those
related to heat transfer that are generally not taken into consid-
eration in studies using small reactors. The rate-limiting step

is determined by comparing the respective values of the resis-
tances, evaluated experimentally. For the second method, the
rate-limiting step is determined by comparing the actual
temperature-concentration position of the bulk of the liquid

phase during a hydrate formation experiment in the relevant
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isobaric CO2-in-water solubility diagram, with those corre-
sponding to different limiting cases in which the CO2 hydrate
formation rate is solely limited by one of the constitutive steps
of the hydrate formation process.

Experimental Method

Experimental equipment

A schematic diagram of the experimental equipment used to
perform the CO2 hydrate formation experiments is shown in
Figure 1. These experiments are carried out in a jacketed
stirred tank reactor (Parker Autoclave Engineers Inc.)
equipped with an agitator shaft on which various types of
impellers can be mounted. The tank has a standard configura-
tion. First, it has a cylindrical shape and a 2:1 elliptical bot-
tom. Second, it has four plate baffles vertically mounted at the
tank wall, uniformly spaced and extending from the tank bot-
tom to above the liquid surface. Finally, it is characterized by
the following geometrical relationships: D 5 H, d 5 D/3 or D/
2, Wb 5 D/12, where D (m) is the tank inner diameter, H (m)
is the liquid height, d (m) is the impeller diameter and Wb (m)
is the baffle width. The tank has inner diameter of 0.3 m and a
total volume of 38 L. For all the experiments, the tank is filled
with 20 L of distilled water in order to ensure that D 5 H. All
the parts of the tank in contact with its content are made of
316 stainless steel. The reactor is designed to operate at pres-
sures up to 7.0 MPa and temperatures up to 3508C. The vol-
ume of the tank jacket is 7 L. A gas cylinder is used to supply
the tank with pressurized CO2 (>99.8% purity, Air liquide).
An electrical motor coupled to a variable speed controller
(Altivar-5 series 45-2, Telemecanique) is used to adjust the
rotational speed of the agitator shaft up to a maximum speed
of 700 rpm. A thermostated circulating bath (model 6506, Pol-
yscience) is used to pump a heat transfer fluid consisting of a
mixture of ethylene glycol and water (50/50, V/V) through the
tank jacket at a constant flow rate (approximately 15 L/min)
and at a temperature ranging from 2108C to 408C. The ther-
mostated circulating bath is used with its built-in internal tem-
perature probe and is therefore controlling the temperature of
the heat transfer fluid at the inlet of the tank jacket.

The temperature of the bulk of the liquid phase is measured
using a thermistor (model ON-401-PP-V, 6 0.18C between 0

and 708C, Omega Engineering) inserted in a built-in closed-

end tube thermowell whose extremity is close to the bottom of

the tank. The temperatures of the heat transfer fluid at the inlet

and outlet of the jacket are also measured using thermistors

(model ON-403-PP, 6 0.18C between 0 and 708C, Omega

Engineering). The pressure of the gas phase in the tank is

measured using a pressure transducer (model AB/HP, 0–7.0

MPa, 6 0.25% span, Honeywell). A mass flow controller

(MFC, model GFCS-010509, CO2 0–22.7 STD L/min, 6 1%

span, Aalborg) is used to keep the pressure in the tank constant

during the hydrate formation experiments. The mass flow rate

measured by the MFC is used to calculate the number of moles

of CO2 supplied to the tank. A data acquisition and control

card (SCB-68 connector block 1 PCI-MIO-16E-1 data acqui-

sition board, National Instruments) connected to a personal

computer and controlled by Labview 5.1 software (National

Instruments) is used to record the data collected by the differ-

ent instruments. The card is also used to send the set point

commands to the MFC using data received from the pressure

transducer and using a built-in PID function in Labview (PC

in Figure 1). A bypass line equipped with a manual valve is

installed around the MFC to make it possible to rapidly pres-

surize the tank at the beginning of the experiments. The tank

is also equipped with a purge valve and a pressure safety

valve.
In addition to varying the rotational speed of the impeller,

three different impellers were used to generate different flow

conditions inside the tank: a PBTD, a “MaxblendTM” (Sumi-

tomo Heavy Industries Process Equipment Co.), and a

“DispersimaxTM” (Parker Autoclave Engineers Inc.). Sche-

matics of the three impellers are presented in Figure 2.
The PBTD is a traditional turbine impeller widely used to

mix low to medium viscosity liquids and suspend solids as

well as in heat transfer applications.42 It provides a combina-

tion of both radial and axial flow and generates high shear lev-

els.42 The Maxblend is a less commonly used impeller

composed of a large bottom paddle and an upper grid. It has

the particularity to operate efficiently with low to relatively

high viscosity fluids43 and has been observed to generate bet-

ter pumping44,45 and solid dispersion46 than usual impeller

configurations. It has also demonstrated its ability to generate

Figure 1. Schematic diagram of the experimental equipment.
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a very uniform shear field45,47 and important gas entrainment

in the liquid.48 The Dispersimax is a gas-inducing-type impel-

ler with a design similar to that of a classic disk turbine except

that its blades are fixed on two slightly separated parallel disks

instead of one. It mainly creates a radial flow and generates

high shear levels.42 Its main specificity is that it autonomously

draws down the gas phase from the headspace of the vessel

through a hollow shaft to the depression zones generated

behind its blades where the gas is then dispersed as bubbles in

the liquid phase. This type of impeller is well suited for gas-

liquid contacting applications42 and has been used by Linga

et al.30 and Happel et al.40 to enhance the gas hydrate forma-

tion rate in setups similar to the one used in the present study.

The dimensions and positions of the three impellers are stand-

ard and described in Table 1. The off-bottom clearance of the

Dispersimax was deliberately chosen to be much smaller than

the usual standard values as low off-bottom clearance values

for disk turbine impellers have been shown to provide better

solid dispersion capabilities.49

To characterize the power drawn by the three impellers dur-

ing the hydrate formation experiments, a second mixing sys-

tem is used. It consists of a transparent polycarbonate agitated

vessel with the same dimensions and baffle arrangement as the

vessel of the reactor used to perform the CO2 hydrate forma-

tion experiments. The same impeller configurations as those

used for the formation experiments are used. The impellers are

driven by a variable speed DC motor. The power drawn by the

impellers is determined by measuring the torque delivered by

the motor using a torque transducer (model SS-050, 0–

5 Nm, 6 0.2% span, Ono Sokki) placed between the motor and

the agitator shaft. The torque measurement are performed

using the same volume of distilled water as that used for the

gas hydrate formation experiments, without adding any solids,

at room temperature and atmospheric pressure. This second

mixing system also allows visualizing the gas-liquid flow gen-

erated by the different impeller configurations (see

“Aeration.mov,” Supporting Information).

Experimental procedure

CO2 Hydrate Formation Experiments. Experiments in

which only the flow conditions varied were performed to eval-

uate the impact of these flow conditions on the CO2 hydrate

formation rate, using a procedure similar to that classically

employed to determine the kinetics of gas hydrate forma-

tion.10,50 The procedure imposes a stepped pressure increment

in a stirred tank in which a hydrate-forming gas is placed in

contact in a semi-batch mode with a constant volume of liquid

water, at a constant temperature. This liquid is initially (before

the pressure increment) saturated with the gas and free of gas

hydrate. The number of gas moles supplied to the tank over

time to maintain the imposed pressure constant is measured.
This number of moles of gas is hereafter referred to as the

number of moles of gas consumed in the tank. The imposed

pressure and the temperature used in this procedure are such

that CO2 hydrate formation is thermodynamically favorable.

As presented hereafter, two stages can be easily seen in the

obtained curve presenting the change over time of the total

number of moles of gas consumed in the tank. One corre-

sponds to CO2 dissolution in the liquid without hydrate forma-

tion and the other corresponds to CO2 hydrate particle growth

in the liquid.
Each experiment begins by filling the reactor with 20 L of

distilled water. The agitation and the thermostated circulating

bath are then started. The temperatures in the jacket and reac-

tor are allowed to stabilize at the operating temperature. The

operating temperature is defined as the temperature at which,

during an experiment, the temperature of the heat transfer fluid
at the inlet of the jacket is controlled. The agitation is then

stopped, the MFC bypass-valve is opened, and the reactor is

rapidly pressurized to the operating pressure. The MFC

bypass-valve is then closed, a 0.15 MPa overpressure is

imposed between the inlet and outlet of the MFC and the pres-

sure control is started. The agitation is then restarted at the

experimental rotational speed. This last step defines the time

zero of the measurement of the number of moles of gas con-

sumed in the tank over time. The experiment is stopped 3 to 5 h

Figure 2. Schematics of the three impellers.

Table 1. Impeller Dimensions and Positions Parameters

PBTD Maxblend Dispersimax

Tank diameter D (m) 0.3 0.3 0.3
Liquid Height H (m) D D D
Impeller diameter d (m) D/3 D/2 D/3
Blade number n 6 2 6
Blade angle h (8) 45 90 90
Blade length bl (m) d/3 d/2 d/4
Blade width bw d/4 1.1D d/5
Off-bottom

clearance
C (m) D/2 D/30 D/6
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after the hydrate particle growth stage has begun. The same

operating pressure and temperature (2.5 MPa and 28C) were

used for all the experiments. The temperature increase of the

heat transfer fluid between the inlet and outlet of the jacket of

the tank never exceeded 0.758C. Experiments were performed

for each of the three impellers using a different set of three rota-

tional speeds for each. Each experiment was repeated in dupli-

cate, for a total of 18 CO2 hydrate formation experiments.
The results of such a CO2 hydrate formation experiment,

obtained with a given impeller rotating at a given speed, are

reported as functions of the power consumption per unit mass

of liquid that would have been needed to rotate this impeller at

this speed in the absence of gas hydrate particles, em (W/kg).

This quantity provides a relevant way to compare the relative

performance of the impellers. The procedure used to deter-

mine em is described in the previous section. The experimental

rotational speeds of the impellers and the corresponding em are

given in Table 2.
Determination of the Volumetric Gas-Liquid Mass Trans-

fer Coefficient and the Overall Heat Transfer Coefficient.
In parallel with the hydrate formation experiments, gas dissolu-

tion and cooling experiments were performed with each of the

flow conditions used for the hydrate formation experiments.
Gas dissolution experiments were performed to determine

the volumetric gas-liquid mass transfer coefficient kla (1/s),

where kl (m/s) is the gas-liquid mass transfer coefficient and a
(m2 of g-l interface/m3 of liquid phase) is the volumetric gas-

liquid interfacial area, corresponding to the flow conditions

being studied. The procedure used for these experiments was

similar to that used for the hydrate formation experiments.

The same operating temperature was used, but the pressures

used were below the hydrate formation pressure corresponding

to this temperature. For a given dissolution experiment, know-

ing the number of moles of CO2 consumed in the tank over

time and knowing the solubility of CO2 at the initial and

imposed pressures,51 the kla can be determined.52 At least

three gas dissolution experiments were performed for each

flow condition. The maximum relative standard error of these

kla measurements was 21.3%.
Cooling experiments were performed to determine the over-

all heat transfer coefficient between the bulk of the liquid in

the reactor and the heat transfer fluid in the jacket, U (W/K m2

of heat transfer surface), corresponding to the flow conditions

being studied. The procedure used for these experiments con-

sists of measuring the temperature of the bulk of the liquid in

the reactor and of the heat transfer fluid at the inlet and outlet

of the tank jacket over time after that a stepped decrease in

temperature has been imposed to the set point of the thermo-

stated circulating bath. During these experiments, the heat

transfer fluid reaches the new set point temperature before the

bulk of the liquid. U can be determined from the following

equation, which is derived from an energy balance performed

around the reactor after that the heat transfer fluid has reached

the new set point temperature53

ln
TSP2T0

TSP2Tbulk

� �
5

SU

Vqlcp

t (1)

where TSP, T0, and Tbulk are, respectively, the new set-point

temperature, the temperature of the bulk of the liquid at the

time at which the heat transfer fluid reaches TSP and the tem-

perature of the bulk of the liquid at time t (s). S (m2) is the

inner surface area of the wall of the tank in contact with the

liquid, V (m3) is the volume of the liquid, and ql (kg/m3) and

cp (kJ/kg K) are, respectively, the density and specific heat

capacity of liquid water. At least two cooling experiments

were performed for each flow condition. The maximum rela-

tive standard error of these U measurements was 5.4%.

Mathematical Model and Rate-Limiting Step
Determination

Mathematical model

The system considered for the mathematical model of our

experiments consists of growing CO2 hydrate particles dis-

persed in an agitated continuous pure liquid phase in contact

with a pure CO2 gas phase. The system is kept at a constant

pressure, its environment is kept at a constant temperature,

and a quasi-steady state is assumed.
In order to characterize such a system, following the

approach adopted by, for example, Mori29 and Hashemi

et al.,54 an isobaric CO2-in-water solubility diagram can be

used. The diagram is composed of two equilibrium curves,

C�g2lðTÞ and C�l2HðTÞ (mol/m3 of liquid phase). C�g2lðTÞ is the

CO2 concentration in liquid water at temperature T (8C) when

the equilibrium between this liquid and a CO2 gas phase at a

given constant pressure is reached. C�l2HðTÞ is the CO2 con-

centration in liquid water at temperature T when the equilib-

rium between this liquid and a CO2 hydrate solid phase

is reached, at a given constant pressure. Figure 3 shows the

Table 2. Experimental Rotational Speeds of the Impellers

and Corresponding em

Rotational Speed (rpm) em (W/kg)

PBTD 400 0.33
500 0.52
600 0.87

Maxblend 75 0.07
100 0.15
150 0.36

Dispersimax 400 0.52
500 0.96
650 2.19

Figure 3. CO2-in-water solubility diagram at 2.5 MPa,
from Diamond and Akinfiev.51

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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CO2-in-water solubility diagram at the operating pressure used

during the hydrate formation experiments, that is, 2.5 MPa.

The dashed part of C�g2lðTÞ represents a metastable equilib-

rium that characterizes the solubility of CO2 in liquid water in

the metastable absence of CO2 hydrate. The intersection of the

two equilibrium curves corresponds to the gas-liquid-hydrate

three-phase equilibrium.
The mechanism leading to the incorporation of CO2 mole-

cules into the hydrate particle lattice involves a combination

of mass and heat transfers, and can be decomposed into five

steps that take place consecutively, as illustrated in Figure 4.

These steps are presented below.
The growth of CO2 hydrate particles requires water and

CO2 molecules. In our system, the hydrates are growing in the

liquid phase, making the water molecules readily available,

whereas the CO2 molecules, which are initially present in the

gas phase, have first to dissolve in the liquid. The first step of

our model is thus the mass transfer of CO2 molecules from the

gas phase to the bulk of the liquid phase, which feeds the liq-

uid phase with CO2 molecules and sustains the growth of the

hydrate particles. Based on the two-film theory, the CO2 mole-

cules diffuse through a thin stagnant film of fluid lying on

each side of the gas-liquid interface. The diffusion is driven by

a concentration gradient established across the films. Assum-

ing a negligible resistance to mass transfer in the gas phase

and an equilibrium between the gas phase and the liquid phase

at their interface, the volumetric rate at which the gas is dis-

solved into the liquid phase, ~j (mol/s m3 of liquid phase), is

given by the following equation

~j5kla C�g2l Tbulkð Þ2Cbulk

� �
(2)

where Tbulk (8C) is the temperature of the bulk of the liquid

phase and Cbulk (mol/m3 of liquid phase) is the CO2 concentra-

tion in the bulk of the liquid phase. Here, it is assumed that CO2

consumption in the liquid phase due to the growth of the

hydrate does not influence the rate of CO2 dissolution, which is

thus viewed as a simple physical gas absorption phenomenon.
Away from the thin films, the CO2 concentration in the bulk

of the liquid phase is assumed to be uniform due to sufficient

agitation.
Hydrate growth in the liquid phase is generally represented

by the diffusion-reaction theory, which is traditionally used to

model crystal growth in solution crystallization.10,55 Based on

this theory, crystal growth proceeds in two consecutive steps.

First, the dissolved CO2 molecules diffuse from the bulk of

the liquid phase to a liquid-solid interface through a thin stag-

nant film of liquid adjacent to the interface. The diffusion is

driven by a concentration gradient established across the liquid

film. These molecules, together with water molecules, then

integrate the crystal lattice of the hydrate particle. The integra-

tion is also believed to be driven by an ambiguous concentra-

tion gradient established across a mono-molecular-thick

adsorption layer sitting on the hydrate surface. These mass

transfer and integration phenomena are, respectively, the sec-

ond and the third steps of our model. Assuming that there is

no accumulation of CO2 molecules in the stagnant film of liq-

uid adjacent to a particle surface, the rate at which the CO2

molecules are transferred through such liquid films and incor-

porated into the particles are equal. If it is further assumed that

the thicknesses of the liquid films are small compared with the

particles size, the CO2 hydrate formation rate, j (mol/s m3 of

liquid phase), is given by the following equation

j54pl2ksKg Cbulk2C�l2H THð Þ
� �

(3)

where l2 (m2 of hydrate particle surface/m3 of liquid phase) is

the second-order moment of the hydrate particle size distribu-

tion given by

l25

ð1
0

L2nðLÞdL (4)

L (m) and n(L) (number of hydrate particles/m m3 of liquid

phase) are a characteristic size of the hydrate particles and the

number density function, respectively. ks is the surface shape

factor of the hydrate particles (ks 5 1 for spherical particles if

L is the radius of the particles). 4pl2ks is the surface area of

the hydrate particles per unit of volume of the liquid phase. Kg

(m/s) is the hydrate global growth coefficient that can be writ-

ten as follows

1

Kg

5
1

kd

1
1

ki

(5)

where kd (m/s) and ki (m/s) are the mass transfer coefficient in

the stagnant film of liquid surrounding a hydrate particle and

the kinetic constant of the integration of the dissolved CO2 and

water molecules in the lattice of these particles, respectively. TH

(8C) is the temperature of the hydrate particle surface.
Gas hydrate formation is an exothermic phenomenon.

The heat released has to be continuously removed to the

Figure 4. Schematic drawing of the model of the CO2 hydrate formation process illustrating the driving forces
(concentration and temperature gradients) of its five constitutive steps.

These steps are: 1� the diffusion of the CO2 molecules from the gas phase to the bulk of the liquid phase; 2� the diffusion of the

CO2 molecules from the bulk of the liquid phase to the hydrate particle surface; 3� the integration of the CO2 and H2O molecules

in the crystal lattice of the hydrate particle; 4� the heat transfer from the hydrate particle surface to the bulk of the liquid phase;

5� the heat transfer from the bulk of the liquid phase to the environment. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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environment. Heat is initially released at a growing hydrate par-
ticle surface where it generates a temperature increase relatively
to the temperature of the bulk of the liquid phase. The heat is
then transferred to the bulk of the liquid phase and is finally
transferred from the bulk of the liquid phase to the environment.
Heat transfer from a hydrate particle surface to the bulk of the
liquid phase takes place through a thin stagnant film of liquid
adjacent to the particle and is driven by the temperature gradient
established across the film. This heat transfer phenomenon is
the fourth step of our model. The following energy balance per-
formed around the hydrate particles links the heat transfer rate
from the particle surfaces to the bulk of the liquid phase with j

Lj54pl2ksh TH2Tbulkð Þ (6)

where L (J/mol) is the latent heat of CO2 hydrate formation and
h (W/K m2 of hydrate surface) is the heat transfer coefficient
between a hydrate particle and the bulk of the liquid phase.

Away from the thin films, the temperature of the bulk of the
liquid phase is assumed to be uniform due to sufficient agitation.

Heat transfer from the bulk of the liquid phase to the envi-
ronment is the fifth and last step of our model. The following
energy balance performed around the whole system links the
heat transfer rate from the bulk of the liquid phase to the envi-
ronment with j

Lj5
SU

V
Tbulk2Teð Þ (7)

where S (m2) is the surface area of the wall of the system in
contact with the liquid phase, V (m3) is the volume of the liq-
uid phase, U (W/K m2 of heat transfer surface) is the overall
heat transfer coefficient between the bulk of the liquid and the
system environment, and Te (8C) is the temperature of the
environment.

It can be observed that the driving forces of the three first
steps of our model are appearing in Eqs. 2 and 3 in the form of
concentration gradients, while the ones of the two last steps
are appearing in Eqs. 6 and 7 in the form of temperature gra-
dients. To be able to combine these equations, the two follow-
ing equations, respectively resulting from the linearization of
C�l2HðTÞ around Te for T 5 Tbulk and T 5 TH, are used to
rewrite the temperature gradients appearing in Eqs. 6 and 7 in
terms of concentration gradients

C�l2H Tbulkð Þ5 C�l2H Teð Þ1
dC�l2H

dT
jTe

Tbulk2Teð Þ (8)

and

C�l2H THð Þ5 C�l2H Teð Þ1
dC�l2H

dT
jTe

TH2Teð Þ (9)

Using these two equations, Eqs. 6 and 7 can be, respec-
tively, rewritten as follows:

j 5
4pl2ksh

L
dC�l2H

dT

����
Te

 !21

C�l2H THð Þ2C�l2H Tbulkð Þ
� �

(10)

and

j 5
SU

LV

dC�l2H

dT

����
Te

 !21

C�l2H Tbulkð Þ2C�l2H Teð Þ
� �

(11)

Owing to the quasi-steady state assumption, it is assumed
that ~j 5 j. Therefore, by combining Eqs. 2, 3, 10, and 11, it fol-
lows that

j 5
C�g2l Tbulkð Þ2C�l2H Teð Þ

1
kla

1 1
4pl2ksKg

1 L
4pl2ksh

dC�
l2H

dT jTe
1LV

SU

dC�
l2H

dT jTe

(12)

The numerator C�g2l Tbulkð Þ2C�l2H Teð Þ is the global driving

force of CO2 hydrate formation. It is equal to the sum of the

individual driving forces associated with each of the constitu-

tive steps of hydrate formation described above. The denomi-

nator is the global resistance to CO2 hydrate formation, Rglobal

(s). It is composed of four terms

R1 5
1

kla
ðsÞ (13)

R2–3 5
1

4pl2ksKg

ðsÞ (14)

R4 5
L

4pl2ksh

dC�l2H

dT

����
Te

ðsÞ (15)

R5 5
LV

SU

dC�l2H

dT

����
Te

ðsÞ (16)

If R1� R2–3; R4; and R5; Eq. 12 simplifies into

j � C�g2l Tbulkð Þ2C�l2H Teð Þ
� �

=R1 (17)

If Eq. 17 is then compared with Eq. 2, it can be seen that

R1� R2–3; R4; and R5 implies Cbulk � C�l2H Teð Þ. As

C�l2HðTÞ is an increasing function of T (see Figure 3), as

TH> Tbulk> Te, and as Cbulk is necessarily larger than C�l2H

THð Þ for hydrate particles to grow, Cbulk � C�l2H Teð Þ leads to

TH � Tbulk � Te. Therefore, R1� R223; R4; and R5 means

that the steps 2, 3, 4, and 5 of our model of the hydrate forma-

tion process are almost at equilibrium. Gas dissolution in the

liquid is thus the rate-limiting step of the CO2 hydrate forma-

tion process, and R1 can be seen as the resistance of this step.
If R5�R1; R223; and R4, Eq. 12 simplifies into

j � C�g2l Tbulkð Þ2C�l2H Teð Þ
� �

=R5 (18)

If Eq. 18 is compared with Eq. 11, it can be seen that

R5�R1 ; R223; and R4 implies C�l2H Tbulkð Þ � C�g2l Tbulkð Þ.
Therefore, Tbulk is close to the temperature at which the two

equilibrium curves C�g2lðTÞ and C�l2HðTÞ intersect (see Figure

3). As C�l2HðTÞ is an increasing function of T, as TH> Tbulk,

and as Cbulk is necessarily larger than C�l2H THð Þ and lower

than C�g2l Tbulkð Þ for hydrate particles to grow, C�l2H Tbulkð Þ
� C�g2l Tbulkð Þ leads to TH � Tbulk and to Cbulk �
C�l2H Tbulkð Þ � C�g2l Tbulkð Þ. Therefore, R5�R1 ; R2–3; and R4

means that the steps 1, 2, 3, and 4 of our model of the hydrate

formation process are almost at equilibrium. Heat transfer to

the environment is the rate-limiting step of the CO2 hydrate

formation process, and R5 can be seen as the resistance of this

step.
If R2–3�R1; R4; and R5, Eq. 12 simplifies into

j � C�g2l Tbulkð Þ2C�l2H Teð Þ
� �

=R2–3 (19)

By combining Eqs. 3, 10, and 11, and if R2–3�R1;
R4; and R5, it can then be written that

j 5 Cbulk2C�l2H Teð Þ
� �

= R2–31R41R5ð Þ
� Cbulk2C�l2H Teð Þ
� �

=R2–3 (20)

By comparing the last two equations and Eq. 3, it is

observed that R2–3�R1; R4; and R5 implies TH � Te (and

AIChE Journal December 2015 Vol. 61, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 4393



hence Tbulk � Te) and Cbulk � C�g2l Tbulkð Þ. This means that the

steps 1, 4, and 5 of our model of the hydrate formation process

are almost at equilibrium. Hydrate growth in the liquid phase

is the rate-limiting step of the CO2 hydrate formation process,

and R2–3 can be seen as the resistance of this step.
R4 can be seen as the resistance associated with heat transfer

from hydrate surfaces to the bulk of the liquid phase. To gain

greater insight on the respective importance of R2–3 and R4 in

R2231R4, it is instructive to evaluate the order of magnitude

of the ratio between these two resistances. As Kg < kd (see

Eq. 5), it can be written that

R4

R2–3

<
Lkd

h

dC�l2H

dT

����
Te

(21)

Using traditional correlations to calculate the Nusselt and

Sherwood numbers for a sphere in a flow,56 it can be written

that

kd

h
� D

k
k

qcpD

� �1=3

(22)

where k (W/m K), q (kg/m3), and cp (kJ/kg K) are the thermal

conductivity, the density, and the specific heat capacity of liq-

uid water, respectively. D (m2/s) is the diffusion coefficient of

CO2 in liquid water. k, q, cp, and D are approximately equal to

0.6 W/m K, 1000 kg/m3, 4 kJ/kg K, and 1 3 1029 m2/s, respec-

tively. R4 /R2–3 is thus<�1022. Therefore, R2–3 1 R4 � R2–3,

that is, the transfer of heat from the surface of the hydrate par-

ticles toward the bulk of the liquid phase has a negligible influ-

ence on the CO2 hydrate growth kinetics in the liquid. This

also implies that the temperature increase at the hydrate sur-

face is small and therefore that TH� Tbulk. Using a reasoning

based on Eq. 6 and experimental values for j and l2 measured

for CO2 hydrate formation in a semi-batch stirred tank reactor,

Hashemi et al.54 arrived at a similar conclusion. The value of

the right hand side of Eq. 21 have been defined by Matsuoka

and Garside57 as a measure of the contribution to crystal

growth of heat transfer from the crystals to the bulk of the liq-

uid phase. They empirically found that the effect of heat trans-

fer on the kinetics of crystal growth can be ignored when this

value is smaller than 1022; this supports our analysis.
As seen in the previous paragraphs, Rglobal is the sum of the

individual resistances that can be assigned to each steps of the

CO2 hydrate formation process. An electrical circuit analogy of

this process, presented in Figure 5, can therefore be proposed. It

consists of four resistances in series trough which a current, I,
assimilated to j, is circulated thanks to a potential difference,

DV, assimilated to the global driving force of the hydrate forma-

tion process. Applying Ohm’s law to this circuit gives Eq. 12.
Equation 12 relies on the linearization of C�l2HðTÞ around Te

(see Eqs. 8 and 9). The values of Tbulk and TH during the CO2

hydrate formation experiments performed in this work are

always between Te � 28C, that is, the temperature of the heat

transfer fluid flowing in the jacket of the reactor, and the tem-

perature of the gas-liquid-hydrate three-phase equilibrium,

which is approximately equal to 5.98C at the operating pres-

sure used (see Figure 3). Consequently, it can be shown that

the values of C�l2H Tbulkð Þ and C�l2H THð Þ calculated with Eqs. 8

and 9 differ at most by only 4% from their actual values (given

in Figure 3). As such, this linearization provides a good esti-

mation of these concentrations.

Rate-limiting step determination

To identify the rate-limiting step of the CO2 hydrate formation

process during a given experiment, two methods are proposed.
The first method uses the mathematical model built in the

previous section and is based on the evaluation and compari-

son of the different individual resistances making up Rglobal.
For a given CO2 hydrate formation experiment, R1 and R5

are determined from dissolution and cooling experiments,

respectively. These experiments, described in the experimental

procedure section, are performed in parallel with the hydrate

formation experiment using the same impeller and the same

rotational speed. They do not involve solids and are performed

under temperature and pressure conditions that do not allow

hydrate formation. It is assumed here that for low solid frac-

tions the actual kla and U values during a given hydrate forma-

tion experiment are constant and are equal to their respective

values determined from these dissolution and cooling experi-

ments, that is, kla and U are not affected by the presence of

growing hydrate particles in the liquid phase. V and S in the

expression of R5 (see Eq. 16) are known constant experimental

parameters that are equal to 0.02 m3 and 0.36 m2, respectively.

For our experimental setup, the environment to which the tank

is subjected is the heat transfer fluid flowing in the jacket, and

Te is therefore the temperature of this fluid during the hydrate

formation experiments, that is, Te � 28C. With the experimen-

tal conditions used in this work, the terms dC�l2H=dTjTe
and L

are approximately equal to 59.8 mol/K m3 of liquid phase

(from the C�l2H curve of Figure 3) and 70.8 kJ/mol (CO2

hydrate dissociation enthalpy at 5.58C and 2.55 MPa58),

respectively.
For a given CO2 hydrate formation experiment, R2–3 is eval-

uated from Eq. 12, after determining the values of all the other

terms in this equation. j and Tbulk are measured. Note that j is

simply the time derivative of the number of moles of gas con-

sumed in the tank during the hydrate particle growth stage

divided by the volume of liquid in the tank. R1 and R5 are eval-

uated as explained above. C�g2l Tbulkð Þ and C�l2H Teð Þ are ther-

modynamic data obtained from Figure 3.
The second method used to identify the rate-limiting step of

the CO2 hydrate formation process is based on the identifica-

tion, during the hydrate particle growth stage of an experi-

ment, of the representative point of the system in the phase

Figure 5. Electrical circuit analogy of the CO2 hydrate formation process.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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diagram presented in Figure 3. This representative point has,

by definition, Tbulk as the abscissa and Cbulk as the ordinate. To

identify the rate-limiting step, this representative point can be

compared with the points that would have been obtained if the

hydrate formation process was solely limited by one of the con-

stitutive steps of hydrate formation. For a given CO2 hydrate

formation experiment, Tbulk is measured directly. Cbulk is eval-

uated during the hydrate particle growth stage using Eq. 2, after

determining the values of all the other terms in this equation. j
is measured directly. kla is evaluated as explained previously.

C�g2l Tbulkð Þ is a thermodynamic data obtained from Figure 3.

Effect of an increase of the mixing intensity on the rate-
limiting step

It can be expected that each of the identified resistances

decreases when the mixing intensity increases. Indeed, all these

resistances involve a heat or mass transfer coefficient in their

denominator, and numerous studies have shown that these coeffi-

cients are increasing functions of the mixing intensity.42,55,59,60

At sufficiently high mixing intensity, R1 and R4 should eventually

become smaller than R2–3 and R5. Indeed, R1 and R4 should tend

to zero for a mixing intensity tending to the infinity. On the other

hand, R2–3 and R5 have non-zero theoretical minimal values, cor-

responding to a crystal growth limited by the integration of the

dissolved CO2 and water molecules in the lattice of the

hydrates,61 and to a heat exchange with the environment con-

trolled by conduction across the walls of the system42, respec-

tively. Hence, regarding the intensification of a HBCS process by

an optimization of the flow conditions, the three following ques-

tions should be addressed:
� Does the available equipment allow providing the mixing

intensity necessary to decrease R1 and R4 to sufficiently low

values such that the gas hydrate formation rate would be

either limited by R2–3 or R5, at their minimal values?
� If yes, which resistance, between R2–3 and R5, would

actually limit the formation rate? The answer to the latter

question is of prime importance for the definition of scale up

strategy if the questions are answered for a pilot equipment

such as the one used in this work.
� Among the different configurations (choice of impeller,

rotational speed, . . .) of the selected equipment leading to a

gas hydrate formation rate either limited by R2–3 or R5,

which one has the best energy performance?

Results and Discussion

Typical results: Consumption and temperature curves

Figure 6 shows the change over time of the total number of

moles of gas consumed in the tank and of Tbulk obtained from

a CO2 hydrate formation experiment performed with the Dis-

persimax rotating at 500 rpm (em 5 0.96 W/kg). The shapes of

the two curves are typical of all the experiments performed.

The curve of the change over time of the total number of

moles of gas consumed in the tank is hereafter referred to as

the consumption curve.
The first part of the consumption curve corresponds to the

dissolution of CO2 in the liquid following the stepped pressure

increment imposed at time zero. During the dissolution pro-

cess, the concentration of CO2 in the liquid increases progres-

sively and reaches C�l2H Tbulkð Þ. From this point, the

supersaturation regarding CO2 hydrate builds up and CO2

hydrate formation may occur in the liquid. However, the con-

centration of CO2 in the liquid typically reaches C�g2l Tbulkð Þ

before any indication of the beginning of CO2 hydrate forma-
tion could have been observed. Once this concentration has
been reached, the gas consumption rate falls to zero (1�on the
consumption curve). The system can then stay in this metasta-
ble state for a significant length of time (2�on the consumption
curve), typically 1–2 h, before CO2 hydrate formation mani-
fests itself macroscopically by a sudden increase in the gas
consumption rate (3� on the consumption curve). This sudden
increase marks the beginning of the second part of the con-
sumption curve, which corresponds to the growth of the CO2

hydrate particles. The CO2 hydrate formation rate, j, given by
the slope of this part of the consumption curve divided by the
volume of liquid in the tank, rapidly reaches and stays at an
almost constant value (4� on the consumption curve), depend-
ing of the experimental conditions, for a few hours before
slowly decreasing to zero (5�on the consumption curve).

At the beginning of an experiment, Tbulk first increases rapidly
(¶ on the Tbulk curve) due to the release of the enthalpy of disso-
lution associated with the gas absorption process and then gradu-
ally drops back to Te (• on the Tbulk curve) as the gas absorption
slows down. At the onset of CO2 hydrate formation, Tbulk rises
abruptly by a few degrees (‚ on the Tbulk curve) due to the
release of the enthalpy of formation of a large amount of gas
hydrates. This abrupt rise of Tbulk is the second macroscopic indi-
cation of the beginning of the CO2 hydrate formation process.
The curve showing the change over time of Tbulk then exhibits a
plateau („ on the Tbulk curve), or a very low negative slope com-
parable to a plateau, at a value depending of the experimental
conditions. Tbulk stays at this value as long as the formation rate
stays almost constant and then progressively decreases to Te (”
on the Tbulk curve) as soon as the formation rate decreases.

The discussion of the experimental results, presented below,
focuses on the period of almost constant hydrate formation
rate (4� on the consumption curve) that follows the onset of
gas hydrate particle growth.

CO2 hydrate formation rate vs. flow conditions

Figure 7 shows the CO2 hydrate formation rate, j, measured
during the almost constant formation rate period that follows
the onset of the gas hydrate particle growth, as a function of

Figure 6. Change over time of Tbulk and of the total
number of moles of gas consumed in the
tank, obtained from a CO2 hydrate formation
experiment performed with the Dispersimax
rotating at 500 rpm (em 5 0.96 W/kg).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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em for the three impellers studied. Each point represents the

average of two replicates. The maximum relative standard error

of these j measurements is 21.7%. It can be seen that j increases

with em for all three impellers. For the Dispersimax, it appears

that at em> 0.5 W/kg a j maximum approximately equal to

0.125 mol/s m3 is reached. It has to be noted that the j measured

for the Maxblend at the highest em has almost the same value

than the j maximum measured for the Dispersimax. This j value

is not reached by the PBTD. It can also be seen that the PBTD

and the Dispersimax present similar j values at em � 0.5 W/kg.

However, at em � 0.9 W/kg, the Dispersimax has a j value sig-

nificantly larger than the one of the PBTD. Last, the figure also

shows that the Maxblend has the largest j/em ratio by far.

Resistances of the constitutive steps of the CO2 hydrate
formation process vs. flow conditions

Figures 8a, b, and c show R1, R2–3, and R5, during the

almost constant formation rate period, calculated using the

method described in the rate-limiting step determination sec-
tion, as functions of em for the PBTD, Maxblend, and Dispersi-

max, respectively. These figures show that R1 and R2–3

significantly decrease with an increase in em, while R5 appears
to be almost independent of this quantity for the three impel-

lers in their respective range of em studied. This is consistent
with the fact that j increases when em increases for the three
impellers, as shown in Figure 7.

Figures 9a, b, and c respectively show R1, R2–3, and R5, dur-

ing the almost constant formation rate period, as functions of
em for the three impellers used in this study.

Figure 9a shows that, as expected, R1 decreases when em

increases, for the three impellers. For the Dispersimax and the
Maxblend, a large relative decrease of R1 is observed, when em

increases from its smallest to it largest value. The smallest val-

ues of R1 obtained with the Dispersimax and the Maxblend are
close to each other. While the range of em at which the PBTD
was used was similar than the ones used for the other two impel-

lers, a limited relative decrease of R1 is observed for the PBTD.
Moreover, the minimal value of R1 obtained for the PBTD is

way larger than the ones obtained for the Maxblend and the Dis-
persimax. These observations can be explained with the help of
the experiments, described in the experimental method section,

performed using the polycarbonate vessel for the determination
of em, which also allowed visually assessing the gas-liquid con-
tact generated by the different impeller configurations (see

“Aeration.mov,” Supporting Information). This visualization
allows identifying two mechanisms responsible of this contact.

The first mechanism of gas-liquid contact, only active for

the Dispersimax, is the pumping of the gas from the tank head-
space to the reactor bottom, through the hollow shaft of the
impeller, and its consecutive dispersion as bubbles in the liq-

uid. As it can be seen in the movie “Aeration.mov” (Support-
ing Information), the large relative decrease of R1 for the
Dispersimax when em increases from �0.5 to �0.9 W/kg can

be attributed to the fact that the gas induction mechanism
begins to be very intense at em values> 0.5 W/kg.

The second mechanism of gas-liquid contact, active for all

three impellers, is the gas entrainment from the tank headspace
into the liquid due to the combined effect of deformation and
breakage of the open surface of the liquid, bubble entrapment,

Figure 7. CO2 hydrate formation rate, j, measured after
the onset of gas hydrate particle growth, as a
function of em for the three impellers studied.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. R1, R2�3, and R5, during the almost constant formation rate period, as functions of em for the PBTD (a),
Maxblend (b), and Dispersimax (c).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and liquid flow circulation underneath the open surface.48,62

The capacity of the Maxblend to reduce R1 nearly as much as

the Dispersimax, even if it is not a gas-inducing type impel-

ler, can be attributed to the fact that this second type of gas-

liquid contact mechanism appears to be especially active for

this impeller (see the “Aeration.mov”). The poor perform-

ance of the PBTD in reducing R1 can be explained by its

poor ability to provide high levels of gas entrainment in the

liquid.
Figure 9b shows that, as expected, R2–3 decreases when em

increases, for the three impellers. Whatever the impeller, the

relative decrease of R2–3 is important, when em increases from

its smallest to it largest value. The smallest values of R2–3

obtained with the three impellers are close to each other. This

can reasonably be attributed to the fact that the demonstrated

ability of these impellers to provide a good quality of solid

suspension and high shear levels42,46 is fully developed at the

highest mixing intensities considered, while it is not fully

developed at the smallest mixing intensities considered. It is

interesting to note that the extent of the relative decrease (in

percent) of R2–3 when em increases from �0.5 to �0.9 W/kg is

similar for the PBTD and the Dispersimax.
Figure 9c shows that R5 is not only almost independent of

em for the three impellers, as already seen in Figures 8a, b, and

c, but is also almost independent of the type of impeller used.

Therefore, it can reasonably be assumed that, whatever the

impeller and the mixing intensity used, the heat transfer to the

environment is mainly limited by heat conduction through the

relatively thick wall of the reactor (1 cm).
From the above discussion, the fact that j increases much

more for the Dispersimax than for the PBTD when em

increases from �0.5 to �0.9 W/kg, as observed in Figure 7,

can be reasonably attributed to the important intensification of

the Dispersimax gas induction mechanism at em values> 0.5

W/kg and the identified poor ability of the PBTD to provide

high levels of liquid aeration.

Figure 9. R1 (a), R2�3 (b), and R5 (c), during the almost constant formation rate period, as functions of em for the
three impellers used in this study.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. R1=Rglobal, R2�3=Rglobal, and R5=Rglobal during the almost constant formation rate period, as functions of
em for the PBTD (a), Maxblend (b), and Dispersimax (c).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Determination of the rate-limiting step of the CO2

hydrate formation process via the relative weight of the
resistances of the constitutive steps of CO2 hydrate
formation

Figures 10a, b, and c show R1=Rglobal, R2–3=Rglobal, and R5=
Rglobal during the almost constant formation rate period, as
functions of em for the PBTD, Maxblend, and Dispersimax,
respectively. These figures show that the rate-limiting step of
the CO2 hydrate formation rate, that is, the step exhibiting the
largest resistance, changes with em for all three impellers.
They also show that, for given flow conditions, while there is
always one step that can be considered as rate-limiting, the
resistances of the other steps are not necessarily negligible.
For the PBTD, as em increases, the formation rate is first
mainly limited by hydrate growth in the liquid phase and then

by gas dissolution in the liquid phase. For the Maxblend, as em

increases, the formation rate is first mainly limited by gas dis-
solution in the liquid phase, then by hydrate growth in the liq-
uid phase, and finally by heat transfer to the environment. For
the Dispersimax, as em increases, the formation rate is first
mainly limited by hydrate growth in the liquid phase and then
by heat transfer to the environment. It is interesting to note
that, for the three impellers used in the present study, at low
em in their respective range of em investigated, the formation
rate is limited by a mass transfer step, either gas-liquid or
liquid-solid. At higher em, the rate-limiting step switches to
the heat transfer to the environment step for the Maxblend and
the Dispersimax. It is reasonable to assume that the same shift
would have been observed for the PBTD if larger em had been
used. This shift can be explained by the fact, already men-
tioned above, that the resistances associated with the mass

transfer steps decrease with em while the resistance to the heat
transfer to the environment step seems to be independent of
this quantity. R5=Rglobal thus increases as em increases, up to a
point where heat transfer to the environment limits the forma-
tion rate.

It is interesting to note that heat transfer limitations are
observed at the relatively small scale used to perform our CO2

hydrate formation experiments. This fact, which is not often
reported in the literature, is an important finding for the devel-

opment of scaling-up strategies for hydrate-based gas separa-

tion processes. It can be mainly attributed to the relatively

high latent heat associated with gas hydrate formation, which

has made them, in addition to gas separation applications,

interesting candidates for refrigeration applications.63

From the facts that, at high em, the resistance to heat transfer

to the environment limits the CO2 hydrate formation rate for

both the Maxblend and the Dispersimax and that, as shown in

the Figure 9c, this resistance is independent of the flow condi-

tions, it may reasonably be inferred that the j value measured

for the Dispersimax at em> 0.5 W/kg and the j value measured

for the Maxblend at the highest em (see Figure 7) both corre-

spond to the maximum value of j achievable under the condi-

tions used during the formation experiments. This maximal

value of j corresponds to the CO2 hydrate formation rate

allowed by the resistance to heat transfer to the environment

when the other resistances have decreased to negligible levels

due to sufficient mixing intensity.

Determination of the rate-limiting step of the CO2

hydrate formation process via the representative point

position in the CO2-in-water solubility diagram

Figures 11a, b, and c show the effect of em on the represen-

tative point of the system in the CO2-in-water solubility dia-

gram at the operating pressure during the almost constant

formation rate period for the PBTD, Maxblend, and Dispersi-

max, respectively. The method used to identify these points is

described in the rate-limiting step determination section. In

Figures 11a, b, and c, points A, B, and C are the representative

points that would have been obtained if the hydrate formation

process was solely limited by one of the constitutive steps of

hydrate formation. Point A corresponds to a process limited by

gas dissolution in the liquid (Cbulk 5 C�l2H Teð Þ and Tbulk 5 Te,

that is, the other steps are at equilibrium). Point B corresponds

to a process limited by hydrate growth in the liquid phase

(Cbulk 5 C�g2l Teð Þ and Tbulk 5 Te, that is, the other steps are at

equilibrium). Point C corresponds to a process limited by heat

transfer to the environment (Cbulk 5 C�l2H Tbulkð Þ5 C�g2l Tbulkð Þ,
that is, the other steps are at equilibrium and the representative

point corresponds to the three-phase equilibrium).

Figure 11. Representative points of the system in the CO2-in-water solubility diagram at the experimental operat-
ing pressure (2.5 MPa), as a function of em during the almost constant formation rate period for the
PBTD (a), Maxblend (b), and Dispersimax (c).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The representative points shown in these figures have posi-
tions that are consistent with the observations made with
respect to Figures 10a, b, and c. For given flow conditions, the
position of the representative point of the system appears to be
mainly determined by the rate-limiting step but, at the same
time, is influenced by the other steps with non-negligible resis-
tances. For the PBTD, the progressive transition, as em

increases, from a hydrate formation rate mainly limited by
hydrate growth in the liquid phase to a hydrate formation rate
mainly limited by gas dissolution in the liquid phase is clearly
represented by the migration of the position of the representa-
tive points of the system from a position close to point “B” to
a position close to point “A.” The slight temperature drift of
the position of the representative points of the system towards
point “C” as em increases is a manifestation of the growing
weight of the resistance to heat transfer to the environment.
For the Maxblend, the positions of the representative points of
the system for the lowest and the intermediate em, close to
points “A” and “B,” respectively, depict a transition, as em

increases, from a hydrate formation rate mainly limited by gas
dissolution in the liquid phase to a hydrate formation rate
mainly limited by hydrate growth in the liquid phase. The
position of the representative point of the system for the high-
est em, next to point “C,” represents a situation in which the
hydrate formation rate is almost solely dominated by
the resistance to heat transfer to the environment. Last, for the
Dispersimax, the position of the representative point of the
system for the lowest em, close to point “B,” depicts a situation
in which the hydrate formation rate is mainly limited by
hydrate growth in the liquid phase but also, to a lesser extent,
by both gas dissolution in the liquid phase and heat transfer to
the environment (as this point is also close to point “A” and
“C”). The positions of the representative points of the system
for higher values of em, next to point “C,” represent a situation
in which the hydrate formation rate is almost solely dominated
by the resistance to heat transfer to the environment.

Conclusion

CO2 hydrate formation experiments were performed under
different flow conditions in a 20 L semi-batch stirred tank
reactor of standard geometry in order to examine the impact of
the flow conditions on the CO2 hydrate formation rate. Differ-
ent flow conditions were generated using three different impel-
lers (a down-pumping pitched blade turbine (PBTD), a
Maxblend, and a Dispersimax) at different rotational speeds.
Two methods were used to determine the rate-limiting step of
the CO2 hydrate formation process during a given experiment.
The first method uses an original mathematical model of the
complete CO2 hydrate formation process that assigns a resist-
ance to each of its steps (gas dissolution in the liquid phase,
hydrate growth in the liquid phase, and heat transfer to the
environment). It is based on the experimental evaluation, and
comparison of the values of these resistances. The second
method is based on the determination of the temperature-
concentration position of the bulk of the liquid phase during a
hydrate formation experiment in the relevant isobaric CO2-in-
water solubility diagram.

For the three impellers used in this study, it was shown that
the increase of the mixing intensity, through its decreasing
effect on all the resistances involved in the hydrate formation
process, resulted in an increase of the formation rate. The
capacity of the Maxblend and the Dispersimax to provide high
levels of gas-liquid contact and of solid suspension allowed

the mass transfer resistances to be substantially decreased,

which ultimately led to, at high mixing intensity, in their

respective range of mixing intensity studied, a formation rate

limited by the heat exchange with the environment. While the

range of mixing intensity at which the PBTD was used was

similar than the one used for the other two impellers, it did not

allow producing such conditions, which was found to be due

to its poor ability to provide high levels of gas entrainment in

the liquid.
Of the three impellers used in this study, the Maxblend dis-

plays by far the best energy performance. For reasons that

remain to be clarified, this unusual impeller generates flow

conditions that are extremely efficient for the formation of

CO2 hydrates in a stirred tank, compared with other impellers.

High pumping capacity, very uniform shear field, and good

gas-liquid contact ability can be suspected to be at the origin

of this performance since they were demonstrated to be a char-

acteristic of the impeller.45,47,48 As for the two other impellers,

the Dispersimax performed better than the PBTD due its gas

induction capability.
In addition to the results related to the impact of flow condi-

tions on the CO2 hydrate formation rate, the present study also

showed that heat transfer limitations occurs at the relatively

small scale used to perform our CO2 hydrate formation experi-

ments. This fact, which is not often reported in the literature,

is an important finding for the development of scaling-up strat-

egies for hydrate-based gas separation processes. It is clear

that these strategies will have to take into account the transfer

of the important heat released by the hydrate formation, even

at small scales, by the development of adequate heat

exchangers.
Finally, the mathematical model of the CO2 hydrate forma-

tion process and the two methods for determining the rate-

limiting steps can be used to design and optimize future

industrial-scale gas hydrate formation reactors.
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