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a b s t r a c t

The hydrate-based carbon dioxide (CO2) capture from the integrated gasification combined cycle (IGCC)
synthesis gas using the bubble method is investigated with a set of visual equipment in this work. The
gas bubble is created with a bubble plate on the bottom of the equipment. By the visual equipment, the
hydrate formation and the hydrate shape are visually captured. With the move of the gas bubble from the
bottom to the top of the reactor, gas hydrate forms firstly from the gaseliquid boundary around the
bubble, then the hydrate gradually grows up and piles up in the bottom side of the bubble to form
a hydrate particle. The gas hydrate shape is affected by the gas flow rate. The hydrate is acicular crystal at
the low gas flow rate while the hydrate is fine sand-like crystal at the high gas flow rate. The bubble size
and the gas flow rate have an obvious impact on the hydrate-based CO2 separation process. The
experimental results show the gas bubble of 50 mm and the gas flow rate of 6.75 mL/min/L are ideal for
CO2 capture from IGCC synthesis gas under the condition of 3.0 MPa and 274.15 K.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon dioxide (CO2) is considered as the main contributor to
the greenhouse gases which result in the global warming, and the
fuel power plants produce nearly one third of all CO2 emissions
worldwide [1,2]. Therefore, capturing CO2 from fossil power plants
becomes one urgent target for lessening the deteriorating climate.
Recently, the integrated gasification combined cycle (IGCC) is
widely utilized in coal-fired power plants. Thus, capturing CO2 and
purifying hydrogen (H2) from IGCC synthesis gas becomes one
important project for the industrial application. The typical
synthesis gas from an IGCC power station consists of 40 mol% CO2
and 60 mol% hydrogen (H2) at a total pressure of 2.5e5.0 MPa [3].
Conventional techniques for the CO2 capture include physical
adsorption, chemical absorption, cryogenic fractionation, and
membrane separation [4,5]. However, the conventional techniques
have their individual issues of either high corrosion, or large energy
consumption, or high cost, or low capacity [6]. Therefore, for using
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fossil fuels in the power plants continuously, new efficient and
more cost-effective techniques which are different from the
conventional techniques need to be explored. One of such tech-
nique is hydrate-based technique of gas separation and capture.
Gas hydrate is one crystalline compound formed by host (water
molecules) and guest (small gas molecules such as methane (CH4),
ethane (C2H6), propane (C3H8), sulfurated hydrogen (H2S), CO2, H2,
nitrogen (N2)) [7,8]. The hydrate-based technique of gas separation
is on the selective partition of the ingredients in the hydrate phase
and in the gas phase [1]. Due to the equilibrium hydrate formation
pressure of CO2 is much lower than that of H2 at the same
temperature, it is expected that CO2 is preferentially encaged into
the hydrate crystals. Then, the hydrate crystals are separated and
subsequently decomposed to create the CO2-rich stream while the
rest form the CO2-lean one [9,10].

However, there are two important problems need to be resolved
for hydrate-based gas separation technology. One is to form the
hydrate rapidly and continually, the other is to improve the gas
uptake dramatically. Somemethods have beenproposed to increase
the hydrate formation. The methods are mainly classified two:
chemical and mechanical methods. In the chemical aspect, the
hydrate formation rate can be increased efficiently by adding either
the thermodynamic promoters (for example, tetrahydrofuran (THF)
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[11,12] or tetra-n-butyl ammonium bromide (TBAB) [6,10]) or
kinetics promoters (for example, sodium dodecyl sulfate (SDS)
[13,14]). For example, the TBAB solution of 0.29mol% is proved to be
efficient todecrease the equilibriumhydrate formationpressure and
to improve the gas uptake for CO2 separation from fuel gases [15,16].
In themechanical aspect, the hydrate formation can be enhanced by
stirring [17e19], spraying [20,21], and bubbling [22]. The different
mechanicalmethodsmatch to the different hydrate reactors, such as
a stirred tank, spray tower and the bubble tower. Among the three
mechanical methods, the stirring is usually used to carry out the
hydrate formation because the stirred tank is easy to build and run
on a laboratory scale. Several works have been reported on the
hydrate formation in a batch stirred tank [18,23]. However, the
stirred tank is not easy to be thoroughly sealed in a high-pressure
condition. Moreover, the stirred tank and the sprayer tank
consumemuch energywhen theywork. The gas bubble is created by
pouring the gas mixture from the gas tank into the solution in the
reactor. Thus, the method of bubbling consumes little energy. Some
works onhydrate formation in bubble columns have beenpublished
[24e27]. Nevertheless, up to now, no systematical work on hydrate
formation in a bubble column has been reported on the hydrate-
based CO2 capture from IGCC synthesis gases. Therefore, we make
a series of experiments to study on hydrate-based CO2 capture from
IGCC synthesis gas in a bubble column systematically.

In this work, a set of transparent bubble column is established
and the CO2 separation from IGCC synthesis gas in the presence of
0.29mol% TBAB solution is studied. (0.29 mol% TBAB is proved to be
the ideal hydrate formation promoter in our previous work [6,10]).
Meanwhile, according to the previous work [6,10], the hydrate
formation condition of 3.0 MPa and 274.15 K is proved to be a good
condition for CO2 capture from IGCC synthesis gas with the TBAB
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Fig. 1. Schematic of experimental apparatuses. (1. Gas cylinder 2. Relief valve 3. Fluid conta
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controller 18. Gas-liquid separator 19. Collecting gas cylinder 20. PC 21. Data acquisition sy
solution. Thus, the condition is adopted in this work. The work is
carried out as follows: firstly, the formation of the hydrate con-
taining TBAB, gas mixture and H2O and the detailed shape of the
hydrate are captured by the transparent column; secondly, by the
comparison of hydrate formation induction time, CO2 separation
efficiency obtained from our previous experiments and this work,
the equipment of a transparent bubble column is proved to be
available to the hydrate-based CO2 capture from IGCC synthesis
gas; thirdly, by the comparisons of the gas uptake, the CO2
concentration in the residual gas obtained from different bubble
sizes and the gas flow rates, an ideal hydrate-based CO2 separation
in a bubble column is proposed and the results are helpful to
develop and design an industrial hydration reactor in the future.

2. Experimental section

2.1. Materials

ACO2/H2 gas mixturewith amolar ratio of 40.0e60.0% is used in
the work to simulate a pretreated IGCC synthesis gas. The gas
mixture is supplied by Foshan Huate Gas Co., Ltd. TBAB (AR,
>99.9%) is supplied by Shanghai Sinopharm Chemical Reagent Co.,
Ltd., China. The deionized water with resistivity of 18.25 mU cm�1

is produced by an ultrapure water supplied by Nanjing Ultrapure
Water Technology Co., Ltd., China.

2.2. Apparatus

The experimental apparatus are shown in Fig. 1. It consists of
a cuboid reactor (10.0 cm in side length, 4.0 m in height, total
volume of 40 L) made of 316 stainless steel and a refrigeration,
P
T

1

2

34567

20 21

iner 4. Mass flow-meter 5. Controlled volume pump 6. Refrigeration system 7. Heater
nt recycle pump 14. Visual window 15. Safety valve 16. Vacuum pump 17. PID pressure
stem).



C.-G. Xu et al. / Energy 44 (2012) 358e366360
a temperature control unit and two pumps. The reactor is equipped
with transparent Plexiglas in front and back sides and is jacketed
with the glycol-water bath with right and left sides. The reactor is
evenly divided into four parts from bottom to top (part I, II, III, IV).
The maximumworking pressure for the reactor is 4.0 MPa. A scalar
with a precision of 1 cm attached to a side of the reactor is used to
mark the detailed position. The range of the scalar is 0e400 cm. The
temperature range of the glycol-water bath can be regulated
from�5 �C to 40 �Cwith an accuracy of�0.2 �C. The temperature in
the reactor is controlled by the glycol-water flowing circularly in
the jacket out of the reactor. A Pt1000 thermoprobe with an
accuracy of �0.05 �C is settled on the top of each part to measure
the temperature. The pressure in the experimental apparatuses is
measured using a pressure transducer, with range of (0e10) MPa
and an accuracy of �0.02 MPa. The pressure in the reactor is
controlled by a proportional-integral-derivative (PID) controlled
pressure regulated valve (Tescom ER3000) with a pressure-
controlling accuracy of �0.02 MPa. A gas flow-meter (LineTech
M3030) determines the gas volume introduced from the gas
cylinder. The flow rate range for the flow-meter is (0e22.5 mL/min/
L). Due to the whole volume of the cuboid reactor is fixed at 40 L,
the unit of volume per min per reactor volume is adopted as the
unit of the gas flow rate in this work. The bubble size is controlled
by a round bubble plate (10 cm in diameter). The bubble plate is
installed at the bottom of the cuboid for creating bubbles. In the
work, the bubble plates of 20 mm, 50 mm, 100 mm are used. Fig. 2
Fig. 2. Picture of the visual reactor.
shows the picture of the real visual reactor in the experiment. As
shown in Fig. 2, four parts can be seen clearly.

2.3. Procedure

Each experimental run is performed according to the following
sequence of steps:

1 the equipment is washed with distilled water and evacuated.
Then, the 0.29 mol% TBAB solutionwith desired volume of 36 L
is pumped into the reactor using a vacuum pump. Subse-
quently, the reactor is flushed with the CO2/H2 gas mixture at
least four times to remove any residual air or mixed gas.

2 set the temperature T at a desired value, then, turn on the
refrigeration and glycol-water bath recycle pump.

3 after the temperature T has stabilized at the preset value for
more than 2 h, CO2/H2 gas mixture is introduced into the
reactor via a gas flow-meter at a flow rate. When the pressure
in the reactor exceeds 3.05 MPa, the PID starts to release the
gas to the collecting gas cylinder (CGC) to keep the pressure
constant at approximately 3.0 MPa.

4 the motion of the bubbles in the reactor and the hydrate
formation are captured by a Sony camera (HDR-XR100E). The
data on temperature, pressure and the gas mixture are
collected by an automatic data acquisition system (Agilent
34970A) connected with a computer.

5 after the hydrate formation completion (there is no hydrate
formation and the pressure in the CGC rises linearly for more
than 1-h), the residual gas is collected with a sampling gaseous
envelope. Then, the residual gas is analyzed using a gas chro-
matograph (GC) (HP6890).

6 finally, the reactor is quickly depressurized to atmospheric
pressure. Then, the refrigeration system is shut off, and the
heating system is started. After the temperature in the reactor
reaches 18 �C and the temperature is kept for more than 1-h,
subsequently, the gas evolved from the decomposed hydrate
and released from the solution is collected and analyzed by GC.

3. Result and discussion

3.1. Hydrate formation and shape

Fig. 3(a) describes the hydrate formation in the process of the gas
bubble moving from bottom to top for gas bubble size of 50 mm and
gas flow rate of 6.75 mL/min/L at 3.0 MPa and 274.15 K. In the
Fig. 3(a), eight sectional drawings intercepted in 1 s intervals froman
8 s video of thewhole hydrate formation are orderly listed. As shown
in Fig. 3(a), the hydrate forms firstly from the gaseliquid boundary
around thebubble, then, thehydrate gradually growsup andpiles up
in the bottom side of the bubble to form a gas hydrate particle. The
gas hydrate particle consists of a gas bubble and hydrates. In the gas
hydrate particle, the gas bubble looks like a head in the top of the
hydrate particle and the hydrate looks like a tail adhering tightly the
gas bubble. The bubble shrinks because CO2 is being formed into the
hydrate to form hydrate particle continuously. In the process, when
the buoyancy resulted from the gas bubble is greater than the gravity
of the gas hydrate particle in the solution, the gas hydrate particle
moves up along the reactor, otherwise, the gas hydrate particle goes
down and piles up in the bottom of the reactor because the specific
gravity of TBABgashydrate is greater than the TBAB solution. As seen
from Fig. 3(a), for example, a small gas hydrate particle with a small
gas bubble on the top is captured clearly in its process of rising in the
reactor, and its detailed position pointed with a red arrow in the
same reactor is individually shown in Pictures 1e6. A big gas hydrate
particle which has the same moving is also pointed with purple



Fig. 3. (a) Hydrate formation process in the process of the gas bubble moving from bottom to top for the gas bubble of 50 mm and at the gas flow rate of 6.75 mL/min/L at 3.0 MPa
and 274.15 K. (b) Schematic line drawing of hydrate formation process in the process of the gas bubble moving from bottom to top.
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arrows in Pictures 7 and 8. The different positions shown in the
pictures 1e8 reflect the continuousmoving of the hydrate particle in
the reactor. Besides, some small hydrate particles without any gas
bubbles or with quite small gas bubbles dropping down are also
captured in the Fig. 3(a). In order to clearly interpret the hydrate
formation process, a schematic line drawing of hydrate formation
process in theprocess of the gasbubblemoving frombottom to top is
made, as seen in Fig. 3(b). As seen in Fig. 3(b), the gas bubble is
created by a bubble plate and it moves up in the TBAB solution
because of buoyancy. Then, a thin gaseliquid interface is formed in
the outer surface of the bubble and gas hydrate start to form in the
interface. Then, the gas bubble shrinks because CO2 is encaged in the
hydrate gradually. Meanwhile, the hydrate grows up and aggregates.
Next, some gas bubbles suddenly break and the hydrates start to
drop because of their gravity, and finally the hydrates pile up on the
wall of the reactor, and this is depicted as route 1 in Fig. 3(b). Some
other gas bubbles do not break. Then, the gas hydrate particles start
to drop and pile up on the wall of the reactor after the gravity of the
hydrates is bigger than the buoyancy of the gas bubbles in the
solution, and this is depicted as route 2 in Fig. 3(b).

In the process of the gas bubbles moving from bottom to top,
most of the small gas bubbles lessen because they are transformed to
the gas hydrates. However, not all the gas bubbles are transformed to
the gas hydrate particles. As seen from Fig. 3(a), the big bubbles of
diameters more than 2.2 mm do not be transformed to the gas
hydrate particles. After they move to the top of the solution, some
collapse and some gather in the lower surface of the gaseliquid
solution boundary because of surface tensions. At the boundary,
the gas hydrates easily form because the more gases exist at the top
of the boundary. Thus, those bubbles gathering in the lower surface
of the gaseliquid solution boundary shrink due to the CO2molecules
entrap into the hydrates. After then, the hydrate particles trans-
formed from the bubbles drop down because of the gravity. Fig. 4
describes the hydrate formation in the gas-solution boundary for
the gas bubble of 50 mm and at the gas flow rate of 6.75 mL/min/L at
3.0 MPa and 274.15 K. As shown in Fig. 4, a piece of hydrate (pointed
with a long red arrow) drops down from the lower surface after the
gases involving in thepiece of thehydrate-gas bubble particle entrap
into the hydrates. Pictures aw d are captured every 2 s. As seen from
pictures aed in Fig. 4, the drop process of the piece of hydrate is
observed clearly, and the detailed positions of the hydrate particle in
pictures aed are marked with red arrows on an enlarged measuring
scalar. Then, the hydrate particle starts to drop from the height of
360 cm (as shown inpicture a), and 6 s later, the particle drops to the
height of approximately 358 cm (as shown in picture d).

Fig. 5 shows the hydrate shape in the reactor for gas bubble of
50 mm and at the gas flow rate of 6.75 mL/min/L at 3.0 MPa and
274.15 K. After the hydrate formation completion, as shown in
Fig. 5, most of the hydrates pile up at the bottom of the reactor, part
of the hydrates pile up on the wall of the reactor because the
temperature in the wall of the reactor is the lowest and the heat
transfer in the site is quite rapid. The phenomenon further proves
the theory of the hydrate growth along the wall [28,29]. The gas
hydrate looks like acicular crystal. However, the gas hydrate shape
is affected by the gas flow rate. With the gas flow rate increase, the
acicular crystal of the gas hydrate gradually changes to the shape
like fine sand. Fig. 6 shows the gas hydrate shape for gas bubble of
50 mm and at the gas flow rate of 22.5 mL/min/L at 3.0 MPa and
274.15 K. As seen from Fig. 6, no acicular crystal can be found in the
reactor while the reactor is filled with those hydrates look like fine
sands. The reason might be that the acicular structure is destroyed
by the vigorous turbulence resulted from the high gas flow rate.



Fig. 4. Hydrate formation process in the gas-solution boundary for the gas bubble of 50 mm and at the gas flow rate of 6.75 mL/min/L at 3.0 MPa and 274.15 K. (note: the reactor scalar
schema is showed in the right of the figure, the whole height of the reactor is 400 cm. The hydrate particle positions are marked on an amplified scalar in the figure with red arrows).
(For interpretation of the references to color in this figure legend,the reader referred to the web version of this article.)
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Fig. 7 shows one clip of the hydrate dissociation in 3 s. As shown
in Fig. 7, many gases rapidly release from the gas hydrate slurries
once the depressurization is started. The enormous gases agitate
the system vigorously and the agitation results in the hydrates
spreading in the whole reactor quickly. Meanwhile, more gases are
released from the hydrates. The phenomenon proves the enormous
gases are encaged in the hydrates.

3.2. Effect of bubble size

Table 1 shows the comparison of the CO2 concentrations in the
residual gases at different experimental conditions. As shown in
Table 1, compared to our previous work, the CO2 concentrations in
the residual gases in the system are close to the results obtained
from the small experimental systems [15]. For example, the CO2
concentrations in residual gases at the small experimental systems
are from15.1mol% to 21.3mol%while those at this visual system are
from 13.6 mol% to 23.7 mol%. That means, although the volume of
the reactor is approximately 100 times larger than the small reactor
(volume of 400 mL in our previous experiments) and the bubble
system for mixing gaseliquid in the experiment replaces the stir-
ring system in our previous experiments, the experimental results
obtained in this work are similar to those obtained in the previous
experiments and the visual equipment is proved to be reliable to the
hydrate-based CO2 capture from IGCC synthesis gases.

Fig. 8 shows the change of gas consumed and CO2 concentration
in the residual gases with bubble sizes at the gas flow rate of
6.75 mL/min/L at 3.0 MPa and 274.15 K. As shown in Fig. 8, among
the three bubbles of (20 mm, 50 mm and 100 mm), the highest gas
consumed and the lowest CO2 concentration in the residual gas
phase are obtained when the bubble size is fixed at 50 mm. For
example, the gas consumed for the gas bubble of 50 mm is 411.0 L,
while those for the gas bubbles of 20 mm and 100 mm are 143.8 L
and 190.0 L, respectively. It means the gas bubble size has an
obvious effect on the hydrate-based CO2 capture from the IGCC
synthesis gas. Either too big or too small size of the gas bubble is not
helpful to the gas consumed in the hydrate-based process. The
bigger size of the gas bubble results in the smaller gaseliquid
boundary, and it further results in the smaller gas entrapping into
the hydrate to form gas hydrate. However, although the smaller size
of the gas bubble provides the bigger gaseliquid boundary, the
smaller bubble causes little turbulence when it moves from the
bottom to the top. In fact, the gas bubble of 20 mm does move
uprightly when the gas bubble moving rate is controlled at
approximately 6.75 mL/min/L. However, the gas bubbles of 50 mm
and 100 mmmove to the topwith the obvious sway at the same rate.
The sway causes the enough convection of the solution around the
gas bubbles. Thus the convection further results in the faster heat-
exchange between the gas and the solution, and it finally promotes
the gas hydrate formation.

The CO2 concentration in the residual gas phase reflects the
selectivity of CO2 in the hydrate-based process. Due to the volume
of the residual gas phase is fixed, the lower CO2 concentration in
the residual gas phase means the more CO2 is encaged into the gas
hydrate selectively when the amount of the gas consumed obtained
from different experiments are same. It does also mean the process



Fig. 5. Hydrate shape in the reactor for the gas bubble of 50 mm and at the gas flow rate of 6.75 mL/min/L at 3.0 MPa and 274.15 K.

Fig. 6. Gas hydrate shape for the gas bubble of 50 mm and at the gas flow rate of 22.5 mL/min/L at 3.0 MPa and 274.15 K.
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Fig. 7. Hydrate dissociation process.
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which is adopted to obtain the lower CO2 concentration in the
residual gas phase is more efficient to capture CO2 from IGCC
synthesis gases. Corresponding with the relationship of the gas
consumed vs. the bubble size, the CO2 concentration in the residual
gas phase obtained from the process for the gas bubble of 50 mm is
13.6 mol% which is lower than 23.7 mol% and 18.85 mol% obtained
from the processes for the gas bubbles of 20 mm and 100 mm,
respectively. In other words, the result reflected from the CO2
Table 1
Comparison of CO2 concentration in residual gas after hydrate formation completion
at different experimental conditions.

Experimental conditions CO2 concentration in
residual gases

0.29 mol% TBAB at 277.05 K and 2.72 MPa [15] 18.5 mol%
0.29 mol% TBAB at 278.15 K and 3.0 MPa [15] 21.3 mol%
0.29 mol% TBAB þ 5 vol% CP at 274.15 K and

4.0 MPa [10]
15.1 mol%

Bubble size of 100 mm þ 0.29 mol% TBAB at 274.15 K
and 3.0 MPa in this work

18.9 mol%

Bubble size of 50 mm þ 0.29 mol% TBAB at 274.15 K
and 3.0 MPa in this work

13.6 mol%

Bubble size of 20 mm þ 0.29 mol% TBAB at 274.15 K
and 3.0 MPa in this work

23.7 mol%
concentration curve in Fig. 8 further proves that the bubble size has
an obvious effect on the gas hydrate formation and the bubble of
50 mm is the best among the three bubble sizes (20 mm, 50 mm and
100 mm) for hydrate-based CO2 capture from IGCC synthesis gas.
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Fig. 8. CO2 concentration in residual gas phase and the gas consumed change vs. the
gas bubble size at the gas flow rate of 6.75 mL/min/L at 3.0 MPa and 274.15 K.
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Fig. 9 shows the pressure in the reactor changes with time in the
processes for the three bubble sizes (20 mm, 50 mm and 100 mm) at
274.15 K. As shown in Fig. 9, the time for the pressure in the reactor
reaching 3.0 MPa, (i.e., the time of hydrate formation completion),
for the three bubble sizes (20 mm, 50 mm and 100 mm) are 8.87 h,
11.72 h and 10.33 h, respectively, at the gas flow rate of 6.75 mL/
min/L. The slope of the curve from 0 to 3.0 MPa shows the rising
rate of the pressure, and it also reflects the rate of gas mixture
consumption. In other words, the smaller slope of the curve implies
the bigger rate of the gas consumption. As shown in Fig. 9, the
slopes of the curves for the three bubble sizes are summarized as
20 mm > 100 mm > 50 mm. Therefore, the gas consumption rate for
the gas bubble of 50 mm is the highest. Besides, as shown in Fig. 9,
the pressure in the reactor keeps constant at approximately
3.0 MPa for some time. In this time, the gas consumed resulting
from the hydrate formation almost equals to the gas supplied into
the reactor. When the gas consumed rate decreases, the pressure in
the reactor increases observably. When the pressure is bigger than
3.05 MPa, the PID starts to release gas and to keep the pressure in
the reactor at approximately 3.0 MPa. Fig. 9 shows that the term
(pressure is kept at approximately 3.0 MPa) for the gas bubble of
50 mm are 9.96 h, and it is far longer than those for the gas bubbles
of 20 mmand 100 mm, respectively. It means the gas consumption in
this term for the gas bubble of 50 mm is largewhile those for the gas
bubbles of 20 mm and 100 mm are small. It further illustrates that
compared to the gas bubbles of 20 mm and 100 mm, the gas bubble
of 50 mm is quite favorable to the process of hydrate-based CO2

capture from IGCC synthesis gases.

3.3. Effect of gas flow rate

Fig. 10 shows the CO2 concentration in the residual gas phase
and the gas consumed for the gas bubble of 50 mm under different
gas flow rates (4.50 mL/min/L, 5.63 mL/min/L, 6.75 mL/min/L,
11.25 mL/min/L, 15.75 mL/min/L, 22.50 mL/min/L) at 274.15 K. As
shown in Fig. 10, when the gas flow rate is lower than 6.75 mL/min/
L, either CO2 concentration in the residual gas phase and the gas
consumed has little change. However, when the gas flow rate is
higher than 6.75 mL/min/L, the increase of the gas flow rate results
in the increase of the CO2 concentration and the decrease of the gas
consumed. For example, the CO2 concentrations are 8.9 mol%,
9.1 mol% and 8.9 mol% for the gas flow rate of 4.50 mL/min/L,
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Fig. 9. Pressures in the reactor change with time for the gas bubbles of (20 mm, 50 mm
and 100 mm) at the gas flow rate of 6.75 mL/min/L at 3.0 MPa and 274.15 K.
5.63 mL/min/L and 6.75 mL/min/L, respectively, and they are
obviously lower than 13.5 mol%, 13.6 mol%, 13.8 mol% for gas flow
rates of 11.25 mL/min/L, 15.75 mL/min/L and 22.50 mL/min/L,
respectively. Besides, the gas consumed for the gas flow rate of
4.50 mL/min/L, 5.63 mL/min/L and 6.75 mL/min/L are 410.0 L,
396.5 L and 411.0 L, respectively, which are at least 15% higher than
those for other gas flow rates. It illustrates when the change of the
gas flow rate has little effect on the CO2 separation when the gas
flow rate is lower than 6.75 mL/min/L, nevertheless, it has an
adverse impact on the CO2 separation when the gas flow rate is
higher than 6.75 mL/min/L. Thus, it means the gas flow rate of
6.75 mL/min/L is optimal in this work.

Fig. 11 shows pressure in CGC changes with the gas flow rate at
274.15 K. The pressure in the CGC is resulted from the gas released
from the reactor under the driving of PID when the pressure in the
reactor is more than 3.05 MPa. The higher pressure in the CGC
means the more gas introduced from the gas cylinder is not be
effectively separated in the process. As shown in Fig. 11, when the
gas flow rate changes from 4.50 mL/min/L to 6.75 mL/min/L, the
pressure in CGC has little change. However, the pressure in the CGC
increases with the increase of the gas flow rate when the gas flow
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Fig. 11. Pressure in CGC changes with gas flow rate for the gas bubble of 50 mm at
3.0 MPa and 274.15 K.
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rate is higher than 6.75 mL/min/L, and this phenomenon can be
attributed to that the hydrate formation rate is lower than the gas
flow rate. Therefore, it is necessary to find one balance between the
two rates. Seen from Fig. 11, the pressure in the CGC is zero when
the gas flow rate is not bigger than 6.75 mL/min/L, that is, no any
gas is released into the CGC at the rate, and it indicates that there is
one balance between the hydrate formation rate and the gas flow
rate of 6.75 mL/min/L.

4. Conclusion

Hydrate-based carbon dioxide (CO2) capture from the integrated
gasification combined cycle (IGCC) synthesis gas using the bubble
method is investigated with a set of visual equipment in this work.
The gas bubble is created with a bubble plate on the bottom of the
equipment. By the visual equipment, the hydrate formation process
and the hydrate shape are visually captured. In the process of the
gas bubblemoving from the bottom to the top of the reactor, the gas
hydrate forms firstly from the gaseliquid boundary around the
bubble, then the hydrate gradually grows up and piles up in the
bottom side of the bubble to form a hydrate particle, synchronously.
The gas hydrate shape is affected by the gas flow rate, and the
hydrate is acicular crystal at the low gas flow rate while the hydrate
changes to the fine sand-like crystal at the high gas flow rate.
Besides, by the comparison of the CO2 concentration in the residual
gas phase and the amount of the gas consumed in the process of the
hydrate formation obtained from the different gas bubble sizes and
the different gas flow rates, the effects of the gas bubble sizes and
the gas flow rates on the hydrate-based CO2 capture from IGCC
synthesis gas have been achieved systematically. The either small or
big gas bubble is proved to be no helpful to the hydrate-based CO2
separation, and the gas bubble size of 50 mm is ideal in the exper-
iment. When the gas flow rate is lower than 6.75 mL/min/L, the
change of the gas flow rate has little effect on the CO2 separation.
However, with the increase of the gas flow rate, the CO2 concen-
tration in the residual gas phase increases while the gas consumed
decreases. The gas flow rate of 6.75 mL/min/L is proved to be
a suitable value in the work under the condition of 3.0 MPa and
274.15 K. At the gas flow rate of 6.75 mL/min/L, the CO2 concen-
tration can be decreased from 40.0 mol% in the feed gas mixture to
8.9 mol% in the residual gas, and the gas consumed of 411.0 L is
obtained in the process. However, the detailed hydrate formation
time for one small gas bubble moving from the bottom to the top in
the reactor is yet not obtained due to the limitation of measure-
ments, and the work is expected to be completed in our next work.
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