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Abstract

CO,-water mass transfer was studied in a multi-orifice oscillatory baffled column (OBC)
operated in a semi-batch system (batch liquid phase and continuous gas phase). The effect of
column configurations, oscillation conditions and gas flow rates, on CO. concentration ratio
(CICo) in the gas phase, CO, concentration in water (g/l) and mass flux (g/m2.min) were
examined. The experiments were conducted over a wide range of oscillation condition expressed
by modified oscillatory Reynolds number (Re,= 0-1450) and aeration rate, volume of gas per
volume of liquid per minute, (vwvm = 0-1). The inlet gas stream consists of 15% v/v CO (the rest
IS N2) used to simulate the emission of flue gas streams in industries. The results showed that the
mass transfer enhancement increased with oscillation (frequency and amplitude) due to the
improved mixing in the OBC. The OBC showed a higher enhancement in CO.-water mass
transfer than that obtained with a bubble column (BC) (smooth column without baffles and
oscillation), and baffled column (without oscillation). The maximum enhancement of CO2 mass
flux achieved in the OBC was 10-fold over the BC at Re, = 1449 and vwm=0.8.

Keywords: GHGs, Gas-liquid system, mass transfer, oscillatory baffled column.
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1. Introduction:

Emission of greenhouse gases (GHGs) is one of the major challenges for all societies in the
world [1]. Among all these greenhouse gases, carbon dioxide has the largest negative impact on
the binary atmosphere for its massive emissions that result from burning fuels producing flue
gases and causing global climate change [2]. In different industries that generate CO», the
concentration of CO: in the flue gas stream will vary depending on the emission source, and
generally it is diluted with nitrogen and water vapor. The concentration of carbon dioxide in the
flue gas stream may be about 12-15 vol. % for coal fuel, 3-8 vols. % for natural gas fuel and
about 20 vol. % for the cement production industry and 3-8 vols. % in refineries [3] [4].
Intensification of gas dissolution in liquid requires the production of microbubbles and reduced
mass transfer resistance around the surface of the gas bubbles [5]. Conventional gas-liquid
columns (for example, packed column, bubble column, and spray column) face several operating
problems such as immersion, loading, foaming, and orientation with difficulty in scaling-up
these columns [6]. In a particular case, bubble columns (BCs) present a poor mass transfer
performance at large gas aeration rate (Qgas) SO the contact time is very short [5]. In addition, the
complex flow structures, back mixing, and unexpected spike are the major drawbacks of BC [7].
Oscillatory baffled column (OBC) is a multi-stage mixing method that can efficiently intensify
various multi-stage chemical and biological processes [8]. It is a regular column containing
periodically spaced baffles with oscillatory flow generated by diaphragms, pistons, or bellows
[9]. The interaction of the oscillatory flow with periodic contractions creates complex
hydrodynamics with recirculating vortices, resulting in efficient mixing, improved mass and heat
transfer, and compact geometry (i.e., low column length-to-diameter ratio) [10]. In addition, the
mixing intensity can be changed by adjusting the oscillatory conditions (amplitude and frequency
of oscillations [11].

Oscillating flow allows sensitive control of mixing and residence times and offers a solution to
many problems of conventional flow columns. Importantly, the oscillation-enhanced mixing is
independent of the net flow rate, and thus it is possible to achieve a high level of mixing at lower
flow rates (longer residence times) and Reynolds numbers. In addition, the mixing quality can be

guaranteed during scaling-up [12] [13]. An important advantage of OBC is increased gas
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retention, and a more uniform distribution of shear rates in OBC resulting in a thinner liquid
film. In addition, the oscillation causes the formation of smaller bubbles [14].

Various baffle geometries have been used in literature (for example, integral, central axial
baffles, helical baffles wire wool baffles, single-orifice baffles, multi-orifice baffles and disc and
doughnut baffles) which present different degrees of mixing [12]. However, in the special case of
gas-liquid system, multi-orifice design is recommended due to the wider operating range under
the bubbling flow regime, higher mass transfer rates and allowing for good control of bubble size
[71[9].

Although several studies investigated the dissolution of gases such as Oz, Oz and air in water
using (OBC) [7] [8] [15]. The CO: dissolution in water using (OBC) has been poorly studied to
date. Taslim et al. [16] used a pure stream of CO2 with single orifice design. The results showed
that a significant enhancement in mass transfer was achieved by OBC compared to that obtained
by BC. Pereira et al.[5] had a concern about the bubble size distributions and scaling-down to
very low superficial gas velocity (vwm = 0.01-0.1) when they studied dissolution of 5% v/v CO>
in water using a multi-orifice baffled column. However, they did not focus strongly on the effect
of the baffle geometry and oscillation conditions on the CO- dissolution.

The main aim of this study was to investigate the performance of OBC provided with multi
orifices baffles design in enhancing the CO2 mass transfer from the flue gas stream by increasing
the dissolution of COz in the liquid phase (water). This can be achieved through the objectives
listed below:

* Study the solubility of carbon dioxide in water and compare the results with those obtained by
bubble column.

* Study the ability of OBC to overcome the limitations of CO2 mass transport over a wide range

of fluctuation conditions.

1.1 Theory

The flow structure in OBCs is characterized by three dimensionless groups, the net flow
Reynolds number (Ren), oscillatory flow Reynolds number (Reo) and Strouhal number (St)
(Equations (1-3)) [10].
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Where: p is the fluid density (Kg/m3), unet is the net velocity (m/s), D is the column diameter
(m), p is the dynamic viscosity (pa.s), f is the frequency of oscillation (Hz), and Xo is the
amplitude of oscillation (center-to-peak), m.

The net flow Reynolds number controls the flow pattern of the fluids and when the liquid phase
is batch (no liquid enters or leaves the column) Re, equal to zero [17]. Reo, describes the mixing
intensity where the equation of Re, is analog to that of Ren, except u replaced by 2zfx, (the
maximum oscillation velocity (ms?)) [18]. Strouhal number (St) describes the effective
propagation of vortices in the baffle cavity [19]. Both equations of Re, and St mentioned above
do not include any parameter that influence the flow behavior such as the orifice diameter (do)
and number of orifice (n) [20]. In addition, the flow pattern in the multi-orifice design differs
from the single-orifice design in that the influence of the number of orifice (n), the orifice
diameter (do), and the orifice free open area (o) on the OBC performance should be considered
[9]. Therefore, Pereira et al. [5] proposed "dimensionally modified oscillatory numbers"
(Equations (4-6)) to describe the effect of the above parameters.

1 2mfXp D 17 L iza
Re, = R Re, = | (4)
=D 1 _g L
St Sy Vn St\/H (5)
nd3
o= ©

Where, Re/ is the modified Oscillatory Reynolds number, St’ is the modified Strouhal number,

a is free baffle open area, n is orifice number per baffle.

2. Experimental setup and procedure:

2.1 Experimental set up
Figures (1) and (2) illustrate a schematic diagram and a graphical image of the experimental
setup respectively. The setup consists of a 41mm inner diameter (ID) and an acrylic column with

a height of 980 mm. The column was placed vertically on an oscillator fixed at the bottom of the
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column. The piston (oscillator) movement was controlled by a variable speed motor. The
oscillation frequency was controlled by changing the motor speed while the oscillation amplitude
(center-to-peak amplitude) was controlled by adjusting the off-center position of a rod connected
with in a rotating wheel. The oscillator is able to provide fluid oscillation frequency (f) and
center-to-peak amplitude (xo) in the ranges 0 - 10 Hz and 0—10 mm respectively. The MOBC
was equipped with multi-orifice baffles spaced equally (lv) by 1.5 D. The baffles were printed
using a 3D- printer. These baffles were designed to fit closely to the internal wall of the column.
In order to support the set of the baffles, they were fixed periodically with two stainless steel
rods (3 mm in diameter). The specifications of the columns and the baffles are listed in Table (1).
The entire volume of the column was 1.3 L while the working volume (V) was fixed at 1 L.
Distilled water was used as liquid phase media. The experiments were conducted in a semi-
batch mode (batch liquid phase and continuous gas phase). The gas stream consists of 15% v/v
CO2 and 85% N2 which was chosen to simulate the composition of the flue gas streams from
industrial emission sources. The percentages of CO2 and gas flow rate (Qgas) were controlled by
two calibrated gas rotameters (LZB-3WB, Darhor Co.). The gases were mixed using a three-way
valve. The mixed gases flowed from the bottom to the column upward. All experiments were
carried out at atmospheric pressure (the top end of column is open) and room temperature (~25

°C). Table (2) shows the experimental operating conditions.
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Fig. (1): A schematic diagram of the experimental setup
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Table (1): Baffles specification

Number of orifices per baffle(n)

Orifice diameter, mm

Baffle thickness, mm

Baffle open area, %

Baffle spacing, mm

Total no. of baffles inserted

Construction material

Baffles Design
64
OQOCc
2 ¢ée_COC ¢
¢ © ¢C v ¢
8l e e ¢cC¢
20 ¢ © CG
60 ¢ © C ¢
] ¢ QO‘GG
12 “Q‘G‘g
ABS like Resin Cee

= .J'

Fig.-(2)~ Photo of the experimental setup

Table (2): Operating condition

Condition Range
Oscillation frequency, f (Hz) 0-3
Time, t (min) 0-30
Oscillation amplitude, Xo (mm) 0-6
Aeration rate, vvm 0-1
Oscillatory Reynolds number, Re, 0- 5000
Modified oscillatory Reynolds number, Re,, 0-1450
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The CO2 mass transfer experiments were carried out in three column configurations: bubble
column (BC) (unbaffled column and no oscillation), baffled column (without oscillation) and a
multi-orifice oscillatory baffled column (MOBC) at different oscillation condition. A sparger
was not used because of its negligible effect on MOBC efficiency as the flow and bubble size are
dominated by oscillation [21][22]. Prior each run, the column was filled with distilled water and
the gas volumetric flow rate was adjusted to the required value to achieve the required total flow
rate of 15% v/v CO2 / 85% N> mixture. Samples were taken within a specific interval (1-30
minutes).

2.2 COz2 concentration analysis

The CO concentrations in the output gas stream were measured using a calibrated gas
chromatography (GC) instrument (GC-2030 Nexis, Shimadzu, Japan). A gas sampler was used
to collect the samples for analysis. The GC was equipped with a TCD detector and Rt-q-BOND
column (RESTEK, USA) with dimensions of 30 m length, 0.53 mm ID, and 20 um thickness.
0.5 ml of the sample was injected into the GC by a specific gas syringe (A-2, Luer Lock,
RESTEK, USA) with a split ratio of 10.0 where the carrier gas is Helium (He). The detector and
injector temperatures were 250 °C and 200 °C respectively. The data were acquired and analyzed
using a software (lab solution) provided by Shimadzu.

The concentration ratio of CO2 (C/C,) in the gas phase was calculated using eq. (7)

out

£ _ Yoz
Co  YCo2 7)
Where:

(CICy) is the CO2 concentration ratio in the gas phase, yZ, is the volume fraction of CO; in the
input gas stream, and y24% is the volume fraction of CO- in the output gas stream.

The the volumetric gas flow rates converted into mass rate and the difference between input and
output CO2 amounts which is the CO; dissolution in water (mass balance principles) and the CO-
accumulate in water. The CO> concentration in water was plotted against running time producing
a straight line where the slope of this line represents the absorption rate (g/l.min) then the mass
flux calculated by eq. (8).

CO2 mass flux= absorption rate * height of water in the column (8)
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3. Results and Discussions:

The concentration ratio of CO2 (C/Co) in the gas phase, CO2 concentration in water (g/l), and
CO2 mass flux (g/m2.min) were calculated in three column designs: a bubble column (smooth
column, no baffles and no oscillation), BC, a baffled column (without oscillation), and an
oscillatory multi-orifice baffled column (MOBC) (with baffles and oscillation), to evaluate the

performance of MOBC comparing its results with that obtained by the baffled and bubble
columns.

3.1 Effect of column configuration on CO2 mass transfer.

Figures (3 and 4) show the results of the CO2 concentration ratio (C/C,) in the three column
designs BC, baffled column and OBC at the maximum oscillation condition (f =3 Hz, Xo=6 mm,
Re;,=1449), and vwvm=0.6 (Qgas =600 ml/min). In addition, Figure 4 shows the results of CO>

concentration profiles in the three column designs at same condition.

1.2
O 1 o o A
) ol
£0.8 © Bubble column
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o
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0
0 10 20 30 40
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Fig. (3): The concentration ratio of COz2 in gas phase (C/Co,) vs time at vwvm =0.6 (Qgas = 600
ml/min) and (for OBC, f =3 Hz, Xo=6 mm, Re,= 1449).
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Fig. (4): The concentration ratio of COz2 in gas phase (C/Co) vs time at f = 3 Hz, Xo= 6 mm,
Re,=1449), and wm=0.2 (Qgas = 200 ml/min).

As can be seen from Figures 3 and 4, the concentration ratio (C/C,) increased with time in the
order: bubble column > baffled column > OBC. This means that OBC displays higher
performance than the other column designs (smaller C/C,). This is due to the double effect of
fluid oscillation and the multi-orifice baffles which results in a significant increase in gas-liquid
mass transfer rates. The max value of concentration ratio in the OBC is approximately 5.8 times
smaller than that in the bubble column where the C/C, decrease from 0.87 to 0.15, this
decreasing in concentration ratio indicating that the CO. dissolution in water by OBC is higher.
the (C/C,) increased with time because the liquid phase (distilled water) becomes more loaded
with CO, thus the gas-liquid driving force to mass transfer decreases and the CO> concentration
in water increased.

Figures (5 and 6) show that the CO> concentration in water increases in the order OBC> baffled
column> BC. This behavior agrees with results obtained by [14][15][16].
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Fig. (5): COz2 concentration in water vs time at vvm =0.6 (Qgas = 600 ml/min) and (for OBC,
f =3 Hz, Xo= 6 mm, Re,= 1449).

<©BC
1.4 Baffled column
AOBC

0 5 10 15 20 25 30 35
Time (min)
Fig. (6): COz2 concentration in water vs time at f = 3 Hz, xo= 6 mm, Re,= 1449, and vwvm=0.2
(ans =200 ml/mln)

Figures (3) to (6) revealed that the performance of BC and baffled column effective in dissolving

CO2 at time < 10 minutes. At time >10, the concentration ratio becomes constant (~1), CO>

concentration in water reached steady state due to the limitation of mass transfer where the

amount of CO; that transferred from gas phase equals to the amount dissolved in liquid phase.
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The increase in CO2 concentration is due to the increase in CO2 mass flow, where the mass flow
was 9.424, 14.972 and 94.164 g/m2.min for BC, baffled column and OBC, respectively. This
behavior may be due to the high resistance of the liquid film around the gas bubble, the large
bubble size, and the small gas retention in the BC and baffled column [5].

The motion of the bubbles was tracked and the gas and liquid flow pattern was followed using
normal observation at different conditions. As observed, the OBC exhibited a higher bubbly flow
(i.e. a homogenous flow with small, uniform bubbles dispersed across the column) than other
designs, confirming the highest performance of the CO> dissolution. This confirms the high
efficiency of OBC as the bubble size distribution plays a key role in gas-liquid mass transfer
systems. It is often recommended to use a bubble flow pattern in order to obtain a high mass
transfer rate even at low gas flow rate since small bubbles have a high contact area which results
in increased transfer between phases [7]. The BC showed a small number of large bubbles (the
diameter of the bubbles is approximately equal to the diameter of the column) moving in an S-
shape along the column. However, the heterogeneous flow in the baffled column is caused by the

tight coalescence of the bubbles [23].

3.2 Effect of oscillation on the CO2 concentration ratio
Figure (7) shows the dependency of the CO> concentration ratio on the oscillation condition.

12 &1 min
3 min
1 % 10 min
: 15 min
5 + +30 min
8 08 &
S +
S +
=06 ¥
S ° g
S
g o o
= o +
c
Q02
c A g
o
© 0
0 200 400 600 800 1000 1200 1400 1600
Re’,
Fig. (7): Effect of Re, on CO2 concentration ratio in the OBC at different times and at
vwm=0.6.
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It can be seen that the CO> concentration ratio decreased when Re, increased from 0 to 483.
However, at Re/ = 644 and 966 the effect of Re,, on the concentration ratio becomes negligible.
This behavior can be attributed to the individual effect of the oscillation parameters, f and x, at
Re, = 644 and Re/ = 966 (for example, at f=1 Hz and X, = 4mm, and f=2Hz and X, = 2mm Re/,
has at the same value, however, it shows different effect on the flow pattern so the enhancement
will be different).

3.3 Effect of oscillation on the CO2 mass transfer.
Figures (8 and 9) show the dependency of the CO. concentration in water and CO2 mass flux on

the oscillation condition respectively.

4 6 min
10 min +
3.5 15 min
20 min
3 + 30 min
% 25 + +
- +
S - :
Q15
1 +
0.5
0 ®
0 500 1000 1500 2000
Re',

Fig. (8): Effect of Re, on CO2 concentration in water at different times and at vwm=0.6.

It can be seen from Figure (8), that the CO- dissolution increased when Re/, increased from 0 to
483. Hence, the CO2 concentration in water increased with Re,, at all times. However, the same
fluctuation can be observed where Re;,=699 give smaller CO2 concentration than those obtained
at Re,= 483. At higher values of Re, the CO. concentration changed significantly with time
more than at lower values of Re/ due to the enhancement obtained and continuity of dissolution.

Figure (9) shows that at Re,< 500 the mass flux increases with Re,, however, at Re,= 644-966,
the flux decreases with Re, due to same reason illustrated above and it seen clearly at higher

vvm. The maximum enhancement was achieved at Re;,=1449. This enhancement resulted due to
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increasing the bubble break-up and gas hold-up as the interaction between the oscillation and the
multi-orifice baffles increased [15] [21] [24].

120

100

Mass flux, g/m2.min
o (o)) (0]
o o o

N
o

0 200 400 600 800 1000 1200 1400 1600
Re'o
Fig. (9): Effect of Re,, on the CO2 mass flux (g/m?.min) in the OBC at different vvm.

3.4 Effect of gas flow rate on the CO2 mass transfer.
Figures (10) to (12) show the effect of the gas volumetric flow rate expressed in (vwm) term on

the CO- concentration ratio (C/C,) in the gas phase and CO, concentration in water at a range of

Re,, values.
1 z8c
Re'o=0 o o <
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o 0.6
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S 0.4
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0 0.2 0.4 0.6 0.8 1
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Fig. (10): Effect of the aeration rate (vwvm) on the CO2 concentration ratio in the three
columns at different Re,, values
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Fig. (11): The effect of the aeration rate (vwm) on the CO2 concentration ratio at different
Re, and 3 min
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Fig. (12): Effect of the aeration rate (vvm) on the CO2 concentration in water in the three
columns at different Re, values
Figures (10) to (12) show similar trends where the CO: concentration ratio and CO:
concentration in water increases with increasing vvm. This behavior is predictable, according to
the definition of the aeration rate, at constant volume of liquid phase. An increase in vvm causing
an increase in the population of bubbles, hence the contact area and gas holdup increase as well
as the trapped bubbles in baffle zones increase [22]. In addition, an increase in vvm results in
increasing the bubbles collision process hence the mass transfer rate increases [21]. This
behavior occurred due to short bubble residence time, when vvm increases. In the other hand, an

increase in vvm leads to increasing CO2 amount (as CO concentration in the input gas is
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constant) thus the CO> concentration in water increased with vwm as shown in Figure (12).
However, at bubble and baffled columns the effect of vwm is small due to the poor performance
of these column in dissolution of CO2 while at OBC the effect of vwm on CO. concentration in
water are clear this indicating the ability of OBC in processing even higher vwm. In addition, this
increasing results instantly in enhancement of mass flux into water.

The summary of the vwm effect on the CO, mass flux (g/m%min) in the three column
configurations is shown in Figure (13). It’s clear to observe that the mass flux increased in
arrangement OBC> baffled column> BC for all vwm. Where the maximum increase in the CO;
mass flux obtained by OBC was 10-fold at Re, = 1449 and vvm =0.8 compared with the results
obtained by the bubble column (BC).

120
mBC

-
o
(@)

S (o)) ©
o o o

Mass flux (g/m2.min)

N
o

o N Il ] []

0.2 0.4 0.6 0.8
vwm

Fig. (13): Effect of vwm on the CO2 mass flux (g/m2.min) in the three column configurations
(Bubble column, Baffled column and OBC), at Re,, = 1449, for OBC

4. Conclusions

CO»-water mass transfer was investigated in a semi-batch mode using three column designs:
bubble column (BC), baffled column and an oscillatory baffled column (OBC) over a wide range
of operating conditions (Re, =0- 1450, vwm= 0-1). The baffled column (without oscillation) had
a smallest effect on mass transfer of CO». The mass transfer enhancement (as concentration ratio
to be smaller or increase in mass flux and CO> concentration in water) increased with oscillation
conditions and aeration rate (vwm). The OBC demonstrated the highest performance where up to
10- fold of mass transfer enhancement was achieved over the bubble column. The CO2 mass flux
increased from 11.02 to 109.82 (g/m2.min) at vwm= 0.8 and Re, = 1449.
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Nomenclature:

GHGs | Greenhouse gases

MOBC | Multi-orifice oscillatory baffled column

BC Bubble column

OBC Oscillatory baffled column

GC Gas chromatography

St Strouhal number, dimensionless

Ren Net flow Reynolds number, dimensionless

Reo Oscillatory flow Reynolds number, dimensionless
Re, The modified Oscillatory Reynold number, dimensionless
St’ The modified Strouhal number, dimensionless
vwm aeration rate, the flowrate of gas per volume of liquid per minute
Qgas Volumetric flow rate of gas, ml/min

CICo The concentration ratio of CO; in gas phase

U viscosity, Pa. s

p density, kg/m®

a Open cross-sectional area, dimensionless

do Orifice diameter, m

D OBC diameter, m

f Oscillation frequency, Hz

Xo oscillation amplitude, m

I Baffle spacing, m

[CO2]L | CO2 concentration in water, g/l

Uc Superficial gas velocity, m s

t time, min

n the number of orifices in baffle
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