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process of carbon dioxide using a bubble column reactor (BCR) as gas–liquid contactor. The use of this
type of equipment requires the interfacial area determination for the following mass transfer coefficient
calculation based on absorption kinetics. In this work, a photographic method based on the bubble diam-
eter determination, has been employed. The effect of contactor, operation conditions, liquid-phase nature
and chemical reaction upon the mass transfer coefficient and interfacial areas have been analysed.
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. Introduction

The emission of carbon dioxide to atmospheric medium is prin-
ipal cause of the global climate change and then a principal
ontributor to the greenhouse effect causing the global warm-
ng. Nowadays the technology employed to remove carbon dioxide
re absorption/desorption processes employing chemical or phys-
cal absorption. Specifically in chemical absorption the reaction
etween carbon dioxide previously absorbed with alkanolamines
monoethanolamine (MEA) and diethanolamine (DEA)) is the most
urrently employed technology. In particular aqueous solutions of
onoethanolamine have been extensively employed because of

heir high reactivity, low cost and low absorption of hydrocarbons
1].

In general, the reaction between CO2 and primary and sec-
ndary alkanolamines in aqueous solutions is described by the
witterion mechanism reintroduced by Danckwerts [2]. According
o this mechanism, the primary and secondary alkanolamines react
irectly and reversibly with CO2 to form a zwitterion intermediate,
hich is deprotonated by the bases existing in solution including

lkanolamines, OH− ions, and water to produce a stable carbamate

nd a protonated base, except for the CO2–MEA reaction, which is
ndependent of the concentration of OH− ions [2–5].

Certain authors revealed that the addition of tertiary amines
ith primary or secondary amines presents certain advantages to
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ncrease CO2 absorption capacity [6]. In contrast to primary and sec-
ndary amines, the tertiary amines do not react directly with CO2
o form stable carbamates. Specifically, N-methyldiethanolamine
MDEA) seems a very good amine to get the previously commented
haracteristics.

For the reaction of CO2 with tertiary alkanolamines, Donaldson
nd Nguyen [7] proposed the following reaction mechanism: this
eaction mechanism is essentially a base-catalyzed hydration of
O2, and the mechanism implies that tertiary amines cannot react
irectly with CO2. In most of the literature on CO2 kinetics with
ertiary amines in aqueous solutions, it is assumed that reaction of
O2 with MDEA is a pseudo-first-order reaction [3,8,9].

In this work we analyse the direct use of MDEA aqueous solu-
ions as absorbent liquid-phase to remove carbon dioxide when a
ubble column is employed as contactor. The bubble size distribu-
ion has been determined to obtain the interfacial area that allows
he calculation of mass transfer coefficient.

. Experimental

Aqueous solutions employed as liquid absorbent phases have
een produced using different quantities of MDEA supplied by
ldrich (CAS number 105-59-9). The solutions were prepared by
ass using a balance with a precision of ±10−7 kg. To prepare the
bsorbent phases (in the range 0–1 mol L−1), bi-distilled water has
een employed.

All experiments were performed at room temperature, operat-
ng in batches with respect to the liquid phase. The bubble column is

ade of methacrylate, 1.03 m height, and has a square cross-section

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:eqnavaza@usc.es
dx.doi.org/10.1016/j.cej.2008.04.040
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Nomenclature

a specific interfacial area (m2 m−3)
A interfacial area (m2)
CA carbon dioxide concentration (mol dm−3)
CB MDEA concentration (mol dm−3)
CB0 initial MDEA concentration (mol dm−3)
C∗

A carbon dioxide solubility (mol dm−3)
d equivalent sphere diameter (m)
d32 Sauter mean diameter (m)
DA carbon dioxide diffusivity (m2 s−1)
e minor axis of the projected ellipsoid (m)
E major axis of the projected ellipsoid (m) or enhance-

ment factor
Ha Hatta number
k2 rate constant (m3 mol−1 s−1)
kL liquid mass transfer coefficient (m s−1)
n number of bubbles
N absorption rate (mol m−3 s−1)
Qg gas flow-rate (L h−1)
t operation time (s)
V ungassed liquid volume (m3)
�V volume expansion (m3)
xB MDEA molar fraction

Greek symbols
εG gas hold-up
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� liquid-phase viscosity (mPa s)
� liquid-phase surface tension (mN m−1)

side length 6 cm). For the injection and uniform distribution of the
as phase, a gas sparger (three glass capillary sparger) is installed
t the centre of the bottom plate. The simplicity of the gas sparger
roduces a small dead zone near to the gas inlet.

The absorption process has been carried out at 25 ◦C using a sim-
lar experimental set-up employed by our research team in previous
tudies [10]. The gas to be absorbed, carbon dioxide, was passed
hrough two bubbling flasks at 25 ◦C to prepare the gas phase. This
rocedure removed other resistance to mass transport and allowed
nly the evaluation of the liquid-phase resistance to the gas transfer.
ure water was placed into the bubbling flasks. The gas flow-rate
ed to contactor was controlled with a mass flow controller (5850
rooks Instruments) and measured with a soap flow-meter. The
ass flow controller employed in the present study was calibrated

y the supplier for the used gas flow-rates and pressure ranges. The
as flow-rates employed have been included into 15–30 L h−1. The
utlet gas flow-rate has been measured using a soap gas flow-meter
nd gas absorption rate was calculated as the difference between
nflow and outflow rates.

The use of a BCR to analyse carefully the experimental results
mplies the knowledge of the interface area employed in the
as–liquid mass transfer. For this reason the present paper includes
he determination of the interfacial area to the operation conditions
nder which the mass transfer experiments have been carried out.
he methodology employed implies the use of a rectangular bubble
olumn.

The bubble diameter was measured using a photographic
ethod based on taking images of the bubbles along the height
f the column and from bottom to top. A Sony (DCR-TRV9E) video
amera was used to obtain the images. A minimum number of 80
ell-defined bubbles along the bubble column were used to eval-
ate the size distribution of bubbles in the different liquid phases
mployed (different concentration of MDEA), and for each gas flow-

s
w
c
t
c

ig. 1. Effect of initial MDEA concentration in liquid phase upon absorption pro-
ess. (©) CB0 = 0.25 mol L−1. (�) CB0 = 0.5 mol L−1. (×) CB0 = 1 mol L−1. Gas flow-rate
g = 15 L h−1.

ate, which has been used. We used the Image Tool v2.0 software to
arry out the necessary measurements of the geometric character-
stics of the bubbles. Photographs of different bubble column zones

ere analysed, taking into account the possible influence of mass
ransfer accompanying of chemical reaction upon the bubble size
long the liquid phase height.

. Results and discussion

In this work, different experiments of carbon dioxide absorption
ave been carried out in several aqueous solutions of MDEA varying
he amine concentration in the liquid phase and the gas flow-rate of
arbon dioxide fed to the bubble column reactor. In relation to the
nfluence of liquid-phase composition (respect to MDEA concen-
ration), the experimental results of absorption kinetics are shown
n Fig. 1 at a fixed value of gas flow-rate.

Fig. 1 shows experimental data related with the carbon dioxide
emoved from the gas stream introduced in the gas–liquid reac-
or when the MDEA concentration is increased in the liquid phase.

hen the highest quantity of reactive (amine) is present in the liq-
id phase, a major quantity of carbon dioxide absorbed in the liquid
hase reacts with amine.

On the other hand the experimental results shown in Fig. 1 indi-
ate that at an operation time about 500 s (before liquid-phase
aturation) the absorption rate is similar for the three solutions
mployed. This result indicates that the effect produced increases
he amine (MDEA) concentration in the liquid phase is only the
ncrement in global carbon dioxide removed but has no influence
pon the speed of gas-phase absorption. This behaviour could be
ue to the low absorption step in relation to the chemical reaction
etween carbon dioxide and MDEA step.

Other important factor analysed in the present work was the
nfluence of the gas flow-rate fed to the gas–liquid contactor and
xamples of the experimental results obtained for these kinds of
xperiments are shown in Fig. 2. In this figure the data indicates that
he use of a higher carbon dioxide flow-rate produces a more quick
xhaustion of the MDEA present in the aqueous solution media
ue to the absorption accompanying with chemical reaction. Fig. 2
hows that the removal process of the absorbed carbon dioxide

ith chemical reaction with MDEA is carried out until the amine is

onsumed observing that when the process reaches this exhaustion
he quantity of carbon dioxide absorbed remain constant, without
hemical or physical absorption.
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ig. 2. Influence of gas flow-rate fed to the bubble column reactor. CB0 = 0.5 mol L−1.
©) Qg = 15 L h−1. (�) Qg = 20 L h−1. (�) Qg = 30 L h−1.

In a previous paper, Camacho et al. [11] developed several
tudies to determine the kinetic behaviour corresponding to the
eaction between carbon dioxide absorbed in aqueous solutions of
DEA. The studies of these authors indicate that the global process

f absorption accompanying with chemical reaction is included in
he fast reactions on the basis of the well-known classifications
ased on Hatta number values (0.3 < Ha < 3.0).

Using these previous results, we have developed a carbon
ioxide removal process using these aqueous solutions of MDEA
mploying a bubble column reactor described in Section 2 (vide
upra) to put in contact to the gas and liquid phases.

Due to the mass transfer process is the slowest step of the global
rocess, is necessary to study the carbon dioxide transport to the

iquid phase. The enhancement factor depends on the value of the
ass transfer coefficient in absence of chemical reaction, the amine

oncentration, diffusivity of the reactants in the liquid phase and
he values for the kinetic constants for the reactions evolved in the
lobal process. Under certain conditions, the amine concentration
t gas–liquid interface could be the same that in the liquid bulk and
he reaction could be carried out completely at interface.

= C∗
Aa

√
DAk2Cbulk

B (1)

here N, is the absorption rate of carbon dioxide, C∗
A and DA, the sol-

bility and diffusivity of carbon dioxide in the aqueous phase, a, is
he interface area, k2, the rate constant for the reaction between car-
on dioxide and hydroxyl ions and Cbulk

B , the MDEA concentration
n the bulk of the aqueous phase.

The use of this expression (Eq. (1)) needs that the concentration
f amine remains constant practically along the time [12]. If this
ondition is not satisfied implies that a part of the chemical reaction
etween carbon dioxide and hydroxyl ions is carried out at interface
nd the other part in the bulk of the liquid. The surface renewal
heory developed by Dankwerts contributed the expression shown
n Eq. (2):

= C∗
CO2

a

√
DAk2Cbulk

B + k2
L (2)

The use of Eq. (2) for fitting experimental data to mass transfer
oefficient calculation implies the knowledge of specific area value

nder the different operation conditions. Specific area determina-
ion could be determined employing Eq. (1) but the conditions of
pplication are not satisfied under the operation conditions. For
his reason, another methodology must be applied for specific area
etermination.

t
i

i
b

ig. 3. Bubbles size distribution obtained at different column zones.
B0 = 0.5 mol L−1. Qg = 30 L h−1.

The interfacial area in gas–liquid contactors is commonly deter-
ined using physical or chemical methods. In relation to physical
ethods, the photographic one is the most employed methodol-

gy. In relation to the chemical method, it is based on absorption
easurements of a chemical absorption process with a well-known

eaction kinetic. Due to the kinetic of the chemical absorption of car-
on dioxide in aqueous solutions of MDEA has been determined in
previous paper, and in the basis of the equations previously com-
ented, the interfacial area could be calculated. The knowledge

f the interfacial area is necessary for the posterior mass transfer
oefficient determination.

The images we obtained of the bubbles in the liquids employed
how an ellipsoid shape. For this reason, major (E) and minor (e)
xes of the projected ellipsoid (in two dimensions) was determined.
he diameter of the equivalent sphere (Eq. (3)) was taken as the
epresentative bubble dimension:

= 3
√

E2e (3)

Different authors recommend using the Sauter mean diameter
d32) [13], which is possible to determine using the data calculated
or the equivalent diameter.

32 =
∑

i(nid
3
i
)∑

i(nid
2
i
)

(4)

here ni is the number of bubbles which have an equivalent diam-
ter (di).

The Sauter mean diameter and the gas hold-up values allow the
alculation of the specific interfacial area using Eq. (5) [14]:

= 6εG

d32(1 − εG)
(5)

The overall gas hold-up, εG, was measured using the volume
xpansion method:

G = �V

�V + VL
(6)

here VL is the ungassed liquid volume and �V is the volume
xpansion after gas dispersion, calculated from the liquid level
hange and the cross-sectional area. The change in the volume in

he bubble column was calculated based on the change observed
n the liquid level and the increase in this value after gassing.

An example of the experimental results obtained in this study
s shown in Fig. 3. In Section 2, the method indicates that the bub-
le column must be analysed along the equipment height because
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The calculated values of mass transfer coefficient have been
employed to calculate the enhancement factor of this system to
ig. 4. Effect of amine concentration and gas flow-rate upon the interfacial area. (©)
g = 15 L h−1. (�) Qg = 20 L h−1. (�) Qg = 30 L h−1.

ubble size distribution could vary significantly along the bubble
olumn due to the absorption process that carry out into the con-
actor.

Fig. 3 shows that this hypothesis must be taken into account
ecause a clear difference in the bubble size distribution exists at
he bottom and the top of the bubble column reactor. Smaller bub-
les were detected at the top of the contactor respect the bubbles
resent at bottom zone. These size bubbles decrease is principally
ue to the transfer of gas carbon dioxide to the liquid phase.

Using Eqs. (4) and (5) and experimental data of bubble diameter
n the different sections of contactor, it is possible to determine the
rea between both phases (gas and liquid) and analyse the influence
f amine initial concentration and gas flow-rate on the generated
nterfacial area in the bubble column reactor. Fig. 4 shows the influ-
nce of both operational variables upon the value of interfacial area.
n increase in the gas flow-rate produces a clear increase in the
alue of interfacial area. This behaviour is due to the increment in
he gas hold-up because a higher volume of gas phase is introduced
n the contactor. On the other hand, bubble diameter increases but
t has negative effect on the interfacial area value.

An increase in the initial amine concentration in the liquid phase
roduces also an increase in the value of the interfacial area. This
ehaviour is assigned to the influence of surface tension of liquid

hase upon the diameter of bubbles generated in this liquid phase.
xperimental data shown in Fig. 5 indicates that the presence of
DEA in aqueous media produces a clear decrease in the value

f surface tension. Different authors have studied the influence of

ig. 5. Dynamic viscosity and surface tension of aqueous solutions of MDEA at 25 ◦C.

a

F
c

ig. 6. Mass transfer coefficient determination employing Eq. (2). Qg = 15 L h−1.
B0 = 0.25 mol L−1.

his physical property on the hydrodynamics of bubble contactors
15,16] and they have concluded that a decrease in the surface ten-
ion produces a reduction in the bubbles size and it inhibits the
oalescence phenomenon.

The experimental data corresponding to interfacial area under
he experimental conditions employed in present work is employed
n the mass transfer coefficient using Eq. (2) by fitting absorption
ntensity and amine concentration data. An example of the Eq. (2)
pplication to the experimental data is shown in Fig. 6 obtaining
he mass transfer coefficient by the square root of intercept.

The calculated results obtained for the mass transfer coefficient
nd the influence of initial MDEA concentration and gas flow-rate,
re shown in Fig. 7. This figure shows that a higher initial concentra-
ion of amine produces an increase in the mass transfer coefficient
ntil maximum because higher values of amine concentration pro-
uce a slight decrease in this coefficient. The decrease is due to the
iscosity of the liquid phase that increases with the amine concen-
ration (see Fig. 5). The influence of this physical property upon the

ass transfer coefficient have been commented widely by different
nalyse also the effect of viscosity upon the global mass transfer

ig. 7. Influence of initial MDEA concentration and gas flow-rate on mass transfer
oefficient. (©) Qg = 15 L h−1. (�) Qg = 20 L h−1. (�) Qg = 30 L h−1.
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ig. 8. Influence of initial MDEA concentration and gas flow-rate on enhancement
actor. (©) Qg = 15 L h−1. (�) Qg = 20 L h−1. (�) Qg = 30 L h−1.

oefficient. The enhancement factor has been calculated as the
elation between the mass transfer coefficient data shown in Fig. 7
nd the corresponding coefficient in absence of chemical reaction.
his coefficient determined without chemical reaction has been
etermined by absorption experiments similar than previous ones
ommented but with the addition of HCl to the liquid phase (aque-
us solutions of MDEA) with the aim to obtain acidic solutions that
nhibit the chemical reaction between carbon dioxide and amine
17]. The obtained results for enhancement factor are shown in Fig. 8
nd it shows that the enhancement factor increases continuously
hen the initial amine concentration increases in the liquid phase.

. Conclusion

The studies developed in present work allow to conclude that

he bubble diameter and interfacial area in bubble contactor is
mportantly influenced by the gas flow-rate and amine concentra-
ion. Both parameters produce an increase in the interfacial area.
he bubble diameter decreases considerably as long as the bubbles
scend along the bubble contactor.

[

[

ng Journal 146 (2009) 184–188

The interfacial area data was employed to calculate the mass
ransfer coefficient that is influenced by the gas flow-rate and initial
mine concentration, producing both parameters an increase in the
oefficient value. An increase in the amine concentration produces
continuous increase in the enhancement factor.
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