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Instituto Superior Técnico, Av. Rovisco Pais, 1049-001 Lisboa, Portugal

Received 16 October 2006; received in revised form 18 April 2007; accepted 24 April 2007

bstract

An electrochemical method was used to follow CO2 absorption both in water and in alkanolamine solutions in a bubble column (∼1 m tall). This
ethod allows the determination of local mass transfer coefficients along the column. No special care was taken in avoiding trace contaminants. It
as found that bubbles contaminate mostly at the gas distributor. Gas–liquid mass transfer coefficient decreases as bubbles rise along the column,

aking values closer to those expected for clean bubbles with a mobile surface at the bottom of the column, and values closer to those expected for
igid bubbles, at the top of the column. If this is quantitatively interpreted within the framework of the stagnant cap model, it may be concluded
hat this decrease is mainly due to bubble shrinkage, which leads to a greater fraction of bubble area being covered by the stagnant cap. Compared

ith this effect, the effect of further acquisition of contaminant molecules by the bubbles is negligible. The above conclusions can be drawn both

or absorption with chemical reaction in amine solutions and for pure absorption of CO2 in tap water, although in this case the shrinkage effect is
ess pronounced.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Bubble column reactors are used in a variety of industries,
uch as in fine chemical production, oxidation and hydrogena-
ion reactions, in fermentation, etc. Their main advantages are
asy construction, high gas–liquid interfacial area, good mass
ransfer rate between gas and liquid phase and large liquid
oldup [1].

Characteristic design parameters for this device are
as–liquid interfacial area, mass transfer coefficients, flow
egime, bubble size distribution and bubble coalescence. In
as–liquid processes, the volumetric mass transfer coefficient,
La, is a key parameter to estimate reactor performance.

While most studies determine kLa as a global parameter, it
s recognized [2,3] that this is insufficient to understand the

as–liquid mass transfer mechanism. Thus some authors have
eparately determined kL and a values in bubble columns [4,5,6].
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It is generally recognized that gas–liquid mass transfer
etween a bubble and surrounding liquid is highly dependent
pon overall surface mobility, which is affected by contamina-
ion by surfactants. Upper values of mass transfer coefficient,
L, occur for a bubble with a totally mobile surface, for which
ts value may be predicted using Higbie’s equation [7]:

mobile
L = 1.13

√
u

d
D1/2 (1)

here d is the bubble diameter, u the bubble-liquid relative
elocity (slip velocity) and D is the diffusivity.

Lower values of mass transfer coefficient occur for a bubble
ith a totally rigid surface, for which its value may be pre-
icted using an equation proposed by Frössling [8] from laminar
oundary layer theory:

rigid
L = c

√
u

D2/3v−1/6 (2)

d

here c ≈ 0.6 and ν is the kinematic viscosity of the liquid.
A conceptual model that has been used to interpret data and

heorize about gas–liquid mass transfer to bubbles is the stagnant
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Nomenclature

a interfacial area (m−1)
A total bubble area (m2)
Acap area of the stagnant cap surface (m2)
C∗

A solubility of CO2 (kmol m−3)
CBo initial concentration of alkanolamine (kmol m−3)
d bubble diameter (m)
d32 Sauter mean diameter (m)
D diffusion coefficient (m2 s−1)
DA diffusion coefficient of CO2 in the aqueous alka-

nolamine solution (m2 s−1)
e ellipsoid minor axis (m)
E ellipsoid major axis (m)
He Henry constant (atm m3/kmol)
k second-order rate coefficient (m3 (kmol s)−1)
kL individual mass transfer coefficient (m s−1)
k∗

L normalized mass transfer coefficient
kLa volumetric mass transfer coefficient (s−1)
n number of bubbles
RA absorption rate per unit volume (kmol (L s)−1)
T temperature (K)
u bubble-liquid relative velocity (m s−1)
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ε gas holdup
ν liquid kinematic viscosity (m2 s−1)

ap model [9,10]. This assumes that surface active contaminant
olecules which adsorb at the bubble interface are displaced

oward the rear of the bubble forming a cap with immobile sur-
ace (the stagnant cap), while the rest of the bubble surface
emain mobile. Average kL for the bubble may be estimated
11,12] using

L = kmobile
L (A − Acap) + k

rigid
L Acap

A
(3)

In this study mass transfer coefficients are determined in the
bsorption of CO2 both into water and into aqueous solutions of
lkanolamines. This allows testing the stagnant cap model in a
ituation of absorption with chemical reaction and comparing it
ith purely physical absorption.

. Experimental

.1. Experimental set-up and procedure

The mass transfer measurements were performed in a square
ubble column (1) made of methacrylate, 1.03 m height and 6 cm
ide length (Fig. 1). For the injection and uniform distribution
f the gas phase, a gas sparger, i.e., a porous plate (8) of 4 mm

n diameter is installed at the centre of the bottom plate (7).
his plate has another two orifices for liquid outlet (5) and for
thermometer (6). There are also three orifices at the top plate:

iquid inlet (2), gas outlet (3) and another thermometer (4).

λ

o

Fig. 1. Schematic figure of the bubble column reactor.

The column has, in two of its internal walls, five pairs of
teel electrodes INOX 316 (9) of 1 cm wide and 6 cm length,
eparated to each other 22 cm. The electrodes are connected to a
igital voltmeter to measure the potential between each pair of
lectrodes every 0.5 s, and a generator which feeds alternating
urrent at 1 kHz.

Each experiment run was started by filling the column with
ppropriate liquid phase up to 100 cm above the sparger. The
eed carbon dioxide was passed through a humidifier at the ambi-
nt temperature to prepare the gas phase. The gas flow, before
ntering the bubble column, was metered by a flow meter and
ontrolled with a flow controller Brooks 0154. The gas flow in
he outlet was measured with a soap meter every 1 min.

Mass transfer coefficients can be obtained through conductiv-
ty measurements because CO2 reacts in liquid phase according
o the equations:

2NH + CO2 → HCO3
− + R2NH2

+

O2 + H2O → H2CO3

O2+OH− → HCO3
−

The ionic concentration in solution is thus proportional to the
bsorbed CO2 and is measurable using the Debye-Hückel law
13]:
= K
√

CA − λ0 (4)

Finally, the gas absorption rate was calculated as the slope
f the CO2 concentration versus time. All the details about cali-
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Table 1
Kinetic parameter for alkanolamine solutions

T (K) kDEA (m3 kmol−1 s−1) kMDEA (m3 kmol−1 s−1)
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Table 2
Henry constant for alkanolamine solutions

T (K) [amine]
(kmol/m3)

HeDEA

(atm m3/kmol)
HeMDEA

(atm m3/kmol)

293

0.05 25.6859 25.6575
0.10 25.7119 25.6575
0.30 25.8545 25.6575
1.00 26.8108 25.6575

298

0.05 29.8522 29.8192
0.10 29.8825 29.8192
0.30 30.0482 29.8192
1.00 31.1595 29.8192

0.05 34.5226 34.4845
0.10 34.5576 34.4845
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93 6.36 2.564
98 9.41 3.622
03 12.80 5.047

ration, data acquisition and analysis techniques are reported in
aceiras et al. [14,15].
In this work only data from electrodes 2 (bottom) and 5 (top)

ere used, for the following reasons: (i) electrode 1 is too close
o the distributor; (ii) data from adjacent electrodes are likely
o be significantly affected by liquid mixing; this is not the case
etween electrodes as widely separated (0.66 m) as 2 and 5 (mix-
ng times of the order of 1 min, whereas measuring time is of
he order of 1 s).

Aqueous diethanolamine (DEA) and methyldietanolamine
MDEA) solutions of different concentrations were employed
s liquid phase, while the gas phase was carbon dioxide with a
ifferent gas flow rate for each run. The amine concentrations
ere varied between 0 and 1.0 M, and the gas flow rates between
0 and 25 L/h.

.2. Mass transfer coefficients

The reaction regime between CO2 and DEA or MDEA solu-
ions is rapid [16–20]. In this case, the rate of absorption of
arbon dioxide per unit volume, RA, is computed from the fol-
owing expression [15]:

A = C∗
A

√
(kLa)2 + a2kCBoDA (5)

here kLa is the volumetric mass transfer coefficient, k the
inetic constant, DA the diffusion coefficient of CO2 in the
queous alkanolamine solution, C∗

A the solubility, CBo the initial
oncentration of alkanolamine and a is the interfacial area. The
inetic parameter k was independently determined [14] and the
xperimental values are shown in Table 1. Values of solubility
ave been obtained from the literature [21–25] using Henry’s
aw and are given in Table 2.

Eq. (5) can be rearranged to obtain the volumetric mass trans-
er coefficient, if the absorption rate and the interfacial area are
nown:

La =
√(

RA

C∗
A

)2

− a2kCBoDA (6)

The individual mass transfer coefficient, kL, was calculated
ith the following expression:

L = kLa

a
(7)

.3. Bubble size
The carbon dioxide bubble dimensions were determined by
eans of an image digital analysis that involves shooting a film
ith a high-speed digital video camera (SONY DCR-TRV9E) in

o
t

303 0.30 34.7493 34.4845
1.00 36.0344 34.4845

rder to, subsequently, extract selected snapshots using STUDIO
ersion 7 software. The images were recorded during 30 s in

hree different sections of the column until the saturation was
eached. Changes in bubble size over the height of the column
ere determined by recording films at distances of 20, 45 and
5 cm above the sparger.

It is important to note that the software and photographic
echniques only allow two-dimensional measurements on the
ubbles. The observed bubbles have mainly ellipsoidal shapes
haracterized by the major axis, E, which represents the largest
istance between two points on a bubble, and the minor axis,
, which represents the largest length of a line, perpendicular
o the major axis, that join two points of the bubble. Both axis
ere measured using UTHSCSA Image Tool software. With this

nformation, the bubble diameter associated with an equivalent
iameter of a sphere with the same volume as the ellipsoid was
alculated as follows:

= 3
√

E2e (8)

The Sauter mean diameter [1] was used to obtain an adequate
verage diameter for each experiment:

32 =
∑

inid
3
i∑

inid
2
i

(9)

here ni is the number of bubbles having an equivalent diameter
i.

The gas–liquid interfacial area is given by

= 6ε

d32(1 − ε)
(10)

here ε is the gas holdup and d32 is the mean Sauter diameter.
as holdup is calculated from photography at three levels in the

olumn, from bubble number and volume.

. Results and discussion
Fig. 2 shows kL values for DEA and MDEA solutions
btained at the bottom of the column (electrode 2) and at the
op of the column (electrode 5). Data for water are superim-
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ig. 2. Effect of bubble diameter on kL: (a) for DEA and water solutions; (b)
lectrode 2-amine solution, and (�) electrode 5-amine solution.

osed in both figures and besides, Higbie’s equation Eq. (1) and
rössling equation Eq. (2). Values of kL are between Higbie and
rössling indicating that the bubbles do not have a totally mobile
r totally rigid behaviour.

Despite some dispersion, it is clear that values of kL approach
igbie more at the bottom of the column (electrode 2), where
ubbles are larger, while values of kL are closer to Frössling at
he top of the column (electrode 5), where bubbles are smaller.

This is even clearer if data are plotted in dimensionless form
Fig. 3), as the normalized mass transfer coefficient, k∗

L, calcu-
ated with the following expressions:

∗
L = kL − kL,rigid

kL,mobile − kL,rigid
(11)

here k∗
L is one if the bubble surface is mobile, it is zero if the

ubble is rigid.

The bubble starts almost clean, although there is always some

egree of contamination at bubble formation. Then, along its
pward path along the column (from electrode 2 to electrode 5),
he bubble shrinks and becomes increasingly rigid.

ig. 3. k∗
L vs. bubble diameter: water: (�) electrode 2, (�) electrode 5; DEA

olutions: (�) electrode 2, (� ) electrode 5; MDEA solutions: (©) electrode 2,
�) electrode 5.

l
a
s
d
t
(

a

DEA and water solutions: (�) electrode 2-water, (�) electrode 5-water, (�)

Despite a considerable amount of dispersion, amine solu-
ions and water appear to behave in the same way as regards k∗

L.
he major difference in behaviour lies in bubble shrinkage. As
xpected, bubbles shrink less in water (physical absorption of
O2) than in the amine solutions. Bubbles shrink the most in

olutions of DEA. Apart from that, all points in the k∗
L versus

iameter plot follow the same trend line, regardless of solution
omposition.

It is also clear from the data that bubbles are already consid-
rably contaminated at the bottom of the column, contamination
esulting probably from the process of bubble formation. Con-
amination at this stage has a high degree of dispersion associated
o it.

These facts plus the fact that bubbles have a short residence
ime in the column (∼5 s) suggest the following hypothesis:
i) the bubbles acquire most of the contaminant during for-
ation; (ii) the bubbles become more rigid (as reflected in

owering of k∗
L) due to the increase in the fraction of their

rea covered by the stagnant cap; (iii) this increase is almost
olely due to bubble shrinkage, i.e., the amount of contaminant
oes not increase significantly, but its average surface concen-

ration increases due to the decrease of bubble surface area
Fig. 4).

The hypothesis can be tested using the experimental data
bove. Within the framework of the stagnant cap model, the

Fig. 4. Stagnant cap.
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ig. 5. Comparison between values of Acap/A5 calculated with eqs. (11) and
12): (�) DEA, (©) MDEA, and (�) water.

raction of stagnant cap area Acap/A may be calculated from kL
Eq. (3)), assuming that the rigid part of the bubble and the
obile part of the bubble each contributes to the mass transfer,

he former with a coefficient given by Frössling’s equation, the
atter a coefficient given by Higbieı̌s equation. Acap/A may thus
e calculated for positions 2 and 5.

For position 5, on the other hand, there is an alternative, inde-
endent way of calculating Acap/A, if the above hypothesis holds,
.e., if no further contaminant is collected by the bubble along
ts relatively short rising path. In this case Acap,2 = Acap,5 = Acap.
ence

Acap

A2
= Acap

A5
× A5

A2
= Acap

A5
×

(
d5

d2

)2

(12)

Fig. 5 presents values of Acap/A5 for bubbles at the top of the
olumn, as calculated in both ways, i.e., directly from experi-
ental values of kL through Eq. (11), and in the ordinates as

alculated from Acap/A2 and Eq. (12). Note that when the value
alculated through Eq. (12) exceeds one, this means that the ini-
ial amount of contaminant is more than enough to cover the
ubble, i.e, the stagnant cap covers the bubble. In this case, the
alue attributed to Acap/A2 from this calculation is one, since
hysically Acap cannot be greater than A2.

Most points are close to the diagonal, which is consistent
ith the hypothesis made. Points above the line are those cor-

esponding to bubbles for which shrinkage alone should ensure
hat the stagnant cap fulfils the entire bubble surface. Deviation

ust be attributed to experimental error. Points below the diag-
nal correspond to bubbles which end up more rigid (lower kL)
han was expected from shrinkage alone. Only two points are
lear in these conditions.
. Conclusions

For bubbles rising in a relatively shallow bubble column
∼1 m tall), without special care in getting rid of trace contam-
nants, the following conclusions were drawn:

[

[

ing Journal 137 (2008) 422–427

(i) Bubbles contaminate mostly when they are formed, i.e., at
the gas distributor. This process adds a lot of dispersion to
experimental results.

(ii) Gas–liquid mass transfer coefficient decreases as the
bubble rises along the column. If this is quantitatively inter-
preted within the framework of the stagnant cap model, it
may be concluded that this decrease is mainly due to bub-
ble shrinkage, which leads to a greater fraction of bubble
area being covered by the stagnant cap. Compared with
this effect, the effect of further acquisition of contaminant
molecules by the bubbles is negligible.

iii) The above conclusions can be drawn both for pure absorp-
tion of CO2 in tap water and for absorption with chemical
reaction in amine solutions.
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