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1. Introduction

ABSTRACT

The knowledge about the effect of solid phase properties, at different temperatures, on gas-liquid transfer
and the respective physical mechanisms has been poorly studied. In the present work, the temperature
and solid properties (size and density) effects on the gas-liquid mass transfer characteristics in a bubble
column were experimentally evaluated. Gas-liquid-solid systems formed by air/water/polyvinyl chloride
(PVC) beads and air/water/expandable polystyrene (EPS) beads were used. For each system, volumet-
ric liquid side mass transfer coefficient, k;a, was determined under different temperatures (20-35°C),
superficial gas velocities (up to 7.2 mm/s), solids sizes (210, 549 and 591 wm) and concentration (up to
5vol.%). The results show that the temperature plays an important role on mass transfer phenomena as
kia increases as temperature is increased. However, temperature does not have, significantly, influence
on the solids effect on k;a. In what concerns the effect of the solids on k;a, a negative effect of their
presence is observed being this effect more pronounced for the largest particles (for PVC). In addition,
for the same solid size, a decrease in k;a occurs when the solid loading increases (observed in both cases,
PVC and EPS). Complementary, bubble/particle interaction studies, using an image analysis technique,
were also done aiming a better understanding of the effects of the two types of particles - PVC and EPS
- on kya values, being clearly confirmed that physical (e.g. density) and chemical properties of the solids
are important parameters to be taken into account on mass transfer and hydrodynamic studies.

Based on theoretical models for k; and a, an empirical correlation for k;a dependence on the experi-
mental variables was developed. The experimental results were fitted with a mean deviation of 5%, that
is similar to the experimental error (5%).

© 2010 Elsevier B.V. All rights reserved.

The presence of solid particles may influence the volumetric
mass transfer coefficient (k;a) by affecting either the individual

Bubble column reactors are intensively utilized as multiphase
contactors and reactors in chemical, petrochemical, biochemical
and metallurgical industries [1]. This kind of reactors can operate in
two and three phase systems, being the last one more complex and
highly used at the industry. Three-phase bubble column reactors
are widely employed in reaction engineering, i.e. in the presence
of a catalyst and in biochemical application where microorganisms
are used as solid suspension. The effect of solids on mass trans-
fer process is the most studied subject in this field. However, the
knowledge about the effect of solids on gas-liquid systems at differ-
ent temperatures and the respective physical mechanisms are not
yet clarified. A proper understand of the effect of temperature on
mass transfer in bubble column is essential to the optimum design
and operation of this kind of reactors [2].

* Corresponding author. Tel.: +351 225081678; fax: +351 225081632.
E-mail address: frocha@fe.up.pt (F. Rocha).

1385-8947/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2010.05.064

liquid-side mass transfer coefficient (k;) or gas-liquid interfacial
area(a). These effects can be also changed by temperature variation.

Also, only a limited amount of data are found dealing separately
with k; and a in bubble columns, as most of the developed work
is limited to the determination of the k;a, that, unfortunately, is a
global parameter and not sufficient to provide an understanding of
the mass transfer mechanisms [3].

The mass transfer from the gas to the liquid is the most impor-
tant goal of the process in bubble columns reactors. The individual
liquid-side mass transfer coefficient can be determined from mea-
surements with single bubbles, whenever the g-I interfacial area
and k;a are known. Alternatively, k; values can be estimated from
correlations [4].

The solid particles can increase and decrease k;, depending on
the solids loading, size and their surface properties. The solid par-
ticles can increase k; by enhancing turbulence at the gas-liquid
interface and inducing surface renewal. By other way, the solid par-
ticles can limit the diffusion path, blocking the available area for
mass transfer and decrease k; [5,6]. k; depends also on other vari-
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Nomenclature

Aerror mean deviation

Asup mean superficial area of the bubbles (m?2)

a gas-liquid interfacial area (m~1)

c oxygen concentration in the liquid (kg/L)

Co oxygen concentration in the liquid at t=0 (kg/L)

c* oxygen solubility in the liquid (kg/L)

Dy diffusivity of gas in the liquid (m?2/s)

D; liquid dispersion coefficient (m?/s)

Dr column diameter (m)

dp bubble average diameter (m)

dp particle diameter (m) (mm in Eq. (8))

f volumetric concentration of the particles

f correction factor

g acceleration due to gravity (m/s2)

k correlation dimension

kr liquid-side mass transfer coefficient (m/s)

kra volumetric liquid side mass transfer coefficient (s—!)

Merror ~ maximum deviation

Ny number of bubbles

T temperature (°C)

t time (s)

Vi the liquid volume (m?3)

Ug superficial gas velocity (m/s)

&G gas holdup

& solid volume fraction

w* effective viscosity of the particle-fluid mixture
(kg/(ms)

g viscosity of gas phase (kg/(ms)

o viscosity of liquid phase (kg/(ms)

Pg gas density (kg/m?3)

01 liquid density (kg/m3)

Os solid density (kg/m?3)

o surface tension (N/m)

ables like diffusivity of gas in the liquid and viscosity and surface
tension of the liquid [7].

In bubble column reactors the variation of k;a is primarily due
to the variations in the interfacial area, a. So, the determination of a
is a imperative process for the correct characterization of the mass
transfer process.

The experimental determination of a can be done using chemi-
cal and physical methods. The chemical techniques are based on a
reaction of known kinetics in which the absorption rate is a func-
tion of the interfacial g-1area [4,7-12], while the physical methods
are based on the measurement of a physical property. The physical
techniques are usually divided in non-invasive (photography and
image analysis [13], light attenuation, radiography and laser (and
phase) Doppler anemometry [14]), and invasive (e.g. optical fibre
probes [5,15-17] and the resistive or conductive probes).

Afactor that has a strong influence on interfacial area is the pres-
ence of solids in the column. The presence of solids has an impact
on bubble properties and, by this way, on interfacial area. In some
situations, solid particles induce bubble break-up, increasing a, in
other cases the solids enhance bubble coalescence which results
in bigger bubbles and consequently decreases g-1 interfacial areas
[5,18-20]. This was attributed, in some studies, to an increase in
the apparent slurry viscosity with increasing slurry concentration.

The solid particles affect differently a depending on their prop-
erties like size and density [21-23]. The concentration of solids
has little influence on a for small concentrations, while for higher
concentrations the tendency is to decrease a [7,9,13].

Fig. 1. Bubble column.

The effect of solid particles on a and k; depends on the type
of solids and operating conditions. In literature one finds opposite
effects for similar conditions, being questionable to preview the
effect of a given solid.

Despite all the research efforts, the knowledge about the effects
of solids on gas-liquid systems and the respective physical mecha-
nisms have been poorly studied. Even more, most of investigations
in bubble column have been performed at ambient conditions in
spite of the fact that industrial bubble columns are often oper-
ated at increased temperature. In the present work, volumetric
mass transfer coefficients, k;a, were obtained for different temper-
atures, gas flow rates and solids size, density and loading. These
results were used to develop an empirical correlation, describ-
ing the effect of the experimental variables considered on k;a. In
order to investigate the three phase systems in more detail, bub-
ble/particle interaction was also studied, using an image analysis
technique.

2. Experimental
2.1. Experimental set-up

The contact device used to perform the mass transfer exper-
iments was the bubble column represented in Fig. 1 with the
respective dimensions. The device is a perspex cylindrical column
covered by a perspex rectangular box to control the temperature
through water circulation. At the bottom is located a gas chamber
where the gas enters first and then passes through a sparger where
the bubbles are formed.

The sparger consists of 13 uniformly spaced needles with an
inner diameter of 0.3 mm. The shape and size of the needles ensure
the formation of small and well-defined bubbles. It was observed
by image analysis that for the range of gas velocity used, the bub-
ble average diameter, d}, increases with superficial gas velocity, ug,
taking the values 3.5 and 5.1 mm for ug =2 mmy/s and ug = 7.2 mm/s,
respectively. The needles disposal enables an uniform bubble dis-
tribution along the column which enhances the suspension of low
density solids. A concave perspex cylindrical piece, formed by small
cones involving each needle, was placed at the column bottom to
allow solids circulation in this section, avoiding solids deposition.
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2.2. Mass transfer experiments

Oxygen mass transfer experiments were performed in two and
three-phase systems at different temperatures, T (20, 25, 30, 35 °C).
Air and water were used as gas and liquid phases,respectively.
Polyvinyl chloride (PVC) beads of two different sizes (210 and
549 wm) with a density (ps) of 1350kg/m3, and expandable
polystyrene (EPS) (with mean diameter, dp, of 591 wm, and a
density of ps=1040-1050kg/m3) were used as solid phase. The
experiments were performed for several superficial gas velocities,
uc (up to 7.2 mm/s), and different solid volume fraction, & (up to
5%). The clear liquid height was hg =0.32 m for all experiments (no
liquid throughput). Table 1 presents a summary of the experimental
conditions, for the different phases, used in the present work.

Initially the liquid is deoxygenated by bubbling nitrogen. When
the dissolved oxygen concentration is practically zero, humidified
air is fed into the column. At this moment the oxygen transfer
process from bubbles to the liquid begins and continues until oxy-
gen concentration in the liquid reaches the saturation. Dissolved
oxygen concentration values were measured on-line using an O,
electrode (CellOx 325, WTW), located 0.1 m from the gas sparger,
and recorded directly in a PC, through a data acquisition board. By
this way, the dissolved oxygen concentration variation with time,
t, is obtained, and k;a can be calculated according to the following
procedure.

The mass balance for oxygen in the liquid is written as:

dc
dt
where C* and C are, respectively, the oxygen solubility and oxygen
concentration in the liquid. Assuming the liquid phase homoge-

neous and Cp the oxygen concentration at t=0, the integration of
the previous equation leads to:

In(C* — C) = In(C* — Cp) — kia - t. (2)

= kia(C* = C) (1)

The volumetric mass transfer coefficient can now be determined
by plotting In (C* — C) against time (t). The experimental results are
reproducible with an average relative error of 5%.

The solubility of oxygen in water (C*) was taken experimentally
for each run and the slope was determined using the statistical
method Test F. This method consists in determining the optimum
number of points (1,) for a linear regression of the experimental
data.

2.3. Visualization of bubble-particle interaction

In order to understand the effect of physical and chemical prop-
erties of the solids on mass transfer process the experimental set-up
presented in Fig. 2 was used. In this set-up the bubble/particle inter-
action in three phase systems is studied at different conditions.
The images were grabbed with a black and white high speed digi-
tal video camera, that was connected to a PC. Sets of images were
recorded for several superficial gas velocities and constant solid
loading (3 vol.%) of PVC and EPS.

3. Results and discussion
3.1. Mass transfer experiments

3.1.1. Air/water

The most common experiments on mass transfer available in
the literature are done at ambient conditions. In Table 2 several
important correlations to predict the mass transfer coefficient in
bubble columns are presented. The evaluation of its applicability
in air/water system at different temperatures was done for several
experimental conditions.

Fig. 2. Experimental set-up for visualization measurements (1: bubble column
(20 mm of internal diameter), 2: digital camera, 3: PC, 4: diffuser glass, 5: halogen
lamp, 6: on/off valve, 7: pressure reducer, and 8: rotameter).

In Fig. 3 the experimental results, obtained in present work at
25°C, are compared with some of the correlations presented in
Table 2. These correlations were chosen taking into account the
ones that include temperature dependent variables (e.g. diffusivity,
viscosity, interfacial tension, etc.).

As one can see, the correlations underestimate the experimental
values, probably due to differences in the experimental conditions,
mainly in superficial gas velocity range and bubble column diame-
ter. Kawase et al. [24], Hikita et al. [25] and Koide et al. [26] works
present superficial gas velocities above 0.02 m/s, while Akita and
Yoshida [27] worked in the range of 0.003-0.4 m/s. In what con-
cerns the column diameter, all these authors used Dt above 0.1 m.
Overestimation is obtained using the Ozturk et al. [28] correla-
tion (not presented in Fig. 3) probably as a consequence of system
properties as mass transfer studies were done mainly in organic
liquids. The results are well fitted by a correlation in the form of
kja = mug, with the parameters m and n equal to 2.81 and 1.02,
respectively. The same type of correlation can be found in the lit-
erature, as for example in Deckwer et al. work [29], however the
individual parameters are only valid for a specific situation.

In order to understand the effect of a and k; on mass trans-
fer process these parameters were studied individually. The first
parameter a, was studied based on literature results obtained for

Fig. 3. Dependence of k;a on superficial gas velocity for air/water system at 25°C.
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Table 1
Experimental conditions used in this work.
Liquid phase Gas phase Solid phase
T(°C) uc (x103ms-1) Type dp (m) &s (%) ps (gem=3) Surface property Contact angle (°)
20; 25; 30; 35 Upto7.2 - - - - - -
25;30; 35 Upto7.2 PVC 549 1;2;4 135 Hydrophobic 103
25;30 Upto7.2 PVC 210 1;2;4 1.35 Hydrophobic 103
25;30; 35 Upto7.2 EPS 591 1;5 1.05 Hydrophobic 98
Table 2
Mass tranfer coefficient correlations for gas-liquid bubble columns.
Research group Correlation Reference
0.33 0.68
kyad2 B w05 [ gnd? go?d g pg \ 004
Ozturk et al. [28] ot =062( ) (5 Tt - (2) 13]
0.62 0.31
. . kyaD2 w \ 05 [ gpD2 gp?D3.
Akita and Yoshida [27] oL = 0.6(pTgl) <TT ‘l‘rzl et [46]
Shah et al. [4] kia = 0.467u2®> [46]
3/4 3/5 7/60
kyaD2 1/2 ( pD2u 202 p, w2
Kawase et al. [24] LDL I =0.452 ( P/lgL ) ( ’ﬂTr . ) ( = ) (DTCg) [46]
Hikita et al. [25 kawg _ 14 o( e 1.76 ”?g =2 g \ 0243 gy 0604 o
el [P22]] e T T (T) o3 71) (ﬂlDAB) (471
0.254
Kang et al. [48] kua = k x 107398 (“Tﬂif@) [47]
Schumpe and Grumd [49] kia = kug-szu*’o‘gg, k =0.063 or k=0.042 [47]
211 D105 (gu? /o3y 0199118
Koide et al. [26] b Gulodu) ey o) e 47]
I

0.486
1+1-47><1U4(Cs/ﬂs)0'612(U[oc/«/ch) (Deug py/m) 034

the same column used in present work. Mena et al. [13] obtained
experimental values of a using image analysis technique associ-
ated with Wesselingh and Bollen model [30]. According to the
authors the specific interfacial area was calculated using the fol-
lowing equation:

 NoAsp

- 3)

where Nj, is the number of bubbles in the column at a certain
instant, Asyp is the mean superficial area of the bubbles and V; is
the liquid volume. The bubble superficial area was determined by
image analysis technique. The rise velocity of bubbles was calcu-
lated from Wesselingh and Bollen [30] and used to determine N,
For the size range of the bubbles, classified as elongated or flat-
tened spheroids, the rise velocity is nearly constant. As example,
for uc=2mm/s, d, =3.5 mm and the rise velocity of bubbles takes
the value of 0.241 m/s. The results obtained by Mena et al. [13] at
20°C for air-water system at different superficial velocities are pre-
sented in Fig. 4. In this figure, some literature correlations are also
present.

As expected [9,11,21], interfacial area increases with superficial
gas velocity. This happens even as the bubbles become larger, since
the number of bubbles formed increases, therefore increasing the
total superficial area. Comparing with literature correlations [9,31],
experimental data shows good agreement with the Quicker etal.[9]
correlation (developed for non-coalescing sodium sulfite solution
with hydrophilic particles):

a=651ud87 ",

(4)
where 1 * is the effective viscosity of the particle-fluid mixture cal-
culated based on Einstein expression [32] which linearly relates the
effective viscosity and the particles concentration as follows:

K _q1425f
1

(5)

where p; is the viscosity of the fluid and f the volumetric concen-
tration of the particles. This expression has a particular interest
on three phase systems where the volumetric concentration of the
particles has influence on the viscosity of the system and, conse-
quently, on the interfacial area.

So, with a previously determined, k; can now be calculated from
the kya values. In Fig. 5, the experimental k; values obtained for
air/water system are compared with values determined from the
literature correlations.

As expected, based on previous comparison (Fig. 3), a poor
agreement was obtained for the most of the correlations. Aiming

Fig. 4. Experimental gas-liquid interfacial area and some of the literature correla-
tions for air/water system [38].
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Fig.5. Experimental liquid side mass transfer coefficient and literature correlations
for air/water system at 25°C.

to obtain a k; correlation describing the experimental results, the
conclusion presented in Dudley study [33] was followed. Dudley
recommends the Kawase’s correlation for general use. However,
in the present study this correlation does not fit the experimental
data and, as a consequence, the Kawase’s correlation was used as
follows:

/ Dy ucg
kp = x 2 — — 6
L= 2y [k [ (6)

where f is a correction factor, which was determined by the least
squares method and takes the value 2.59, D; is the diffusivity of
gas in the liquid and y,; the viscosity of liquid phase, both tempera-
ture dependents. The change of D; with temperature was calculated
according to Han and Bartels correlation [34], while w; was taken
from literature [35]. Therefore, the correlation that will be applied
in present work, for the two phase system, takes the following form:

Dy Jucg

kia=5.18 e 7]6511,[%-37“**0.24 )

Table 3
Deviations obtained from the application of Eq. (7) for two phase systems.
T(°C) Merror Aerror Global
MEH’OT AL’Y'I’O?’
20 113 3.7
25 7.8 32 9.9 5.1
30 8.6 5.0
35 11.9 8.7

The previous correlation was applied to different temperatures
(20, 25, 30, 35°C) and superficial gas velocities, ug, and com-
pared with the experimental results. Fig. 6(a) corroborates the good
agreement between experimental and correlated values, which is
confirmed by the parity plot presented in Fig. 6(b). The maximum
and mean deviations between the experimental and correlated
results (Merror and Aerror, respectively) at different temperatures
are presented in Table 3. Globally, maximum and mean deviations
take the values 9.9 and 5.1%, respectively. The highest deviation is
observed at 35 °C, probably due to the formation of large bubbles
as a result of bubble coalescence. This situation is not predicted
by Eq. 7. In spite of this, its application at 35 °C predicts, in a very
satisfactory way, the experimental results.

In this figure, data from Akita and Yoshida correlation [27] at
different temperatures are also plotted. As expected (Figs. 4 and 5),
the correlation underestimates the experimental values. Accord-
ing to Fig. 5, the difference with Akita and Yoshida data is mainly
related with a calculation. These authors predict a mean bubble
size two times higher than the one observed in present work. How-
ever, it seems that this correlation describes well the temperature
variation.

In order to study the effect of the solids properties (size and den-
sity) on gas-liquid mass transfer, at different temperatures, several
experiments were done using PVC and EPS as solid phase.

3.1.2. Air/water/polyvinyl chloride (PVC)

The effect of solid size and loading on the mass transfer coef-
ficient, at different temperatures, is shown in Figs. 7 and 8. The
results show that increasing solid size and loading the mass trans-
fer coefficient decreases. Dhanuka and Stepanek [36] and Zheng et
al. [37] mentioned a similar influence of particle size on k;a, but
an opposite effect was reported by Kim and Kim [21] and Mena
[38]. The decrease in k;a observed at higher solid concentrations
could be due to a greater number of bubble collisions resulting in
increased coalescence, and hence an increase in bubble size and a
decrease in the interfacial area [39]. It seems, also, that temperature
does not affect significantly the solids influence on mass transfer.

Fig. 6. Dependence of k; a on superficial gas velocity for air/water system at different temperatures.



748 A. Ferreira et al. / Chemical Engineering Journal 162 (2010) 743-752

Fig. 7. Effect of PVC particle (d, =549 wm) loading on mass transfer coefficient at 25°C (a, b), 30°C (¢, d) and 35°C (e, f).

The impact of changing temperature on these systems is given by
the temperature influence on the physical properties of the lig-
uid and gas. An increase in temperature reduces, significantly, both
liquid viscosity and surface tension, resulting in the formation of
small and stable bubbles, by one way, and increases the probabil-
ity of coalescence, by other way [2,40]. It is this duality that alters
the interfacial area and has a significant impact on the mass trans-
fer process. Deckwer et al. [41] and Grover at al. [42] found that
the gas holdup decreases with increasing temperature. On the con-
trary, Lin et al. [43] report that elevating temperature increases gas
holdup.

The physical properties change with the temperature has also a
great influence on k;. Viscosity decrease leads to a decrease in the
thickness of the stagnant film at gas/liquid interface and, also to an

increase in diffusion coefficient. Both effects conduct to an increase
in mass transfer coefficient.

In a previous work, Mena et al. [13], it was concluded that the
shape of the bubbles is influenced by superficial gas velocity, con-
centration and size of solids (in this case, calcium alginate beads
with a mean diameter of 1.2 and 2.1 mm). The solids make the
bubbles more rounded, the effect being more pronounced for the
higher solids loading and for the smaller particles. The influence
on bubble size (increasing it) and consequently on interfacial area,
a (decreasing it), is clear for the smaller particles and high con-
centrations, while for the larger particles and smaller particles at
low concentration the effect is negligible. By the other hand, the
effect of the solids on k; is more pronounced (decreasing it) for
the smaller particles at higher concentration. So, for smaller parti-
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Fig. 8. Effect of PVC particle (d, =210 pum) loading on mass transfer coefficient at 25°C (a, b) and 30°C (c, d).

cles and low concentration the effect of solids would be mainly on
k;. In the present work, the quantification of the two components
of kya was not done. So, based on image analysis tests (the shape
and size evolution of bubbles in actual circumstances are similar)
and on the findings of the previous work about the influence of the
size and concentration of solids, one decided, as Eq. (7) applied to
three phase systems experimental data gave unsatisfactory results,
to add two terms to this equation, taking into account the effects of
the size and concentration of solids. The correlation obtained takes
the following form:

D JUc8 651,087,

*70.24(
T 1233

kia=5.18 1—dp)*0%5(1 — )7 (8)

This correlation was applied to different experimental conditions
and compared with experimental results. Figs. 7 and 8 corroborate
the good agreement between experimental and correlated values.
It seems that Eq. (8) predicts, in a very satisfactory way, the exper-
imental results. The maximum and mean deviations between the
experimental and correlated results at different temperatures are
presented in Table 4. Globally, the maximum deviations take the
values of 5.1 and 9.4%, for the sizes 210 and 549 pwm, respectively
and the mean deviations take the values 2.9 and 5.4%, for the sizes
210 and 549 p.m, respectively.

3.1.3. Air/water/expandable polystyrene (EPS)

Many studies have been done regarding the effect of solid parti-
cles on gas-liquid system. Some systems show an enhanced k;a and
others a decrease relative to systems without particles. It is clear,
however, that the effect of the particles on the system is a function

of particle properties, bubble column dimension, type of sparger
and operation conditions. Such particle properties include den-
sity, size, hydrophobicity, and concentration of particles [44]. In the
present section we intend to study the solid density effect on mass
transfer. For that the system air/water/expandable polystyrene
(EPS) beads was used, and the results compared with the results
of the previous section. The applicability of Eq. (8) was also tested.

In Fig. 9, the solid loading effect on the mass transfer coefficient,
at different temperatures, is presented.

It can be observed that the influence of ug on k;a decreases as
the solid loading increases. It is possible to identify two regions
regarding the influence of u¢ on kja at the different temperatures.
For values of u¢c <4 x 10-3 m/s the volumetric mass transfer coeffi-
cient increases with the superficial gas velocity and decreases with
the solid concentration. The same behaviour was observed in the
previous section. On the other hand, for u¢; >4 x 10~3 m/s the volu-
metric mass transfer coefficient slightly increases with superficial
gas velocity in the experiments containing solids, being this effect
reduced as the solid loading increases. This evidence suggests that
the expected number of bubbles due to u; increase is attenuated
by the formation of large bubbles, therefore, a has a practically con-
stant value with ug increase. This behaviour was not observed in the
system containing PVC particles at similar particle size. So, the pre-
vious observation can be attributed to the difference of the physical
property of the particles, e.g. density.

The application of Eq. (8) to the present system was done and a
poor agreement is observed (Fig. 9). This may due to the bubble coa-
lescence or other phenomenon that reduces the interfacial area. The
maximum and mean absolute deviations between experimental
and correlated results are 32 and 16% (Table 4).
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Table 4
Deviations obtained from the application of Eq. (8) for three phase systems.
Solid 25°C 30°C 35°C Global
Type dD (Mm) 85 (%) ML’YTO?’ AQH’OV MEH’OY Aerror MEI’VOV AL’YTO?’ MEH'OY‘ AQH’DY
PVC 549 1 8.9 4.6 5.9 33 5.5 34
2 7.9 3.6 6.0 2.7 9.1 5.4 9.4 5.4
4 18.8 14.8 10.6 4.4 11.2 6.5
210 1 5.1 29 1.8 1.0 - -
2 6.7 5.0 52 33 - - 5.1 29
4 3.6 1.9 8.3 33 - -
EPS 591 1 17.8 7.1 41.0 17.6 47.8 243 31.8 15.7
5 27.9 13.8 27.2 16.4 289 15.2

Fig. 9. Effect of EPS particle (d, =591.2 um) loading on mass transfer coefficient at 25°C (a, b), 30°C (c, d) and 35°C (e, f).
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Fig. 10. Bubble contamination and coalescence in the presence of 3 vol.% of EPS at 25°C and: (a) ug =3 x 10> m/s; (b) ug=5x 10~3 m/s; and (c) ug=7 x 10~3 m/s.

3.2. Visualization of bubble—particle interaction

Auxiliary visualization experiments were done in order to inves-
tigate the three phase systems in more detail, namely the pattern
of the bubble/particle interactions, to obtain arguments to support
some possible mechanisms responsible for the observed trends
at air/water/EPS system. It is usually considered that the bubble
coalescence is responsible for the destabilizing effect of the solid
phase. According to their physical and chemical properties, solids
can suppress and promote the coalescence.

Fig. 10 shows different images obtained at different ug for the
system containing EPS particles.

As one can see the particles have a great affinity to the bub-
ble surface, reducing, by this way, the interfacial area and k;a, and
increasing the contact time between bubble and liquid. Increas-
ing ug the number of bubbles increases and it is expected that a
increases also. However, this behaviour was not observed. With ug
increase, it was verified that the coalescence of bubbles increases
and the physical attraction of the particles contributes for that. At
higher superficial gas velocities (Fig. 10(c)) the bubbles are, mostly,
big bubbles surrounded by particles. This particle affinity to the
bubbles is due not only to its surface properties but also to its low
density (similar to the water density) that facilitates the dragging
of particles by the bubbles. The same type of experiments was also
done in the presence of PVC particles, but the affinity of the solid
particles to the bubble was not observed. These results can explain
the different behaviours of k;a curves obtained in previous sections
in the presence of different solid particles. Further, they point out
the importance of the study of phase interaction in the knowledge
of mass transfer process in bubble columns. These conclusions cor-
roborate the Lefebvre and Guy [45] conclusion. According to the
authors, the not good understanding of bubble columns is linked to
the insufficient study of the interaction between phases.

4. Conclusions

The gas-liquid mass transfer process was investigated in a
three-phase bubble column at different temperatures. The main
purpose was to analyze the effect of certain solid properties on the
gas/liquid mass transfer at different temperatures. The solid char-
acteristics under study were the solid type, loading and size. It can

be concluded that the solid size and loading have a negative effect
on k;a, being the type of this effect not significantly changed by
the temperature. In what concerns the solid type influence, it was
observed that solid density has a strong impact on k; a. A significant
reduction on mass transfer occurs in the presence of EPS particles
due to its low density and high affinity to the bubble interface.

An empirical correlation for k;a dependence on the experimen-
tal variables was developed. The mean deviation obtained was,
approximately, 5%, a value similar to the experimental error. How-
ever, the applicability of this equation is limited to the systems
where the surface contamination of the bubbles is negligible. The
obtained experimental results indicate that further investigation
in bubble/particle and bubble/bubble interactions is needed for a
correct understanding of solid properties (physical and chemical)
influence on mass transfer and hydrodynamic in bubble columns.
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