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a b s t r a c t

The knowledge about the effects of solids on gas–liquid systems and the respective physical mech-
anisms are not yet totally clarified. In this work, the effect of the solids on the mass transfer
characteristics in a bubble column was studied experimentally for the systems air/water/expandable
polystyrene (EPS) beads and air/water/glass beads. Volumetric liquid side mass transfer coefficient,
kLa, was determined under different solid concentrations (up to 30 vol.%), superficial gas veloci-
ties (up to 2.7 mm/s) and mean diameters (1100, 770 and 591 �m for EPS and 9.6 �m for glass
beads).

The presence of EPS solids affects negatively kLa being this effect more pronounced for the smaller
bsorption
ultiphase reactors

articles
lurries

particles. Also, a decrease in kLa occurs when the solid loading increases. Experiments done with large
polystyrene particles (dp ≥ 591 �m) contaminated with very fine EPS particles (dp ∼= 0.1 �m) indicate that
very fine particles play an important role on gas–liquid mass transfer.

Mass transfer experiments in a hollow glass spheres three-phase slurry showed a dual effect of solids
loading on kLa, contrarily to what happens with the previous particles. These results can be associated
with the different surface properties of the particles studied.

An empirical correlation for k a on the experimental variables was developed.
. Introduction

In many operations of chemical industry processes, one or
ore components of a gas phase are absorbed into a liquid phase.

he phase contacting is often required to trigger reactions among
omponents of the two phases. The complexity and diversity of
ndustrial processes implied that different types of gas–liquid con-
actors were developed and constructed, such as, bubble columns,
ipes/tubes, mechanical agitated tanks, packed columns, plate/tray
olumns, spray towers, jet (loop) reactors, tubular/ventury ejec-
ors and motionless mixers [1]. Bubble columns are contactors
n which a gas or a mixture of gases in the form of a dispersed
hase of bubbles moves in a continuous liquid phase. In the liq-
id, a suspended or fluidized, reactive or catalytic solid can also
e present. Thus, in fact, two or three-phase bubble columns
xist [2]. These columns can be of different types such as sin-

le stage, multi stage, multi channel, with motionless mixers,
oop reactors, jet reactors, downflow bubble columns, three-phase
uidized-bed reactors and slurry reactors. Their applications are
ot limited to the chemical industry; they can be found in biochem-
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ical operations, separation of mixtures by rectification, absorption,
wastewater treatment [3] and petrochemical industry. Bubble
columns are also gaining increasing importance in the field of
biotechnology [4].

Parameters such as phase holdup, flow regime, bubble size dis-
tribution, coalescence characteristics, gas–liquid interfacial area,
interfacial mass transfer coefficients, heat transfer coefficients
and dispersion coefficients influence the bubble column reactors
design. The mass transfer coefficient is believed to be the most
important design variable, followed by the gas holdup and the axial
dispersion coefficient [5].

In three phase systems, the presence of solids affects the
gas–liquid mixture in different ways: bubble formation and rise
[6,7], axial and radial profiles [8,9], mixing and dispersion, mass
transfer [10–13], and gas holdup and flow regimes [14,15].

Despite all the research efforts, the knowledge about the effects
of solids on gas–liquid systems and the respective physical mecha-
nisms are not yet clarified. In the present work, volumetric mass
transfer coefficients, kLa, were obtained for different gas flow

rates, solids loading and size. These results were used in order
to develop an empirical correlation for kLa, taking into account
the different experimental variables. The influence of fine parti-
cles on kLa was also analyzed, in order to clarify some unexpected
results.

dx.doi.org/10.1016/j.cep.2010.12.013
http://www.sciencedirect.com/science/journal/02552701
http://www.elsevier.com/locate/cep
mailto:frocha@fe.up.pt
dx.doi.org/10.1016/j.cep.2010.12.013
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Nomenclature

a gas–liquid interfacial area (m−1)
ai empirical parameter, i = 1, 2, 3, 4
b linear regression slope (yest = c + bx)
b1 linear regression optimum slope for the left hand

side
b2 linear regression optimum slope for the right hand

side
C oxygen concentration in the liquid (kg/L)
c linear regression parameter (yest = c + bx)
C0 oxygen concentration in the liquid at t = 0 (kg/L)
C∗ oxygen solubility in the liquid (kg/L)
dp particle mean diameter (�m) (mm in Eq. (5))
eS solid volume fraction
F∗ Test F parameter
kL liquid-side mass transfer coefficient (m/s)
kLa volumetric liquid side mass transfer coefficient (s−1)
np number of points for linear regression
np1 number of points for linear regression for the left

hand side
np2 number of points for linear regression for the right

hand side
T temperature (◦C)
t time (s)
uG superficial gas velocity (m/s)
y experimental value
yest estimated value (yest = c + bx)
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parameter F∗. This parameter is defined as:√
. Experimental

.1. Experimental set-up

The contact device used to perform the mass transfer
xperiments, at atmospheric pressure, was the bubble column rep-
esented in Fig. 1, with the respective dimensions. The device is

perspex cylindrical column covered by a perspex rectangular
ox to control the temperature (25 ◦C) through water circula-
ion. At the bottom, it is located a gas chamber where the gas
nters and then passes through a sparger where the bubbles are
ormed.

The sparger consists of 13 needles with an inner diameter
f 0.3 mm. A scheme of the gas sparger is shown in Fig. 2(a).
he shape and size (25 mm) of the needles ensure the forma-
ion of small and well-defined bubbles. The needles disposal and
he movement of the bubbles enable the suspension of low den-
ity solids, and the homogeneity in terms of O2 concentration of
he liquid phase. A concave perspex cylindrical piece (Fig. 2(b)),
ormed by small cones involving each needle, was placed at
he column bottom to allow solids circulation in this section
voiding their deposition, and, consequently, the blockage of the
rifices.

A flow valve was used to control the air flow rate that was
easured by a KDG Mobrey 2-A-150 R rotameter followed by
manometer, where the gauge pressure was kept at the con-

tant value of 1 bar. Before entering the bubble column, the air
s saturated in a humidifier. Dissolved oxygen concentration was

easured by a Mettler Toledo In Pro 6100 O2 sensor (polarographic
lectrode) connected to a Mettler Toledo O2 4100 dissolved oxy-

en meter. The oxygen consumption by the electrode is negligible.
data acquisition board was coupled to the O2 meter, enabling to

ead the O2 concentration on-line.
d Processing 50 (2011) 181–188

2.2. Mass transfer experiments

Oxygen mass transfer runs were performed in two and three-
phase systems. Compressed air from air gas cylinder and tap
water were used as gas and liquid phases, respectively. Expand-
able polystyrene (EPS) particles of three different mean diameters,
dp, (Styropor® VEP 124 (P124) – dp = 1100 �m, Styropor® VEP 324
(P324) – dp = 770 �m and Styropor® EP 424 (P424) – dp = 591 �m)
with a density of �p = 1040–1050 kg/m3, and hollow glass spheres
(with dp = 9.6 �m, and a density of �p = 1100 kg/m3) were used
as solid phase. The experiments were performed for several
superficial gas velocities, uG, (up to 2.7 mm/s), and different
solid concentrations (up to 30 vol.%). The clear liquid height was
h0 = 0.2 m for all experiments (no liquid throughput) and the
polarographic electrode (O2 probe) was located transversely 0.1 m
from the gas sparger and, approximately, 2 cm from the column
wall.

The experimental procedure is initiated by bubbling nitrogen to
deoxygenate the liquid phase. When the dissolved oxygen concen-
tration is approximately zero, humidified air is fed into the column
and then the dissolved oxygen concentration variation with time,
t, is obtained.

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

dC

dt
= kLa (C∗ − C) (1)

where C∗ and C are, respectively, the oxygen solubility and oxygen
concentration in the liquid. Assuming the liquid phase homoge-
neous and C0 the oxygen concentration at t = 0, the integration of
the previous equation leads to:

ln (C∗ − C) = ln (C∗ − C0) − kLat. (2)

The volumetric mass transfer coefficient can now be determined
by plotting ln(C∗ − C) against time (t). The experimental results
are reproducible with an average relative error of 5%. Further, kLa
results were not influenced by the dynamics of the oxygen elec-
trode since, for all runs, it was verified that its response time (∼35 s)
was much smaller than the mass transfer time of the system (rang-
ing from 100 to 650 s).

3. Results and discussion

3.1. kLa evaluation from experimental data

An example of data treatment is presented below, for
air–water–P424 beads and superficial gas velocity uG = 2.2 mm/s.
The dissolved oxygen concentration curve for this particular exper-
iment is plotted in Fig. 3. One can distinguish three zones on the
graph. Zone I, at the beginning, where the O2 concentration is nearly
constant, followed by an intense mass transfer zone where the O2
concentration rises fast (Zone II). The last zone (Zone III) appears
close to the saturation, when the mass transfer rate starts to decline.

Plotting ln(C∗ − C) against time (Fig. 4), one can observe that the
applicability of Eq. (2) is valid except in Zone I, related with the
electrode response. So, kLa was determined from the slope in the
linear zone. The solubility of oxygen in water (C∗) was taken from
the literature [16] and the slope was determined using the statis-
tical method Test F [17]. This method consists in determining the
optimum number of points (np) for a linear regression of the exper-
imental data. Initially, a short data interval is considered and the
linear regression parameters (c and b) are determined as well as a
F∗ = 1
np − 1

∑
(yest − y)2∑

y2
(3)
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Fig. 1. Bubble column.
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diameter and fractional solid holdup. However, this correlation is
not applicable to the present study since we have no liquid input.
Among other correlations proposed in the literature (e.g. Midoux
et al. [19], Kim and Kim [20], Schumpe et al. [21]), the exponential

Table 1
Optimum parameters.
Fig. 2. Gas sparger: (a) needles plate for gas sparging; (b) concave per

here y is the experimental value and yest is the estimated value
yest = c + bx). At each iteration, an increment in np is added to the
ata interval and the parameters c and b are recalculated until the
arameter F∗ reaches its minimum.

Since the linear region is located somewhere in Zone II, first a
xed initial point, located at the middle of this zone, is defined and
he Test F is performed to the left and the right hand sides of the
nitial point (Fig. 4). Two optimum slopes and intervals are obtained
nd the final value of kLa is the weighted average of the slopes:

La =
∣∣∣∣np1 b1 + np2 b2

np1 + np2

∣∣∣∣ (4)
here np1 , b1 and np2 , b2 are the optimum number of points and
lopes for the left and right hand sides of the initial point, respec-
ively. For this particular case the results are presented in Table 1,
nd finally one obtains the volumetric mass transfer coefficient
La = 4.04E-03 s−1.
ylindrical piece: 1: needle location and 2: cone involving the needle.

After that, an empirical correlation for kLa on the experimental
variables superficial gas velocity, uG, particle mean diameter, dp,
and solid volume fraction, eS, was developed. Only few correlations
devoted to the effect of solids characteristics on kLa can be found
in literature. Zheng et al. [18] correlated kLa with the axial distance
from the distributor, superficial gas and liquid velocities, particle
Left Right

F ∗ 4.26E−05 8.28E−05
np 35 19
c 2.47 2.43
b −4.08E−03 −3.97E−03
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ig. 3. Dissolved oxygen concentration variation for air–water–P424 beads and
G = 2.2 mm/s.

ependence was found to be the most suitable. Thus, for each type
f solid phase investigated, a correlation of the following type was
btained:

La = a1ua2
G (1 + dp)a3 (1 − eS)a4 (5)

here ai are empirical parameters, determined by the least squares
ethod for each type of solid phase.

.2. Air–water

Before each three-phase system mass transfer study, air–water
wo-phase system experiments were performed. The obtained
esults were compared with correlations presented in literature
Fig. 5). All the correlations displayed can be found in Shah et al.

5], except the one of Sotelo et al. [22]. The majority of the corre-
ations underestimate the experimental values due to differences
n the experimental conditions, mainly in superficial gas velocity
ange and bubble column diameter.

Time (s)

ln
(C

*-
C

)
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2 Experimental data
Left side testF
Right side testF

ig. 4. Test F application for the experimental results for air–water–P424 beads and
G = 2.2 mm/s (C in mg/L).
uG*10 (m/s)

Fig. 5. Dependence of kLa on superficial gas velocity for air–water system.

Overestimation is obtained using the semiempirical equation
proposed by Sotelo et al. [22] as a consequence of differences in the
type of diffuser. A very good agreement is found with a correlation
in the form of kla = mun

G with parameters m and n equal to 1.05
and 0.82, respectively. The same type of correlation can be found
in literature, as for example in Deckwer et al. [23].

3.3. Air–water–polystyrene beads

Two sets of experiments were conducted with polystyrene
beads as solid phase. The first set, with polystyrene beads used for
the first time, was called “New” polystyrene beads. The second,
with polystyrene beads being used after “washing” with air and
water in the first experiments, was called “Washed” polystyrene
beads. The main difference between these two sets was that, in
the first set (with “New” polystyrene beads), fine polystyrene par-
ticles from larger beads were being dispersed in the liquid, during
the experiments, thus influencing the mass transfer experiments.
Consequently, a new set of experiments had to be performed in
order to study the influence of fine polystyrene particles on the
mass transfer results. For each set, the three particle mean diame-
ters (P124 dp = 1100 �m; P324 dp = 770 �m and P424 dp = 591 �m)
were investigated, for the solid loading range 0–30 vol.%.

3.3.1. “New” polystyrene beads
Fig. 6(a)–(c) shows how kLa varies with superficial gas velocity,

uG and solid loading, for different sizes of “New” polystyrene beads.
It is observed that the volumetric mass transfer coefficient

increases with the superficial gas velocity for all particle sizes. In
the case of the larger particles (dp = 1100 �m) the influence of uG on
kLa decreases as the solid loading increases, being almost negligi-
ble for 25 and 30 vol.% of solids. These conclusions are in agreement
with Mena et al. [13] that report a similar effect when calcium algi-
nate beads (dp = 1200 �m) are used as solid phase. According to the
authors, kLa decreases with the solid loading increase. However,
based in the present results, its seems that this effect is enhanced
by the presence of the fine particles.
For intermediate size polystyrene particles (dp = 770 �m) kLa
also decreases with the solid loading increase, but in this case only
for solid concentrations up to 20 vol.%, remaining constant for fur-
ther solid content increase.



P. Mena et al. / Chemical Engineering and Processing 50 (2011) 181–188 185

uG*103 (m/s)

k La
*1

0
3

(s
-1

)

2.62.42.221.81.61.4
0

1

2

3

4

5

6

7

8

9

10

11

12 Exp0%
Exp5%

Exp10%
Exp15%
Exp20%
Exp25%
Exp30%

Corr0%
Corr5%

Corr10%
Corr15%
Corr20%
Corr25%
Corr30%

a

uG*103 (m/s)

k La
*1

0
3

(s
-1

)

2.62.42.221.81.61.4
0

1

2

3

4

5

6

7

8

9

10

11

12 Exp0%
Exp5%

Exp10%
Exp15%
Exp20%
Exp25%
Exp30%

Corr0%
Corr5%

Corr10%
Corr15%
Corr20%
Corr25%
Corr30%

b

k L
a*

10
3

(s
-1

)

2.62.42.221.81.61.4
0

1

2

3

4

5

6

7

8

9

10

11

12 Exp0%
Exp5%

Exp10%
Exp15%
Exp20%
Exp25%
Exp30%

Corr0%
Corr5%

Corr10%
Corr15%
Corr20%
Corr25%
Corr30%

c

k La
*1

0
3 (s

C
o

rr
el

at
ed

-1
)

109876543210
0

2

4

6

8

10

1100 µm
770 µm
592 µm

 d

F entrat
o

i
(

p
e

k

p
t
o
l
a
d

3

u
s

m
i
a
e
f
o

uG*103 (m/s)

ig. 6. Dependence of kLa on superficial gas velocity for different “New” particle conc
f experimental data and correlation.

The biggest influence of solids loading on kLa was observed dur-
ng the experiments where the smaller size polystyrene particles
dp = 591 �m) were used (Fig. 6(c)).

With the experimental mass transfer results for “New”
olystyrene beads as solid phase and the three particle mean diam-
ters, a general empirical correlation was obtained:

La = 0.94u0.80
G (1 + dp)0.96(1 − eS)4.72 (6)

A comparison between experimental and correlated values is
lotted in Fig. 6 (d). The correlation seems not to correlate well
he experimental kLa, which can be attributed to the influence
f the fine polystyrene particles. The maximum and mean abso-
ute deviations between the experimental and correlated results
re, respectively: 47% and 17% for dp = 1100 �m; 47% and 21% for
p = 770 �m; and 36% and 15% for dp = 591 �m.

.3.2. “Washed” polystyrene beads
Fig. 7(a)–(c) shows how kLa varies with superficial gas velocity,

G and solid loading, for “Washed” polystyrene beads of different
izes.

For all polystyrene particles it was observed that the volumetric
ass transfer coefficient increases with the superficial gas veloc-
ty. But, in this case, the influence of uG on kLa is not significantly
ffected by the solid loading. However, this is not the case in the
xperiments with the “New” polystyrene beads and in other works
ound in the literature, where it was observed that the effect of uG
n kLa decreases as the solid loading increases.
kLa*103 Experimental(s -1)

ions and size: (a) dp = 1100 �m; (b) dp = 770 �m; (c) dp = 591 �m and (d) comparison

For the smallest “Washed” polystyrene particles, some anoma-
lies for higher solid content and intermediate superficial gas
velocities were observed (Fig. 7(c)).

With the experimental mass transfer data for “Washed”
polystyrene beads as solid phase and the three particle mean diam-
eters, a general empirical correlation was obtained:

kLa = 1.01u0.82
G (1 + dp)0.97(1 − eS)2.73. (7)

The parity plot is given in Figs. 7 (d). A much better agreement is
found for the case of “Washed” particles, comparing to the results
obtained with the “New” ones. The maximum and mean abso-
lute deviations between the experimental and correlated results
are, respectively: 24% and 8% for dp = 1100 �m; 26% and 8% for
dp = 770 �m; and 29% and 11% for dp = 591 �m. Globally, the mean
absolute deviation is 9%, which is near the experimental error (5%).

Summarizing the main results for air–water–polystyrene sys-
tems, it was found that the volumetric mass transfer coefficient
increases with the superficial gas velocity. This dependence is gen-
erally flattened for increasing solid content. When solid loading
increases, the kLa values decrease. With the experimental mass
transfer data for “New” and “Washed” polystyrene beads as solid

phase, and the three particle mean diameters, two empirical cor-
relations were obtained and a good agreement between correlated
and experimental data was verified for the “Washed” polystyrene
beads. These results indicate that the mechanisms associated with
the large and very fine particles are not the same.
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ig. 7. Dependence of kLa on superficial gas velocity for different “Washed” parti
omparison of experimental data and correlation.

Shah at al. [5] referred that the effect of solid concentration
n kLa strongly depends on the gas and liquid velocities. In the
resent study, the liquid velocity is zero, but one noticed that the
egative solid influence on kLa is stronger for higher gas veloci-
ies. In spite of the low gas holdup (≈1%), for higher gas velocities,

ore bubbles are in the bubble column at a certain instant. Thus,
nd taking into account the high solid fraction (up to 30 vol.%),
he probability of bubble-bubble interaction increases (with both
G and eS), which may increase the bubble coalescence rate. The
as–liquid interfacial area decreases which leads to a reduction
n the volumetric mass transfer coefficient. Freitas and Teixeira
24] also observed a kLa reduction with the increase in solids (cal-
ium alginate beads) loading, especially for high superficial gas
elocities. This effect was also attributed to an increase in bubble
oalescence. According to Nguyen-Tien at al. [25] for small par-
icles (dp ≤ 1 mm), kLa decreases with solid volume fraction. This
ehaviour was explained by the increase in the suspension viscosity
hat causes bubble coalescence. The larger beads used in the present
ork had dp = 1100 �m, so we can consider that we are roughly
ithin the particle size range defined above, which confirms the

greement between the present results with those presented by

guyen-Tien at al. [25].

The effect of particle mean diameter on the mass transfer coeffi-
ient is shown in Fig. 7, for each solid loading, and for the “Washed”
olystyrene beads. The influence of particle mean diameter is neg-

igible for the case of 5 vol.% of solids. For the rest of solid loadings,
ncentrations and size: (a) dp = 1100 �m; (b) dp = 770 �m; (c) dp = 591 �m and (d)

the general trend indicates that the decrease of particle mean diam-
eter results in a reduction of the mass transfer coefficient. Kim and
Kim [20] mentioned a similar influence of particle size on kLa, but
an opposite effect was reported by Dhanuka and Stepanek [26] and
Zheng at al. [18]. These differences can be attributed to the dif-
ferences in experimental conditions and particulary in solid type
(namely: hydrophobicity, geometry and density) and particle size
range.

3.4. Effect of fine polystyrene particles on kLa

As already mentioned, during the mass transfer experiments,
the “New” polystyrene spheres released very fine particles
(dp ∼= 0.1 �m) which were dispersed in the liquid phase. Fig. 8 shows
a comparison between kLa values for the experiments with “New”
and “Washed” polystyrene beads.

Mass transfer coefficients for “Washed” particles experiments
are generally substantially higher than those found for correspon-
dent experiments with “New” particles, which means that the fine
particles influence negatively the mass transfer process. These par-
ticles, whose size is smaller than the liquid film around the bubble

(ı ≤ 20 �m), are hydrophobic. Therefore, they tend to stick on the
bubble, partially covering its surface and blocking the mass transfer
path. As a consequence, the liquid side mass transfer coefficient (kL)
and the specific interfacial area (a) are reduced and the volumetric
mass transfer coefficient (kLa) decreased.
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.5. Air–water–hollow glass spheres

In order to study in more detail the influence of fine parti-
les on kLa, mass transfer experiments were conducted in a slurry
omposed by 9.6 �m hollow glass spheres as solid phase, for con-
entrations up to 15 vol.%. As in the previous experiments, the mass
ransfer coefficient increases with the superficial gas velocity. The
ame type correlation of Eq. 5 was tested but without success. In
his case the influence of solid phase on mass transfer is quite dif-
erent of the previous one (Section 3.3.2). Here the particle size is

uch smaller and surface properties are different. So, the phys-
cal mechanisms governing the solid effect on kLa could be also
ifferent.

A dual effect of solids loading on kLa is shown in Fig. 9. For
ow solids loading (≤3 vol.%) the mass transfer coefficient increases
ith the solid content and then decreases with further solid addi-
ions (Fig. 9). Two possible reasons can be pointed out for the
nhancement of kLa with the solid loading increase verified for
ow solid contents: the first is the fact that small solid concentra-
ions do not change significantly the liquid viscosity, but improve
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ig. 9. Experimental volumetric mass transfer coefficient as a function of hollow
lass spheres loading.
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the surface renewal and turbulence in the liquid film, increasing
kL and thus kLa; the second is associated with the presence of
fine particles in the liquid film at gas–liquid interface which may
hinder the coalescence behaviour of bubbles, consequently increas-
ing the gas–liquid interfacial area. On the other hand, higher solid
concentrations increase the slurry viscosity and hence decreasing
the surface renewal and mobility which results in reduced kL. In
addition, for higher solid contents, the gas–liquid interface will
be covered by fine particles, hindering the oxygen diffusion and
reducing kL. Also, a reduction of gas holdup with the solid content
increase is expected, which consequently decreases the g–l inter-
facial area, a. Indeed, as mentioned before, the effective mixture
viscosity increases as the solid load increases which will induce the
formation of bigger bubbles at the gas distributor, promoting the
bubble coalescence and suppressing the bubble breakup [5]. There-
fore, both decreases of kL and a obviously result in a reduction of
the mass transfer coefficient kLa.

Similar dual effect of solids on kLa was reported by Ozkan at al.
[27] and Albal et al. [28]. However, reduction of kLa with an increase
of solid loading for a certain solid content range was referred by
Sada et al. [29] and Zahradnik et al. [30], while Chandrasekaran
and Sharma [31], Quicker et al. [10] and Sada et al. [11] presented
increases in the kLa with the solid loading. Once again, these dis-
crepancies may arise from differences in experimental conditions,
such as physicochemical properties of the liquid and also, load-
ing, size, density and wettability of solids. Further investigations
are needed on possible mechanisms based on changes in the gas
phase (gas holdup and bubble coalescence) and on the environ-
ment around bubble (interaction of liquid film and fine particles,
surface tension at the bubble, liquid film and particle interfaces,
wetting differences, adsorption) [27].

4. Conclusions

The gas–liquid mass transfer process was investigated in a
three-phase bubble column. The main purpose was to analyze the
effect of certain solid properties on the gas–liquid mass transfer.
The solid characteristics under study were the mean diameter,
loading and type.

Concerning the size and loading effects three behaviours were
observed, according to particle mean diameter:

• 590 < dp < 1100 �m:
It was found that kLa increases with the superficial gas veloc-

ity uG, and this dependence generally flattens for increasing
solid content. The effect of particle mean diameter on kLa is not
constant but, in general, kLa decreases as the particle mean diam-
eter decreases. When the solid loading increases, the kLa values
decrease.

The empirical correlation of the type: kLa =
a1ua2

G (1 + dp)a3 (1 − eS)a4 was developed and a good agree-
ment between correlated and experimental data was verified.
The mean absolute deviation obtained was, approximately, 9%, a
value near the experimental result.

• Fine particles (dp = 9.6 �m):
Mass transfer experiments in a three-phase slurry of 9.6 �m

hollow glass spheres showed a dual effect of solids loading on
kLa. For low solids loading (≤3 vol.%) kLa increases with the solid
content and then decreases with further solid additions. These
results show that kLa can also be enhanced by the presence of the

solid phase.

• Very fine particles (dp = 0.1 �m):
The effect of very fine particle on mass transfer was studied as a

contamination of the systems air/water/expandable polystyrene
(EPS) beads (dp = 1100 �m; dp = 770 �m and dp = 591 �m). The
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results showed the negative effect of these fine particles on kLa.
It seems that these particles act as an impurity on bubble surface,
covering it and blocking, by this way, the mass transfer.

In relation to the effect of surface properties of particles in mass
ransfer, it was possible to observe that particles, with different sur-
ace properties (EPS, hydrophobic, and glass spheres, hydrophilic),
an have opposite effects on kLa. It seems that hydrophobic particles
ave a strong negative influence on mass transfer, and hydrophilic
articles, in a certain concentration range, can increase kLa.

In short, the present results show that the physical mechanisms
overning the solid effect on kLa are not limited to the physical and
hemical characteristics of the liquid and gas, but also to the solid
haracteristics, as its size and surface properties.
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