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Abstract

In this work, for the first time, the dependence of the mass transfer (MT) ratio (kLa coefficient
to overall gas holdup) as a function of the superficial gas velocity UG in seven organic
liquids was studied. The volumetric liquid-phase MT coefficients kLa were recorded (by
means of a polarographic oxygen electrode) in a bubble column (0.095 m in ID) equipped
with a single tube (∅3.0 mm in ID) as a gas sparger. It was found that the MT ratio decreases
monotonically through all main flow regimes. Both the constant and the exponent of the
empirical correlation between the MT ratio and UG were analyzed, and it was found that
they depended in a complicated fashion on the Schmidt number, Sc. In three different
regions of the Sc number, potential new correlations were discussed. The main conclusion
from this work is that the MT ratio is not constant in the heterogeneous regime as reported
previously by other researchers. In the case of four binary mixtures between benzene and
cyclohexane, it was also found that the MT ratio decreased monotonically as a function of
the superficial gas velocity, UG. The effects of both liquid viscosity and surface tension on
the MT ratio were also investigated.

Keywords: bubble columns; mass transfer coefficients; mass transfer ratio; monotonically
decreasing trendline

1. Introduction
Bubble columns (BCs) are the most frequently used gas–liquid contactors in various

industries (chemical, biochemical, petroleum, metallurgical, etc.). They are used for ab-
sorption, oxidation, chlorination, alkylation, polymerization, esterification, hydrogenation,
bioreaction, fermentation, methanol synthesis and Fischer–Tropsch synthesis (coal lique-
faction to produce fuels), wastewater treatment, etc. The main advantages of BCs are
associated with their excellent mass transfer (MT) and heat transfer performance as well as
their easy maintenance and occupation of limited space. The complex characteristics of
the gas–liquid flow are interconnected with both MT and heat transfer processes in BCs.
In order to design and optimize BCs, it is necessary to predict their MT efficiency. The
occurrence of a chemical reaction could alter both the physical and chemical properties of
the phases and then affect the bubble size, gas holdup and MT coefficient.

Various factors have an impact on the MT performance of BCs, including the operating
conditions (superficial gas velocity, temperature, pressure, etc.), fluid properties (density,
viscosity), reactor structure, size and bed aspect ratio. There is a crucial influence of the
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nature of the gas–liquid systems and the character of the gas–liquid dispersions on the MT
performance of BCs. Obtaining reliable experimental MT data under complex conditions
(high pressure and temperature) is a challenge.

Interphase MT characteristics are quantified by the product of liquid-side MT coeffi-
cient kL and gas–liquid interfacial area a. The kL value characterizes the influence of the
surrounding liquid flow field on the rising bubbles, while the a value inherently represents
the system’s hydrodynamics and MT behavior.

The approaches for modeling gas–liquid MT for two-phase flows should consider not
only molecular diffusion but also the film’s motion, which causes convection. The internal
flow also intensifies the MT. When the internal circulation currents increase, the interfacial
surface renewal accelerates significantly, leading to an increase in the MT rate.

The bubble shape is one of the most important parameters in bubble dynamics, which
affects both the gas–liquid interfacial area and the MT rate. As the bubble diameter and
gas velocity increase, the bubble shape changes from spherical to ellipsoidal. The bubble
aspect ratio serves as a reflection of the bubble shape. For the successful prediction of the
MT coefficients, the mobility of the bubble surface is also an important factor. According to
Calderbank and Moo-Young [1], bubbles with diameters greater than 3.5 mm behave like
fluid particles with a mobile surface in water.

The two most famous MT models are the two-film model [2] and the penetration
model [3]. According to the film model, the steady-state molecular transfer controls the
region between the films, whereas the penetration theory assumes that the transfer process
is unsteady and the convective diffusion controls the MT region. However, these two major
MT models have not considered the effect of the eddy diffusion.

The Higbie penetration model [3] states that the fluid elements are transported to
the interface by means of convection. In a period called contact (exposure) time, the fluid
elements stay at the interface, and during that time, they are likely to share matter (mass)
with the gas bubbles by means of molecular diffusion. By convection, they move away
from the interface and transmit the matter accumulated in the surrounding liquid. It is
assumed that all fluid elements have the same contact time. The latter can be expressed in
different ways based on the mean bubble diameter or the bubble length and height.

Batchelor [4] has assumed that the large energy-containing eddies control the MT in
turbulent fields. The author has developed a quasi-steady large-eddy model. Later, Lamont
and Scott [5] extended this model to include a wider range of eddy sizes in fully developed
turbulent fields. These authors assumed that large energy-containing eddies control the
MT process in turbulent fields, and thus they have improved the model of Fortescue and
Pearson [6].

The effects of bubble shape and bubble swarm on MT should be exhaustively studied.
Recently an important research work about these effects has been published by Wang
et al. [7]. The authors have developed a new MT model for prediction of the liquid-phase
MT coefficient considering both the effects of bubble deformation and the bubble swarm.
Wang et al. [7] have also investigated the MT characteristics across different zones of BCs
operated under various hydrodynamic regimes. This work is very useful considering the
previous difficulties in comprehensively understanding the local MT variations in BCs. The
previous MT models proposed in the past decades have not been systematically compared.
In many MT models, it was assumed that the bubble shape was spherical, although the
bubble shape maps were implying the formation of ellipsoidal bubbles. The assumption of
a spherical bubble shape is not plausible since the larger bubbles deform as they rise [7].
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1.1. Main MT Correlations

The main MT correlations for prediction of the volumetric liquid-phase MT coefficient
kLa have been well summarized in the review articles of Deckwer and Schumpe [8] and
Leonard et al. [9]. These correlations are very important since they allow us to calculate
the MT time (1/kLa), which takes part in every scale-up methodology. The kLa coefficient
takes part in important dimensionless scale-up parameters such as Sherwood, Stanton,
Damköhler and Schmidt numbers.

Akita and Yoshida [10] have developed an MT correlation that considers the influence
of bubble size on the MT coefficient. Hughmark [11] developed an MT correlation (more
applicable to the heterogeneous flow regime) based on the bubble rise velocity. It is worth
noting that Hughmark’s model overlooks the effects of turbulence on MT, which in turn
leads to an underestimation of the MT coefficient. Colombet et al. [12] developed an MT
correlation based on the gas volume fraction. It was underscored that the correlation is
especially effective at UG values beyond 0.08 m/s since the bubble swarm effect becomes
more pronounced. Jordan and Schumpe [13] developed an MT correlation, which is
effective not only at ambient pressure but also at elevated pressures.

Nedeltchev et al. [14] developed a new MT correlation based on a correction (due to a
bubble shape variation) to the penetration model [3]. The latter needs a correction factor
since it is extremely focused on molecular diffusion and neglects the impact of turbulence
on the MT dynamics. Deckwer [15] has proposed a new definition of the gas–liquid contact
time based on both the length and velocity of the micro eddies.

It is noteworthy that the research group of Morsi [16] has developed a universal MT
correlation valid for both gas–liquid and slurry BCs.

1.2. MT Ratio (kLa-to-εG)

The two most important parameters for the BC operation are the overall gas holdup
εG and the volumetric liquid-phase mass transfer coefficient kLa. Vermeer and Krishna [17]
and later Vandu and Krishna [18] have found that the ratio of kLa to εG (called MT ratio in
this work) is constant and equal to 0.48 s−1 in the heterogeneous FR, i.e., at superficial gas
velocities UG higher than 0.08 m/s. This ratio is also independent of the column diameter.
At lower UG values, the authors [17] argue that the MT ratio drops from 0.8 s−1 down
to 0.5 s−1. The MT ratio represents the volumetric liquid-phase MT coefficient per unit
volume of bubbles [18]. Vandu and Krishna [18] interpreted the constancy of the MT ratio
as the independence of the effective bubble diameter on the UG. The results of Jordan and
Schumpe [13] have also confirmed these findings.

2. Experimental Setup
The volumetric liquid-phase MT coefficients kLa were measured by means of dynamic

oxygen absorption method [19]. The BC (0.095 m in ID) was equipped with a single tube of
∅3.0 mm in ID. Initially, the available oxygen in the liquid was completely desorbed by
nitrogen. The oxygen fugacity was measured by means of a polarographic oxygen electrode
(WTW EO 90) inserted horizontally at half of the dispersion height.

In the case of absorption runs, under the assumption of complete liquid mixing, the
time-dependent readings of the electrode (in arbitrary units (a.u.)) have been used to extract
the kLa coefficient:

ln(CE,sat − CE) = −(kLa/(1 − εG)) + const (1)

where CE,sat is the saturation concentration. In the case of desorption runs, the governing
equation was presented in Öztürk et al. [19]. The kLa coefficients were measured three times
and the mean values were used further in the analysis. The experimental error was always
within ±5.0%. The kLa coefficient was measured in the fully developed region of the bubble
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bed, and since perfect liquid mixing was assumed, the measured kLa value was considered
valid for the entire bubble bed. That is why it is related to the overall gas holdup, which is
also an MT parameter.

The clear liquid height L0 was set at 0.85 m. The overall gas holdup εG was estimated
from the measured aerated liquid height L by means of a ruler attached to the column wall:
εG = (L − L0)/L.

The MT ratios (kLa-to-overall gas holdup) were measured in seven organic liquids
(cf. Table 1) and four organic mixtures between benzene and cyclohexane (cf. Table 1b).
The experimental error in the measurements of the physicochemical properties was al-
ways within ±5.0%. Standard devices (viscometer, tensiometer and pycnometer) for the
measurement of these properties were used.

Table 1. (a) Physicochemical properties of the organic liquids studied. (b) Physicochemical properties
of the mixtures between benzene and cyclohexane.

(a)

Organic Liquid Density
[kg/m3]

Viscosity
[Pa s]

Surface Tension
[N/m]

Diffusivity
[m2/s]

Schmidt No.
[–]

Acetone 790 0.327 × 10−3 23.10 × 10−3 5.85 × 10−9 70.756
Benzene 879 0.653 × 10−3 28.70 × 10−3 3.46 × 10−9 214.708

Cyclohexane 778 0.977 × 10−3 24.80 × 10−3 3.29 × 10−9 381.697
Ethylacetate 900 0.461 × 10−3 23.50 × 10−3 3.46 × 10−9 148.041

Ethylbenzene 867 0.669 × 10−3 28.60 × 10−3 2.94 × 10−9 262.458
Ligroin 729 0.538 × 10−3 21.40 × 10−3 3.29 × 10−9 224.315

Methanol 790 0.586 × 10−3 22.20 × 10−3 3.81 × 10−9 194.691

(b)

Mixture of Benzene Density
[kg/m3]

Viscosity
[Pa s]

Surface Tension
[N/m]

Diffusivity
[m2/s]

Schmidt No.
[–]

+cyclohexane 6.7% 865 0.634 × 10−3 27.60 × 10−3 3.61 × 10−9 202.976
+cyclohexane 13.4% 854 0.628 × 10−3 26.90 × 10−3 3.63 × 10−9 202.356
+cyclohexane 78.5% 797 0.772 × 10−3 24.90 × 10−3 3.16 × 10−9 306.142
+cyclohexane 90.0% 787 0.858 × 10−3 24.90 × 10−3 2.95 × 10−9 369.816

The mixtures of benzene and cyclohexane studied in this work are common in the
petrochemical industry, particularly as products of benzene hydrogenation to create cyclo-
hexane, often forming close-boiling, non-ideal mixtures that require specialized separation
techniques. They are miscible in all proportions in the liquid phase, with positive excess
molar volumes. These mixtures are produced via catalytic hydrogenation of benzene and
must be separated to obtain pure cyclohexane. Because they form azeotropic mixtures (close
boiling points), separating them requires methods like extractive distillation or adsorption.

3. Results and Discussion
3.1. Dependence of the MT Ratio on the Superficial Gas Velocity in Organic Liquids

Figure 1 shows that in the case of the air–acetone system, the MT ratio exhibits a
decreasing trend as a function of the superficial gas velocity UG. In the figure is also shown
the power-law correlation between both parameters: MT ratio = AUG

b. The exponent b
(−0.104) of UG is relatively low.
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Figure 1. Profile of the MT ratio as a function of UG in the air–acetone system.

Figure 2 shows that the main transition velocity (end of the homogeneous regime)
can be identified at UG = 0.046 m/s based on the variation in the bubble rise velocity
as a function of the superficial gas velocity UG. When the results in Figures 1 and 2 are
compared, it becomes clear that the main flow regime change does not affect the profile of
the MT ratio.

Figure 2. Profile of the MT ratio as a function of UG in the air–acetone system. Variation of the bubble
rise velocity as a function of superficial gas velocity UG in the air-acetone system.
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Figure 3 shows that in the case of the air–benzene system, the MT ratio exhibits
also a decreasing trend as a function of the superficial gas velocity UG. In the figure, the
empirical correlation between both parameters is also shown. The exponent b (−0.147)
of UG is somewhat lower than the one for acetone. The constant A (0.351) is also lower.
It is noteworthy that this value is close to the reciprocal value (3/8 = 0.375) of the drag
coefficient CD in a turbulent flow surrounding the bubble [20].

Figure 3. Profile of the MT ratio as a function of UG in the air–benzene system.

Figure 4 shows that in the case of the air–cyclohexane system, the MT ratio also
exhibits a decreasing trend as a function of the superficial gas velocity UG. In the figure, the
power-law correlation between both parameters is also shown. The exponent b (−0.200) of
UG is somewhat lower than the one for benzene and twice lower compared to the case of
acetone. The constant (0.215) is also lower than the other two cases.

Figure 4. Profile of the MT ratio as a function of UG in the air–cyclohexane system.
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Figure 5 shows that in the case of the air–ethylacetate system, the MT ratio also exhibits
a decreasing trend as a function of the superficial gas velocity UG. In the figure, the power-
law correlation between both parameters is also shown. The exponent b (−0.079) of UG is
the lowest as compared to the other cases. The constant A (0.462) is very close to the one
for the air–acetone system.

Figure 5. Profile of the MT ratio as a function of UG in the air–ethylacetate system.

Figure 6 shows that in the case of the air–ethylbenzene system, the MT ratio also
exhibits a decreasing trend as a function of the superficial gas velocity UG. In the figure,
the empirical correlation between both parameters is also shown. The exponent b (−0.085)
of UG is very close to the one (−0.079) shown in Figure 5. The constant A (0.445) is also
very close to the one (0.462) for the air–ethylacetate system.

Figure 6. Profile of the MT ratio as a function of UG in the air–ethylbenzene system.
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Figure 7 shows that in the case of the air–methanol system, the MT ratio also exhibits
a decreasing trend as a function of the superficial gas velocity UG. In the figure, the power-
law correlation between both parameters is also shown. Both the exponent b (−0.117) of
UG and the constant A (0.440) are very close to the one for the air–acetone system.

Figure 7. Profile of the MT ratio as a function of UG in the air–methanol system.

Figure 8 shows the monotonical decrease of the MT ratio in the air–ligroin system. The
constant A and the exponent b are the lowest.

Figure 8. Profile of the MT ratio as a function of UG in the air–ligroin system.

3.2. Dependence of the MT Ratio on the Superficial Gas Velocity in Liquid Mixtures

When mixtures of benzene and cyclohexane are aerated with an air, the dependence
of the MT ratio on the UG is similar to the cases with organic liquids. Figure 9 shows
that in the case of a mixture of benzene with 6.7% cyclohexane, the MT ratio decreases
monotonically through all main flow regimes. The empirical correlation is characterized
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with a constant A equal to 0.342 and an exponent b equal to −0.164. This result is very
close to the air–benzene case (cf. Figure 3). The exponent is somewhat lower, whereas the
constant is again close to the inverse value of the drag coefficient CD (8/3) under turbulent
conditions.

Figure 9. Profile of the MT ratio as a function of UG in the 6.7% benzene–cyclohexane mixture.

When the concentration of cyclohexane in the mixture increases to 13.4%, the constant
A remains practically the same (cf. Figure 10) and very close to the inverse value of CD but
the exponent b increases somewhat to −0.113.

Figure 10. Profile of the MT ratio as a function of UG in the 13.4% benzene–cyclohexane mixture.

When the concentration of cyclohexane increases to 78.5%, the constant A decreases
somewhat down to 0.362 (cf. Figure 11), but it is still close to the characteristic value of
0.375 (1/CD). The exponent b takes the value of −0.105, which is practically the same as the
one in the case of Figure 10.
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Figure 11. Profile of the MT ratio as a function of UG in the 78.5% benzene–cyclohexane mixture.

When the contents of the cyclohexane in the mixture increase to 90.0% (cf. Figure 12),
the constant A drops down to 0.322, which is already a sensible deviation from the value of
0.375 (1/CD). The exponent b decreases somewhat to −0.127.

Figure 12. Profile of the MT ratio as a function of UG in the 90.0% benzene–cyclohexane mixture.

3.3. Dependence of the Fitting Parameters on the Schmidt Number

It was found that for both the constant A and the exponent b, there are three separate
regions where they could be correlated differently to the Schmidt number Sc. The latter
represents the ratio of kinematic viscosity to molecular diffusivity. Figure 13a,b show that
universal correlations for A and b with respect to the Sc number are not possible. In the
profiles of both A and b, the first region spans for Sc numbers from 50 to 148, the second
region spans from 148 to 224, and the third region covers Sc numbers from 224 to 382. A
well-pronounced minimum in the profiles of both parameters occurs at an Sc value of 224.
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(a) 

(b) 

Figure 13. (a) Profile of the constant A as a function of the Schmidt number Sc. (b) Profile of the
exponent b as a function of the Schmidt number Sc.

The kLa coefficient slightly depends (exponent = 0.17) on the column diameter (Akita
and Yoshida [21]). On the other hand, the overall gas holdup does not depend on the
column diameter [21]. So, based on these considerations, it is expected that the MT ratio
will increase only slightly in larger bubble columns.

3.4. Dependence of the MT Ratio on the Liquid Viscosity

Figure 14a shows that the MT ratio depends on the liquid viscosity in a complicated
way in organic liquids aerated with air at a UG value of 0.0082 m/s. At a liquid viscosity
of 0.00054 Pas (ligroin), the MT ratio exhibits a well-pronounced minimum. This range of
liquid viscosity should be avoided since the MT is the lowest and thus less efficient. At
liquid viscosities beyond 0.00065 Pas, the MT ratio decreases monotonically. The same
findings are observed at UG = 0.0163 m/s (cf. Figure 14b).
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(a)   

(b)   

Figure 14. (a) Profile of the MT ratio as a function of the liquid viscosity at UG = 0.0082 m/s.
(b) Profile of the MT ratio as a function of the liquid viscosity at UG = 0.0163 m/s.

3.5. Dependence of the MT Ratio on the Surface Tension

There is also a local minimum in the dependence of the MT ratio on the surface tension.
In the case of cyclohexane (surface tension = 0.0248 N/m), there is a well-pronounced local
minimum in the MT ratio values. Such a condition should be avoided since the MT process
is ineffective. Beyond this critical surface tension, the MT ratio tends to increase. These
findings are demonstrated at two UG values: at UG = 0.0082 m/s (Figure 15a) and at UG =
0.0163 m/s (Figure 15b).
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(a) 

(b) 

Figure 15. (a) Profile of the MT ratio as a function of the surface tension at UG = 0.0082 m/s.
(b) Profile of the MT ratio as a function of the surface tension at UG = 0.0162 m/s.

4. Conclusions
In this work, the dependence of the mass transfer (MT) ratio (kLa coefficient-to-gas

holdup) on the superficial gas velocity UG in a bubble column (0.095 m in ID) operated with
seven different organic liquids has been studied. It was found that in all hydrodynamic
regimes, the MT ratio decreases monotonically as a function of UG. In such a way, it has
been proven that the previous results of some researchers are not generally valid and the
MT ratio is not constant in the heterogeneous flow regime.
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Empirical correlations between the MT ratio and UG have been developed. Both the
constant A and the exponent b have been correlated to the Schmidt number Sc, and it has
been found that there are three regions in which these parameters could be correlated in
different ways to the Sc number. In other words, generally valid empirical correlations
between the parameters A and b and the Sc number are not feasible.

In the case of four mixtures between benzene and cyclohexane, it has also been found
that the MT ratio decreases monotonically as a function of the superficial gas velocity UG.

Finally, the MT values (in seven organic liquids) as a function of both liquid viscosity
and surface tension have been investigated. It has been found that in both cases, there is a
well-pronounced local minimum. Beyond this critical value, the MT ratio decreases in the
case of liquid viscosity, whereas it tends to increase in the case of the surface tension.
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Abbreviations

BC bubble column
ID inner diameter
MT mass transfer
Nomenclature
a gas–liquid interfacial area m−1

A constant in the MT correlation –
b exponent in the MT correlation –
CD drag coefficient in a turbulent flow –
CE concentration of dissolved oxygen a.u.
CE,sat liquid concentration at saturation a.u.
DL molecular diffusivity m2/s
kL liquid-phase MT coefficient m/s
kLa volumetric liquid-phase MT coeff. s−1

L0 clear liquid height m
L aerated liquid height m
UG superficial gas velocity m/s
Dimensionless number
Sc Schmidt number –
Greek letters
εG overall gas holdup –
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