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In this study, an optimization method is proposed to enhance the gas–liquid mass transfer in bubble col-
umn reactor based on the entropy generation extremum principle. The mass transfer–induced entropy
generation can be maximized with the increase of mass transfer rate, based on which the velocity field
can be optimized. The oxygen gas–liquid mass transfer is the major rate–limiting step of the toluene
emissions biodegradation process in bubble column reactor, so the entropy generation due to oxygen
mass transfer is used as the objective function, and the conservation equations of the gas–liquid flow
and species concentration are taken as constraints. This optimization problem is solved by the calculus
of variations, the optimal liquid flow pattern is obtained and the relationship of the maximum mass
transfer enhancement on viscous dissipation is revealed, which can be used to improve the design of
internal structure of the bubble column reactor.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction uid mass transfer was the rate-limiting step of the biodegradation
The industrial waste gases containing volatile organic com-
pounds (VOCs) such as toluene, methanal and styrene can cause
severe air pollution and thus represent a potential human health
hazard [1–3]. Biodegradation is expected to be more suitable than
traditional physical and chemical methods for the treatment of
industrial waste gas in low concentrations due to its advantages
of low cost, high efficiency and no secondary environmental pollu-
tion [4,5], and the bubble column reactor is often used for
biodegradation of waste gas as it can provide high gas–liquid con-
tact and high heat and mass transfer rates at low cost [6–8]. For
instance, Hecht et al. [9] used a bubble column reactor for
biodegradation of trichloroethylene in the waste gas. Tokumura
et al. [7] studied the dynamic performance of photo-Fenton degra-
dation process of toluene emissions in a bubble column reactor.
Wang et al. [10] used Pseudomonas putida to treat toluene emis-
sions in a bubble column and established a computational fluid
dynamics (CFD) model to predict the liquid velocity and concentra-
tion distributions, and the results revealed that the oxygen gas–liq-
process.
Many attempts have been made to enhance the efficiency of the

bubble column reactor by increasing the gas–liquid mass transfer
rate [11,12]. Al-Mashhadani et al. [13] dispersed the gas into
microbubbles in a bioreactor by fluidic oscillation, which dramati-
cally increased the available interfacial area for mass transfer and
the liquid circulation for mixing. Bannari et al. [14] installed an
impeller in the middle of the bioreactor to enhance the gas–liquid
mass transfer. Wadaugsorn et al. [15] installed a draft tube in the
bubble column to improve the mixing and mass transfer, and the
size and position of the draft tube were optimized by CFD simula-
tions. However, it should be noted that the gas–liquid mass trans-
fer rate is increased in most studies by improving the liquid phase
flow pattern, which relies on the analysis of the performance feed-
back data from either experiments or numerical simulations. Obvi-
ously, such an approach can effectively improve the gas–liquid
mass transfer in the bubble column but can hardly find the flow
pattern that gives the highest interfacial mass transfer rate.

The entropy generation extremum principle has been success-
fully applied to enhance fluid flow and heat and mass transfer
[16–19]. Li et al. [20] developed an optimization method based
on the entropy generation extremum principle to enhance the heat
transfer in a solar receiver. Cao et al. [21] found that maximization
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of entropy generation due to reaction and heat transfer could
enhance the solar thermal decomposition of methane, and there
existed an optimal flow field that could be found at fixed viscous
dissipation. In addition, Jia et al. [22] showed that the entropy gen-
eration extremum principle was capable of giving the thermody-
namic limit for the mass transfer enhancement, and the mass
transfer-induced entropy generation should be minimized for a
fixed mass flux boundary condition but maximized for an isocon-
centration boundary condition, respectively. In this study, a flow
pattern optimization method based on the entropy generation
extremum principle is firstly established to enhance the gas–liquid
mass transfer in bubble column reactor, and the optimal liquid
flow field is obtained at a given mechanical energy input.

In the following sections, a CFD model is established to simulate
the biodegradation process of toluene emissions in a bubble col-
umn reactor, and then an optimization problem is formulated for
this process. The entropy generation due to the mass transfer of
dissolved oxygen is taken as the objective function, and the conser-
vation equations of the gas–liquid flow and species concentrations
are taken as constraints. This problem is solved by calculus of vari-
ations. The optimized flow patter and species concentration distri-
butions are compared with that obtained without optimization. At
last, the relationship between viscous dissipation and removal effi-
ciency is discussed and some conclusions are drawn.
2. Model Formulation and Optimization Method

The bubble column reactor used in this study is schematically
shown in Fig. 1, where the height is 1400 mm and the width is
120 mm. In the experiment, the liquid depth is 1200 mm from
the reactor bottom, and the waste gas is injected into the reactor
from the bottom through an inlet with a width of 50 mm. After
that, toluene is absorbed in the liquid phase and then degraded
into carbon dioxide and water by the suspended microorganism
Fig. 1. A schematic diagram of the bubble column reactor.
Pseudomonas putida WQ-03. The experimental data have been
reported by Wang et al. [10].

2.1. Governing equations

2.1.1. Continuity equation
Because of the small quantity of toluene in the effluent gas, the

gas–liquid mass transfer is expected to have a negligible effect on
mass balance. The steady state continuity equation for gas and liq-
uid phases is given below:

@ akqkUk;i
� �

@xi
¼ 0 ð1Þ

where the subscript k denotes the phase (G refers to the gas phase
and L refers to the liquid phase), the subscript i denotes the direc-
tion (j refers to another direction), U is the velocity, a is the volume
fraction, and q is the density.

2.1.2. Momentum conservation equation
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where P, l, u is the pressure, viscosity, fluctuating velocity respec-
tively, and Mk accounts for the gas–liquid interfacial force. The tur-
bulence effect is calculated by the RNG k–e model [23]. The drag
force and lift force are considered to calculate the interphase forces
Mk in this work:
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The superscript d and l represent the drag force and the lift force

respectively, Cd is the drag coefficient and Cl is the lift coefficient.
The value of Cl is taken as 0.5 [10] and the model proposed by Ishii
and Zuber [24] is used to calculate the Cd. d32 is the gas phase Sau-
ter bubble diameter, which is calculated by the population balance
(PB) model [25].

2.1.3. Species conservation equation
The species i of toluene/oxygen in the gas/liquid phase is repre-

sented by its mass fraction Ci.
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where the superscripts t, o and x denote the toluene, oxygen and
biomass, respectively. Ci* is the equilibriummass fraction of species

i in the liquid phase, a is the interfacial area, and Di
eff is the effective

mass diffusivity of species i. Given the low gas–liquid mass transfer
rate of oxygen and the low variation (within 10%) of gas phase pres-
sure in the bubble column, the gas phase oxygen concentration is
assumed to be a constant. S = aLr is the source term for the bioreac-
tion, and r is the reaction rate. The eddy cell model [26] is adopted
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to calculate the gas–liquid mass transfer coefficient Ki
LG in this

work.

2.1.4. Microbial kinetics
The biomass is assumed to possess a substrate–inhibited

response to the dissolved toluene and a Monod–type response to
the dissolved oxygen [27]. The bioreaction rate of the biomass rx

is expressed as follows [28,29]:

rx ¼ d qLC
x
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t
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where lmax is the maximum specific growth rate, Kt and Ko are the
half–saturation constants for toluene and oxygen, and KI is the inhi-
bitory constant for toluene. In addition, the degradation rate of
toluene, rt, is calculated by

rt ¼ d qLC
t
L

� �
d

¼ � 1
Yxt

rx ð10Þ

where the constant Yxt is the yield coefficient.
The value of Ko is obtained from the study of Ref. [28], while the

values of lmax, Kt, KI, and Yxt are obtained from the batch experi-
ment [10], as shown in Table 1.

The biodegradation products of toluene are assumed to consist
of cells, CO2, and H2O, and the bioreaction can be written as [30]:

C7H8 þ 6:88O2 þ 0:41NH3 ! 2:05CH1:84O0:55N0:2ðbiomassÞ
þ 4:95CO2 þ 2:73H2O ð11Þ

According to the above equation, the consumption rate of dis-
solved oxygen is 2.39 times that of dissolved toluene. And the oxy-
gen reaction rate ro can be calculated as follows:

ro ¼ 2:39rt ð12Þ
2.2. Optimization method

As the gas–liquid mass transfer of oxygen is the rate-limiting
step of the biodegradation process [10], a liquid flow field opti-
mization method is proposed in this section based on the entropy
generation extremum principle to enhance the gas–liquid mass
transfer rate of oxygen to its thermodynamic limit under the con-
dition of fixed viscous dissipation. The momentum conservation
equation for the liquid phase is given below:

@ aLqLUL;iUL;j
� �

@xj
¼ @

@xi

lL;eff

qL

@ aLqLUL;i
� �

@xi

� �
� aL

@P
@xi

þ aLqLg

þML þ F ð13Þ
where F is the external force reserved for the optimization method,
and in order to determine the optimum value of F, the optimization
problem with the entropy generation of oxygen mass transfer in the
liquid phase as the objective function is solved for the liquid veloc-
ity field and the associated external force field. The optimization is
performed with the constraints of fixed liquid–phase viscous
dissipation.

According to our previous work [22], in order to enhance the
mass transfer under the isoconcentration condition, the total
entropy generation should be maximized when solving the opti-
mization problem. As the oxygen concentration at the gas–liquid
Table 1
The values of microbial kinetic constants

Kt/g�m–3 KI/g�m–3 Ko/g�m–3 Yxt lmax/h–1

9.6 31.4 0.26 0.57 0.28
interface remains unchanged in the biodegradation of toluene in
the bubble column reactor, the boundary condition for the mass
transfer of dissolved oxygen in the liquid phase is taken to be the
isoconcentration condition, and in order to enhance the mass
transfer of dissolved oxygen in the liquid phase, the total entropy
generation due to mass transfer should be maximized. The entropy
generation by the mass transfer of dissolved oxygen Sge is
expressed as follows [22]:
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where CM is the total molar concentration in the liquid phase, and
the integral of Sge is taken as the objective function:

maxJ ¼
ZZZ

X
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where J is a function of the dissolved oxygen concentration Co
L and

its gradient. The continuity (Eq. (1)), momentum conservation (Eq.
(13)), and species conservation (Eqs. (5)–(8)) should be satisfied
in the mass transfer process. In addition, the total liquid phase vis-
cous dissipation in the bubble column reactor is constrained to a
constant, which is given by Eq. (16):ZZZ

X
/LdV ¼ const ð16Þ

where /L is the local liquid phase viscous dissipation:
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Thus, the problem is to maximize the objective function J
described in Eq. (15). Then, the constraints are incorporated into
the objective function by Lagrange multiplies:
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where A, B and Cs are Lagrange multipliers, in which Cs is a constant,
while A and B are variables that vary with position. The optimiza-
tion problem can be solved by calculus of variations.

The variation of Eq. (18) with respect to Co
L is given by:
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The variation of Eq. (18) with respect to U is given by:
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Comparison of Eq. (20) with Eq. (13) yields:
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Thus, the external force F in Eq. (13) can be calculated by Eq.
(22), and then the optimization problem described by Eq. (15) with
constraints can be solved by solving the set of the continuity equa-
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Fig. 3. The streamlines of the liquid phase in bubble column in the case of no
optimization (a) and optimization (b).
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tion (Eq. (1)), momentum conservation equation (Eq. (13)), and
species conservation equations (Eqs. (5)–(8)) to obtain the optimal
fields of velocity, species concentration and pressure.

3. Boundary Conditions and Numerical Solution

A velocity inlet boundary condition was applied to the inlet of
the bubble column reactor, and a degassing condition was applied
to the outlet [31–33]. For both gas and liquid phases, a no-slip con-
dition was applied on the wall. The equations were solved by the
finite volume method using ANSYS Fluent 14.5 in a 2D space. The
continuity, momentum conservation and species conservation
equations were solved using the SIMPLE algorithm and the
second-order discretization scheme. The external force F was
incorporated into the momentum equation by the user defined
function (UDF). A grid with 84200 structured quadrilateral meshes
was selected in this work after grid independence studies.

4. Results and Discussion

4.1. Model validation

Fig. 2 shows the simulated and experimental removal efficiency
of toluene (RE) at different toluene loadings. It is seen that RE is
decreased with the increase of the loading from 1 to 4 g�m�3,
and there is a good agreement between the simulated results
obtained by the proposed model and the experimental results of
Wang et al. [10], which verifies that the model described in Sec-
tion 2.1 could well describe the biodegradation process of toluene
in a bubble column reactor. The optimization is performed at a
superficial gas velocity of 0.01 m�s�1 and a toluene loading of
15 g�m�3 by the method proposed in Section 2.2.

4.2. Comparison between optimized and non-optimized results

CFD simulations of the biodegradation process of toluene in a
bubble column reactor with or without optimization were carried
out, and their streamlines and dissolved oxygen distributions were
compared, as shown in Figs. 3 and 4. A comparison between Fig. 3
(a) and (b) reveals changes in the flow pattern of the liquid phase
and formation of a large vortex in the middle of the bubble column
reactor due to the external force F. As shown in Fig. 4, this vortex
leads to the perturbation of the dissolved oxygen distribution.
The maximum dissolved oxygen concentration in the liquid phase
is increased from 3.19 g�m�3 in the case of no optimization to
3.64 g�m�3 in the case of optimization, and the average concentra-
Fig. 2. Comparison between experimental and simulated removal efficiency of
toluene at a superficial gas velocity of 0.01 m�s�1.
tion is increased from 1.31 to 1.49 g�m , indicating that the gas–
liquid mass transfer of oxygen is significantly enhanced.

The distribution of entropy generation due to mass transfer of
oxygen in the liquid phase is shown in Fig. 5. Fig. 5(a) shows that
entropy generation in the case of no optimization is relatively
higher in the middle and lower parts of the bubble column where
there exists distinct dissolved oxygen concentration gradient. Opti-
mization leads to a significant increase in entropy generation from
0.00294 to 0.00358W�m�3�K�1 on average (Fig. 5(b)). Thus, the dis-
solved oxygen concentration gradient near the gas–liquid interface
is increased, thus leading to transfer of more oxygen from the gas
phase to the liquid phase and consequently an increase in the dis-
solved oxygen concentration in the liquid phase (Fig. 4).

According to the bioreaction model described in Section 2.1, the
biodegradation rate of toluene St would increase as the dissolved
oxygen concentration in the liquid phase increases. Fig. 6 shows
Fig. 4. The contours of the liquid phase oxygen concentration (g�m�3) in the bubble
column in the case of no optimization (a) and optimization (b).



Fig. 5. The contours of entropy generation due to mass transfer of oxygen (g�m�3)
in the liquid phase in the case of no optimization (a) and optimization (b).

Fig. 7. Variation of the liquid phase volume-averaged entropy generation and
dissolved oxygen concentration with the volume-averaged viscous dissipation.
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that the average liquid phase toluene concentration is decreased
from 3.45 to 3.23 g�m�3 after optimization, which could enhance
the gas–liquid mass transfer driving force. As a consequence, the
removal efficiency of toluene in the gas phase is increased from
79.6% to 85.5% due to the optimization of the flow field.
4.3. Relationship between viscous dissipation and oxygen mass
transfer enhancement

Maximization of entropy generation is performed at a constant
viscous dissipation by Eq. (12), and the Lagrange multiplier Cs is
fixed to be a constant in formulating and solving the condition
equation set. Then, the optimization is performed at different val-
ues of Cs, and the maximum entropy generation and associated
velocity and concentration distributions can be obtained at differ-
ent viscous dissipation. Fig. 7 shows the variation of the liquid
phase volume-averaged entropy generation Sge and dissolved oxy-
gen concentration Co with the increase of volume-averaged viscous
dissipation /L from 9 to 12 W�m�3. It is seen that with the increase
of mass transfer enhancement (i.e., Co), both volume-averaged vis-
cous dissipation and entropy generation Sge are increased, which
Fig. 6. The contours of the liquid phase toluene concentration (g�m�3) in the bubble
column in the case of no optimization (a) and optimization (b).
supports the hypothesis described in Section 2.2 that the oxygen
concentration at the gas–liquid interface remains unchanged in
the biodegradation of toluene in a bubble column reactor and the
boundary condition for oxygen mass transfer in the liquid phase
can be set to be an isoconcentration condition. Thus, the vol-
ume–averaged entropy generation Sge should be maximized in
order to enhance the mass transfer of dissolved oxygen in the liq-
uid phase.

4.4. Relationship between viscous dissipation and removal efficiency

Fig. 8 shows the variation of the liquid phase volume-averaged
biodegradation rate of toluene St and its removal efficiency in the
gas phase RE with the volume-averaged viscous dissipation /L. It
is seen that the oxygen mass transfer and the dissolved oxygen
concentration Co increase with increasing volume-averaged vis-
cous dissipation /L, thus leading to an increase in the biodegrada-
tion rate of toluene St and subsequently an increase in the removal
efficiency of toluene in the gas phase RE from 79.6% in the case of
no optimization to 85.5% in the case of optimization. The viscous
dissipation increases with increasing mechanical energy input,
and it is well-known that the mass transfer process can be
enhanced by increasing the mechanical energy input. However, it
should be noted that the curve shown in Fig. 8 gives a thermody-
namic limit for the biodegradation process enhancement in a bub-
ble column reactor, because the result is obtained based on the
entropy generation extremum principle.
Fig. 8. Variation of the liquid phase volume-averaged biodegradation rate of
toluene and its removal efficiency in the gas phase with the volume-averaged
viscous dissipation.
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5. Conclusions

In this study, an optimization method is proposed to enhance
the biodegradation of toluene emissions in a bubble column reac-
tor based on the reconstruction of the flow field. As the oxygen
gas–liquid mass transfer is the rate-limiting step of the biodegra-
dation process, and the oxygen concentration at the gas–liquid
interface remains unchanged, maximization of entropy generation
due to oxygen mass transfer in the liquid phase can enhance the
oxygen mass transfer at the gas–liquid interface and consequently
the biodegradation rate of toluene. There exists an optimal liquid
phase flow field that can be found at a fixed viscous dissipation.
An optimization problem is formulated with entropy generation
due to oxygen mass transfer in the liquid phase as the objective
function and all conservation equations as constraints, and it is
solved by using calculus of variations. In addition, a set of condition
equations are constructed to obtain the optimal solution. A ther-
modynamic limit is obtained by the proposed method for enhance-
ment of oxygen mass transfer in the biodegradation process at a
given viscous dissipation. As the liquid viscous dissipation is var-
ied, the relationships of dissolved oxygen concentration and
removal efficiency with viscous dissipation can be obtained. As
expected, increasing the mechanical energy input can enhance
the mass transfer. The optimal liquid flow pattern can be obtained
by the proposed optimization method, which can provide an
insight into how the flow pattern can be used to enhance the mass
transfer and a guideline for designing the internal structure of the
bubble column, such as the shape, position and size of the draft
tube.
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