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A three-dimensional transient model, combining three-phase fluid flow, interphase mass transfer and
intrinsic bioreaction kinetics, was developed to simulate the dynamic behaviors of batch phenol biodegra-
dation by immobilized Candida tropicalis in a gas-liquid-solid three-phase bubble column (BC). A
computational fluid dynamics (CFD) method was used, with a multiple size group model adopted to
determine the bubble size distribution, based on a previous three-phase BC hydrodynamic CFD model
[1]. Current simulation results of phenol and oxygen concentration changes in the liquid phase were val-
idated by corresponding experimental measurements under various operating conditions. Furthermore,
local transient batch phenol biodegradation characteristics such as the oxygen concentration profiles in
Bubble column the gas, liquid and solid phases, the phenol concentration profiles in the liquid and solid phases, and the
Dynamic simulation cell concentration profile in the solid phase were predicted. Comparisons between species interphase
CFD mass transfer and bioreaction rates were carried out to identify the rate-limiting step in the immobilized
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batch phenol biodegradation processes.
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1. Introduction

Phenol is a common pollutant of industrial wastewaters from
oil refineries, petrochemical plants, coking plants, brown coal
distilling plants, wood manufacturing plants and phenolic-resin
industries. Accumulation of phenol in an ecosystem can cause
harmful effects so it is necessary to treat this waste before its safe
discharge to water [2].

Biological treatment is a feasible method for removal of phenol
from wastewater because of its low cost and avoidance of secondary
pollution, especially at relatively low concentrations, compared
with physicochemical methods [3]. Reactions with immobilized
microbial cells are attracting more attention, as they may offer sev-
eral advantages over processes with suspended biomass, including
protecting cells from toxic substances and preventing suspended
particles from joining the effluent stream [4]. Moreover, immo-
bilized cells can be reused and can be easily separated from the
reaction mixture [5]. Various types of solid matrices, such as poly-
acrylamide gels, alginate gels, porous glass, etc., have been used
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for immobilization of whole cells to maintain a high concentration
of microorganisms in reactors [6-13]. Immobilization of cells with
polyvalent salts of alginate has received the most attention because
of the low cost and the mild conditions involved [14-17].

Bubble columns (BCs) have found wide applications over
the years as cost-effective reactors for many industrial bioreac-
tions [18]. Recently, numerous experimental investigations have
indicated that BCs have very good performance in phenol biodegra-
dation processes, both in gas-liquid (G-L) two-phase systems
and in gas-liquid-solid (G-L-S) three-phase systems [19-26].
However, the understanding of this complex system, combining
multiphase fluid flow, interphase mass transfer and intrinsic biore-
action, is rather limited, which prevents better optimization and
scale-up of the process [27].

Computational fluid dynamics (CFD) has been adopted in the
last decade as a useful tool to aid understanding of the multi-
phase hydrodynamics of BCs and, to a large extent, it can replace
time-consuming and expensive experiments [28-33]. The current
focus is on the modelling of multiphase bioreaction processes, for
example, phenol biodegradation. However, most reports to date
have been limited to the modelling of fluid hydrodynamics in G-L
BCs [34-44] and only Feng et al. [45] in our lab have successfully
developed a three-dimensional (3D) transient CFD model for simu-
lating the local dynamic behaviors of phenol biodegradation in G-L
BC using free cells. Until now, reports published on modelling of
the fluid hydrodynamics of G-L-S BCs, let alone the G-L-S phenol
biodegradation processes, have been very limited [46-48].
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Nomenclature

A growth associated constant for phenol consumption
a specific area (m~1)

B non-growth associated constant for phenol con-

sumption (s~ 1)
C concentration (kg m—3)
D kinematic diffusivity (m2s-1)
d diameter (m)
g gravitational acceleration (ms—2)
K mass transfer coefficient (ms=1)

K; phenol inhibition constant (kg m—3)

Ko oxygen half-saturation constant (kgm~3)
Ks phenol half-saturation constant (kg m—3)
S source term (kgm~3s-1)

Scr turbulence Schmidt number

t time (s)

u velocity vector (ms=1)

X mass fraction

Yyio cell growth yield based on oxygen

Greek letters

o volume fraction

& turbulence eddy dissipation (m?2s—3)

r mass transfer source term (kgm=3s-1)
w molecular viscosity (Pas)

Mmax maximum specific cell growth rate (s—1)
T turbulence induced viscosity (Pas)

0 density (kgm3)

Superscripts

*

saturated state
- dimensionless state

Subscripts

0 initial state
a alginate gel
g gas phase

1 liquid phase
m mineral salt medium
n nitrogen

0 oxygen

p phenol

s solid phase
sup superficial
X cell

Until recently, bubbles were usually considered to be uniformly
distributed in the multiphase reactor but with progress in model
development, the evolution of bubble size distribution (BSD) and
bubble-bubble interactions can now be taken into account, both
of which play very significant roles in calculation of the G-L spe-
cificinterfacial area [49-54]. With the so-called multiple size group
(MUSIG) model, bubble sizes result directly from the population
balance equation and bubble-bubble interactions are controlled by
bubble coalescence and breakup laws [55,56].

The objective of this study was to develop a 3D transient
CFD model for simulating the dynamic behaviors of batch phe-
nol biodegradation with immobilized Candida tropicalis in alginate
gel beads in a G-L-S three-phase BC. This required coupling of
three-phase fluid flow, interphase species mass transfer and intrin-
sic bioreaction kinetics, with the BSD determined by applying the
MUSIG model. Model simulation results of phenol and oxygen
concentration changes in the liquid phase were validated by cor-

responding experimental measurements under various operating
conditions. Local transient phenol biodegradation behaviors, such
as hydrodynamic characteristics and species distributions, were
predicted by the model and the rate-limiting step was determined
through comparisons between interphase mass transfer and biore-
action of species.

2. Model development

In the immobilized batch phenol biodegradation process, solid
carriers are suspended in the liquid phase. Oxygen is transferred
from the gas phase into the liquid phase and both phenol and
oxygen are transferred from the liquid phase into the solid phase,
where they are consumed by cells. The solid particles are assumed
to be spherical, with a single, constant radius during the biodegra-
dation process, while cells are distributed uniformly within the
alginate gel beads. Substrate degradation and cell growth within
the alginate gel beads are both limited by phenol and oxygen con-
centrations, while all other nutrients are in excess. The influence of
free cells in the liquid phase on phenol biodegradation is negligible
because they are present only in very small amounts [57].

Based on the above considerations, a 3D transient CFD model
was developed to simulate the batch phenol biodegradation
dynamic behaviors by immobilized C. tropicalis in a G-L-S three-
phase BC, combining three-phase fluid flow, interphase species
mass transfer and intrinsic bioreaction kinetics. An Eulerian
approach was adopted to describe the flow behavior of each phase.
The liquid phase, composed of mineral salt medium, phenol and
oxygen, was considered to be the continuous phase, while the gas
phase, composed of nitrogen and oxygen, and the solid phase, com-
posed of alginate gel, phenol, oxygen and cells, were considered to
be the dispersed phases. A turbulence model, simulating the local
transient hydrodynamics as well as the MUSIG model describing
the BSD, were previously presented in detail [1] so is not repeated
here.

2.1. Species transport equations

The following provides a detailed description of the species
transport equations and the corresponding model parameters:

d
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where p is the density of each phase, « is the volume fraction of
each phase, x is the mass fraction of each species in a given phase,
u is the velocity vector of each phase, D is the kinematic diffusivity
of each species in a given phase, w7 is the turbulence viscosity of
each phase, Scr is the turbulence Schmidt number of each phase,
with the default value of 0.9 [58], S is the reaction source term of
each species, and I" is the interphase mass transfer source term of
each species. The subscripts g, [, and s denote the gas, liquid and
solid phase, respectively; o, p and x denote oxygen, phenol and cell
species, respectively.

Nitrogen was considered to be the constraint component in
the gas phase; the mineral salt medium was considered to be the
constraint component in the liquid phase; and alginate gel was
considered to be the constraint component in the solid phase. The
species balance in each phase is given by the following equations:

Xog +Xng=1 (7)
X07[+Xp’l+XmJ= 1 (8)
Xog +Xp,s +Xxs +Xas =1 (9)

where the subscripts n, m and a denote the nitrogen, mineral salt
medium and alginate gel species, respectively.

The gas phase oxygen kinematic diffusivity,
Dog=2x10">m?s~1, the liquid phase oxygen kinematic dif-
fusivity, D,;=2.54x102m?s~! and the liquid phase phenol
kinematic diffusivity, Dp; = 8.69 x 10~ m? s~1 [59]. The solid phase
oxygen and phenol kinematic diffusivities were calculated using
the random-pore model in the presence of cells [57]:

—.2
Do.s = Do i[1—2.6 x 107> (psxxs)] (10)

—.2
Dp,s = Dp[1 = 2.6 x 10-3(psxs) ] an

Note that the cell concentration in the solid phase, (psxxs), is
in the dimensionless state in the above two equations. The solid
phase cell kinematic diffusivity, Dxs, was regarded to be 0.

Haldane’s equation proved to be suitable for simulating the
intrinsic cell growth kinetics of free cells of C. tropicalis when phe-
nol is the sole carbon source and exhibits inhibition effects under
high concentration [60]. As this study was carried out for an immo-
bilized cell system, the oxygen limitation effect had to be taken into
account for better simulation pf the cell growth behavior within the
alginate gel beads, which is expressed by the Monod equation [61].
The reaction source term of each species in the solid phase can then
be written as:

X
Sx,s = Osphx(OsXx,s) = Us Mmax(PsXp,s) 5 )
Ks + (posxx,s) + (psxx,s)" /K;
PsXo,s
Ko + (psxos) P 12
X K +(/05Xo,s)(ps X,5) (12)
Sp,s = as[Apx(0sXx,s) + B(psXx,s)] = A - Sxs + otsB - (0sxx,s) (13)

(%)

X,S

Sos = 72 (14)
where pmax is the maximum specific cell growth rate, Ks is
the phenol half-saturation constant, K; is the phenol inhibition
constant, K, is the oxygen half-saturation constant, A is the
growth associated constant for phenol consumption, B is the non-
growth associated constant for phenol consumption and Yy, is
the cell growth yield based on oxygen. These intrinsic bioreac-
tion kinetic parameters were obtained from previous studies and
the literature, with ftmax=1.33 x 107451, K;=1.17 x 10~2 kgm3,
K;=2.08x10"1kgm—3, A=8.23x10"!, B=7.69x10>s~! [60],
Ko=2.6 x 10~*kgm~3 and Yy, =4.65 x 10~1 [61]. The species inter-
phase mass transfer source term is:

Fo,gl = Ko,glag[(plxz,l) - (plxo,l)] (15)
ro,ls = Ko,lsasl(psx:;,s) — (psXo,s)] (16)
Fp,ls = Kp,lsas[(psxis,s) — (psxp,s)] (17)

The gas-liquid oxygen mass transfer coefficient, K, g, was cal-
culated by [62]:

2 £p 0.25
Kot = —=+/Dos (“2) (18)

where ¢ is the liquid phase turbulence eddy dissipation and u is
the molecular viscosity.

The liquid-solid oxygen mass transfer coefficient, K, j;, and the
liquid-solid phenol mass transfer coefficient, Ko ps, were calculated
by the following correlations [63]:

1/3 0.2
D 4
Ko 15 = di" 240695 % (19)
: PiDo.1 (ilpr)

1/3 0.2
D dd
Ky = -2 2 4 0.695( CesupSs (20)
' ds PiDp,1 (rilpn)

The liquid phase saturated oxygen mass fraction at the speci-
fied gas phase oxygen mass fraction, x(’;’ ;» the solid phase saturated
oxygen mass fraction at the specified liquid phase oxygen mass
fraction, xj , and the solid phase saturated phenol mass fraction at
the specified liquid phase oxygen mass fraction, x} ;, were calcu-
lated through the mass fraction equilibrium ratio of oxygen and
phenol between the gas-liquid interphase and the liquid-solid
interphase, respectively.

The gas bubble specific area was calculated by ag =6ag/d; and
the solid bead specific area was calculated by as = 6cs/d;.

The phase density, p, molecular viscosity, i, volume fraction,
«, velocity vector, u, turbulence viscosity, wr, and the liquid phase
turbulence eddy dissipation, ¢ and the Sauter mean bubble diam-
eter, dg, were all obtained from the turbulence model, combined
with the MUSIG model presented previously [1].

The species transport due to interphase mass transfer and biore-
action is small compared with the main body of each phase, thus its
effects on the continuity equations and the momentum equations
were neglected [58].

2.2. Initial and boundary conditions

Transient calculations start from the assumptions that each
phase velocity is 0 m/s, the gas volume fraction is 0 and the solid
particles distribute uniformly within the reactor. Initial phenol
concentrations in the liquid phase C,p=0.1, 0.15 and 0.2kg m3,
initial phenol concentration in the solid phase was 0 kg m~3; ini-
tial cell concentration in the solid phase was 9kgm™3; initial
oxygen volume fraction in the gas phase was 0.21; initial oxy-
gen concentrations in the liquid phase and the solid phase were
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Fig. 1. Time courses of volume-averaged oy, dg and uy, under different Ugy, =0.01, 0.02, 0.03 m/s and fixed C,p =150 mg/L, o509 =0.02.

7.56 x 103 kg m~3 (saturated oxygen concentration at 30°C and
normal pressure), solid loading o5 0 =1, 2 and 3% (volume fraction).

The superficial gas velocity Ugsyp =0.01,0.02, and 0.03 m/s, then
the inlet gas velocities were determined according to the area of
the distributor plate, with a gas holdup of unity and a size frac-
tion of the 3rd bubble group (diameter 4.5 mm) set to be unity for
the inlet condition [1]. The boundary condition for the walls was
defined as no-slip for the continuous phase and free-slip for the
dispersed phases. The modelling has to be done in a defined compu-
tation domain, but the volume of the liquid change with the change
in the superficial gas velocity. To conciliate these two aspects, a
proper outlet condition at the top of the column was defined, which

was firstly proposed by Padial et al. [64] and was also successfully
adopted by Michele and Hempel [48]: the periphery area is defined
as the opening boundary where only liquid can leave the compu-
tation domain; the inner area is defined as the degassing boundary
where only gas can leave the computation domain; the solid is kept
within the reactor [1,58].

2.3. Numerical solution
In order to numerically solve the partial and ordinary differential

equations, a “high-resolution” discretisation of the equations was
carried out using a finite volume scheme with a coupled multi-grid
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Fig. 2. Time courses of volume-averaged Cog, Co; and G, s under different Ugs,p =0.01, 0.02, 0.03 m/s and fixed Gy =150 mg/L, a0 =0.02.
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solver, as implemented in the commercial CFD code CFX. Unstruc-
tured grids of 10mm x 10 mm x 15mm, 5mm x 10 mm x 15 mm
and 5mm x 5mm x 15 mm were implemented with a total num-
ber of 17,640 cells within the 0.2m x 0.2 m x 0.6 m computation
domain [1]. To save computing cost, a time-stepping strategy was
adopted [65], with 100 steps at 0.001s, 100 steps at 0.002s, 100
steps at 0.005s, 100 steps at 0.01 s, 100 steps at 0.02 s and 100 steps
at 0.05s. For the remaining time the time step length was 0.1s. A
typical solver run over 600 s of computer time took about 400 h on
an Intel Pentium D 3.0 GHz processor. Convergence was good at the
criteria of 1 x 10~ for all variables calculated.

0.0

3. Methods and materials
3.1. Microorganism and culture conditions

A pure culture of the yeast C. tropicalis stored in our lab was
used in this study. The yeast was isolated with the ability to uti-
lize phenol as a sole carbon source and could tolerate very high
phenol concentrations, up to 2 kg m~3. Liquid cultures were grown
in a mineral salt medium containing 0.5 kg m~—3 phenol at 30°C in
a rotary shaker at 200 rpm. The liquid mineral salt medium con-
tained (kgm™3): 0.4 K,HPOy, 0.2 KH,PO,4, 0.1 NaCl, 0.1 MgSOy,
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0.01 MnS04-H,0, 0.01 Fe(S04)3-H,0,0.01 Na;Mo0O4-2H,0 and 0.4
(NH4),S04 (pH=6.0). Phenol was sterilized by filtering through
membranes (pore size 2x 107 m) and added to the medium
before inoculation [60]. The cell concentration in the liquid min-
eral salt medium was monitored spectrophotometrically, while
cell concentration on a dry weight basis was measured by filter-
ing the cell suspension with a filter and drying the filter paper
and cells to a constant weight for 24 h at 105 °C. A linear relation-
ship between the dry cell weight and the optical density (OD) was
obtained as: cell concentration (kgm~3)=0.35 x OD-6.92 x 10~4
[66].

3.2. Immobilization procedure

Sodium alginate at 2% (w/v) was used for the immobilization
of the C. tropicalis cells. An inoculum of cell suspension at the
late exponential phase (OD=1.3, cell concentration=0.45kgm~3)
was centrifuged and then added into the sterilized sodium algi-
nate at room temperature to make a cell concentration of 9 kg m—3.
Then the alginate/cell mixture was agitated uniformly and extruded
aseptically through a needle into a stirred solution of sterile 0.1 M
calcium chloride. The height of the needle and rate of stirring of
the calcium chloride solution were adjusted carefully so that uni-

£
s Sim Measured data = C =100mg/L  C =150mg/L 4 C =200 mg/L
=] p P P P
g
€
8
[ =4
8
=
‘é 5
3 8
6
4
2 o c
O S I o B ma s e
0 50 100 150 200 250 300 350 400 450 500 550 600
t(s)
——C,,=100mg/L- - -C_=150mg/L- - C, ;=200 mg/L

Fig. 6. Time courses of volume-averaged Cog, C,; and C, s under different C,o =100, 150, 200 mg/L and fixed Ugsup =0.02 m/s, crs0 = 0.02.
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form spherical alginate gel beads were obtained with an average
diameter of 3.5 x 103 m. Beads were left to harden in the calcium
chloride solution for 2 h for complete replacement of sodium ions
by calcium ions. The apparent density was evaluated by putting
a number of alginate gel beads in a 50 mL glass cylinder, giving a
value of 1048 kg m~3.

3.3. Batch phenol biodegradation in a three-phase BC

The experimental apparatus was the same as that used by Feng
et al. in our lab [45]. The column had a square cross-section of
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0.2m x 0.2m and a height of 1 m. A square stainless steel perfo-
rated distributor plate with a width of 0.05 m, containing 625 holes
(diameter 5 x 10~4m), was centrally located at the bottom of the
column. Liquid mineral salt medium was the liquid phase, with a
static height of 0.6 m. Liquid phase physical properties were taken
to be the same as those of pure water, according to the correla-
tions proposed by Escobedo and Mansoori [67]. Air (79% nitrogen
and 21% oxygen by volume) was the gas phase with superficial gas
velocities of 0.01, 0.02 and 0.03 m/s. The air was filtered with an
air filter column and then introduced into the column via the gas
diffuser, flow rate measured by a rotor flow meter. At the out-
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let of the column, a filter was also used to protect the BC from
being contaminated. Alginate gel beads containing cells were the
solid phase, with bead loadings of 1, 2 and 3%. After washing with
deionized water and sterilized mineral salt medium, batch phe-
nol biodegradation by immobilized C. tropicalis was performed in
the three-phase BC for initial phenol concentrations of 0.1, 0.15,
and 0.2kgm~3. The initial pH was 6.0 and the temperature was
maintained at 30°C by circulating heated water through a water
jacket. Samples were taken at several locations along the column
periodically for the measurement of phenol and oxygen concentra-
tions in the liquid phase. The measurement of phenol concentration
was achieved using an HPLC method presented previously [60].

The measurement of oxygen concentration was performed by an
absolute oxygen electrode (Mettler Toledo 6050, Switzerland). Each
measurement was repeated three times and the data shown in the
corresponding figures were the average ones.

4. Results and discussion

4.1. Model simulation of time courses of the volume-averaged
process variables

The developed CFD model was used initially to simulate the
time courses of the volume-averaged dynamic behaviors of the
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Fig. 10. Time courses of volume-averaged Cog, C,; and C,s under different o5 =0.01, 0.02, 0.03 and fixed Uggup =0.02, Cpo =150 mg/L.
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immobilized batch phenol biodegradation in the three-phase BC,
including hydrodynamic characteristics and species mass con-
centrations, as shown in Figs. 1-12 under different operating
conditions. Oxygen and phenol concentrations in the liquid phase
were measured experimentally and used to compare with the
model simulation results for validation in Figs. 2, 3,6, 7, 10 and 11.
The overall validation of the model simulation results for the
liquid phase oxygen and phenol concentrations was satisfactory.
For liquid phase phenol concentration comparisons, the correla-
tion coefficient, R?, is larger than 0.986 in all cases. For liquid
phase oxygen concentration comparisons, the correlation coeffi-
cient, R?, is larger than 0.801 in most cases, except for values of
0.629, obtained at Cp=150mg/L, a50=0.02 and Ugsyp =0.03 m/s,

as shown in Fig. 2 and 0.774, obtained at G, o =150 mg/L, o590 =0.03
and Ug,syp =0.02 m/s, as shown in Fig. 10. The relatively low correla-
tion coefficients for oxygen concentration comparisons compared
with phenol concentration comparisons may be attributed to the
low sensitivity of the DO electrode measurement compared with
the HPLC method.

Figs. 1-4 show the time courses of the volume-averaged hydro-
dynamic characteristics, such as gas holdup oz, mean bubble
diameter dg and axial liquid velocity u,. These figures also show
the volume-averaged species mass concentrations, such as gas
phase oxygen concentration Cog, liquid phase oxygen concen-
tration C,, liquid phase phenol concentration Cp), solid phase
oxygen concentration Co, solid phase phenol concentration Cps

— T T " T~ T "~ T T~ T "~ T " T T T "1
100 150 200 250 300 350 400 450 500 550 600

t(s)

a,=001---q =002-----a =003

Fig. 12. Time courses of volume-averaged I"og — I"o s, I o4s —Sos and I, s —Sps under different 50 =0.01, 0.02, 0.03 and fixed Ugsyp =0.02, Cp0 =150 mg/L.
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and solid phase cell concentration Cx. Finally, the figures show the
volume-averaged species transport comparisons such as the dif-
ference between the gas-liquid oxygen mass transfer source and
the liquid-solid oxygen mass transfer source I"y g — I, s, the dif-
ference between the liquid-solid oxygen mass transfer source and
the solid phase oxygen reaction source I s — Sos, and the differ-
ence between the liquid-solid phenol mass transfer source and
the solid phase phenol reaction source I'p s —Sps, under differ-
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ent Ugsyp =0.01, 0.02 and 0.03 m/s and constant C, o =50 mg/L and
050 =0.02.

The volume-averaged axial liquid flow in the BC is zero as the
upward liquid counteracts the downward liquid, but not the veloc-
ity itself. Then the volume-averaged u,, can be adopted to evaluate
the hydrodynamics of the BC under different operating conditions.
However, it is hard to estimate its value considering the interac-
tions between the liquid and the top/bottom of the column, except
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for software calculation. And one should be notified that the BC
volume-averaged u,, is the average value of the u, on the BC
weighted by the volume assigned to each point on the BC and thus
is a mesh independent result [58].

Itis clearly shown that g and uy increase with increasing Ug,sup,
while dg remained relatively constant, around 4 mm. In the immo-

bilized batch phenol biodegradation processes, Cog, Co1, Cos are
larger at higher Ugsup, corresponding to higher bioreaction rates,
thus smaller Cp; and Cp;s.

The case is more complex for Cys. During the first half part of
the process, the cell growth rate was lower under smaller Ug sup for
smaller G5 and larger Cp5, but higher under smaller Ugsup during
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the second half of the process as a result of continuous growth in
the presence of residual phenol. The final Cxs was highest for the
smallest Ugsup, the reason for which being that more phenol was
consumed for cell mass accumulation. As Cxs was much higher than
Cpss, it can be concluded that most phenol was consumed for cell
maintenance rather than for cell growth, according to Egs. (12) and
(13). It should be noted that the changes of C,; and Cps were not
well controlled under Ug,sup =0.03 m/s, which might be due to the
contribution of high turbulence. I"y g — I'o)s and I' s —Sos wWere
all less than zero throughout, while I"j ;s — Sp s was only larger than
zero at the very beginning and less than zero for the rest of the
time, which indicates that the interphase mass transfer was the
rate-limiting step in most cases.

Figs. 5-8 show the time courses of the volume-averaged oy, dg,
Uw; Co,g. Co,lv Cp,lv Coss, Cp,s' Cxss Fo,gl_ Fo,lsv Fo,ls —So,s» Fp,ls —Sp,s
under different C, o =100, 150, 200 mg/L and fixed Ug,syp =0.02 m/s,
a0 =0.02. It can be seen that the change in (o had little effect on
the hydrodynamics and oxygen concentrations in the gas and liquid
phases. Larger C, o needed a longer time for complete biodegrada-
tion, corresponding to larger C,; and Cp s at any time, which resulted
in larger G, s at the beginning of the processes for low consumption
rates because of the phenol inhibition effect, and smaller C, s at the
end for higher consumption rates because of the carbon shortage
effect. The growth rates of cells under larger C;, ¢ during the first half
of the process exhibited little differences but were higher during
the second half, resulting in larger Cys at the end, further indicating
that interphase mass transfer was the rate-limiting step and had
a more important role than the bioreaction rate. I"y g — I, s and
I'y s —Sos were relatively unchanged under different C, o, while
Iy s —Sps was larger at the beginning of the process, as a result of
the higher phenol concentration difference between liquid-solid
phases and lower bioreaction rate because of the phenol inhibition
effect under larger G, 0.

Figs. 9-12 show the time courses of the volume-averaged oy,
dg' uw; Cog, Co Cos, Cp,l- Cps, Cxs; Fu,gl - Fo,ls- Fo,ls —Sos Fp,ls —Sps
under different a;0=0.01, 0.02, 0.03 and fixed Ugsyp=0.02m/s
and Cpo=150mg/L. Changes in the solid loading did not cause
significant fluctuations to the volume-averaged hydrodynamic
characteristics such as oy, dg and uy, which may be due to the
small amount of the solid particles and its low density. Generally
speaking, an increase in o resulted in an increase in the biore-
action, then the decrease in Cog, C,; and Cos (except at g =0.03),
as a combined result of the convection, diffusive and source items
in Eq. (4). It was expected that the increase in oz would cause a
significant decrease in the phenol concentrations. However, as the
interphase mass transfer was the rate-limiting step and the range
of phenol concentrations was much larger than that of oxygen, the
change in C,; and Cp s was mild. Larger ag meant a larger quantity
of cells and smaller Cys at a given Cpo. I"g g1 — Iy 1s Was not as sensi-
tive to the change in ag. Iy s — So,s Was smaller at larger og. At the
beginning of the processes, I"j ;s — Sp s increased with increasing g
when it was larger than zero. Subsequently, I'p, s — Sp s decreased
with increasing gz when it was less than zero.

4.2. Model simulation of the local transient process variables

This developed 3D transient CFD model can be applied to simu-
late the volume-averaged dynamic behaviors of immobilized batch
phenol biodegradation processes in a three-phase BC, as described
above. The local distribution of the dynamic behaviors within the
reactor is of interest because it helps us to better understand the
performance of three-phase bioreactions.

Fig. 13 shows the model simulation local transient profiles of
the hydrodynamic characteristics such as oy, dg, u, species mass
concentrations such as Cog, Cy 1, Co,s, Cp1» Cpss, Cxs and source differ-
ences suchas Iy g — g5, I'o1s —Sos, I'pis — Sps under (left to right
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Fig. 15. Volume-averaged BSD under Uggyp =0.02, Cp0 =150 mg/L, o5 0 = 0.02.

figures) Ugsup =0.02 m/s, Cp0=150mg/L and a0 =0.02, at (figures
in order from top to bottom) t =20, 120, 220, 320,420, 520 s, respec-
tively. It can be seen from these charts that the gas bubble plume
moves back and forth in a pseudo-periodical way, with larger og
in the central line of the reactor. Near the walls, bubbles are taken
downward by the circulation of the liquid as a result of the den-
sity difference between the top and the bottom of the reactor. dg is
larger in the regions above the gas distributor and below the surface
of the liquid, as a result of bubble breakup and coalescence effects,
and also at some locations near the wall as a result of downward
bubble accumulation. The distributions of Cog, Coj, Cos, Gy Cpss
Cxs at any locations in the reactor and their concentration changes
with time can be illustrated visually by the model prediction. Co ¢
changes only slightly through the process and has a low value in
the corners of the bottom of the column. C,; experiences a slight
decrease and has an almost uniform distribution. C, s decreases sig-
nificantly as the phenol biodegradation proceeds and increases at
the end when the bioreaction ceases and fluctuations in the dis-
tribution of C,s are not obvious. The cases of phenol degradation
and cell growth are as expected and the local distribution is almost
uniform in the specified ranges. The local transient profiles of the
source differences of Iy g —I'gts, I'ots—Sos, I'pjs—Sps are also
simulated, corresponding to the hydrodynamics and bioreaction
characteristics at that instant.

In Fig. 13, species mass concentration ranges are relatively wide
to enable better comparisons at different times. However, the local
distributions might be ignored at some places where the differences
are small. Fig. 14 shows the model prediction of local transient
oxygen, phenol and cell concentration profiles at t=120s. The
ranges of Cog, Co1, Cos, Cp s Cps, Cys are 280-300mg/L, 6-7 mg/L,
0.2-1.0 mg/L, 60-70 mg/L, 60-64 mg/L and 9.110-9.114 g/L, which
are much lower than the ranges of 260-300mg/L, 0-8 mg/L,
0-8 mg/L, 0-150 mg/L, 0-150 mg/L and 9.0-9.2 g/L in Fig. 13. It can
be seen from Fig. 14 that the distribution of G, is the most hetero-
geneous, with higher values in the centre of the bottom and the top
and lower values in the corner. It is clear that the distribution of Co ¢
is very dependent on that of ag. Comparatively, the distribution of
C,,is almost uniform in the main body, except for locations near the
wall, which is due to the low G, ¢ there. The case of the distribution
of Co s is opposite: it has high values near the wall and in the corner,
where the bioreaction rates are low. In Fig. 13, there is hardly any
visible difference in the distribution of C,;, which exhibits a clear
heterogeneous distribution in Fig. 14 within a much smaller range.
The distribution of Cp s is not so heterogeneous by comparison, fol-
lowing a similar trend with C, ;. The distribution of Cy; is almost
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Fig. 16. Local transient profiles of BSD under Ugsyp =0.02, Cp0 =150 mg/L, a50 = 0.02.

uniform in the main body and has lower values near the wall and
in the corner, where some solid beads collect.

From the above two figures, it can be concluded that the
developed model can be applied to capture the local transient
distributions of the dynamic behaviors of immobilized phenol
biodegradation in three-phase BC, including the hydrodynamic
characteristics and the species mass concentration profiles, which

are very important to understanding and optimizing the perfor-
mance of the process.

It should be pointed out that, although the distributions of lig-
uid phase oxygen and phenol concentration exhibit heterogeneous
phenomena, as shown in Fig. 14, the validation of the volume-
averaged model simulated results by experimental measurements
in different locations along the column of the reactor is convincing,
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as the fluctuations of the concentrations are within 7.7% (6.5 + 0.5
and 65+ 5 mg/L).

4.3. Model simulation of bubble size distributions

Prediction of BSD in the three-phase BC has been achieved pre-
viously [1] and in this study, the volume-averaged size fractions
of different bubble groups and the local transient profiles of size
fraction are also simulated by the developed model for the three-
phase bioreaction process, as shown in Figs. 15 and 16, under
Ug,sup =0.02m/s, Cpo=150mg/L and a0 =0.02. Fig. 15 shows the
volume-averaged BSD at t= 20, 120, 220, 320, 420 and 5205s. Small
bubbles comprise a large fraction of all bubbles and the 3rd bub-
ble group has the largest value of volume-averaged size fraction, of
about 0.28. Fig. 16 shows the model prediction of the local transient
profiles of BSD of Groups 1-10at t =20, 120,220, 320,420 and 520ss.
It is clear that small bubbles (Groups 1-5) are present throughout
the whole reactor and the 3rd group has the largest size fraction of
all bubble groups.

5. Conclusion

A 3D transient CFD model was developed for simulating the
dynamic behaviors of batch phenol biodegradation by immobilized
C. tropicalis in a three-phase BC, combining three-phase fluid flow,
interphase mass transfer and intrinsic bioreaction kinetics, with the
MUSIG model adopted to determine the BSD.

Time courses of the volume-averaged hydrodynamic char-
acteristics, species mass concentrations and species transport
source term differences were simulated first by the developed
model. Model simulation results of oxygen and phenol concentra-
tions in the liquid phase were clearly validated by corresponding
experimental measurements. These revealed that interphase mass
transfer is the rate-limiting step for the whole biodegradation pro-
cess in most cases. Local transient profiles of the dynamic behaviors
of the three-phase phenol biodegradation processes were predicted
reasonably well by the developed CFD model. Detailed analysis of
the model simulations revealed that the species mass concentra-
tion distributions were controlled both by the dynamic fluctuations
of the three-phase hydrodynamics and source term differences.
Volume-averaged and local transient BSD were also predicted and
these demonstrated that small bubbles comprised a large fraction
of bubbles, which is advantageous to the interphase mass transfer
and the bioreaction.

Generally speaking, this 3D transient CFD model can be applied
to capture the dynamic behaviors of phenol biodegradation in
three-phase BCs, which is helpful in optimizing the design and con-
struction of the BC and the operation of the biodegradation process,
as well as facilitating scale-up strategies.
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