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ABSTRACT

Phenol biodegradation by Ralstonia eutropha was studied in a constructed airlift reactor with
a stainless steel net draft tube (ALR-NDT). In giving a description of the cell performance,
it is necessary to quantify the relationships between the bioreactor characteristics (gas
holdup (eg), time of mixing (¢,,), and gas-liquid mass transfer coefficient (Kya)) and the cell
bioprocesses. Thus, the hydrodynamic properties of the reactor were measured using air-
water and air-mineral salt solution (MSS) systems. The Kia value for the MSS system in
ALR-NDT was 1.2 times higher than the bubble column reactor and airlift reactor as modi-
fied versions of the ALR-NDT. Improvement in t,, was also considerable for air-MSS in the
ALR-NDT. At higher superficial gas velocities (Ugs), ALR-NDT performance was better in
terms of g obtained for air-MSS compared with an air-water system. Growth and phenol
consumption by R. eutropha followed substrate inhibition kinetics, and the experimental data
for the specific growth rates at three different Ugs were fitted to the Haldane, Edwards and
Aiba—-Edwards models. Between these models, the latter gave the best fit according to the
goodness of fit results. The estimated kinetic parameters were indicative of a high potential
for R. eutropha in degrading phenol.

Keywords: Airlift reactor with net draft tube; Gas holdup; Gas-liquid mass transfer coeffi-
cient; Growth kinetics; Ralstonia eutropha

1. Introduction

The presence of phenol in industrial wastewaters
is common, and this structurally simple aromatic com-
pound has been used in the production of a variety of
chemicals as a raw material; however, natural pheno-
lic sources (i.e. plant phenolics) contain phenol at
much lower concentrations. Diversity of the involved
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ecosystems for phenol is thus high, and the environ-
mental burden of this organic pollutant is a challenge.
The popularity of bio-based technologies has steadily
increased in the past decades, mainly because of the
eco-friendly properties of these techniques, including
energy requirements and process economics [1-3].
Ralstonia eutropha is capable of consuming and degrad-
ing a variety of xenobiotic organic pollutants [1,3].
Different environmental factors and their interactions
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affect the kinetics of biodegradation of a particular
substrate, but the likeliness of predicting the cell
behavior and kinetics of degradation has been consid-
erably reduced because of the complex nature of the
microbes [4,5]. Special attention has been directed
toward growth under substrate inhibition conditions,
where different mathematical models have been used
to describe the cell behavior [6].

Tower-type reactors have gained interest for their
applications in aerobic biochemical fermentations, and
these pneumatically agitated reactors gain the kinetic
energy of the input gas for liquid circulation and mix-
ing of the reactor content [7,8]. The pattern of fluid flow
is the main difference between the bubble column reac-
tor (BCR) and airlift reactor (ALR); in the former, the
medium in the vessel is randomly mixed by ascending
air bubbles, whereas gas sparging at the bottom region
of the riser is used in an ALR, and the differences of
gas holdup (¢g) between this part and the downcomer
section creates a pressure difference, which forces lig-
uid to move (from the bottom of the downcomer to the
riser) and circulate in a special pattern in the vessel
(fluid flow under the influence of the reactor geometry)
[9,10]. The energy in BCR is high at the point of intro-
ducing gas into the system, and the energy decreases
with distance. This energy dissipation damages the
medium contents, including microbial cells. The advan-
tage of ALR is due to receiving energy uniformly
throughout the system for the fluid to flow [10-12].
Further improvement of ALR performance was
achieved by introducing a net draft tube to the reactor:
the efficiency of liquid mixing was achieved by short-
ening the time of mixing and a higher oxygen transfer
rate was obtained due to prevalence of homogenous
bubbly flow regime in the system [8].

The functionality of phenol-2-monooxygenase
(1.14.13.7) as a hydroxylating enzyme in the 1.14 sub-
group depends on NAD(P)H coenzyme as one of the
two hydrogen donors required for oxidative biocataly-
sis. However, the limited stability of these coenzymes
outside microbial cells restricts the use of the pure
enzymes, especially in environmental applications,
and has generated great attention to the use of whole
cells as biocatalysts: access to sustainable, oxygenase-
based, whole-cell biocatalysis is a promising approach
[13,14]. Based on the results obtained previously in
our laboratory, attempts were made to study the use
of R. eutropha as a whole-cell biocatalyst for the bio-ox-
idation of phenol in an airlift reactor with a net draft
tube (ALR-NDT), where the hydrodynamic behavior
of the reactor and oxygen mass transfer effects were
characterized using air-water and air-mineral salt
solution (MSS) systems [3,15,16]. The performance of
the ALR-NDT was compared with the performance of
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two different reactor configurations: BCR and ALR.
Three different superficial air velocities (0.94, 2.82, and
5.64 cm/s) were used to study phenol bio-oxidation,
and to explain the cell growth kinetics, three different
substrate inhibition models were used, namely, Hal-
dane, Edwards, and Aiba-Edwards. Evaluation of the
kinetic parameters and testing of the quality of the
experimental data fitting to the models were con-
ducted using a nonlinear regression technique.

2. Materials and methods
2.1. Microorganism and cultivation

The bacterium R. eutropha (PTCC 1615) was
obtained from the Persian Type Culture Collection
(Iranian Research Organization for Science and Tech-
nology “IROST”, Tehran, Iran) in lyophilized form.
The phenol-oxidizing ability of the test bacterium was
due to the acclimatization process, which has been
conducted previously in our laboratory, and details
can be found in the relevant references [3]. The con-
stituents of the mineral salt solution (MSS) were (g/L
dis HzO): 1 g/L KQHPO4, 1 g/L KH2PO4, 1 g/L
(NH4),S04, and 0.05 g/L MgSO,7H,0. After adjust-
ment of the pH of the MSS to 7 using 1 N NaOH solu-
tion, the medium was sterilized in an autoclave
(121°C-20 min). R. eutropha cell suspension having
OD =0.5 and at 10% v/v was cultivated in a 250-mL
Erlenmeyer flask containing 90 mL of MSS to which
0.02 g phenol was added, and the culture was incu-
bated in a shaker incubator (Kiihner, Switzerland) at
150 rpm, 30°C for 24 h.

2.2. ALR-NDT operation

To determine the hydrodynamic behavior of the
ALR-NDT (gas holdup “eg”, mixing time “t,”, and
volumetric gas liquid mass transfer coefficient “Kya”),
experiments were performed in a previously con-
structed reactor used in our laboratory [7]. The
detailed description of the geometrical characteristics
of reactor is given in Fig. 1 legend. With the net draft
tube removed from the glass cylindrical vessel, the
reactor was characterized as a BCR, and with the use
of the solid draft tube, the reactor behavior was evalu-
ated as an ALR (Fig. 1). Hydrodynamics and mass
transfer studies on these test reactors were performed
using air-water and air-MSS system. The related
experiments were performed in the absence of the test
bacterium and phenol. In the biodegradation
experiments, the ALR-NDT was filled with 540 mL of
MSS containing 10% v/v (OD = 0.5) of the bacterium
culture. Phenol was used as the sole substrate for R.
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Fig. 1. Arrangement of the bioreactor used in the present
study.

Note};: (1) bioreactor (height=42cm and ID =5 cm, 825-
mL glass cylindrical vessel with a working volume of
540 mL); (2) Draft tube (internal concentric net draft tube
made of stainless steel with height=25cm and
ID =1.5 cm, placed 10 cm above the bottom of the glass
vessel). Without the draft tube, the reactor performed as a
BCR, and with a solid draft tube, the reactor performed as
an ALR; (3) sintered glass sparger (with 10 holes each hav-
ing 0.1 mm diameter); (4) thermostatic pump connected to
the jacket of the cylindrical glass vessel;, (5) N, cylinder;
(6) aquarium air pump; (7) rotameter; (8) valve; (9) DO
meter and conductometer plug-in.

eutropha growth, and it was added to the test bioreac-
tor at six different initial concentrations, ranging from
25 to 600 mg/L (all experiments were performed at
30°0).

2.3. Analytical techniques

Two parts are presented in this section. In the first,
the fluid flow in the ALR-NDT was characterized by
measuring ¢g, tm, and oxygen mass transfer consider-
ing five different Ugs. By dividing the volumetric gas
flow rates (cm®/min) by the cross-sectional area of the

riser, the target values for the Ugs were obtained (e.g.

U, = % = 0.94 (cm/s), which is equal to an

aeration rate of 0.18 (vvm)).
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In the second part, the measuring methods were
extended to monitor the changes of the phenol
concentration and biomass content during the
biodegradation process.

Meanwhile, the density and surface tension of the
individual components of the MSS were determined
according to the standard methods. For instance, a
Wilhelmy plate, as a tensiometer, was used to
measure the surface tension (Kruss tensiometer k14).

2.3.1. Gas holdup (&)

According to the volume expansion method
described in the literature [12] in terms of the liquid
height in the reactor which changes with the system’s
aeration, the following expression was used in the pre-
sent study for determination of eg (Eq. (1)):

Ve Vi Hig—-Ho

(M
Ve Hig

Z¢}

where Hj, is unaerated liquid height or (V; as the cor-
responded volume) in the reactor and Hig is the aer-
ated height of the liquid (or V; as corresponded the
volume) [8]. The ¢ measurements in the test reactors
were repeated ten times.

2.3.2. Mixing time (t,,)

Determination of the t,, was performed according
to the conductometry procedure described by Hsiun
and Wu, where 4 M NaCl solution as the tracer for a
pulse test was added from the sampling port, as
shown in Fig. 1. The volume of the NaCl solution
used in this measurement was 1/1,000 based on the
working volume of the reactor. The t,, was defined as
the time required for the probe response curve to
reach 95% of the final tracer conductivity [17].

2.3.3. Volumetric gas—liquid mass transfer coefficient
(KL(Z)

In dynamic Kia measurement, a common tech-
nique is to monitor the oxygen profile by first intro-
ducing N, gas and deoxygenating the reactor content
and admitting air at a fixed rate (gassing out-gassing
in method) [18]. By using a dissolved oxygen (DO)
electrode (Oxi 340i/SET, WTW, Germany), the varia-
tion of the DO in the reactor was recorded. The Kia
values were calculated using Eq. (2), where Cy, C,
and C are the initial, saturated, and bulk concentra-
tions of DO, respectively [19]:
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The DO measurements in the test reactors were
repeated five times.

2.3.4. Phenol and biomass contents

The contents of phenol and biomass were mea-
sured spectrophotometrically (V-550 UV-vis spec-
trophotometer, Jasco, USA), and the value of the latter
was obtained by reading the absorbance of a sample
solution at 600 nm (the samples were taken at regular
time intervals). A calibration curve was used in corre-
lating the OD to the dry cell weight [3]. The sample
solution was then centrifuged at 8,000 rpm for 15 min.
By adding Folin—Ciocalteau reagent to the supernatant
and following the details of the relevant method, the
phenol content was determined by obtaining the
absorbance at 750 nm [20].

2.4. Data analysis

Fitting of the experimental data to the models
that are nonlinear for each parameter was performed
by nonlinear regression using the Levenberg—
Marquardt algorithm (GraphPad Prism 5 software).
This work requires an initial estimate of the parame-
ters of interest, and the program, after many itera-
tions, automatically calculates the lowest values of
the sum of squares of the differences between the
model-predicted values (i) and the experimentally
obtained data (y) (minimization of the sum of
squares of the residuals “SSR”) considering the
gradient descent and Gauss-Newton methods. The
standard error of the estimate about parameter (S,.,)
can be described using Eq. (3), where df is equal to
number of data points minus the number of
parameters fit.

Table 1
Liquid-phase properties
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_ SRSy )
Syx = a af (3)
The coefficient of determination (R?) gives the propor-
tion of the total variability of data explained by the
model (Eq. (4)) (where ) (y — ) is the total variability
in y about the sample mean) [21].

S -9°

Thus, the quality of the data fitting to the test models
has been reported as the goodness of fit values
(Syx and R?).

3. Results and discussion

3.1. Hydrodynamic characterization and oxygen mass
transfer

The experiments were conducted in the test reactor
(see Fig. 1 for the reactor details). The air flow rate
and liquid phase properties, such as the density and
surface tension, affect the reactor performance. These
properties are shown in Table 1.

3.1.1. Gas holdup

The gas holdup, as the fraction of the total reactor
volume occupied by gas, was measured separately for
the air-water and air-MSS systems in the test reactors.
Fig. 2 shows the dependence of ¢z on Ug (ranged
from 0.94 to 9.44 cm/s). Considering ALR and ALR-
NDT at low air flow rate, up to 4.72 cm/s, the &g for
MSS was lower compared with water, whereas this
trend was not seen for the BCR, in which ¢g for MSS
and water were comparable at the low air flow rate
(<4.72 cm/s) (Fig. 2(a)). Better behavior of BCR in
terms of &z for air-water compared with ALR and
ALR-NDT was also observed by Chen et al. [22]. As

Density (g/cm?)

Surface tension (mN/m)

Solution

Distilled water 0.9916
MSS 0.9969
KH, PO, (1 g/L) 0.9927
K,HPO, (1 g/L) 0.9925
(NH4),SO4 (1 g/L) 0.9925
MgSO,-7H,0 (0.05 g/L) 0.9917

72
69
60
67
66
66
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Fig. 2. Gas holdup as a function of the superficial gas
velocity for air-water and for the air-MSS system consid-
ering the three test reactors: BCR (a), ALR (b) and ALR-
NDT (c). The parity plot of the experimental values of the
gas holdup for each test reactor using equation &g = ally, is
shown in the inset.

seen in Fig. 2, the performance of ALR-NDT for water
was better than ALR, and this was in agreement with
the findings reported by Wu and Wu [12]. The
increasing trend of e; with the increase in Ug for MSS
above the increasing trend of air—-water in BCR started
at 4.72 cm/s, where g for MSS at Ug = 9.44 cm/s was
approximately 12.6% higher compared with water
(Fig. 2(a)). The &g difference between MSS and water
for ALR at Ug=9.44 cm/s was the highest (49%),
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whereas in the case of ALR-NDT, at the same Ug, &g
for MSS was approximately 31% higher than that of
water (Fig. 2(b) and (c)). The relationship between the
reduction in the surface tension of solutions of some
electrolytes and the increase in gas holdup (compared
with water) in the ALR (as seen in Fig. 2(b)) has been
reported elsewhere [23]. The present findings confirm
the decrease in surface tension for the low concentra-
tions of electrolytes, where the highest decrease was
obtained for the pure KH,PO, electrolyte solution (60
vs. 72 mN/m) (Table 1). Moreover, literature studies
on the surface tension of inorganic salts show that the
surface tension of these salts increases compared with
that of pure water [24,25]. The electrolyte concentra-
tions used in the latter studies were high and are not
usable in ordinary fermentation processes. Further
studies in the literature have been directed toward the
inhibiting effect of some inorganic salts on air bubbles
coalescence, where the ion-water interactions along
with self-diffusion of water molecules play roles in
reducing the aggregation of air bubbles (more discus-
sions on this subject are presented in the “Volumetric
gas-liquid mass transfer coefficient” section) [26]. The
positive effect of the bubbles coalescence-inhibiting
property of some inorganic salts on &g increase in
BCR has attributed to the occurrence of small air bub-
bles in the circulated electrolytic solution [27]. The for-
mation of air bubbles in column reactors is a complex
process that is describable on the basis of several fac-
tors, such as reactor geometry, aerator type, air flow
rate, and composition and physical properties of the
circulated liquid. These experimental variables have
controlling effects on the gas holdup character and
thus the reactor behavior.

Attempts were directed toward expressing a corre-
lation between the ¢; and the superficial gas velocity.
The use of the &g oc UE expression is a familiar
approach in showing the dependence of &z on Ug,
where the value of “n” in the exponent gives an
impression of the flow regime [28,29]. Table 2 shows
the positive effect of MSS on the reactor performance
in terms of ¢g as a function of Ug. The improvement
for the BCR in terms of the “n” value of the &g = all}
equation (Eq. (5)) is approximately 9% compared with
the eg character for air-water. The increase in the “n”
value was approximately 60-69% for ALR and ALR-
NDT compared with those for air-water (Table 2).
These findings confirm the results presented in Fig. 2.
The different applications of equation one include the
results reported by Tung et al; Nikakhtari and Hill
who obtained different values for the “a” coefficient
and exponent “n” for different systems [28,29]. In the
latter study, a woven stainless steel mesh was used as
the packing material, and Nikakhtari and Hill's
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Table 2
The correlation between the gas holdup and superficial gas velocity using equation &g = allg

&g = Llug

Air-water system Air-MSS system
Reactor type a n Syx R? a n Syx R?
BCR 0.009 0.767 0.0010 0.99 0.009 0.835 0.0025 0.99
ALR 0.007 0.722 0.0015 0.98 0.003 1.331 0.0015 0.99
ALR-NDT 0.008 0.765 0.0022 0.98 0.002 1.409 0.0030 0.99

Note: GraphPad Prism 5 software was used for the data analysis.

findings showed that this system provided negligible
resistance to fluid flow and the mass transfer rate [28].
In the present study, high values of exponent of
approximately 0.7-1.2 indicate dominance of bubbly
flow in the system and low values (0.4-0.7) indicate a
lower effect of Ug on &g (in the heterogeneous regime
and during the transition situations between fluid
regimes) as mentioned in the relevant literature [9].

The values of Sy, and R? given in Table 2 indicate
well-behaved Eq. (5) for the data fitting analysis. Par-
ity plots as the insets in Fig. 2 confirmed the findings.
The average deviations of the predicted ¢g from the
experimentally obtained data were 6.18 and 5.47% for
ALR and BCR, respectively, whereas the deviation
was 10.71% for ALR-NDT.

3.1.2. Mixing time

The input energy of the admitted air from the air
sparger in ALRs, considering the geometric configura-
tion and all the channeling connections in these reac-
tors, can be regarded as a type of force directed
toward liquid, which causes it to be regularly dis-
tributed with a particular pattern in the system. This
fluid recirculation is indicative of effective mixing,
where increasing air flow rate will decrease the ty,.
Fig. 3 shows the dependence of t,, on Ug. The values
of t,,, for the air-water system in the three test reactors
were higher compared with that of the air-MSS sys-
tem. The ALR-NDT performed most efficiently, and a
marked decrease in t,, of the MSS at high air flow
rates was observed (Fig. 3). In ALR-NDT, a part of the
gas and liquid goes to the net draft tube, and large air
bubbles as a result of the radial flow break into smal-
ler size bubbles. The liquid mixing behavior between
reactors is determined by the dimensionless ¢#,
(1 — tm/tmpcr)- The findings reported by Hsiun and
Wu showed that the role of NDT in t,, improvement
was more considerable in large columns than in small
ones [17]. The dimensionless t,, for air-water and
air-MSS systems in the present study considering

ALR-NDT and ALR is in the range of 0.16-0.33 and
0.05-0.22, respectively.

3.1.3. Volumetric gas-liquid mass transfer coefficient

The volumetric gas liquid mass transfer coefficient
(Kpa) is a measure of the oxygen mass transfer capa-
bility of the reactor to the bulk liquid, including the
target substrate and the cells (ie. the cells respired
and being active for oxidation of phenol) [30]. By
establishing the steady-state condition, there is equal-
ity between the oxygen absorption rate and the oxy-
gen utilization. The relationships between Kja and
several variables, such as the amount of biomass, its
extent of respiration in phenol oxidation, bulk concen-
tration of phenol and at the cell surface, have been
described in the literature [3,30,31]. With reference to
the BCR, ALR, and ALR-NDT, the results of Kia
dependence on the Ugs (0.94-9.44 cm/s) for air-water
and the air-MSS systems are presented in Fig. 4. At
Ug = 9.44 cm/s, the value of Kia obtained for the air—
MSS in the ALR-NDT was 1.2 times higher than that
in the BCR and ALR, as shown in Fig. 4. The study of
the ALR-NDT built by Tung and colleagues using an
air-water system showed that at Ug =5 cm/s (which
is 1.8 times lower than the Ug =9 cm/s used in the
present work), the Kja value was 2 times higher than
the BCR [29]. The probability of the creation of small-
sized air bubbles in the ALR-NDT is high (as com-
pared to that in BCR and ALR), and small-sized bub-
bles have a better chance to be distributed uniformly
in the bulk liquid, which inhibits bubbles coalescence
and favors the increase in the gas-liquid interfacial
area. Higher Kia values in ALR-NDT cause preference
of the ALR-NDT configuration over two other reac-
tors. Nikakhtari and Hill studied an external loop
ALR (EL-ALR) and observed that the Kia value at
Ug =0.8cm/s was 2.5 times higher compared with
that in the EL-ALR without packing. These results
showed that the improvement of the Kia value was
not related only to the increase in Ug, and the reduced
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Fig. 3. Mixing time as a function of the superficial gas
velocity for the air-water system and for the mineral salt
solution for the three test reactors: BCR (a), ALR (b), and
ALR-NDT (¢).

limitation of mass transfer effects, the use of packing
and its opening size were also important. Because of
the air bubble movement toward the downcomer, the
researchers did not use high Ugs beyond 1 cm/s with-
out packing in the EL-ALR [28].

In describing the Kia correlation with Ug, equation
Kpa =bUg (Eq. (6)) was used, and a linear regression
on the data was applied (Table 3). This exponential
equation has been used by many researchers, although
the values of parameters, including the exponent, in
the correlation change as the scale or geometry of the
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Fig. 4 Kia as a function of the superficial gas velocity for
air-water and for the air-MSS system for the three test
reactors: BCR (a), ALR (b), and ALR-NDT (c). The parity
plot of the experimental values of Kia for each test reactor
using equation Kya = bU{ is shown in the inset.

reactor changes [7,28,29]. In expressing the goodness
of fit results for the Kya correlation with Ug (Table 3),
the parity plots were also drawn, as shown in Fig. 4.
In Kra as a function of Ug, the response of the air-
MSS system was much better than that of the air-wa-
ter, through which the Kia values were 1.17-2.33 times
higher than those obtained for the air-water system
(Fig. 4). Considering the column reactor and aeration,
the ionization of electrolytes in the aqueous system
affects the mobility of water molecules around the air
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Table 3
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The correlation between the Kia and superficial gas velocity using equation Kya = bU{

KLH = bllgf

Air-water system

Air-MSS system

Reactor type b m Syx

2
R b m Syx

BCR
ALR
ALR-NDT

0.006
0.003
0.006

0.457
0.661
0.435

0.0003
0.0009
0.0008

0.99
0.97
0.97

0.009
0.004
0.001

0.373
0.695
0.374

0.0015
0.0016
0.0010

0.93
0.95
0.97
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Fig. 5. Changes of the phenol concentration (S) and bio-
mass content (X) as a function of time, measured in the
ALR-NDT operating at Ug = 2.82 (cm/s) (a) and R. eutropha
growth curves as In(x/x,) against time are also shown (b).

bubbles. This behavior is similar to the salting out
characteristic of aqueous electrolytic solutions in
response to proteins and their isolation [26]. Thus, by
participating in breaking hydrogen bonding in water
structure, ions play roles in increasing the number of
the undissociated water molecules (i.e. the role of ions
in solution is the creation of small-sized air bubbles),
and these ion-water interactions are responsible for
the decrease in air bubble coalescence behavior in
ionic solutions [26,27].

3.2. R. eutropha performance in the ALR-NDT

With reference to the findings of the ¢g, fy, and
Kia, as have been mentioned in the “Hydrodynamic
characterization and oxygen mass transfer” section,
the ALR-NDT was the only reactor used in the evalua-
tion of phenol degradative activity of R. eutropha in
the present work. The preference of ALR-NDT over
ALR and BCR is understandable when one considers
the ALR-NDT functionality in terms of its capacity for
the transfer of oxygen and the mineral nutrients to the
R. eutropha cells (see Figs. 2, 3 and 4). The oxygen
requirement in aerobic phenol biodegradation is
describable in terms of the catalytic expression of phe-
nol hydroxylase activity of the test bacterium (see
Fig. 4 for the Kia findings vs. Ug) [32].

According to Aiba, if the rate of protein synthesis
is the rate-limiting step in the growth, then one may
make an analogy between the formation of the com-
plex of the enzyme-substrate (or cell metabolite-sub-
strate) and the amino acid-tRNA-mRNA complex
[33]. The cell growth kinetics and the fate of aromatic
compound as a consuming substrate has been well
studied in the literature [34,35]. The three kinetic mod-
els used in the present study were the Haldane,
Edwards, and Aiba-Edwards equations, considering
the three Ugs: 0.94, 2.82, and 5.64 cm/s, in the ALR-
NDT, and the behavior of R. eutropha in growth and
the phenol consumption were thus quantitatively
described. Fig. 5(a) is an example of the findings in
the present work, where data for the time dependence
of the biomass growth and phenol consumption by
the R. eutropha are observable. The specific growth
rate, u, was determined in the first stage of these
experiments from the slope of a semi-logarithmic plot
of the biomass concentration vs. time for each of the
six different initial phenol concentrations (Sp)
(Fig. 5(b)). Thereafter, the values of the kinetic param-
eters for the three models were determined from the
plot of u vs. Sy using nonlinear regression (see “Data
analysis” section) (Fig. 6). In the first portion of the
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curves in the figure, u increases with the increase in
the phenol concentration, which is a typical observa-
tion for u compared with the phenol content, where
phenol acts as the growth limiting substrate. When
S << K, first-order reaction kinetics apply, and at
higher phenol concentrations, the use of the Monod
equation is reasonable (Fig. 6(a)). By moving u from
the peak of the curve, phenol acts as the growth-in-
hibiting substrate (falling portion of the curve is usu-
ally concave upward) (Fig. 6). The physiological
response of non-axenic soil microbes to the unbal-
anced nutrient situation in cases of using refractory
compound (lack of supportive substrate for the
growth) is to excrete partially oxidized substrate,
which prevents the intracellular accumulation of suici-
dal intermediates [32,36]. In ALR-NDT, Ug provides
sufficient DO to affect the u of R. eutropha cells and
other relevant kinetic parameters, such as K; and K;
(Table 4). The K coefficient is an index of the cell’s
affinity toward the limiting substrate, showing the
amount of substrate needed by the cell to reach
1/2umax. In the present study, the K, value was the
lowest at Ug=>5.64cm/s for the Haldane and
Edwards equations. K;, as an inhibition coefficient is
the quantification of toxic compound effect on its
biodegradation, and a larger K; reflects a higher con-
centration of the substrate to inhibit the cell function-
ality [37]. The K; value was the highest at a Ug of
5.64 cm/s using the Haldane model (Table 4). For the
Aiba-Edwards equation at Ug=0.94 and 2.82 cm/s,
less than 10% difference was obtained between the
values of K; and K;. The decrease in ppy.x with the
increase in the aeration rate for the Haldane and
Edwards equations may indicate cell weaknesses in
converting large numbers of phenol molecules per
unit time under aerobic conditions. This behavior
could be related to the stresses experienced by the
cells upon exposure to the unsuitable metabolites,
which are likely to be formed faster at higher Ug
(such as 2-hydroxymuconate semialdehyde “HMS”
formed upon dioxygenase activity on the catechol pro-
duced from the enzymatic hydroxylation of phenol)
[32]. The toxicity of phenol as a lipophilic compound
is related to the negative role of this substance on
membrane functionality and the material exchange
between the cell and its environment; for instance, in
the case of the biphenyl biodegradation study by R.
eutropha-H850, an increase in the synthesis of
saturated fatty acid in the cell membrane due to
accumulation of this compound in the cell membrane
was observed, which decreased membrane flexibility
[38,39]. As shown in Table 4, with the increase in Ug
from 0.94 to 2.82 cm/s, for the Haldane model, pax
increased, which may be indicative of the higher
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affinity of the bacterial cells for phenol as the
growth-limiting substrate than phenol as a growth-in-
hibiting agent (Fig. 6). After increasing Ug from 2.82
to 5.64 cm/s, umax decreases from 0.772 to 0.430 h™!,
and the cells’ approach to phenol has physiologically
changed from phenol as a growth-limiting substrate to
phenol as an inhibitor (Table 4 and Fig. 6). For the
Edwards equation, it is important to consider the two

®  Experimental Data (a)
Haldane

Edwards
i Aiba-Edwards

0.2

Specific growth rate (1/h)
7
/
/)

(b)

Specific growth rate (1/h)

(c)

Specific growth rate (1/h)

200 400 600

Phenol Concentration (mg/L)

Fig. 6. Specific growth curve as a function of the initial
concentration of the phenol substrate. The experimental
values were obtained in the ALR-NDT at the three differ-
ent superficial gas velocities (cm/s): Ug=094 (a),
Ug =2.82 (b), and Ug = 5.64 (c). Experimental data fitting
on each of the three substrate inhibition models was per-
formed using nonlinear regression.
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Table 5

Kinetic parameters for phenol biodegradation

Culture u (1/h) Ks (mg/L) K; (mg/L) Refs.
Pseudomonas putida DSM 548 0.436% 6.19% 54.1% [42]
Mixed 0.418% 2.92 3707 [43]
Mixed 0.318 57.35% 15037 [44]
Mixed 0.306% 257.5% 162.6% [45]
Mixed” 0.167° 95.05° 200° [45]
Mixed 0.258°¢ 200.3¢ 502¢ [45]
Bacillus cereus strain AKG1 27.85% 59150° 2.411° [46]
Bacillus cereus strain AKG1 925.6° 11530°¢ 2355¢ [46]
Bacillus cereus strain AKG1 0.470° 407° 431.3° [46]
Bacillus cereus strain AKG2 1.635% 9.706% 38737 [46]
Bacillus cereus strain AKG2 153.4¢ 1475°¢ 4559¢ [46]
Bacillus cereus strain AKG2 0.041° 125.88° 1117° [46]

*K is the parameter described in the Edwards equation (see the text). The value of K for the mixed culture is 1,000 mg/L.
?refers to the Haldane equation and also "are corresponded to Edwards and Aiba—Edwards equations respectively.

assumptions originally made by the researcher for the
model development: one assumption was based on
the controlling role of the substrate diffusion into the
cell (Eq. (7)) (growth stimulatory effect of substrate),
and the other assumption was described as the pres-
ence of a protective mechanism through which limita-
tion for the diffusion of the substrate into the cell
becomes the rate-limiting step (such as high concentra-
tions of substrate being growth inhibitory) (Eq. (8))
[5,40]:

)

U= Umax (EK_i - 6@) ®)

Among the test models used here, the latter form of
the Edwards equation gave the poorest fit to the
obtained data. Despite one additional fitting parameter
(K) offered by Edwards model, little improvement in
fitting experimental data was observed in Table 4 (i.e.
the quality of data fitting in the form of the goodness
of fit values). Further note on the growth inhibitory
models was on the equation proposed by Aiba, which
was described in the alcoholic fermentation process,
based on the product inhibition assumption (Eq. (9))
[6]:

U= Unax ﬁ (E%f) 9

According to the suggestion made by Edwards, the
Aiba equation was extended to cover the growth

inhibitory action of the substrate considering the
involvement of common mechanisms in both the pro-
duct and substrate inhibition cases [40] (Eq. (10)):

U= umaxﬁ (Ei_is) (10)

The results of the study on phenol-degrading
Pseudomonads possessing different phenol hydroxy-
lases showed that the kinetic parameters calculated
using the Aiba-Edwards equation (Eq. (10)) were
interpretable in terms of K; values [14]. The findings
of the present work using Eq. (10) showed that R.
eutropha tolerance toward phenol was higher com-
pared with some strains, such as PC18 and PC69, with
K; in the range of 1.99-2.52 (mM) [14]. Satisfactory
results of the goodness of fit indicated the preference
of the Aiba-Edwards equation in the present study
over the other test models (Table 4). Kovaravo-Kovar
and Egli focused on the kinetic parameters and found
that the cell behavior in a batch culture could be better
characterized considering zima.x and not K and K; [41].

There are large variations in the kinetic parameters
for phenol biodegradation, and Table 5 presents a
brief summary of the differences in the values
reported in the literature.

4. Conclusions

The results presented in this study showed the
potential of ALR-NDT for phenol biodegradation by R.
eutropha. With reference to the hydrodynamic
characteristics of the reactor, the positive effect of MSS
on the ALR-NDT performance in terms of ety and Kia
was reported, and the bubbles coalescence-inhibiting
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property of the inorganic salts was confirmed. Equation
eg = ally, as a familiar approach for expressing the
dependence of &g on Ug, was used, and the bubbly flow
regime in the ALR-NDT with the use of MSS was the
favorable regime. The exponential dependence of Kia
on Ug was also considered, and the value of Kia at
ALR-NDT obtained for the air-MSS system was 1.2
times higher than that in the BCR and ALR at the high-
est Ug used in this work.

The variation of the experimental specific growth
rate as a function of phenol concentration was deter-
mined using the nonlinear least squares technique.
The Aiba-Edwards model, among the three substrate
(growth) inhibition equations, gave the best fit. The
effect of oxygen on phenol degradation was not con-
sidered to act as a growth-limiting substrate (not influ-
ential) because the aeration provided through ALR-
NDT was sufficient to keep the oxygen concentration
at a relatively constant level.
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Nomenclature

ALR-NDT — airlift reactor with net draft tube

BCR — bubble column reactor

Co — initial concentration of dissolved oxygen

Cs — saturated concentration of dissolved
oxygen

C — bulk concentration of dissolved oxygen

Hi, — liquid height before aeration

H; g — liquid height after aeration

Kya — volumetric gas liquid mass transfer
coefficient

K, — half-saturation constant

K; — inhibition constant

MSS — mineral salt solution

R? — coefficient of determination

Sy.x — standard deviation of residuals

S — substrate concentration

So — initial phenol concentration

tm — mixing time

Ug — superficial gas velocity

X — cell concentration

Himax — maximum specific growth rate
e — gas holdup
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