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Abstract: The biodegradation kinetics of 4-chlorophenol (4-CP) and phenol and microbial growth
of Pseudomonas putida (P. putida) cells were estimated in batch and biofilm reactors. The kinetic
parameters of cells on phenol were determined using the Haldane formula. The maximum specific
growth rate of P. putida on phenol, the half-saturation constant of phenol and the self-inhibition
constant of phenol were 0.512 h~!, 78.38 mg/L and 228.5 mg/L, respectively. The yield growth of
cells on phenol (Yp) was 0.618 mg phenol/mg cell. The batch experimental results for the specific
transformation rate of 4-CP by resting P. putida cells were fitted with Haldane kinetics to evaluate
the maximum specific utilization rate of 4-CP, half-saturation constant of 4-CP, and self-inhibition
constant of 4-CP, which were 0.246 h™!, 1.048 mg/L and 53.40 mg/L, respectively. The negative
specific growth rates of cells on 4-CP obtained were fitted using a kinetic equation to investigate
the true transformation capacity and first-order endogenous decay coefficient, which were 4.34 mg
4-CP/mg cell and 5.99 x 1073 h~!, respectively. The competitive inhibition coefficients of phenol
to 4-CP transformation and 4-CP to phenol degradation were 6.75 and 9.27 mg/L, respectively;
therefore, phenol had a higher competitive inhibition of 4-CP transformation than the converse. The
predicted model examining cometabolic transformation of 4-CP and phenol degradation showed
good agreement with the experimental observations. The removal efficiencies for phenol and 4-CP
were 94.56-98.45% and 96.09-98.85%, respectively, for steady-state performance.

Keywords: kinetics; cometabolic transformation; degradation; batch tests; biofilm reactor

1. Introduction

Phenolic and chlorophenolic compounds as intermediate products are present in
pesticides, pharmaceuticals, insecticides, fungicides, etc. These compounds are difficult
to remove owing to their toxic properties [1,2]. Conventional treatment methods such
as adsorption, chemical oxidation, and electrochemical oxidation exhibit high removal
efficiencies with various phenolic and chlorophenolic compounds; however, these meth-
ods have several drawbacks, such as high operation costs, toxic intermediate products,
incomplete mineralization of the compounds, and the high disposal cost of chemical waste
sludge [3]. Biological processes to treat phenolic and chlorophenolic compounds containing
environmentally friendly and low-cost properties have been reported [4-6]. The application
of biological processes to treat phenolic and chlorophenolic compounds in wastewater has
gained much attention. Many researchers have performed kinetic studies of single- and
dual-substrate biodegradation to improve our understanding of the detailed performance
of biological processes.

Mathematical models for pollutant biodegradation have gained deep insight into the
different interactions between multiple substrates. A generalized additive Monod model
describing dual-substrate biodegradation with competitive inhibition was developed by
Yoon et al. [7]. However, this model was not effective for predicting the complex interactions
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of phenol, benzene and toluene. A sum of a kinetic model involving interaction parameters
was proposed by Reardon et al. [8], who successfully described the interactions of aromatic
hydrocarbon mixtures containing benzene, toluene, ethylbenzene, and xylene compounds.

Pseudomonas putida (P. putida) is a widely used microorganism for the biodegradation
of phenols [9]. Li et al. [10] successfully isolated P. putida LY1 from river sediment and
conducted several batch experiments with a wide range of initial phenol concentrations
from 0 to 800 mg/L at 25 °C. Their experimental results revealed that P. putida LY1 had
the ability to utilize phenol at low temperatures and showed good growth at room tem-
perature. Loh and Chua [11] reported complete degradation of 600 mg/L benzoate in
11 h using P. putida ATCC 49451. Li et al. [12] performed intergeneric protoplast fusion
between P. putida and Bacillus subtilis to enhance benzoate tolerance as high as 10,000 mg/L
with a specific growth rate of 30.9 x 10~ h. Yu et al. [13] conducted the bacterial metal
detoxification systems to observe the role of P. putida cells surface sulfthydryl sites in the
detoxification of Cd. Their experimental results found that P. putida cells could detoxify Cd
concentrations of 5 and 20 mg/L.

In previous studies, P. putida cells in the presence of phenol and sodium glutamate
as growth substrates were found to have a high capacity for removing 4-chlorophenol
(4-CP) due to cometabolism [14,15]. In previous studies, 4-CP was found to be very toxic
to cell growth and severely retarded the biotransformation capacity of bacteria. This
author concluded that cometabolism involving multiple substrates could be optimized and
biphasic growth patterns could be avoided to utilize sodium glutamate more effectively
for enhancing the cometabolism of phenol and 4-CP. The cometabolic transformation of
4-CP and phenol degradation by Stenotrophomonas maltophilia KB2 has been evaluated [16].
The experimental results revealed that the removal efficiencies for 4-CP and phenol were
approximately 90-95% and 100%, respectively, in the batch experiments. However, the
kinetics of cometabolic transformation and phenol degradation in the biofilm process have
not yet been proposed. The aim of the present study was to develop a kinetic model
system to describe the performance of the cometabolic transformation of 4-CP and phenol
degradation by P. putida cells in a packed-bed biofilm reactor.

The main objectives were to (1) cultivate and enrich P. putida ATCC 49451 using batch
reactors; (2) determine the kinetic parameters of P. putida cells on phenol alone; (3) de-
termine the kinetic parameters of P. putida cells on 4-CP with resting cells; (4) determine
the substrate interaction parameters of phenol plus 4-CP; (5) develop a biofilm model sys-
tem for the cometabolic transformation of 4-CP and phenol degradation; and (6) conduct
continuous-flow packed-bed reactors to validate the kinetic model system for synchronous
4-CP transformation and phenol degradation

2. Description of Models
2.1. Kinetic Model for Phenol in Batch Reactor

To evaluate the biodegradation of growth substrate in batch reactors using P. putida
cells at varying concentrations of growth substrate, the specific growth substrate utilization
rate can be described as follows [17]:

1dSp _ pp
qr = XA Y 1)
where gp is the specific phenol utilization rate (mg phenol/mg cell-h), Sp is the phenol
concentration (mg/L), X is the cell concentration (mg/L), up is the specific growth rate
(h~1) on phenol and Yp is the yield coefficient of cells on phenol (mg cell/mg phenol). The
Haldane model is widely used to express the inhibition kinetics of growth substrate on cell
growth that can be written as the following equation [2]:

S
Hm,pOPp 2)

e = KS/P + Sp + S%/Kl,p
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where y,,, p is the maximum specific growth rate of cells on phenol (h~1), K p is the half-
saturation constant of phenol (mg/L), and K| p is the self-inhibition constant of phenol
(mg/L). The growth pattern of cells on phenol biodegradation can be described with the
following equation [18]:

1dX

Hp = X dr 3)

2.2. Kinetic Model for 4-CP in Batch Reactor

The kinetics of 4-CP transformation by resting cells obtained from the growth substrate
was used to determine the maximum specific utilization rate of 4-CP (kcp), half-saturation
constant of 4-CP (K cp) and self-inhibition constant of 4-CP (K} cp) [19]. The form of the
kinetic model expressing the specific transformation rate of 4-CP using the resting cells of
P. putida is described as follows [16]:

qop = _1dScp _ kcpScp @
X dt Kscp+ Scp + S2p/Kicp
. 1dX - qcp
e T o b @)

where qcp is the specific utilization rate of 4-CP (mg 4-CP/mg cell-h), T2* is the true trans-
formation capacity defined as the mass of non-growth substrate that would be transformed
by the unit mass of cells in the absence of endogenous decay (mg 4-CP/mg cell), and b is
the first-order endogenous decay coefficient (h—1).

2.3. Kinetic Model for Phenol Plus 4-CP in Batch Reactor

A kinetic model was used to predict the biodegradation of growth and non-growth
substrates using microbial cultures exposed to various concentration ratios of growth to
non-growth substrates [20]. A kinetic model was developed to describe cell growth in a
wide range of phenol and 4-CP substrate concentrations [21,22]. Enzyme inhibition caused
by the simultaneous degradation of cometabolic substrates has generally been modeled
by including competitive inhibition terms in the half-saturation constant of the equations
describing the biodegradation rate of cometabolic substrates. In present study, Haldane
substrate inhibition kinetics was used to model the inhibitory effect of phenol and 4-CP on
their own biotransformation [16]. The specific biodegradation rate of both substrates can
be described as:

0 — _ldSp _ kpSp ©)
SZ
X dt KS,P<1+ Iffcpp) +5p+ 1
_ 1dScp kcpScp
qep =~ = = ()

Kscr(1+25) +Ser + 525

where gp and qcp are the specific degradation rates of phenol and 4-CP, respectively (mg
substrate/mg cell-h); Sp and Scp are the phenol and 4-CP concentrations in the batch
reactor, respectively (mg/L); kp and kcp are the maximum specific utilization rates of
phenol and 4-CP (mg substrate/mg cell-h), respectively; Kgp and Kgcp are the half-
saturation constants for phenol and 4-CP degradation, respectively (mg/L); and K;p
and K;cp are the competitive inhibition coefficients of phenol and 4-CP, respectively
(mg/L) [23].

The specific growth rate of a cell is typically expressed as a function of growth substrate
consumption and cell decay as follows [23]:

—b ®)
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where y is the specific growth rate on phenol and 4-CP (h™1!); Yp is the growth yield of
P. putida cells (mg cell/mg phenol); and TZ, is true cell transformation capacity defined as
the mass of non-growth substrate that would be transformed by the unit mass of cells in
the absence of endogenous decay (mg 4-CP/mg cell). Thus, gcp/ Tg’l‘j is the specific decay
rate attributed to cometabolism alone (h~1) [24].

Equations (6)—(8) provide a complete mathematical description of the utilization rates
of the growth substrate (phenol) and non-growth substrate (4-CP) and the growth rate of
cells throughout the growth and decay periods. The model was named the competitive

inhibition model (CIM).

2.4. Conceptual Basis of Phenol and 4-CP Concentration Profiles in Biofilm Reactor

Figure 1 illustrates the concentration profiles of phenol and 4-CP in the bulk liquid,
liquid film and biofilm in the continuous-flow biofilm reactor. In the bulk liquid, the
substrate concentration profiles were flat lines owing to a completely mixed condition
occurring during this phase. The phenol and 4-CP were then transferred through the
liquid film and diffused into the biofilm to form curved concentration profiles in the fixed
biofilm system.

TPhenol

4-chlorophenol

AN

5
L:
Medium Biofilm  Liquid
surface layer Hlm
0 Z

Figure 1. Concentration profiles of cometabolic substrates in the biofilm.

2.5. Kinetic Model for Cometabolic Biodegradation in Biofilm Reactor

A reliable design model used to predict phenol and 4-CP biodegradation must be able
to estimate the growth of cells and effluent concentrations of phenol and 4-CP. Based on
diffusion (Fick’s Law) and modifying Haldane inhibition kinetics, the substrate balance for
phenol and 4-CP in the biofilm can be expressed as:

aSrp . IS¢ p B kpSg,p X o)
o fP 072 Sfcp SJZ‘P f
f Ks,p(l—Fm)—l-Sf,p‘l'm
dSy.cp *S¢cp kcpSg,cp
or S cP 02 Xy (10)

5 s
T [Recr (1 R2) +Spcr+ 2
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dLg /Lf YpkpS,p 1 kcpSy,cp b\ d an
at s Tb* 52 s | 42f
O [Ksp(1+ L) +5pp Kf,:’; C Kocp(1+ 72 )+sfcp+KfI:§jj

where Ly is the biofilm thickness (um); S¢,p and S cp are the phenol and 4-CP concen-
trations in the biofilm (mg substrate/L), respectively; Xy is the density of the biofilm
(mg cell/L); bs is the shear loss of the biofilm (d~1); and z  is the radial distance (um).

A fixed biofilm reactor in which a kinetic biofilm model can be applied is a completely
mixed biofilm reactor. All the suspended cells at the liquid /biofilm interface were exposed
to the same phenol and 4-CP concentrations. The substrate disappeared from the bulk
liquid as it migrated into the liquid /biofilm interface. The suspended P. putida cells started
growing because of substrate biodegradation. The mass balance of phenol and 4-CP, and
the suspended cells in the fixed biofilm reactor can be described as:

das A kpS
= g(Sbo,p —Sp,p) —kgp(Sp,p — Ss,p) o2 — Lok —Xp (12)
dt Ve Ve

b,CP
K5p<1+ >+S P+K1P

dSpycp  Q A kCPSb cP
= = —(Spo,cp — Su,cp) — kf,cp(Sn,cp — Ss,cp) o — Xp (13)
dt Ve Ve Shcp
Kscp(l + K ) +Soer + xi o
dXp YpkpSyp 1 kcpSy,cp Q A
e S T 2, U ve | XetyebleXe (9
Ks,p(l )+pr+ c KSCP<1+K >+SbCP+K1CP

where S, p and S cp are the phenol and 4-CP concentrations in the bulk liquid (mg/L),
respectively; X}, is the cell concentration in the bulk liquid; Q is the flow rate of the feed
substrate (cm3/d); V is working volume (cm?); A is the total surface area of the media
(cm?); and ¢ is the reactor porosity (dimensionless).

3. Materials and Methods
3.1. Chemicals

All chemicals were of analytical grade and were purchased from Sigma Aldrich Ltd.,
Germany. Stock solutions were prepared by dissolving 1 g phenol and 4-CP in 1.0 L
distilled / deionized water (DIDW), respectively. Test solutions containing phenol and 4-CP
were prepared by diluting 1000 mg/L of phenol and 4-CP stock solutions to the desired
concentrations. All stock solutions were stored at 4 °C prior to use.

3.2. P. putida Cells Inoculum

A pure culture of P. putida ATCC 49451 was originally purchased from the American
Type Culture Collection. The freeze-dried powder strain fixed firmly in a vacuum vial was
placed at 4 °C in the refrigerator until use. The vacuum vial was cut in the laminar flow
bench. In order to activate freeze-dried cells, the Luria Bertani (LB) Broth with 0.5 mL was
added to the vial to melt the frozen stock culture [25]. The activated cells with LB was then
transferred to small bottle with 2.5 mL LB. The small bottle was capped and placed in a
shaker controlled at 130 rpm and 28 °C for 24 h to guarantee the viability of P. putida cells.
The 0.1 mL glycerin was added into 0.9 mL inoculum and placed into low-temperature
freezer controlled at —80 °C for strain preservation. P. putida ATCC 49451 stock strain was
then inoculated into LB agar plate by overfired platinum inoculation loop and placed in an
incubator at 28 °C for 1618 h of cultivation. One colony was picked by inoculation loop
and transferred into 500 mL Erlenmeyer flask containing 250 mL mineral salt medium for
culturing in a shaking incubator at 130 rpm and 28 °C for 16-18 h. Activated cells in the
late-exponential phase were harvested as inoculums for subsequent use.
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3.3. Mineral Salt Medium

A pure culture of P. putida ATCC 49451 with high removal efficiency for phenol
and cometabolic transformation of 4-CP has been demonstrated [15,22]. Therefore, P.
putida strains were used to evaluate the biodegradation of phenol, 4-CP and phenol plus
4-CP. The mineral salt medium prepared for P. putida cells contained: K,HPOy, 0.65 g;
KH,POy, 0.2 g; NaNO;3, 3.61 g; MgSO4-7H,0, 0.2 g; FeSO4-7H,0, 0.00556 g; (NHy4)2-SOy4,
0.5 g; and 10 mL of trace mineral solution per liter medium [26,27]. The trace mineral
solution contained (g/L): nitrilotriacetic acid, 1.5; MnSO4-H,0, 0.5; CoCl,-6H,0O, 0.1;
CaCl,, 0.1; ZnSO4-7H,0, 0.1; CuSO4-5H,0, 0.01; H3BO3, 0.01; Na,MoO4-2H,0, 0.01; and
AIK(SO4),-12H,0, 0.01. To prepare the trace mineral solution, 1.5 g nitrilotriacetic acid
was added to approximately 500 mL DIDW and adjusted to pH 6.5 with KOH to enhance
dissolution. The remaining components of the trace mineral solution were then added, and
the solution volume was brought to 1 L with DIDW. All media, pipette tips, stock solutions
and Erlenmeyer flasks fitted with cotton plugs were autoclaved at 121 °C for 20 min for
sterilization prior to use.

3.4. Analytical Methods

HPLC-UV with Alliance 2695 liquid chromatography (Waters Co., Milford, MA, USA)
was used to measure phenol and 4-CP. The apparatus consisted of a Waters 2707 autosampler
and Waters 2487 UV /Vis detector, and was equipped with a Symmetry® C18 column (particle
size, 5 um). The diameter of the column was 3.9 mm and the height was 150 mm. The samples
were filtered through a Millipore filter (0.22 um) before phenol and 4-CP analysis. A mobile
phase composed of 50 mM potassium phosphate/acetonitrile (70/30, v/v) was used to elute
the samples at a flow rate of 0.7 mL/min. The UV /Vis spectrophotometric detector was set
to 254 nm. The injection volume of each sample was 6 pL. The average retention times for
phenol and 4-CP were approximately 5.69 min and 9.25 min, respectively. Two calibration plots
were obtained and used to estimate the phenol and 4-CP concentrations that were expressed
using the following regression equation: Phenol (mg L) = 3.1992 + 3.0 x 10~* x (Area),
R? = 1.0000 and 4-CP (mg L~1) = —3.3099 + 8.0 x 107* x (Area), R? =0.9999. The cell
concentration was monitored spectrophotometrically by measuring the absorbance at
600 nm. The relationship between cell concentration and ODggy was determined as follows:
X(mg/L) = 318.4 (ODggp). The pH was measured using a pH electrode and a pH meter
(HANNA, model HI 9021, Smithfield, RI, USA).

3.5. Batch Experiments

Wang and Loh [17] carried out the batch tests with P. putida cells to investigate the kinet-
ics of phenol degradation at 30 °C at various initial phenol concentrations (25-800 mg/L).
In the present study. P. putida cells were obtained from stock inoculums. The suspended
active cells were centrifuged at 4000 rpm for 10 min and re-suspended in phosphate buffer
and then centrifuged [28]. The cells were collected and transferred into batch reactors.
Batch tests of free cells were performed in 250 mL Erlenmeyer flasks containing 200 mL
mineral salt medium supplemented with different initial nominal concentrations of phenol
(40-500 mg/L), and phenol (50-350 mg/L) plus 4-CP (5-60 mg/L), respectively. Resting
cell experiments for 4-CP transformation with various initial nominal 4-CP concentrations
(10-80 mg/L) in batch tests were performed as described by Hao et al. [29]. The batch
tests were carried out at 30 °C on a rotary shaker at 120 rpm for the desired incubation
periods. Samples were withdrawn at the indicated times for phenol, 4-CP and cell density
analysis. Control experiments were also undertaken to evaluate abiotic degradation in a
sterile medium.

3.6. Continuous-Flow Biofilm Bioreactor

A schematic laboratory-scale completely mixed and continuous-flow bioreactor is
shown in Figure 2. The system was a cylinder made of glass with an acrylic stand. The
dimensions of this reactor were 10 cm internal diameter and 46.6 cm height with a liquid
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level of 30 cm, providing a total volume of 2.4 L. A working volume of 1.568 L yielded a
hydraulic residence time of 6 h in the present study. Approximately 44% of the working
volume (i.e., 690 cm?) was filled with glass beads with a diameter of 3 mm. The required
air for the system was supplied by an aerated plate and one air aquarium compressor with
an output air capacity of 30 L/min to maintain the dissolved oxygen at 2.3 + 0.2 mg/L
The reactor was maintained at 30 & 0.1 °C through a water jacket using a circulating water
bath (Yih Der Inc., Taipei, Taiwan). The influent was provided at the bottom of the reactor
using a digital peristaltic pump (Model HT100IJ, Longer Pump) with an influent flow
rate of 6.272 x 103> mL/d. The influent feed was synthetic wastewater containing phenol
plus 4-CP as dual substrate for biodegradation [2]. The pH was buffered at 7.1 £ 0.2 by
HPO,%~ /H,PO, " in the feed solution. Control tests were also undertaken using glass
beads without cells to evaluate whether the glass beads contributed to removing phenol
plus 4-CP in the continuous-flow biofilm reactor.

—&
2.6cm
.. +
Fy
Adr pump Do 2 em
H o i
P
Water
Ef]tjlt;zlltc < ! v| — recirculation in
iove Water jacket
0D 6
eI Q
BRAVO0 30 em
e #+#G -9
DEODEHG
€2 N D
0# e Glass beads
EHREED
Water @ 5 ¥
recirculation ot Plastic :
plate

Feed reservoir

Figure 2. A completely mixed and continuous-flow packed bed bioreactor.

4. Results and Discussion
4.1. Phenol Biodegradation and Cell Growth

A series of batch tests were employed to observe phenol biodegradation and cell
growth under varying initial nominal phenol concentrations of 40-500 mg/L. Figure 3a,b
show the time course of phenol and cell concentration. The experimental results indicate
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that the time required for the complete biodegradation of phenol extended from 9 to 22 h
at various initial phenol concentrations. The time for the lag stage of cell growth under
different initial phenol concentrations was almost the same. The time required to reach
a steady-state cell growth ranged from 10 to 21 h, whereas the cell concentration in the
stationary phase was in the range of 34-313 mg/L. The time course of cell growth was
monitored to determine the specific growth rate for each batch culture of P. putida cells
containing initial nominal phenol concentrations ranging from 40 to 500 mg/L. The specific
growth rate was evaluated by determining the slope of the natural logarithmic plot of
the cell concentration versus time in the log-growth stage. The variation in the specific
growth rate over cultivation time was fitted using the Haldane model to estimate the kinetic
parameters of P. putida cells on phenol (Figure 4). The Haldane model agreed well with the
experimental data. A non-linear least-squares regression analysis was employed to obtain
a sum of squared residuals (SSR) of 3.2 x 10~%. Kinetic parameters for P. putida cells on
phenol were determined as y,,, p = 0.512 h, Ksp=784mg/L, and K; p =228.5 mg/L:

0.512Sp
78.38 + Sp + 5%/228.5

Hp = (15)

600

Initial phenol conc., mg/L

—®— 40 mg/L

500 e -— 100 mg/L
"t -— 150 mg/L

==&==200 mg/L

==®--250 mg/L

%') 400 . = =~=—300 mg/L
£ -—a— 350 mg/L
g --B— 400 mg/L
g .. % -—®-- 450 mg/L
8 300 . p Y mg/L
] . i
C
[
<
o
200
100
0
350
Initial phenol conc., mg/L
—e—40 mg/L AT
300 -— 100 mg/L
-m— 150 mg/L FETTe e
==>=-200 mg/L i
, 250 B --®--250 mg/L Aim—a—m--a
> - ~—300 mg/L L
£ -—a— 350 mg/L n--A.—---—A—---—A
J --El— 400 mg/L
§ 200 -—e-- 450 mg/L ”—a.-’ &A—A —_ =
© —-ae--= 500 mg/L f
[o)
(@]

mto-oooo
150 g

§>r[<>'--6—<>—<>—<>—<>—<>

}7"—"—-—-—-—-—-—-

,g——ﬁ—m—-m- —O—--

100
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(b)

Figure 3. Effect of initial phenol concentration on (a) phenol degradation and (b) cell growth.



Processes 2021, 9, 1663

90f18

0.3 Frrr T
0.25 .
= [ ]
[0] - o
© L ]
= [ ]
8 0.15 F -
(e)] o -
i"(_;) b -
= [ ]
[0] = -
& 0.1 F -
B ® Experimental 7
0.05 Model 4
SSR=3.2x10"* ]
0 g 3 o J 2 2 2 2 0 2 3 2 2 0 2 2 2 2 0 2 2 2 2 0 2 3 -.

0 100 200 300 400 500 600

Initial phenol conc., mg/L

Figure 4. Specific growth rate versus initial phenol concentration, fitted by the Haldane model to
determine the maximum specific growth rate on phenol (1, p), half-saturation constant for phenol
(Kg,p ) and self-inhibition constant of phenol (K; p ).

The p1,,, p obtained in the present study falls within the range reported in the literature
(0.222-0.900 h—1) [15,30]. Moreover, the Ks p value obtained in this study was larger than
that reported by Wang et al. [15]. However, the Kj p value obtained in this study was
smaller than that in their study.

4.2. 4-CP Transformation by Resting Cells

Several batch kinetic tests were performed to monitor the cometabolic transformation
of 4-CP by pre-culturing phenol-induced cells. Figure 5 shows the effect of the initial 4-CP
concentration on 4-CP transformation against culture time. The P. putida resting culture
showed a finite capacity for 4-CP transformation as the culture time increased from 1 to
6 h at an initial 4-CP concentration of 20-80 mg/L. Hao et al. [29] conducted the batch ex-
periments to evaluate the transformation of 4-CP by resting, phenol-induced Acinetobacter
cultures with various initial 4-CP concentrations of 10-75 mg/L. A similar result was
reported by Hao et al. [29], who found that the resting cell culture of Acinetobacter retained
a residual amount of 4-CP after a culture time of 15 h. Rostkowski et al. [31] found that
the resting cells had a finite transformation capacity due to a lack of reducing power. The
experimental data indicated that 4-CP degradation decreased rapidly at the onset of batch
tests. The higher initial nominal amount of 4-CP resulted in a higher residual amount of
4-CP. The residual 4-CP concentration was in the range of 3.03-25.2 mg/L as the initial 4-CP
concentration ranging from 20 to 80 mg/L. The values of the maximum specific utilization
rate of 4-CP (kcp), half-saturation constant of 4-CP (Kg cp), and inhibition constant of 4-CP
(K} cp) in the cometabolism kinetic model were determined by evaluating the specific trans-
formation rate of 4-CP (qcp) under various initial nominal 4-CP concentrations (Figure 6).
The kinetic constants obtained for 4-CP utilization by resting cells were Kcp = 0.246 h™!,
Kscp =1.048 mg/L, and K; cp = 53.40 mg/L. Thus, the kinetic equation for the specific
utilization rate of 4-CP can be written as

B 0.246Scp
~ 1.048 + Scp + S%p/53.40

qcp (16)
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Figure 5. Effect of initial 4-CP concentration on transformation of 4-CP by resting cells with initial
cell concentration of 93.4 mg/L.
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Figure 6. Specific utilization rate versus initial 4-CP concentration and fitted by the Haldane model
to determine kinetic parameters of maximum specific utilization rate of 4-CP (K¢p), half-saturation
constant for 4-CP (K cp) and self-inhibition constant of 4-CP (K cp).

The kcp value obtained in the present study was much higher than that obtained from
other studies ranging from 0.02 to 0.229 h~! with pure or mixed cultures [16,29,32]. The
Ks cp value obtained in the present study was higher than that outlined in the previous
literature [16,29]. Therefore, the cells used in this study had a lower affinity for 4-CP than
those used in previous studies. In contrast, the Kj cp value obtained in this study was
within the range reported in the literature [16,29].

To evaluate the values of the true transformation capacity (T2*) and first-order en-
dogenous decay coefficient (b), the time-course variation of cell concentration at various
initial nominal 4-CP concentrations is illustrated in Figure 7a. The experimental results
are consistent with those reported by Miri et al. [19] who used toluene, benzene and
ethylbenzene-assimilating resting cells to undertake with the cometabolic transformation
of p-xylene. The negative values of the specific growth rate were determined by plotting
In (X/Xp) against time (Figure 7b). Equation (5) was then used to fit the experimental
profile of the change in the specific growth rate to determine the T(b:* and b values using
the non-linear least square method by minimizing the SSR value (Figure 7c). The T2* and
b values were 4.34 mg 4-CP/mg cell and 5.99 x 1073 h™!, respectively, with an SSR value of
1.78 x 10~*. The specific growth rate of resting cells can be expressed as:

lep = —% ~599x 1073 (17)
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Figure 7. Batch tests to determine kinetic parameters of true cells’ transformation capacity and
first-order endogenous decay coefficient: (a) time course variation of cell concentration; (b) time
course variation of In(X/Xp) to determine specific growth rate; (c) variation of specific growth rate
with initial 4-CP concentration.
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4.3. Phenol Degradation and 4-CP Transformation in Batch Experiments

After determining the kinetic parameters of cells for phenol utilization and the co-
metabolic transformation of 4-CP by resting cells, the competitive inhibition model describ-
ing the phenol (growth substrate) and 4-CP (non-growth substrate) utilization rates, and
cell growth rate (Equations (6)—(8)) was utilized to estimate the competitive inhibition coef-
ficient of phenol to 4-CP (K; p) and of 4-CP to phenol (K; cp). Figure 8 presents the phenol
degradation and 4-CP transformation and cell growth at various initial nominal phenol and
4-CP concentrations. The experimental results reveal that the initial phenol concentrations
ranging from 50 to 350 mg/L were completely consumed by P. putida cells; however, initial
4-CP concentrations over 40 mg/L retained the residual 4-CP concentration. The typical
growth curve of cells followed exponential and endogenous phases. The overall specific
growth rate was determined from the slopes of the two phases by plotting In (X/Xy) versus
time. Phenol was used as the growth substrate, and 4-CP was used as the non-growth
substrate in the dual-substrate cometabolic system. Thus, the specific utilization rates of
phenol and 4-CP were used in the kinetic model (Equation (8)) to evaluate the K; p and
K; cp values. Figure 9 shows the variation in the specific growth rate with the initial phenol
and 4-CP concentrations. The specific growth rate obtained from the experimental data in
the cometabolic system was fitted using the kinetic equation (Equation (8)) to estimate the
K; p and K; cp values, which were 6.75 and 9.27 mg/L for phenol and 4-CP, respectively,
with an SSR value of 6.077 x 10~%. Table 1 presents the kinetic constants and operational
conditions of the biofilm process for model prediction.

Table 1. Summary of the kinetic constants as well as the operation conditions for the model prediction.

Symbol Parameters Description (unit) Value Remarks
€ Reactor porosity (dimensionless) 0.56 measured

bs Shear-loss coefficient of biofilm (d~1) 0.0564 calculated
A Total surface area of glass beads (cm?) 1.384 x 10% calculated
Dsp Effective diffusivity of phenol in the glass bead (cm? d—1) 0.759 calculated
Dscp Effective diffusivity of 4-CP in the glass bead (cm? d—1) 0.689 calculated
k 1P Mass-transfer coefficient of phenol (cm d-1 249.64 calculated
kf,c Mass-transfer coefficient of 4-CP (cm d 1) 233.91 calculated
K p Self-inhibition constant of phenol (mg L~1) 228.5 calculated
Kicp Self-inhibition constant of 4-CP (mg LY 534 calculated
Ksp Half-saturation constant of phenol (mg L™1) 78.38 calculated
Ks,cp Half-saturation constant of 4-CP (mg LY 1.048 calculated
Kip Competitive inhibition coefficient by phenol (mg L~') 6.75 measured
Kicp Competitive inhibition coefficient by 4-CP (mg L~1) 9.27 measured
Q Influent flow rate (mL d 1) 6.272 x 10° measured

b First-order endogenous decay rate (h 1) 5.99 x 1073 calculated
Tg* True transformation capacity (mg 4-CP [mg cell] ~1) 4.34 calculated
Spo,p Concentration of phenol in the feed (mg L1 200 measured
Spo,cp Concentration of 4-CP in the feed (mg L~1) 25 measured
v Effective working volume (mL) 1.568 x 10° measured
kp Maximum specific utilization rate of phenol (h~1) 0.512 measured
kcp Maximum specific utilization rate of 4-CP (1 0.246 measured
Lgo Initial biofilm thickness (cm) 4 %1075 assumed
Xy Density of P. putida biofilm (mg mL~1) 9.47 calculated
Xpo Initial concentration of suspended P. putida cells in the reactor (mg L~1) 6.83 measured
Yy Growth yield of cell on phenol (mg cell [mg phenol]*l) 0.618 measured
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Figure 8. Phenol degradation and 4-CP transformation and cell growth at various initial nominal phenol and 4-CP

concentrations of 50-350 mg phenol/L and 5-60 mg 4-CP/L, respectively. Initial cell concentration



Processes 2021, 9, 1663

14 0f 18

0.16

0.14
0.12
0.10

0.08

0.06
0.04

Specific growth rate,

0.02
0.00

-0.02

60
50 40

4-cp * 20 10 @
Co 0 %4
nC., my /L

—=&— Experimental data
-0~ Model calculation

Figure 9. The specific growth rate in the cometabolic system was fitted by competitive inhibition model to determine the
competitive inhibition coefficients of phenol and 4-CP, respectively.

4.4. Phenol Degradation and 4-CP Transformation in the Biofilm Process

Figure 10 shows the model predictions and experimental data for phenol degradation
and 4-CP transformation during the biofilm process. As shown in Figure 10a, the time
course of phenol effluent concentration depicts a rapid increase during the transient period,
which was 136.86 mg/L (0.684 Sy, pp) owing to the dilute-in flow characteristics. The
phenol effluent concentration then leveled off from the peak of the curve and decreased
after phenol biodegradation was initiated. The P. putida biofilm grew actively for phenol
biodegradation from the transient period of 0.4-2 days. The steady-state period running
from 2 to 8 days showed a stable phenol effluent concentration of approximately 4.68 mg/L
(0.0234 S, pp), which reached a high phenol removal efficiency of 97.66%.
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Figure 10. Model prediction and experimental results: (a) phenol effluent concentration; (b) 4-CP effluent concentration;
(c) P. putida biofilm growth; (d) P. putida suspended cells growth; (e) phenol and 4-CP fluxes into biofilm; and (f) effect of

substrate load on removal efficiency.
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The time course of the 4-CP effluent concentration profile was similar to the phenol
effluent concentration curve (Figure 10b). At the onset of the column test, the 4-CP effluent
concentration abruptly increased to the highest effluent concentration value of 17.8 mg/L
(0.712 Sy, cpp) because the initial 4-CP concentration in the reactor was zero at time zero.
In sequence, 4-CP was degraded by the P. putida biofilm for cometabolic transformation
to lower the effluent concentration. At the steady state, the effluent concentration was
approximately 0.468 mg/L (0.0187 S}, cpg), which resulted in a removal efficiency of 98.13%
for 4-CP.

The growth of the biofilm is shown in Figure 10c. A lag phase of 0.5 days was observed
for the P. putida biofilm, which started to grow and then followed the exponential phase.
The model predicted that the biofilm thickness was 338.5 pm on day 8. The experimental
data and model predictions for suspended P. putida cells in the bulk liquid are shown in
Figure 10d. The biofilm and suspended cells contributed to degrading the phenol and
simultaneously performed a cometabolic transformation of 4-CP during the biofilm process.
A lag stage of 0.5 days was also observed, followed by an intensive and mild log-growth
phase. The effluent concentration of the P. putida suspended cells was approximately
43.36 mg/L on day 8.

Phenol and 4-CP fluxes diffused into the biofilm and are shown in Figure 10e. Phenol
had a higher flux than 4-CP because phenol had a higher initial concentration than 4-CP.
Both phenol and 4-CP fluxes increased abruptly within one day. The fluxes reached a
steady-state over 1-8 days. At the steady state, the flux values of phenol and 4-CP were
0.0879 and 0.0109 mg/cm?-d, respectively.

Experimental results for synchronous phenol and 4-CP biodegradation were observed
as the phenol and 4-CP concentration ratios ranged from 6.7 to 15 (Figure 10f). Hao et al. [29]
reported that phenol and 4-CP ratios greater than 4 made phenol and 4-CP disappear
simultaneously within 18 h in batch experiments. Zilouei et al. [33] performed packed-
bed bioreactors with mixed bacterial consortia to degrade a mixture of chlorophenolic
compounds. The experimental results indicate that a removal efficiency greater than 99%
was attained at a total chlorophenol loading rate of 11 mg/L-h. In the present study, the
phenol and 4-CP loading rates increased from 8.33 to 58.3 mg phenol/L-h and 0.83 to
8.33 mg 4-CP/L-h, respectively, and the removal efficiency in the biofilm reactor increased
from 94.56% to 98.45% for phenol and 96.09% to 98.68% for 4-CP at the steady-state
operational period.

5. Conclusions

The kinetics of phenol, 4-CP and phenol plus 4-CP in batch reactors was investigated
to observe substrates degradation and growth of P. putida cells and the decrease in the
concentration of resting cells. The experimental results obtained from the batch tests were
fitted using Haldane kinetics to determine the biokinetic parameters. The effective diffu-
sivity, mass-transfer coefficient, and shear-loss coefficient were estimated using empirical
formulas. The kinetic parameters and coefficients were used as input values for the fixed
biofilm model prediction. A completely mixed and continuous-flow fixed biofilm reactor
was used to observe the effluent concentrations of phenol and 4-CP compared to the predic-
tion results. Good agreement between the model prediction and experimental data for the
effluent concentrations of phenol and 4-CP was achieved. The high removal efficiencies of
phenol and 4-CP were monitored under steady-state operational conditions. The removal
efficiencies for phenol and 4-CP were in the range of 94.56-98.45% and 96.09-98.85%,
respectively, at the steady-state performance. The cometabolic transformation of 4-CP
and phenol degradation can be simulated using kinetic model systems to predict the in-
teraction behaviors of cometabolic substrates involving dual-substrate contaminants in
various wastewater and industrial effluents. The kinetic model systems developed in the
present study are powerful tools for designing batch and biofilm reactors to treat multiple
substrates containing phenolic and chlorophenolic compounds in wastewater.
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