2 M processes

Article

Biodegradation Kinetics of Phenol and 4-Chlorophenol in the
Presence of Sodium Salicylate in Batch and Chemostat Systems

Yen-Hui Lin *

check for
updates

Citation: Lin, Y.-H.; Ho, B.-H.
Biodegradation Kinetics of Phenol
and 4-Chlorophenol in the Presence
of Sodium Salicylate in Batch and
Chemostat Systems. Processes 2022,
10, 694. https:/ /doi.org/10.3390/
pr10040694

Academic Editor: Davide Dionisi

Received: 16 March 2022
Accepted: 31 March 2022
Published: 2 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Bing-Han Ho

Department of Safety, Health and Environmental Engineering, Central Taiwan University of Science
and Technology, 666, Bu-zih Road, Bei-tun District, Taichung 406053, Taiwan; mib000123456@gmail.com
* Correspondence: yhlinl@ctust.edu.tw; Tel.: +886-4-22391647 (ext. 6861)

Abstract: The biodegradation of phenol, sodium salicylate (SA), and 4-chlorophenol (4-CP) by
Pseudomonas putida (P. putida) was evaluated by batch and chemostat experiments in single and
binary substrate systems. The Haldane kinetics model for cell growth was chosen to describe the
batch kinetic behavior to determine kinetic parameters in the single or binary substrates system.
In the single phenol and SA system, the kinetic constants of p,, p = 0.423 h™1, p,, 4 = 0.247 h~1,
Ksp =481mg/L, Ks4 =71.7 mg/L, K;p = 2725 mg/L, and K; 4 = 3178.2 mg/L were evaluated.
Experimental results indicate that SA was degraded more rapidly by P. putida cells compared to
phenol because SA has a much larger K value than phenol, which makes the cells less sensitive to
substrate inhibition even though the y,, p value is larger compared to y,, 4. The ratio of inhibition of
phenol degradation due to the presence of SA (I41) to the inhibition of SA degradation due to the
presence of phenol (I4) is 2.3, indicating that SA has a higher uncompetitive inhibition on phenol
biodegradation compared to that of phenol on SA biodegradation in the binary substrate system. In
the ternary substrate system, the time required for the complete degradation of SA and phenol was
14 and 11.5 d and an approximately 90% removal efficiency for 4-CP was achieved within 14 d. In
the chemostat system, the removal rates of phenol and SA were 96.6 and 97.0%, while those of SA
and 4-CP were 91.4% and 95.2%, respectively. The model prediction agreed satisfactorily with the
experimental results of the chemostat system.

Keywords: biodegradation; cell growth; Pseudomonas putida; binary substrates; ternary substrates;
kinetic model

1. Introduction

Phenols and chlorophenols (CPs) are considered xenobiotic contaminants and are
widely used in various industries such as petroleum refineries, pharmaceutical, pesti-
cides, paper, leather, resin, and dyes [1-3]. The use of phenols and CPs has garnered
considerable attention owing to their toxic, carcinogenic, bioaccumulative, and mutagenic
properties [4-6]. Phenols from the improper discharge of industrial wastewater treatment
plants are toxic and harmful to fish even at the low concentrations of 5-25 mg/L [7]. The
effluent concentrations of 4-CP from these industries range from 100 to 1000 mg/L [8]. The
effluent discharge of 4-CP, even at the low concentrations of 34 mg/L, may reduce the
enzyme activity or be lethal to living organisms because of its toxicity [9].

Various treatment techniques have been applied for the treatment of wastewater con-
taining phenol and 4-CP, in order to remove them from wastewater, and thereby diminish
the load of environment contaminants from wastewater discharge [10]. These removal
techniques include physical, chemical, and biological treatments. Physicochemical methods
including adsorption, distillation, reverse osmosis, ion exchange, membrane pervaporation,
solvent extraction, ozonation, and electrocoagulation, etc., are widely used to remove phe-
nol and 4-CP from the industrial effluents [11-14]. However, these techniques have some
limitations owing to their high treatment cost, toxic byproduct generation, and secondary
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waste production [15,16]. In contrast, biological methods are promising alternatives for the
removal of phenol and 4-CP owing to their lower costs and eco-friendly properties [17,18].
Thus, several microorganisms such as Pseudomonas putida (P. putida), Candida sp., and
Bacillus sp. have been isolated for the degradation of phenol and 4-CP by utilizing them as
sources of carbon and energy [8,19].

Organic compound mixtures are widely found in the effluents of industrial wastewater.
The organic contaminants in the mixture are an important issue as the biodegradation
of one compound could be inhibited by another. Juang and Tsai [20] conducted a series
of batch tests to observe the biodegradation of single and mixed phenol and sodium
salicylate (SA) by P. putida CCRC 14365. Their results indicate that the cells preferentially
degraded phenol rather than SA. Furthermore, the interactive kinetic parameters between
phenol and SA were successfully determined in their extended Haldane model system.
Although the high degradation rate of phenol and SA by P. putida was demonstrated
in previous studies [7,20-22], the interaction parameters due to the inhibition of phenol
and SA by P. putida 49451 have not been studied in detail. Moreover, the biodegradation
performance of phenol and SA in the chemostat system by P. putida 49451 has not yet
been reported.

The simultaneous biodegradation of SA and 4-CP by P. putida was regarded as a
cometabolic biological reaction. Cometabolism is the biotransformation of nongrowth
organic compounds through the growth of microorganisms by the metabolism of the
growth substrate or by resting cells [23]. In our preliminary batch experiment to observe
the degradation of 4-CP with an initial nominal concentration of 75 mg/L, which acted
as the sole carbon source for the growth of P. putida 49451, we found that neither cell
growth nor a biotic reduction occurred in the 4-CP concentration during a period of one
week. Based on this experimental result, we decided to use SA as the growth substrate
for the cometabolic biodegradation of 4-CP. Loh and Yu [24] successfully used SA as the
growth substrate to degrade the nongrowth substrate of carbazole by P. putida ATCC 17484.
Wang et al. [25] successfully used a cold-adapted bacteria, P. putida LY1, to degrade the
phenol and 4-CP simultaneously. Their results show that the complete removal of phenol
and 4-CP was achieved at two initial 4-CP concentrations of 15 and 40 mg/L with initial
phenol concentrations of 20-400 mg/L. Wang and Sun [26] carried out the sequencing
batch reactor (SBR) to investigate the effect of carbon addition on the biodegradation of
2,4,6-trichlorophenol (2,4,6-TCP). The experimental results show that a suitable carbon
dosage enhances the biodegradation of 2,4,6-TCP, however, an excessive carbon dosage
inhibits the biodegradation of 2,4,6-TCP in the cometabolic system. Some kinetic models
of cometabolism, that involve one specific growth substrate for the cell growth and one
cometabolizing nongrowth substrate, have mostly focused on batch systems [25]. However,
only some studies have investigated the kinetic model used to describe the simultaneous
biodegradation of SA as the growth substrate and 4-CP as the nongrowth substrate due to
cometabolism in a chemostat system. Knowledge of mixed substrates biodegradation and
cell growth kinetics is quite important for improvements in the process control and removal
efficiency of mixed substrates. The approaches of experiments and modeling presented in
this study can be used to design a pilot or full-scale chemostat system to treat phenol and
chlorophenol simultaneously in industrial wastewater.

This study aimed to investigate the biodegradation kinetics of single and mixed
phenol and SA and mixed SA and 4-CP by P. putida 49451. The objectives of the present
study were to (1) determine the kinetic constants of P. putida cells on both phenol and
SA; (2) investigate the interaction parameters due to the inhibition of phenol and SA on
each other; (3) develop the simultaneous biodegradation kinetics of phenol and SA in a
chemostat system; (4) evaluate the kinetic constants of 4-CP in binary substrates of SA and
4-CP; (5) develop the kinetic model of synchronous biodegradation of SA and 4-CP; and
(6) compare the experimental data with the model prediction in chemostat systems.
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2. Model Development
2.1. Kinetic Model for Single Phenol and SA Biodegradation in a Batch Reactor

For each batch reactor with a certain concentration of phenol or SA for cell biodegra-
dation, the specific growth rate of cells can be expressed as follows [20,27]:

_ s laX
X Xat M
where y is the specific growth rate (1/h); s is the cell growth rate (mg/L-h); and X is the
cell concentration (mg/L).
The Haldane model used to describe the cell growth kinetics due to the inhibition of
phenol or SA is expressed as follows [20,27]:

HmS

— - 2
Ks+ S+ S%2/K; @

K

where i, is the maximum specific growth rate (h~1); K is the half-saturation constant of
the substrate (mg/L); S is the substrate concentration (mg/L); and K] is the self-inhibition
constant of the substrate (mg/L). The kinetic constants of y;;, Ks, and Kj can be determined
from the cell growth kinetics on the substrate.

The yield coefficient (Y) of cells on the substrate can be calculated as follows [28]:

X — Xo

y=2m—_20
ASc

3)
where X;; and X/ are the maximum and initial cell concentrations (mg/L), and AS, is the
amount of substrate consumed (mg/L). The maximum specific substrate utilization rate (k)
can be described as:

_ Hm
k=1Lr @

2.2. Kinetic Model for Phenol and SA Biodegradation in a Batch Reactor

The specific cell growth rate on binary substrates of phenol and SA can be described
as follows [10,20]:

_ ,um,PSP
Hp = 2 (5)
Ksp+Sp+Sp/Kpp+ 14154 + +1515pSa
S
pa — ©)

" Ksa+Sa—+S%/Kia+LaaSp+ IppSaSp

where pp and ji4 are the specific growth rates on phenol and SA, respectively (h1); p,, p
and pi,, 4 are the maximum specific growth rates on phenol and SA, respectively (h™!);
Sp and S, are the concentrations of phenol and SA, respectively (mg/L); Ksp and Kg 4
are the half-saturation constants of phenol and SA, respectively (mg/L); K;4 and Kjp
are the inhibition constants of phenol and SA, respectively (mg/L); I41 is the inhibition
of phenol degradation due to the presence of SA (dimensionless); Iz is the inhibition
of phenol degradation due to the presence of phenol and SA (dimensionless); 14, is the
inhibition of SA degradation due to the presence of phenol (dimensionless); and Ip; is
the inhibition of SA degradation due to the presence of SA and phenol (dimensionless).
Thus, the overall specific cell growth rate (#x) on dual substrates of phenol and SA can be
expressed as follows:

Hx = pHp+Ha )
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2.3. Kinetic Model for 4-CP and SA Biodegradation in a Batch reactor

The P. putida cells could not degrade the 4-CP alone due to its toxicity. Thus, the
toxicity of the 4-CP on cells can be described by a maintenance/death term as follows [29]:

kacp = kqa(1+mgcpScp) 8)

where k; cp is the specific death rate due to 4-CP (h™1); ki 4 is the endogenous decay
coefficient of cells on SA alone (h™1); my cp is the decay constant due to 4-CP (L/mg); and
Scp is the 4-CP concentration (mg/L). In the binary substrate system, the specific growth
rate on the binary substrates of SA and 4-CP can be expressed as [24]:

_ Hm,AS A
KS,A +S4+ Si/KI,A

Ha —kga(1+mgcpScp) )

For the specific growth rate of cells on SA alone, in the absence of 4-CP, Equation (9)
can be simplified as [24]:

Hm,ASA
f— 4 — k 10
P Kea+Sa+ /K, A (10
The cell concentration can be represented by
X = Xpet (11)

where X is the cell concentration (mg/L); X is the initial cell concentration (mg/L); and ¢
is the time (h).

In the presence of 4-CP, the specific SA utilization rate (4), with the incorporation of
the inhibition of 4-CP to SA biodegradation, can be expressed as follows [24]:

dSy . kaSa

= oA 12
947 Xat Ksa+5Sa+55/Kia+S%p/Icp 12)

where ky is the maximum specific SA degradation rate by cells (mg SA/mg cell-h); and Icp
is the inhibition constant of 4-CP to SA (mg/L). We assumed that the degradation of 4-CP
is uninhibited by SA. Thus, a similar Haldane-like equation can be represented to describe
the specific 4-CP utilization rate as follows [24]:

_ dScp kcpScp
qcp = = . (13)
Xdt Kscp+ Scp+ Sgp/Kicp

where kcp is the maximum specific degradation rate of 4-CP by the cells (mg 4-CP/mg
cell-h); and K cp is the self-inhibition constant of 4-CP (mg/L).

2.4. Kinetic Model for Phenol and SA in a Chemostat System

Based on the specific cell growth rate on the binary substrates of phenol and SA
described in the Equations (5)—(7), the phenol and SA utilization and cell growth rates
modeled in the chemostat reactor are expressed as follows [30-32]:

ds SpX
©F — D(Spo — Sp) ~ PP (14)
dt Yp(Ksp+ Sp+S3/Kip+ 14154 + Ip1SpSa)
ds S,X
DA — D(Sao—Sa) - FmAZA (15)
dt YA (Ks,a4Sa+5%/Kpa+142Sp + 1p2SaSp)
dX
=D(=X) + (pp +pa)X (16)

dt
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where D is dilution rate (h™1); Spy and S, are the concentrations of phenol and SA,
respectively, in the feed (mg/L).

2.5. Kinetic Model for SA and 4-CP in a Chemostat System

The dynamic performance of binary substrates of SA and 4-CP in the chemostat reactor
was expressed using mass balances for the simultaneous biodegradation of SA and 4-CP
and the cell growth as follows:

dSy kaSaX

——= =D(S40—S54) — 17
dt ( A0 A) KS,A 1S4+ SE‘,/KI,A i SZCP/ICP 17)
ds kcpScpX
=< = D(Scpo — Scp) — el 3 (18)
dt Ks,cp+ Scp+ Sgp/Kicp
dX SxX
=D(- fm 424 —kg,a(1+mg,cpScp)X (19)

+
(Ksa+Sa+S%/Kpa)
where Scpg is the 4-CP concentration in the feed (mg/L).

dt

3. Materials and Methods
3.1. Culture Activation

P. putida ATCC 49451 cell growth on phenol, sodium glutamate, and cometabolized
4-CP was reported by Wang and Loh [23]. Thus, P. putida ATCC 49451 was used as an
inoculum throughout all the experiments. The freeze-dried powder strain of P. putida ATCC
49451 was originally purchased from the American Type Culture Collection (ATCC) and
stored at 4 °C in the refrigerator. To activate the strain, 0.5 mL of Luria Bertani (LB) broth
was added to the vial to melt the freeze-dried stock strain. The activated strain was then
transferred to a tube with 2.5 mL of LB. The tube with a cap was placed in a shaker at
150 rpm and 30 °C to ensure the viability of the P. putida cells. 0.9 mL of inoculum added
with 0.1 mL glycerin was placed in a freezer at —80 °C for preserving the inoculum. The
stock strain was inoculated in the LB agar plate using a platinum inoculation loop and
transferred into a shaking incubator at 30 °C for cultivation for 17 h. Several colonies
grown on the agar plate were picked, and soaked in a 250 mL Erlenmeyer flask containing
200 mL of growth medium for cultivation in the shaking incubator at 150 rpm and 30 °C
for 17 h. The growth medium contained the following components: 3000 mg/L beef extract;
5000 mg/L peptone; 650 mg/L K;HPO4; 190 mg/L KH,PO,; 500 mg/L NaNO3; 100 mg/L
MgSO4-7H,0; 5.56 mg /L FeSO4-7H,0; and 500 mg /L (NH4),SO4 [33].

Then, 25 mL of activated cells were obtained as the inoculum from the late exponential
growth phase. The inoculum was centrifuged at 6000 rpm for 10 min and suspended in
the phosphate buffer solution and re-centrifuged to obtain concentrated cultures. The
concentrated cultures were inoculated into a culture medium in each Erlenmeyer flask.
After inoculation, phenol, SA, and 4-CP were added directly from stock solutions to provide
the desired initial concentration. Flasks containing mineral medium were autoclaved at
121 °C for 20 min before conducting the batch experiments. All batch culture experiments
were conducted in 250 mL Erlenmeyer flasks with mineral medium volumes of 200 mL on
an orbital shaker incubator (JSL-530, Lenon Instruments Co., Ltd., Taichung, Taiwan) at
120 rpm and 30 °C.

3.2. Nutrient Medium

All the chemicals of analytical grade used were obtained from Sigma Aldrich Ltd., Ger-
many. Test solutions of phenol, SA, and 4-CP were diluted by 1000 mg/L stock solutions.
The mineral salt medium comprised the following components [20]: 4360 mg/L K;HPOy;
3450 mg/L NaH,POy; 1000 mg/L NH4CL; 1 mg/L CoCl,-2H,0O; 36 mg/L CaCly-2H,0;
5.56 mg/L FeSO4-7H,0; 1 mg/L MnCl,-4H,0; 0.2 mg/L (NH4)Mo70,4-4H,0; 190 mg/L
KH;POy; 500 mg/L NaNOj; and 500 mg/L (NH;),SO4. The trace mineral solution con-
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tained: 500 mg/L MnSO,-H;O; 100 mg/L CoCly-6H,0O; 100 mg/L CaCly; 100 mg/L
ZnS04-7H70; 10 mg/L CuSO4-5H,0; 10 mg/L H3BO3; 10 mg/L NayMoO4-2H,0; and
10 mg/L Alk(SO4),-12H,0 [33]. A 10 mL trace mineral solution was added into each run
of the batch and chemostat tests. The mineral salt medium and Erlenmeyer flasks with
caps were autoclaved at 121 °C for 30 min for sterilization before use.

3.3. Batch Experiments

Eight batch experiments for the biodegradation of phenol or SA by cell growth, were
conducted first to evaluate the kinetic constants for single substrate utilization. The nominal
initial concentrations of phenol and SA ranged from 35 to 600 mg/L, respectively. The
initial cell concentrations for phenol and SA utilization ranged from 16.4 to 19.3 mg/L and
18.2 to 23.6 mg/L, respectively.

Furthermore, we investigated the simultaneous degradation of phenol and SA as well
as the cell growth. The various initial phenol and SA concentrations were 80—454 and
158-235 mg /L, respectively, with initial cell concentrations of 19.0-34.7 mg/L. The kinetic
interaction between phenol and SA was considered in the expression of the specific growth
rate on binary inhibitory substrates of phenol and SA. The kinetic interaction parameters
(Ia1, Lz, Ip1, and Ipy) were determined by comparing the model-fitted specific growth
rate with that of experimental results. Batch kinetic tests were also conducted using SA
and 4-CP to examine the kinetic constants (1, cp, kcp, Ks cp, Kicp, and Icp). The initial
concentration of 4-CP ranged from 31 to 42 mg/L, while that of SA was maintained at
124 mg/L. The initial cell concentration was measured from 49.0 to 64.4 mg/L.

3.4. Chemostat Experiments

Two chemostats comprising of 24 L glass cylinders with a working volume of 15.68 L
were used to evaluate the biodegradation of phenol plus SA, and SA plus 4-CP. The initial
phenol and SA concentrations in the influent tank were 192 and 286 mg/L, respectively, and
contained the mineral medium for cell growth. The initial influent concentrations of SA and
4-CP in the influent tank were 85 and 12 mg/L, respectively. A water jacket was designed
to surround the reactor body for temperature control at 30 &= 0.1 °C using a circulating
water bath. One air aquarium compressor connected with aerated stone was used to supply
the air into the chemostat reactor at a rate of 2 gas volume per reactor volume per minute
(VVM) [34]. The air bubble was sterilized with a 0.2 um membrane filter before being
sparged into the reactor. The influent flow rate was maintained at 627.2 mL/h to yield a
dilution rate of 0.04 h—1

3.5. Analytical Methods

To quantify phenol, SA, and 4-CP in the liquid samples, high-performance liquid
chromatography-ultraviolet (HPLC-UV) instruments including an Alliance 2695 liquid
chromatograph (Waters Co., Miford, MA, USA), a Waters 2707 auto-sampler, and a Waters
2487 UV /Vis detector were equipped and packed into a Symmetry® C18 column with
a particle size of 5 um [35]. A Millipore filter (0.22 um) was applied to filter the liquid
samples before the analysis of the phenol, SA, and 4-CP. The mobile phase comprising
of potassium phosphate (50 mM) and acetonitrile (70/30, v/v) was applied to elute the
phenol, SA, and 4-CP. The amounts of phenol, SA, and 4-CP were measured by setting the
absorbance at 254 nm. The injection volume for each vial placed in the auto-sampler was
set at 6 um. Three calibration plots obtained from several given concentrations versus area
were used to evaluate the phenol, SA, and 4-CP concentrations. The linear regression equa-
tions for phenol, SA, and 4-CP are as follows: phenol (mg/L) =3 x 10™* x (Area) + 2.4464,
R? =0.9999; SA (mg/L) =5 x 107 x (Area) — 0.7896, R? = 0.9964; and 4-CP (mg/L) =
8 x 107%* x (Area) — 3.3099, R = 0.9999. The calibration curve was obtained between the
cell concentration and the absorbance (ODgy) as follows: X (mg cell/L) = 357.83 x (ODgqp).
A pH meter with a pH electrode (Model HI 9021, HANNA Instruments, Smithfield, RI,
USA) was used to detect the pH value of the liquid samples.
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4. Results and Discussion
4.1. Biodegradation of Single Phenol and SA

Figure 1 shows the single phenol biodegradation and cell growth as a function of time.
No lag phase was found for the phenol biodegradation due to acclimation [33]. The phenol
concentration steeply decreased with time at a lower initial nominal concentration in the
batch experiments compared to those containing higher initial levels of phenol (Figure 1a).
The elapsed time for the complete disappearance of phenol at various initial nominal
concentrations of 35 to 600 mg/L ranged from 8 to 22 h. The phenol consumption rate
at the onset of the batch experiments was longer with increasing initial nominal phenol
concentrations. The variation of cell growth with time is shown in Figure 1b. The cell
growth curves follow the log growth and stationary phases. The maximum value of the
elapsed time for cell growth at the stationary phase under different initial nominal phenol
concentrations ranged from 4 to 22 h. The endogenous phase in the cell growth curves
was insignificant.

The time course of SA biodegradation and cell growth is shown in Figure 2. The
biodegradation of SA started with no lag phase because of the cell acclimation [36]. We
observed that the SA consumption rate at the beginning of the tests remained nearly the
same. The elapsed time for the complete degradation of SA at different initial nominal
SA concentrations (35-600 mg/L) was within 14 h (Figure 2a). The time required for the
complete biodegradation of 1.25 mM of SA was below 13 h [24]. The cell growth during
the biodegradation of SA also followed the log growth and stationary phases. The time
required to achieve the maximum growth value was about 14 h at various initial nominal
SA concentrations (Figure 2b). Comparing Figure 1a with Figure 2a, we found that the
capacity for SA biodegradation was better than that for phenol biodegradation.

a
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g 400 -
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Figure 1. Cont.
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Figure 2. Single sodium salicylate (SA) biodegradation by P. putida at various initial phenol concen-
trations: (a) SA biodegradation and (b) cell growth.

4.2. Cell Growth Kinetics on Single Phenol and SA

Figure 3 shows that the specific growth rates of the cells varied with different initial
phenol and SA concentrations. The experimental results indicate that the cell growth would
be inhibited above an initial phenol concentration of 120 mg/L (Figure 3a). However, no
inhibition of cell growth occurred under different initial SA concentrations (Figure 3b).
Notably, the cell growth on phenol was more inhibited than that on SA under the studied
conditions (Figure 3a,b). The Haldane cell growth kinetics model was widely applied to
evaluate the kinetic constants containing the maximum specific growth rate (), half-
saturation constant of the substrate (Ks), and self-inhibition constant of the substrate (Kj).
The experimental results of the specific growth rate were obtained from the log growth
phase under initial nominal phenol and SA concentrations. The Haldane cell growth kinetic
model was fitted to the experimental data using the “Solver” function in Microsoft Excel
2016 by minimizing the sum of square error (SSE). The Haldane cell growth kinetic model
was expressed by the following equations for single phenol and SA, respectively:

0.423Sp
_ 20
PP = 481+ Sp+ S3/2725 20)
0.2475
Ha X (21)

T 71145, + 52/31782

The i, p value (0.423 h~1) for cell growth within the literature report ranging from 0.33
to 0.57 h~1 [37]. However, the present K p value (48.1 mg/L) was greater that the literature
ranges of 1.03-18.5 mg/L owing to the different nutrient medium used in the batch tests [37].
The K;p value (272.5 mg/L) falls within the literature ranges of 54.5-903.3 mg/L [37].
Notably, SA was degraded more rapidly than phenol by the P. putida cells because it
has a much larger K value than phenol, which make the cells less sensitive to substrate
inhibition. This result is consistent with that reported by Wang and Loh [33] who evaluated
the batch cultures of P. putida ATCC 49451 in a medium for the degradation of single phenol
and sodium glutamate (SG). Their experimental data were fitted by Haldane kinetics to
determine the kinetic constants (y;, Ks, and Kj). The K; values for phenol and SG were
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284.3 and 14,560 mg/L, respectively. The K value for phenol obtained here (272.5 mg/L)
was comparable to that in their study.

d
0.25 [T e F e e
:E L
2 Z
2 ]
m L
0.05 & Experimental data 7
Haldane model .
SSR=1251x10"" 1
U ] ] ] ] ] ] |
0 100 200 300 400 500 600 oo
Initial phenol conc., mg/L
w Y :
_ 015 -
T ]
_.ﬂ_..?_ L
z
% L
& 0.1 -
o o
=
b= -
[:H]
j=
m -
0.05 =
# Experimentaldata ]
Haldane model :
SSR=208x10"° |
0
0 100 200 300 400 500 600 700

Initial SA conc., mg/L

Figure 3. The variation of the specific growth rate of P. putida cells at different initial concentrations
of (a) phenol and (b) sodium salicylate.

4.3. Cell Growth on Binary Substrates of Phenol and SA

Figure 4 shows the results of phenol and SA biodegradation along with cell growth
at different initial phenol and SA concentrations. Figure 4a indicates that phenol is com-
pletely removed after 216 h under initial phenol and SA concentrations of 79-430 and
158-198 mg/L, respectively. However, the phenol degradation rate was unsatisfactory,
at only 18.7% after 268 h. The lag phase of phenol degradation was clearly observed at
initial phenol and SA contents of >430 mg/L and >198 mg/L, respectively. Figure 4b
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plots the time course of SA degradation. Notably, several lag phases for the complete
degradation of SA were observed during the overall operation time. The complete removal
of SA was observed from 194 to 264 h at initial phenol and SA concentrations of 79-430
and 158-198 mg/L, respectively. A removal efficiency of only 86.6% was achieved at initial
phenol and SA concentrations of 453 and 235 mg/L, respectively. The variation of cell
growth with time is shown in Figure 4c. The cell growth was significantly inhibited by the
high initial phenol and SA concentrations of 453 and 235 mg/L. We observed a biphasic
growth pattern when the initial phenol and SA concentrations were maintained at 121-430
and 161-198 mg/L, respectively. Figure 5 shows the specific growth rate of cells on dual
substrates of phenol and SA. A good agreement between the combined Haldane kinetic
model and the experimental data was achieved with an SSR value of 2.916 x 1073 (Figure 5).
Based on the comparison of experimental results of the overall specific growth rate with the
combined Haldane kinetics of phenol and SA, the kinetic constants (141, a2, Ip1, and Ipp)
were determined by minimizing the SSR using the “Solver” function in Microsoft Excel.
The best fit kinetic model can be represented as

0.423Sp 0.427S 4

Ux

= +
481+ Sp+53/272.5+0.3254 + 1.51SpS4  71.1+ Sy + S%/3178.2+ 0.14Sp + 6.6 x 10735 4Sp

(22)

Juang and Tsai [20] conducted batch experiments to determine the interaction parame-
ters values of 141, Ip1, L42, and Ip; in the binary substrates system of phenol and SA. The
best-fit values of 141, Ip1, I42, and Ip, obtained in their study were 0.277, 1.46, 0.126, and
0.509, respectively, which is close to those found in this study except for the I, value.
In this study, the value of I (1.51) is considerably larger than that of Ip, (6.6 X 1073),
implying that the inhibition of phenol biodegradation by SA was much higher than that of
SA biodegradation by phenol. Moreover, the ratio of I41 to I45 is 2.3, indicating that SA has
a higher uncompetitive inhibition on phenol biodegradation compared to that of phenol on
SA biodegradation in the binary substrate system [20].

4.4. Biodegradation of Binary Substrates of SA and 4-CP

The experimental results of cell growth on SA alone were used to determine the k; 4
value (Figure 2b). The k; 4 value can be evaluated from the slope of a linearized plot of In
(X/Xp) against time in the endogenous stage even though the decay rate value was consid-
erably small. The k; 4 value obtained from eight test runs was 1.64 x 1074 £2.15 x 107°.
Eight batch experiments were conducted using initial 4-CP contents ranging from 31-42 mg/L,
while the initial SA content was maintained at 124 mg/L. The variations of SA, 4-CP, and
cell growth are shown in Figure 6. The degradation of SA and 4-CP presented several
intermediate lag phases during the time course because the 4-CP toxicity caused the in-
hibition of cell growth. The complete removal of SA was achieved in the time range of
74-96 h (Figure 6a). The time required for the complete degradation of 4-CP was 52-122 h
at various initial 4-CP contents (Figure 6b). The time course of cell growth followed the log
growth, intermediate lag phase, log growth phase, stationary phase, and endogenous phase
(Figure 6¢). The intermediate lag phase for cell growth was long (about 30 h). The bipha-
sic growth observed from the experimental results was consistent with that reported by
Wang et al. [23], who used phenol and SA as the growth substrates to cometabolize 4-CP.
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Figure 4. Variation of binary substrates with time: (a) phenol biodegradation, (b) salicylate biodegra-
dation, and (c) cell growth.
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Figure 5. Kinetic fit of the cell growth of P. putida on binary substrates of phenol and sodium salicylate,
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Figure 6. Experimental results for the biodegradation of binary substrates of sodium salicylate and
4-CP in the presence of sodium salicylate with an initial concentration of 124 mg/L: (a) sodium
salicylate, (b) 4-CP, and (c) P. putida cells.

The cell growth kinetics of SA in the presence of 4-CP was expressed by Equation (9).
Using previously evaluated kinetic constants (p,,, 4, Ks 4, Ki 4, and k; 4) from batch tests,
the only undetermined kinetic constant, m,; cp, obtained from the model fitted to the
experimental results shown in the Figure 7 was 6.11 L/mg. Thus, Equation (9) can be
written as:

0.2475 4 4

= —1.64 x107*(1 +6.11S 23

PA= 71115, + $3/31782 ( cp) =

0.124 rerfrrrfrreryrrryrrryrre ey

) ® Experimental h
0122 | R Model -
[ R?=0.972 ]
0.12 | J
% 0.118 [ J
E ; :
‘g 0.116 f= -
& 0.114 | -
0.112 [ .
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Figure 7. Model-fitted specific growth rates on binary substrates of sodium salicylate and 4-
CP compared with experimental data to determine the decay constant of P. putida cells due to
4-chlorophenol (1, cp).

Loh and Yu [24] investigated carbazole degradation by P. putida ATCC 17484 in the pres-
ence of SA. The decay constant (1), due to carbazole toxicity, was found to be 7.61 L/mg,
which was close to that obtained in this study.

The specific degradation rate of SA described in Equation (12) was used to determine
the value of Icp. The maximum specific degradation rate of SA (k4) was evaluated from
the eight batch experiments on single SA. The kinetic constants (y,, 4, and Y 4) obtained
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from each run were used to determine the k4 using Equation (4). The average values for
tima and Y4 are 0.247 h—! and 0.438 4- 0.0058 mg cell/mg SA, respectively. The k4 value is
0.564 mg SA /mg cell-h. Therefore, the average value for Icp is 0.355 £ 0.0779 mg/L.

The specific degradation rate of 4-CP by P. putida cells was expressed by Equation (13).
By comparing the experimental data with a kinetic model using a non-linear least square
regression method from Figure 8, the kinetic constants, kcp, Ks cp, and Kj cp, were evaluated
to be 0.189 mg 4-CP/mg cell-h, 1.106 mg/L, and 0.977 mg/L, respectively. Therefore, the
resulting kinetic model is expressed as

_dSep 0.1895¢p
P = Xdt T 1106+ Scp + S2,/0977

(24)
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Figure 8. Model-fitted specific 4-CP degradation rate on binary substrates of sodium salicylate and
4-CP to determine the kinetic parameters (kcp, Ks cp, and Ky cp).

The value of the correlation coefficient (R%) was 0.975. Hao et al. [38] used the Haldane
kinetic model to describe the 4-CP inhibition on its transformation using the resting cells
of the Acinetobacter species. The Haldane model was fitted to the experimental results to
evaluate the values of kcp, Ks cp, and Ky cp (Equation (13)), which were 0.15 mg 4-CP/mg
cell-h, 0.15 mg 4-CP/L, and 60 mg 4-CP/L, respectively, in their study. Only the kcp value
was close to that obtained in this study because different cells species and nutrient media
result in different kinetic values.

4.5. Biodegradation of Ternary Substrates of SA, Phenol, and 4-CP

We further examined the biodegradation of SA, phenol, and 4-CP, as well as cell
growth on ternary substrates. Typical time course profiles are shown in Figure 9. We
observed that the complete degradation of SA, phenol, and 4-CP was achieved within
11 days at an initial 4-CP concentration of 14 mg/L (Figure 9a). The SA shows a 7.5-day
lag phase for the biodegradation. However, no apparent lag phase was found for phenol
and 4-CP biodegradation. The complete utilization times for phenol and 4-CP were 3.5 and
6 days, respectively. Additionally, when the 4-CP concentration increased to 50 mg/L, we
observed that the intermediate lag phase times for the biodegradation of SA and 4-CP were
about 6 and 2 days, respectively (Figure 9b). The time periods required for the complete
removal for SA, phenol, and 4-CP were 13.5, 7.5, and 14.0 days, respectively. The cell growth
patterns were still maintained at the log growth, linear growth, and stationary growth
phases (Figure 9a,b). Figure 9¢ plots the time course profiles of SA, phenol, and 4-CP at
an initial 4-CP concentration of 83 mg/L. Compared with those shown in Figure 9a,b, the
degradation rates of phenol and 4-CP at the onset of the tests decreased, in contrast to
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Marmalized substrate concentration

Narmalized substrate concentration

the rate of SA. The complete removal times for SA, phenol, and 4-CP were 13.5, 8.5, and
11.5 days, respectively. The cell growth pattern shows an intermediate lag phase of 2 days
during the period of 9-11 days. The variation of the profiles of SA, phenol, and 4-CP with
time is shown in Figure 9d when the 4-CP concentration was increased to 138 mg/L. The
time required for the complete degradation of SA and phenol was 14 and 11.5 days. A
removal efficiency of approximately 90% was achieved for 4-CP during a period of 14 days.
The intermediate lag phase of cell growth was 2.5 days during the time course of the test.
Wang et al. [23] conducted the biodegradation of ternary substrates of SG, phenol, and 4-CP
in batch experiments. Their results indicate that the biphasic cell growth pattern occurred
as the ternary substrates (SG, phenol, and 4-CP) were present together. Wang and Loh [39]
reported that biophasic cell growth pattern separated by an intermediate lag phase was
observed from the 4-CP co-metabolic transformation of 4-CP in the presence of phenol and
SG. Their experimental results reveal that P. putida cells degraded phenol in the first stage of
cell growth while SG was utilized in the second stage of cell growth. This new cell growth
pattern resulted from the disparity of 4-CP toxicity to activities of phenol-oxidizing and
5G-oxidizing enzymes.
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Figure 9. Substrate degradation and cell growth: (a) initial [SA] = 238 mg/L, [phenol] = 124 mg/L,
and [4-CP] = 14 mg/L; (b) initial [SA] = 251 mg/L, [phenol] = 128 mg/L, [4-CP] = 50 mg/L; (c) initial
[SA] =229 mg/L, [phenol] = 131 mg/L, and [4-CP] = 83 mg/L; and (d) the initial [SA] =252 mg/L,
[phenol] = 175 mg/L, and [4-CP] = 138 mg/L.
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4.6. Biodegradation of Binary Substrates in the Chemostat System

Table 1 presents the kinetic constants of phenol and SA for the chemostat model input.
In chemostat experiments, the dilution rate was controlled at 0.04 h~!, which yielded a
hydraulic retention time of 25 h. The initial feed concentrations of phenol and SA were
192 and 286 mg/L, respectively. Time course profiles of phenol, SA, and cell growth
are shown in Figure 10. The predicted values of the chemostat model exhibited a good
agreement with the experimental results of phenol and SA utilization and cell growth.
The phenol effluent concentration curve followed the lag phase, rapid degradation, and
steady stages (Figure 10a). The time for the lag phase was 12 h prior to the onset of
phenol degradation. The reason for the occurrence of the lag phase was because phenol
has a much lower K; value than SA. The phenol effluent concentration decreased from
192 mg/L to approximately 6.6 mg/L during the transient period of 20 h. The phenol
effluent concentration was about 6.6 mg/L at the steady state during the operation time of
32-70 h and achieved a removal efficiency of 96.6%. The SA effluent concentration curve
had two stages that contained rapid degradation and steady-state removal (Figure 10b).
No lag phase was observed before the start of SA degradation. The SA degraded abruptly
from 286 to 8.5 mg/L during the transient period of 26 h. A high SA removal efficiency
of 97% was observed at the steady stage. The variation of the cell growth curve over time
is plotted in Figure 10c. No lag phase occurred for cell growth during the operation time.
The cells grew rapidly during the period of 28-70 h and the cell concentration reached a
constant level. The cell concentration at the steady-state concentration was 232.5 mg/L.

Table 1. Kinetic constants of phenol and SA for the chemostat model input.

Symbol Kinetic Constant Value
Spo Phenol concentration in the feed (mg/L) 192
Sa0 SA concentration in the feed (mg/L) 286
Wm,p Maximum specific growth rate of cells on phenol (h~1) 0.423

Yp Growth yield of cells on phenol (mg cell/mg phenol-h) 0.447
Ksp Half-saturation constant of phenol (mg/L) 48.1
Kip Inhibition constant of Phenol (mg/L) 272.5
I Inhibition of phenol degradation due to the presence of SA

A1 ? . 0.32

(dimensionless)

Inhibition of phenol degradation due to the presence of phenol

I and SA (dimensionless) 151
M, A Maximum specific growth rate of cells on SA (h~1) 0.247
Ya Growth yield of cells on SA (mg cell/mg SA-h) 0.438
Ks a Half-saturation constant of SA (mg/L) 71.7
Kia Inhibition constant of SA (mg/L) 3178.2

I inhibition of SA degradation due to the presence of phenol

A2 . . 0.14

(dimensionless)
Is Inhibition of SA degradation due to the presence of SA and 6.6 x 10-3

phenol (dimensionless)
D Dilution rate (h™1) 0.04
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Figure 10. Effluent concentration of phenol plus SA in the chemostat system: (a) phenol, (b) SA, and
(c) cell growth.

Table 2 lists the kinetic constants of SA and 4-CP as input values for the chemostat
model. The effluent SA, 4-CP, and cell concentrations for the chemostat test are shown in
Figure 11. The experimental results were similar to those obtained for phenol and SA in the
chemostat system. However, no lag phases were found for the biodegradation of SA and
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4-CP. The trend of effluent curves of SA and 4-CP was similar at the initial SA and 4-CP
concentrations of 85 and 12 mg/L, respectively. At the start of the chemostat test, the effluent
concentrations of SA decreased abruptly during the transient period of 40 h (Figure 11a).
The effluent SA concentration reached a constant level at the steady state from 40 to 70 h.
The removal efficiency of SA was about 91.4% at an average effluent concentration of
7.3 mg/L. The variation of effluent concentration of 4-CP with time is shown in Figure 11b.
The effluent curve of 4-CP decreased rapidly within 30 h and subsequently reached a
steady-state condition. The average effluent concentration of 4-CP at the steady-state was
approximately 0.58 mg/L and yielded a high removal efficiency of 95.2%. The variation of
cell growth with time is shown in Figure 11c. The cells grew actively during the transient
period of 30 h. The cell growth then reached a steady-state condition with a constant level
of 39.2 mg/L. The experimental data and model predictions are in good agreement with
each other. Patel et al. [40] conducted the batch and continuous packed bed reactor by
Bacillus subtilis to treat 4-CP. The batch experimental results show that this isolated strain
had a high capacity in degrading 4-CP up to a 1000 mg/L initial concentration within
40 h. Moreover, they observed that the maximum biodegradation efficiency of 45.39% was
achieved within 105 min at the fed initial concentration of 500 mg/L in the continuous-flow
reactor packed with immobilized beads of a size of 2 mm.

Table 2. Kinetic constants of SA and 4-CP for the chemostat model input.

Symbol Kinetic Constant Value
Sa0 SA concentration in the feed (mg/L) 85
Scpo 4-CP concentration in the feed (mg/L) 12
ka Maximum specific SA degradation rate by cells (mg SA/mg cell-h) 0.564
Ks a Half-saturation constant of SA (mg/L) 71.7
Kia Inhibition constant of SA (mg/L) 3178.2
Icp Inhibition constant of 4-CP to SA (mg/L) 0.355
Maximum specific degradation rate of 4-CP by cells (mg
ke 4-CP/mg cell-h) 0189
Kscp Half-saturation constant of 4-CP (mg/L) 1.106
Kicp Inhibition constant of 4-CP (mg/L) 0.977
M, A Maximum specific growth rate of cells on SA (h~1) 0.247
kia Decay coefficient of cells on SA (h~1) 1.635 x 10~4
mg cp Decay constant due to 4-CP (L/mg) 6.11
D Dilution rate (h™1) 0.04
a 1 D D L] L] L] L] L] L] L]
= Experimental :
. mm— Model o
50 .-..bo - R*=0.833 .
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Figure 11. Cont.
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Figure 11. Effluent concentration of SA plus 4-CP in the chemostat system: (a) SA, (b) 4-CP, and
(c) cell growth.

5. Practical Implications

Several steps presented here were proposed for practical application in the full-scale
design to treat the phenolic and chlorophenolic contaminants in industrial wastewater. Phe-
nol and chlorophenol-containing wastewater is collected and filtered to remove suspended
solids. The liquid samples are analyzed by HPLC-UV instruments to determine the initial
phenol and chlorophenol concentrations (step 1). A suitable growth substrate is chosen,
and an effective bacterial inoculum is obtained from the wastewater treatment plant for the
target phenols and CPs (step 2). The biodegradations of phenols plus growth substrate,
and chlorophenols plus growth substrate are both conducted in a batch bioreactor, in
order to investigate the removal efficiencies of phenols and CPs (step 3). In this step, the
suitable kinetic models are selected to fit the experimental data and determine the kinetic
constants. The kinetic constants are used as input parameters to simulate the performance
of in situ pilot-scale experiments. The data from pilot-scale tests and model simulations
are compared and used for the design of a full-scale bioreactor to treat phenols and CPs in
industrial wastewater.
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6. Conclusions

Several batch kinetic experiments were conducted to estimate the kinetic constants
of P. putida cells for both single phenol and SA biodegradation. The experimental results
reveal that SA has a larger Kj value than phenol, indicating that the P. putida cells are
less sensitive to SA inhibition. In the binary substrates of phenol and SA, phenol and SA
were completely removed within 216 and 264 h at initial phenol and SA concentrations
of 79-430 and 158-198 mg/L, respectively. The obtained values of interaction constants
show that the inhibition of phenol biodegradation by SA was much more than that of
SA biodegradation by phenol. Furthermore, the ratio of inhibition of phenol degradation
due to the presence of SA (I41) to inhibition of SA degradation due to the presence of
phenol (147) is 2.3, indicating that SA has a higher uncompetitive inhibition on phenol
biodegradation compared to that of phenol on SA biodegradation in the binary substrate
system. The experimental results for the batch tests of the SA and 4-CP mixture reveal
that a complete removal of SA and 4-CP was achieved within 90 and 120 h, respectively.
Experimental results also show that simultaneous biodegradation of SA, phenol, and 4-CP
was observed at initial concentrations of 252, 175, and 138 mg/L, respectively. Complete
removal of SA and phenol was achieved within 14 and 11.5 days, respectively, while
maximum degradation efficiency of 4-CP was observed at 90% within 14 days. The removal
efficiency of phenol and SA was approximately 97% in the chemostat system. Additionally,
the efficiencies of the simultaneous removal of SA and 4-CP was approximately 91.4% and
95.2%, respectively. A good agreement was observed between the experimental data and
the model prediction in effluent concentrations of phenol and SA as well as SA and 4-CP,
respectively. The biodegradation kinetic studies confirmed that phenol and 4-CP can be
effectively removed by P. putida cells, with a high biodegradation rate in the presence of SA.
The approaches of experiments and models proposed in this study can be used to design
the treatment process for the simultaneous biodegradation of phenol and chlorophenol in
industrial wastewater.
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