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Abstract

Aromatic compounds, including phenols, are a significant source of pollution which need to
be treated by environmentally-friendly methods, such as bioprocesses. This work focuses on
the biodegradation of phenol in a batch reactor with bacteria, and the optimization of the

growth parameters in order to obtain the highest phenol degradation. The model and
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algorithms fitting the growth data are emphasized. Primary models, applied to monitor the
dynamic evolution of the microbial biomass of the selected strain, were fitted to the data by
nonlinear regression based on the Levenberg Marquart algorithm. The statistically-validated
Baranyi and Roberts equation was used to evaluate the growth parameters: maximum growth
rate (umax), latency time (1), and maximum optical density (ODmax). TO improve bacterial
growth and phenol degradation performance, physico-chemical conditions, such as initial
phenol concentration, pH, and nitrogen source (ammonium sulfate), were optimized using
secondary models based on a central composite rotatable design (CCRD). The correlation
coefficient, R2, for each regression equation is >94%. The optimal values of growth
parameters are Amin = 21.08 h, Pmax = 8.68 h™*, and ODpayx = 0.39 at pH = 6.3 for an initial
concentration of phenol = 200 mg/L and initial concentration of ammonium sulfate =
1.33 g/L. Escherichia coli showed an ability to degrade up to 963 mg/L of phenol in 250 h

without prior acclimatization of the strain.

Keywords: Phenol biodegradation; Escherichia coli; statistical modeling; Baranyi and

Roberts model; central composite rotatable design.

1. Introduction
The treatment of environmental pollution is one of the major concerns of the 21% century,
especially water pollution which has been of great importance for the last four decades.
Aromatic compounds, including phenolic compounds, are known for their omnipresence in
industrial effluents.
The toxicity of these products requires their elimination from water before it is discharged
into rivers (Nair et al., 2008). Phenol is a basic reagent (Basha et al., 2010) used in numerous

processes, such as coal processing plants (Pradeep et al., 2015; Zhai et al., 2012), petroleum



o1

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

refineries, pulp and paper mills, iron and steel industries, plastics and varnishes, textile mills,
pesticide factories, companies producing polymer resins, pharmaceutical industries, fiberglass
manufacturing, and wood preservation plants (Al-Khalid and El-Naas, 2012; Igbal et al.,
2017; Ke et al., 2018; Zou et al., 2018). Acute exposure to phenol is known to cause
gastrointestinal discomfort and headaches (Pradeep et al., 2015). Also, phenol is toxic to the
nervous system, heart, kidneys, and liver and is easily absorbed through the skin (Zhai et al.,
2012). Similarly, for aquatic organisms, phenol and its derivatives are toxic or lethal at
concentrations from 5 to 25 mg/L (Al-Khalid and El-Naas, 2012).

Because of this toxicity, the Algerian regulations in accordance with Executive Decree No.
09-209 of June 11, 2009, describing the procedure for granting authorization to discharge
non-domestic wastewater into a public sewerage network or a wastewater treatment plant, set
1 mg/L as the maximum limit for phenol content in this non-domestic wastewater. Also,
Algerian Executive Decree No. 06-141 of April 19, 2006, defining the limit values for
discharges of industrial liquid effluents, stipulated a value of 0.3 mg/L of effluents from the
energy industry. Finally, the World Health Organization has established a guideline of 1 pg/L
to regulate the concentration of phenol in drinking water, and a more severe guideline of
0.5 ng/L was set by the European Council’s Drinking Water Directive. Moreover, the United
States Environmental Protection Agency has defined phenol as a priority pollutant.

To comply with these standards of rejection, several physical or chemical treatment methods
are available, such as activated carbon adsorption, ion exchange, liquid-liquid extraction, or
chemical oxidation (Al-Khalid and El-Naas, 2012). Unfortunately, these methods often suffer
from drawbacks, such as high cost, or they simply transfer the pollution from one phase to
another (e.g., from the liquid water to a solid such as carbon) (Al-Khalid and EI-Naas, 2012).
In contrast, biological processes (using microorganisms for phenol degradation) are more

attractive because they are considered to be more environmentally friendly (Koyande et al.,
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2019; Tang et al., 2020; Yew et al., 2021) and more economical than chemical and physical
treatments (Chai et al., 2021; Ke et al., 2018; Pradeep et al., 2015; Rambabu et al., 2020;
Show et al., 2012; Tang et al., 2020; Xie et al., 2021, 2020; Zhai et al., 2012). Several
microorganisms (bacteria, fungi, yeasts, and microalgae) were studied for the biodegradation
of phenol (Basha et al., 2010; Lindner and Pleissner, 2019; Singh and Kumar, 2019). These
microorganisms use the phenol as a carbon source for their development during cell growth,
as phenol is the only source of carbon present in the medium. A biodegradation study cannot
be carried out without optimizing the kinetic parameters of the growth of the microorganisms
responsible for the degradation of phenol in order to ensure good microorganism
development. To highlight some of the relationships between all the different parameters,
statistical experimental designs provide the best methodologies to optimize and evaluate the
factors that influence the biodegradation process of phenol (Presser et al., 1997; Tebbouche et
al., 2015).

The aim of this study is to evaluate the capacity for phenol biodegradation of Escherichia coli
RV412 Al Al 2010 06a LBK isolated from the wastewater treatment plant of Beni Messous
(Algeria). First, a central composite rotatable design (CCRD) was chosen to study the
influence of three factors, namely pH, the initial phenol concentration, and initial nitrogen
source concentration on the growth kinetics of the isolated bacteria during phenol
degradation. The bacterial growth parameters, such as maximum growth rate (umax), latency
time (1), and maximum optical density (ODnax), Were previously estimated using two primary
models widely applied in microbiology: Gompertz, and Baranyi and Roberts. The polynomial
regression equations are established for these kinetic growth parameters as a function of the
three factors and their interactions. The second part of this work concerns the study of the

influence of the operating factors on the phenol degradation yield and its relation to the
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evolution of bacterial growth parameters. This bacterial strain can be applied for the treatment

of highly concentrated solutions of phenol (up to 1000 mg/L).

2. Methods

2.1. Microorganism type and culture conditions

The bacterial strain used in this work was collected and isolated from the Wastewater
Treatment Plant of Beni Messous station (Algiers, Algeria). The bacterial culture was stored
at 4°C. For all experiments, the cultured biomass was inoculated into 100 mL of culture
medium for 24 h at 30°C and recovered by centrifugation (3000 rpm for 30 min) (Hamitouche
et al., 2010). The culture medium was composed of peptone (15 g/L), yeast extract (3 g/L),
sodium chloride (6 g/L), and (D+)-glucose (1 g/L). The biomass obtained was rinsed with a
0.5% NaCl solution and centrifuged again. The rinsed microorganisms were then suspended
in 0.5% NaCl (Hamitouche et al., 2010). All cultures were carried out at 1% V/V at an initial

ODGOOnm =0.09.

2.2. ldentification of the bacteria

The identification of the bacteria was achieved by mass spectroscopy (Labella et al., 2021;
Sun et al., 2021) thanks to the matrix assisted laser desorption ionization - time of flight
(MALDI-TOF) technique using a device from Bruker Daltonik (Billerica, MA, USA). The
mass spectrum obtained was compared to a database of reference spectra (RUO MALDI

Biotyper Reference Library v3.3.1.2, SR library v1.0) by the software (Bruker Daltonik) to

determine relatedness to spectra in the database (Shah and Gharbia, 2017).
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2.3. Biodegradation of phenol

The biodegradation experiments were carried out under aseptic conditions, 1 mL of the
conserved culture was inoculated into 100 mL of Nutrient Broth Medium and incubated for
24 h at 30°C. The resulting biomass was suspended in NaCl 0.5% solution as previously
described. The initial density was measured by spectrophotometry at 600 nm, and was equal
to 2.5 to 2.9. When inoculated into a 250 mL Erlenmeyer flask containing 100 mL saline
medium, ODgoo nm = 0.09.

The composition of the culture medium was (g/L): NaH,PO,: 3, KH,PO,: 3, MgSO,: 0.1, and
the nitrogen source ((NH,4).SO,4) was optimized in the range of 0 to 2 g/L, the carbon source
(phenol) varied in the range of 50 to 200 mg/L. pH was optimized within the range of 6 to 8.
All experiments were performed at 30°C. Similarly, the effect of the initial phenol
concentration (65, 562, and 963 mg/L) on microorganism growth and phenol degradation was

examined.
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2.4. Design of the experiments

The modeling and optimization of the responses were carried out using a central composite
rotatable design (CCRD) provided by the software Minitab 17. This design was chosen to
evaluate the main effects and the interactions of three parameters: the initial concentration of
phenol (50 to 200 mg/L), [phenol]y, the initial concentration of ammonium sulfate (0 to 2
g/L), [(NH4)2SO4]o, and pH (6 to 8), on three responses: the latency time, 4 (h), the maximum
specific growth, pmax (h™), and the maximum optical density, ODpma. The statistical
significance of these models was evaluated using analysis of variance (ANOVA).

The correlations between the operating variables (pH, [(NH4)2SO4]o, and [phenol]o) and the

responses were estimated by a full quadratic model (Eq. 1):

Y = bo+ by X3 + by Xo + ba X3 + bya Xy Xo byz Xg Xa+ bz Xo X3 +b1y Xa% +h2p Xo? +baz xa*+ ...

(Eq. 1)

where by is constant and is defined as the response mean, bj represents the linear effects with
i=1, 2, or 3, and bj; represents the interaction effects with i=1, 2, or 3 and j=1, 2, or 3.

The growth parameters (the latency time, 4 (h), the maximum specific growth, pmax (h™), and
the maximum optical density, ODnax) Were determined for each iteration of the design using

the most appropriate primary model.

2.5. Kinetic models of growth
Growth curves were simulated using two primary models, the modified Gompertz model
(Eqg. 2) and the Baranyi and Roberts model (Eg. 3) (Imadalou-Idres et al., 2018; Romano et

al., 2007). The cell quantification was expressed in terms of optical density at 600 nm,
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analyzed by spectrophotometry (Baranyi et al., 1993; Lopez et al., 2004; Zwietering et al.,

1990):

1
n e
e{(—mﬁx )(1—1)}+1

InN=InNy+ Ae” (Eq. 2)

_ _ _ etmax(t-2) ; g—Hmax
InN =InNg + Ppg,t + In[e Pmaxt — g=Hmax(t+) | g=Hmaxd] — In [1 4 N Ty ) (Eq. 3)

where N denotes the microbial biomass measured at time t; Ng and Nmax are the microbial

biomass measured at t = 0 and at maximum microbial population size, respectively; A is the

Nmax
No

asymptotic level = In ( ); Lmax 1S the maximum specific growth rate (h™), and is defined as

the tangent to the inflection point of the growth curve; A is the latency phase duration (h); tis

time (h).

2.6. Analytical methods

The residual phenol was quantified by applying the colorimetric method by complexation of
phenol with potassium ferricyanide (Yang and Humphrey, 1975). For the colorimetric
quantification of phenol, 1.15 mL NaAc-HAc buffer (0.2 M, pH 4.0) and 100 pL potassium
ferricyanide (0.5 mg mL™) were first mixed together, and then 900 uL phenol at different
concentrations was added to the above solution (YYang and Humphrey, 1975). After incubation
at room temperature for 30 min, the system was measured by using a visible

spectrophotometer Hammatsu at 510 nm (Rodier and Legube, 2009).

3. Results and discussion
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3.1. Identification of biomass

In this study, the bacterial strain used was isolated from a wastewater treatment plant. Before
proceeding with the modeling and optimization of biodegradation processes, it is necessary to
start by identifying the isolated strain using MALDI-TOF spectroscopy, a method based on
the analysis of the protein composition produced by the analyzed sample (Asakawa et al.,
2013).

Two reproducible MALDI-TOF spectra were obtained for two different samples (Figure 1).
Comparison of these spectra with the database of reference spectra (RUO MALDI Biotyper
Reference Library v3.3.1.2, SR library v1.0) revealed that the bacterial strain is an
Escherichia coli Rv412_A1_2010_06a LBK with a value equal to 2.259 (Schoch et al., 2020).
The closer this score value is to 3, the higher the probability of species identification

accuracy.

3.2. Kinetic model

The curve of Figure 2 shows the growth of E. coli bacteria in aerobic conditions at 30°C and
medium containing (g/L): NaH,PO,: 3, KH,PO,: 3, MgSO4: 0.1, (NH,4)2SO4: 1, and phenol as
the sole source of carbon at an initial concentration equal to 125 mg/L. Three distinct growth
phases are observed: (i) the latency period, which serves to adapt the inoculum (No) to its new
environment. During this period, the specific growth rate is equal to zero (« = 0); (ii) the
exponential phase where specific growth rate of the bacteria is maximum (u = umax); (i) the
stationary period, for which the growth rate is equal to zero (« = 0) and the culture reaches its

maximum density (N = Nmax) (Imadalou-Idres et al., 2018).

The growth curves obtained for the various operating conditions follow the models currently
applied in microbiology, such as the Gompertz model (Imadalou-Idres et al., 2018) or Baranyi

and Roberts model (Romano et al., 2007). The parameters of these models were estimated by

9
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fitting curves to experimental growth data by nonlinear regression (Minitab 17). Both models
have previously been successfully applied to the modeling of Escherichia coli growth curves
(Fujikawa et al., 2004; Lopez et al., 2004).

Table 1 represents the analysis of variance for the Gompertz and Baranyi and Roberts primary
models. The values of coefficients R? and RMSE are very similar between both models. As
the Baranyi and Roberts model presents more advantageous statistical properties compared to
the Gompertz model, the Baranyi and Roberts model was chosen to calculate the kinetic

parameters of bacterial growth.

3.3. Central composite rotatable design evaluation

The bacteria used in this work showed an ability to degrade phenol. To understand this
process, three parameters influencing growth kinetics were studied: pH of the solution, the
initial concentration of ammonium sulfate, [(NH4)>SO4]o, and the initial concentration of
phenol, [phenol]o. The growth parameters, latency time, 4, the maximum specific growth rate,
Mmax, and the maximum optical density, ODnmax, Were determined for nineteen experimental
points. For each test, the experimental parameter was set at one level and the other two at their
different levels in the field of study, for all possible combinations. Table 2 presents the factors
and levels used in the central composite rotatable design, and the experimental matrix is
shown in Table 3.

Figure 3 presents the kinetic parameters A, umax, and ODpax Calculated by the Baranyi and
Roberts model. The results of the matrix, shown in Table 3, were analyzed using the statistical
program Minitab 17, running on Windows 7. The coefficients of a quadratic polynomial
model were estimated by multiple regression using the least squares method. The main,
quadratic, and interaction effects, and the P-value corresponding to the Fisher-Snedecor test

are listed in Table 4. The significance of each coefficient shown in Table 4 was checked by its

10
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P-value: if the P-value < 0.05, the coefficient is significant, if the P-value > 0.05, the
coefficient does not contribute to the change of the response studied and was removed from
the regression equation. Coefficients with positive signs contribute to increase the studied
response and coefficients with negative signs reduce it. The quality of the predicted model is
evaluated by the coefficient of determination and the analysis of variances makes it possible
to estimate whether the predicted model is significant and adequate (Goupy and Creighton,
2006).

The P-value for the three models (0.000 for A, 0.012 for ODpax, and 0.000 for umax) indicate
that the quadratic regression equations are significant and adequate. Also, the P-value due to
the lack of fit is > 0.05 (Table 1, Run Q) which indicates that the models have no bias. This
result is confirmed by comparing the values of the responses calculated by the model with
those obtained experimentally (Figure 3). The R? values > 94 % (Table 5) for 4, ODpax, and
Umax, are explained by the corresponding regression. The equations for the three responses in
uncoded units (after eliminating the insignificant effects and recalculating the new

coefficients) are given by:

A = 4763 — 1116 pH — 839.6 [(NH4):SO4o — 4.893 [phenol]o + 59.82 [pH]? + 99.88
[(NH4):SO4]e> — 0.01085 [phenol]o> + 90.98 pH [(NH4):SOs]o + 1.192 pH [phenol]
(Eq. 4)

Hmax = —78.98 + 14.1 pH — 12.47 [(NH,),SO4]o + 0.5819 [phenol]y + 0.000281 [phenol],? —
0.11019 pH [phenol]o + 0.10083 [(NH4)2SO4]0 [phenol]o
(Eq. 5)

ODpmax = 3.34 — 0.925 pH — 0.0866 [(NH4),SO4]o + 0.001213 [phenol]o + 0.0657 [pH]? +

0.0553 [(NH.)2S04]0?

(Eq. 6)

11
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Microbial kinetics depend on several factors, including those chosen for the design of the
experiment. In Eq. 4, pH has a negative effect on the response, so any increase in this
parameter reduces the latency time. Similar results were found by Buchanan and Klawitter
(1992) who studied the effect of the initial pH on the lag phase duration of the growth of
bacteria E. coli 0157:H7 in the presence of NaCl. In this study, there is a different Na-
containing compound present, NaH,;PO,, but nevertheless, the bacteria seem to be better
suited to an alkaline or neutral environment compared to an acidic environment. This effect is
well illustrated in Figure 4.

The increase in the initial concentration of phenol is favorable within a certain limit, it is
generally known that biodegradation by microbial cells is inhibited by phenol itself,
particularly at higher concentrations, and the latency period increases with the initial
concentration of phenol (Goupy and Creighton, 2006; Hamitouche and Bendjama, 2012)
(Figure 4). It can be seen in Figure 4 that the initial phenol content has a negative effect and
delays the maximum specific growth rate. Nevertheless, the highest ODnmax value is obtained
for the higher initial phenol concentration.

The effect of the interactions is relative to the combined influence of the two parameters in
question. In Figure 5, it is observed that even if the initial concentration of (NH,4),SO,4 has no
effect on the latency period, its interaction with the effect of pH has a positive effect on the
response. Also, the pH and initial concentration of phenol interactions have a positive effect
on the latency period.

In addition, the pH has no significant effect on the maximum specific growth rate in the
studied domain, but its interaction with the initial concentration of phenol has a negative

effect. In contrast, the interaction [(NH4).SO4]o*[phenol], has a positive effect on zmax, SO t0

12
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optimize this response, it is necessary to vary these last two factors in the same direction.
These results are represented in Figure 5.
The equations 4, 5, and 6 were used to draw the contour plots to define the effects of the
different factors on 1, ODpma, and umax. The contour plots in Figure 6 are useful for
determining desirable response values and operating conditions. The contour areas represent
constant responses, which correspond to pmax varying from 0.1 up to 10 (h™), ODpax between
0.1 to 0.5, and A going up to 200 h. The contours with the darkest green color indicate the
zone where response is the highest, while those with the darkest blue correspond to the
weakest responses.
It is remarkable that pmax iS dependent on the pH*[(NH,4),SO,], interaction, the highest value
is obtained in the areas corresponding to the upper left corner of the chart. This plot suggests
that it is possible to maximize ODpax and Hmax OF minimize A under certain values of pH,
initial nitrogen, and phenol concentrations. The contours suggest that the response surface is a
rising ridge. Note that whatever the nitrogen concentration, these contours are identical, i.e.,
the nitrogen concentration does not influence this response.
The interaction pH*[phenol], is not significant for ODmax but highly significant for A and
Mmax- The highest growth rates are achieved at pH = 6 for the solutions with the highest initial
phenol concentration and at pH = 8 for solutions with lower initial phenol concentrations.
In Figure 6, the darkest green region is observed only in the upper right corner of the contour
curves of the ODpmax response when the specific growth rate is maximum for solutions with
the highest initial concentrations of phenol and ammonium sulfate. It is also noted on the
contour diagram that the smallest latency value (1 = 1h) is obtained for the following
conditions:

e For neutral pH, in the solution with 1 g/L of ammonium sulfate and 50 mg/L of phenol

Also, in the same logic, the optimal values for pmax can be estimated for:

13
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e pH =6, in the solution with 2 g/L of ammonium sulfate and 200 mg/L of phenol
The contour curves for ODnay indicate that the optimum is obtained at pH = 6 for an initial
phenol concentration equal to 200 mg/L and for an initial ammonium sulfate content equal to

2 g/L, similar values to those corresponding to gmax.

The optimal values for E. coli growth parameters are: Amin = 21.08 h, pmax = 8.68 h™* and
ODpax = 0.39 at pH = 6.3 for [phenol]o = 200 mg/L and [(NH4),SO4]o = 1.33 g/L, values given

by the Minitab Software 17.

3.4. Effect of initial phenol concentration

For the initial concentrations of phenol equal to 562 and 963 mg/L, bacterial growth and the
residual concentration of phenol (Figure 7a) were monitored as a function of time. In
agreement with previous works (Camara et al., 2019; Hamitouche and Bendjama, 2012; Peng
et al., 2018; Stoilova et al., 2006; Wang et al., 2019), the increase of the initial concentration
of phenol automatically leads to the increase of the biomass produced at the end of the
exponential phase.

The effect of the initial phenol concentration on the latency period is shown in Figure 7b. It is
observed that the latency time increases with initial phenol concentration, which leads to the
conclusion that the substrate has an inhibitory effect on the growth of bacteria (Ucun et al.,
2010).

The results presented in this work are innovative. While most of the previous works first
acclimatize the microorganisms to varying concentrations of phenol before carrying out the
biodegradation tests, all the growth curves recorded in this work are obtained for cultures of
bacteria taken directly without prior acclimatization. This is only the second work that deals
with an E. coli strain that is able to biodegrade phenol without acclimatization, the other being

Fayidh et al. (2015).
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4. Conclusions

This study demonstrated the ability of Escherichia coli RvV412_Al 2010 06a LBK to remove
different phenol concentrations up to 963 mg/L. Modeling using the Surface Response
Methodology was performed to study the effects of pH and initial concentrations of
ammonium sulfate and phenol on growth parameters (latency time, 4 (h), maximum specific
growth rate, umax (h™), and maximum optical density, ODpay). Second order models were
developed to predict growth parameters. Thanks to ANOVA software, it has been statistically
demonstrated that approximately 98.8%, 99.6%, and 94.5% of the responses for zmax, 4, and
ODpax respectively are explained by the regression equations of these models. The optimal
values of growth parameters are Amin = 21.08 h, pPmax = 8.68 h™!, and ODpax = 0.39 at pH = 6.3
for [phenol]o = 200 mg/L and [(NH.4)2S04]o =1.33 g/L. As a result of this work, this strain will
be acclimatized to large amounts of phenolic pollutants and other more pathogenic pollutants

such as pharmaceutical compounds in a future work.
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Table 1: Analysis of variances for the Gompertz and Baranyi and Roberts primary models.

Model Gompertz | Baranyi and Roberts
Run L: pH = 6.4, [(NH4)2504]o = 0.405, | RMSE 0.0799 0.0526
[phenol]o = 80.4 R2adj 0.9257 0.9678
Run 4: pH = 7.6, [(NH2)2504]o = 1.59, RMSE 0.0527 0.0526
[phenol]o = 80.4 R2adj 0.9747 0.9748
Run 5: pH = 6.4, [(NH),SO.]o = 0.405, | ~M>E | 00671 0.0681
[phenol]o = 170 R2adj 0.9454 0.9438
Run 7: pH = 6.4, [(NH4)2504], = 1.59, RMSE 0.1524 0.1524
[phenol]o = 170 Readij 0.9562 0.9562
Run 8: pH = 7.6, [(NH4)2504], = 1.59, RMSE 0.0667 0.0672
[phenol]o = 170 Readi 0.9528 0.9520
Run 9: pH =6.0, [(NH4)2504], = 1.00, RMSE 0.0945 0.0924
[phenol]o = 125 Readij 0.9329 0.9359
Run10: pH = 8.0, [(NH4)2504], = 1.00, RMSE 0.1021 0.1036
[phenol]o = 125 R2adj 0.9556 0.9544
Run1l: pH = 7.0, [(NH4)2504]o = O, RMSE 0.0747 0.0742
[phenol]o = 125 Readj 0.9320 0.9328
Run12: pH = 7.0, [(NH4)2504], = 2.00, RMSE 0.0734 0.0780
[phenol]o = 125 R2adj 0.9284 0.9193
Run 14: pH = 7.0, [(NH2)2S04]0 = 1, RMSE 0.0785 0.0786
[phenol]o =200 Readj 0.9857 0.9856
Run 0: pH = 8, [(NH4)2504]o = 1, RMSE 0.2222 0.2218
[phenol]o = 125 R2adj 0.6616 0.6629
Lack of fit | 0.6360 0.6570

(P-value)
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Table 2: Experimental range for a central composite rotatable design

Coded values

Parameters 168 1 0 1 1.68
X1 pH 6.0 6.4 7.0 76 8.0
X2 [(NH4):S04]o, g/L 0 0.4 1.0 1.6 2.0
X3 [phenol]y, mg/L 50.0 80.4 125 170 200

Table 3: Matrix of experiments with coded and non-coded factors

Coded parameters Non coded parameters
Run X1 X2 X3 pH [(NH4)2SO4]o [phenol]y
1 -1 -1 -1 6.4 0.4 80.4
2 1 -1 -1 7.6 0.4 80.4
3 -1 1 -1 6.4 1.6 80.4
4 1 1 -1 7.6 1.6 80.4
5 -1 -1 1 6.4 0.4 170.0
6 1 -1 1 7.6 0.4 170.0
7 -1 1 1 6.4 1.6 170.0
8 1 1 1 7.6 1.6 170.0
9 -1.68 0 0 6.0 1.0 125.0
10 1.68 0 0 8.0 1.0 125.0
11 0 -1.68 0 7.0 0.0 125.0
12 0 1.68 0 7.0 2.0 125.0
13 0 0 -1.68 7.0 1.0 50.0
14 0 0 1.68 7.0 1.0 200.0
15 0 0 0 7.0 1.0 125.0
16 0 0 0 7.0 1.0 125.0
17 0 0 0 7.0 1.0 125.0
18 0 0 0 7.0 1.0 125.0
19 0 0 0 7.0 1.0 125.0
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608 Table 4: Estimated Coefficients (coded units) and their P-values

Parameters Hmax (h™) 2 (h) ODnax
Term Coef  P-Value Coef P-Value Coef P-Value
Constant 0.501 0.008 44.55 0.000 0.19456 0.000
pH 0.1912  0.094% —22.64 0.000 0.00117 0.876°
[(NH4)2SO4]o 0.0793  0.432° -1.82 0.304 0.00961 0.234°
[phenol]o -0.787  0.002 32.88 0.000 0.0364 0.015
[pHT? 0.0775  0.364° 21.15 0.000 0.02427 0.01
[(NH4)2S04]¢? -0.046  0.58° 35.31 0.000 0.02063 0.018
[phenol]y? 0.528 0.009 -21.57 0.000 0.02206 0.075*
pH*[(NH.)2S04]o 0.086  0.688° 32.16 0.000 —0.0197  0.257°
pH*[phenol]o -2.967  0.000 31.6 0.000 -0.0104  0.568°
[(NH,)2SO4]o*[phenol]o | 2.718 0.000 0.44 0.924° 0.006 0.74°

609 #P-values (underlined) indicate that the corresponding coefficient is not significant.
610

611 Table 5: Analysis of variance for the secondary models (the first three responses are based on
612 the Baranyi and Roberts primary model)

Parameters — Mmax (0) A (h) ODmax (-)
Source of variation P-Value
Model 0.000 0.000 0.012
Linear 0.007 0.000 0.054
Square 0.037 0.000 0.024
2-Way Interaction 0.000 0.000 0.3122
Lack-of-Fit 0.375° 0.113% 0.325°
R* (%) 98.8 99.6 94.5

613  *P-values (underlined) indicate that the corresponding coefficient is not significant.
614

615
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Biodegradation process of phenol in a batch reactor using Escherichia coli.
Optimization of the growth parameters thanks to Baranyi and Roberts’equations
Optimization of experimental conditions using secondary models based on a central
composite rotatable design

Degradation up to 963 mg/L of phenol in 250 h without acclimatization of Escherichia

Coli.
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