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Abstract: Phenol is one of the main pollutants that have a serious impact on the environment and can even be very critical to human health.
The biodegradation of phenol can be considered an increasingly important pollution control process. In this study, the degradation of phenol
by Bacillus simplex was investigated for the first time under different growth conditions. Six different initial concentrations of phenol were
used as the primary substrate. Culture conditions had an important effect on these cells’ ability to biodegrade phenol. The best growth of this
organism and its highest biodegradation level of phenol were noticed at pH 7, temperature 28◦C, and periods of 36 and 96 h, respectively.
The GC-MS analysis of the bacterial culture sample revealed that further degradation of the catechol by 1,2-dioxygenase produce a cis,
cis-mucconic acid via ortho-pathway and/or by 2,3-dioxygenase into 2-hydroxymucconic semialdehyde via meta-pathway. The highest
biodegradation rate was perceived at 700 mg/L initial phenol concentration. Approximately 90% of the phenol (700 mg / L) was removed
in less than 96 hours of incubation time. It was found that the Haldane model best fitted the relationship between the specific growth rate
and the initial phenol concentration, whereas the phenol biodegradation profiles with time could be adequately described by the modified
Gompertz model. The obtained parameters from the Haldane equation are: 1.05 h−1, 9.14 ppm, and 329 ppm for Haldane’s maximum
specific growth rate, the half-saturation coefficient, and the Haldane’s growth kinetics inhibition coefficient, respectively. The Haldane
equation fitted the experimental data by minimizing the sum of squared error (SSR) to 1.36×10−3.
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1 Introduction

All living things need to use chemicals as sources of carbon
or energy. However, over the centuries, the adaptation of
cells to consume these natural biochemicals on earth is the
generally accepted narrative, but man is responsible for the
environmental problem through the production of various

organic species that are resistant or inability to mineralize
by living organisms, especially microorganisms. Phenol is
one of the main pollutants that have a serious impact on
the environment and can even be very critical to human
health. Phenol compounds and their substituting analogues
are common starting materials. These are the waste products
of processing industrial and agricultural materials (Khleifat
et al., 2006; Wen et al., 2020). Phenol is toxic to some
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aquatic organisms at concentrations of mg/liter and led to
problems in drinking water, even at lower concentrations
such as taste and odor (Khleifat, 2007a; Younis et al., 2020).
Therefore, phenolic compounds due to their potential toxicity
were included in the list of priority pollutants by the United
States Environmental Protection Agency (US EPA) (Aisami
et al., 2020). Direct inhalation and skin ingestion of phenol
may lead to death orally due to penetration into the skin and
rapid absorption, in addition to being a carcinogen (Abboud
et al., 2007; Khleifat et al., 2006; Wen et al., 2020; Sewidan
et al., 2020).

Abundant processes as chemical or physical techniques
have been used for phenol removal such as chemical oxida-
tion, ion exchange; liquid-liquid extraction, activated carbon
adsorption, incineration and abiotic treatment procedure bear
serious drawbacks such as their need for large efforts costly
and the production of unpredictable harmful byproducts. Be-
sides, most of these processes do not degrade phenol, but
rather transform it into other compounds (secondary pollu-
tants), which can be more dangerous by-products. On the
other hand, removing phenol using live cells (biodegrada-
tion) is an alternative option and is more cost-effective and
environmentally friendly. Thus, the biodegradation of phe-
nol can be considered an increasingly important pollution
control process (Abboud et al., 2010; El-Naas et al., 2010;
Khleifat and Abboud, 2003; Khleifat et al., 2008; Liu et al.,
2009). Biodegradation is generally considered more favor-
able because of reduced costs and complete mineralization.
There is much debate regarding whether possible or not to
use natural or genetically engineered microorganisms (GEM)
in the biodegrading processes. Government agencies often
unfavorable to unleash GEMs environmentally due to the
possibility of unforeseen environmental impacts (Khleifat et
al., 2010; Khleifat et al., 2008; Liu et al., 2009). There is
still substantial interest in isolation of bacteria that are able
to use high concentrations of aromatic compounds as growth
substrate, (Khleifat, 2007a), as the phenol compound that
has been studied here. It has been stated that the degradation
mode of catechol, the availability of carbon and nitrogen
sources, the toxins presence and some physical parameters
such temperature may affect bacterial growth using phenol
as sole carbon and energy sources (El-Naas et al., 2010).

Many plant-friendly bacteria can be utilized in agricultural
crop production (Vílchez et al., 2016; Vilchez and Manzan-
era, 2011). The features of these microorganisms can be
applied to fortify plants in various ways, such as maximizing
nutrient bioavailability and bio-uptake, controlling pathogens,
building materials that support plant growth and curbing the
increase of harmful particles in the soil such as harmful com-
pounds that can disrupt plant growth. Factory (Adesemoye et
al., 2008; Imran et al., 2014). Among these microorganisms,
bacteria, called plant growth-promoting bacteria (PGPB), are
an important alternative source of both organic and inorganic
fertilizers and at the same time as pesticides for genetically
modified plants and pests. PGPB can play a role in mitigat-

ing the effects of unfavorable environmental stresses in soil.
An example of such unfavorable conditions are high concen-
trations of salts and environmental pollutants such as heavy
metals and some other organic or inorganic compounds as
well as dehydration (Nadeem et al., 2010; Vílchez et al.,
2016). Thus, it is possible that PGPB could acts as a catalyst
promoting the restoration of farmland that was not suitable
for forage or forage cultivation.

In contrast, utilization of phenol or other aromatic com-
pounds by B. simplex as growth substrates has not been
reported. The bacterium, B. simplex used in the current
study was isolated from the Al-Ghweiler Agricultural Station,
Karak, Jordan. It was identified by means of 16S rRNA tech-
niques. The nucleotide accession number in GenBank was
MN083287. It is Gram-positive, motile, non-spore-forming
rods (Rai et al., 2021; Schwartz et al., 2013). It was found to
be positive for nitrogen fixation and phosphate solubilisation.
In this study, the degradation of phenol by B. simplex was in-
vestigated for the first time under different growth conditions,
including substrate concentration, pH and incubation tem-
perature. In addition, mathematical modeling was used for
studying the kinetics of bacterial growth on phenol besides
the biodegradation kinetics of phenol by the same bacteria.

2 Materials and Methods

2.1 Bacterial strain
The bacterium used in the current study was B. simplex strain,
which was isolated from the Al-Ghweiler Agricultural Sta-
tion, Al-Karak, Jordan. It was identified by using 16S rRNA
techniques through Anna Rosa Sprocati, Rome, Italy. The
nucleotide accession number in GenBank was (MN083287).
The morphological characteristics were always being micro-
scopically checked and its biochemical identity was reveri-
fied using the REMEL kit (RapIDONE and RapID NF plus
systems) procedure.

2.2 Plant Growth-Promoting Characteristics
Isolate of R. nepotum was tested for ability to produce
indole-3-acetic acid (IAA), using a positive reaction to
Salkowski’s reagent with pink or red development as an
indicator. Salkowski’s reagent in contact with IAA forms
a pink complex; a positive reaction indicates the ability of
bacteria to metabolize L-tryptophan into IAA or into similar
compounds (Patten and Glick, 2002). IAA is a carboxylic
acid belonging to the group of auxins, which are known to
promote plant growth by increasing branching and root de-
velopment. The solubilization of phosphate was estimated
using Pikovskaya (PKO) medium for inorganic phosphorous
at 30◦C and monitored every day for 7 days. When a transpar-
ent halo appears around the colonies, it indicates the ability
to solubilize phosphate. The production of siderophore was
uncovered using chrome azurol S (CAS) agar plates, and
the change of color of surroundings of colonies from blue
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to orange denotes the presence of siderophores (Nithyapriya
et al., 2021). The ability of R. nepotum to fix N was tested
using a nitrogen-free media. An overnight grown R. nepotum
cultures in Trypticase Soy Broth (TSB) medium was resus-
pended in phosphate-buffered saline (PBS), pH 7.4, after
washing twice. Bacterial concentration was acclimatized for
OD600 of 0.5. 10 ml vials harboring 4 ml of NFb medium
(semi-solid New Fabian broth) (Cueva-Yesquén et al., 2020;
Al-kafaween et al., 2020) was inoculated with a bacterial
suspension (30 µl) and incubated at 28◦C (Mohammad et
al., 2020; Cueva-Yesquén et al., 2020). The bacterial growth
was proven by making a sub-surface pellicle after 72 h of
incubation on the culture medium. Consecutive re-growing
in NFb medium evidenced the potential of nitrogen fixation.
In all cases, the experiments were performed in triplicate.

2.3 Preparation of mineral medium with
phenol

In order, to prepare this medium; three solutions were pre-
pared separately: (a) Phenol solution was prepared by dis-
solving 5 g in 200 ml de-ionized water (the final concen-
tration was 25,000 ppm). To avoid any possible tempera-
ture effect on phenol, this solution was filter sterilized. (b)
Mineral media; It was prepared by dissolve the following
ingredients in 1000 ml Erlenmeyer flask: 1.0 g K2HPO4,
1.0 g NH4NO3, 0.5 g (NH4)2SO4, 0.5 g MgSO4, 0.5 g
KH2PO4, 0.5 g NaCl, 0.02 g CaCl2, 0.02 g FeSO4. The
media was then distributed in 125 ml Erlenmeyer flasks con-
taining the proper volume of mineral medium according to
the phenol concentration needed and then autoclaving was
made. (c) Wolfe’s mineral solution, it was prepared by dis-
solving 1.5 g of nitrilotriacetic acid in 500 ml deionised
water in 1000 ml Erlenmeyer flask, the pH was adjusted
by KOH to 6.5 to achieve the best solubility. Then the fol-
lowings were added: 3 g MgSO4•7H2O, 1 g NaCl, 0.5 g
MnSO4•H2O, 1 g FeSO4•7H2O, 0.1 g CoCl2•6H2O, 0.1 g
CaCl2, 0.1 g ZnSO4•7H2O, 0.01 g CuSO4•5H2O, 0.01 g
AlK(SO4)2•12H2O, 0.01 g H3BO3, 0.01 g Na2MoO4•2H2O.
The volume was then completed to the mark with distilled
water and shake vigorously followed by sterilization using
filter. Finally, the mineral media with phenol was prepared
by adding 0.5 ml Wolfe’s and proper phenol volume to each
flask based on the wanted phenol concentration. For example,
to achieve mineral media with 200 ppm phenol concentra-
tion, 0.5 ml wolfe’s solution and 0.4 ml phenol solution were
added to the 49.1 ml mineral media. Moreover, for the 700
ppm; 0.5 ml Wolfe’s solution and 1.4 ml phenol solution
were added to the 48.1 ml mineral media.

2.4 Growth assessment and Phenol degrada-
tion

B. simplex ability to grow on phenol (as a sole of carbon
source) was studied by growing B. simplex in TSB to the

middle of exponential phase (OD at 600 nm ≈ 0.50). The
bacterial cells were harvested at 4000 rpm for 15 min by
centrifuge. The OD was adjusted to 0.2 at 600 nm to be
used later as an inoculum by washing and suspend the cells
with mineral media. Mineral media with 700 ppm phenol
concentration was prepared and inoculated with B. simplex.
The bacterial growth behavior was monitored spectrophotom-
etry at 600 nm for 12, 24, 36, 48, 60, 72, 84, and 96 hours.
Same procedure was carried out for the control (mineral me-
dia with 700 ppm phenol and without bacterial inoculation).
The average degradation rates of phenol were quantified by
dividing the amount of phenol that was diminished from the
culture media for 24 hours, because during this time period,
much of cells stopped from further deterioration of phenol, or
this exemplified the elapsed time for all the experiments that
were performed. The average degradation was calculated by
this method as suggested by Loh and Wang (1997) to avoid
any possible wrong procedure resulting from the difference
in the lengths of the lag phases and thus the difficulty of
ascertaining the times needed to complete the degradation or
even when the degradation stop (Loh and Wang, 1997).

2.5 Phenol assay procedure

The 4-aminoantipyrine colorimetric method was used to de-
termine phenol concentration (Der and Humphrey, 1975).
Ammonium hydroxide (0.5 N) was supplemented and stirred
well. The adjustment of pH 7.9 ± 0.1 was by made by adding
potassium phosphate buffer, pH of 6.8 pursued by adding 2
% (w/v) 4-aminoantipyrine and 8 % (w/v) potassium ferri-
cyanide. Specimens were left for 15 min at room temperature
to achieve the completion of reaction and measuring the ab-
sorbance at 510 nm was conducted by using single beam of
UV-Vis Spectrophotometer. Standard curve was calibrated to
elicit the concentration of phenol using congruent recorded
absorbance through using spectrophotometer.

2.6 Effect of pH and temperature on phenol
degradation

The ability of B. simplex to degrade phenol was examined in
700 ppm phenol concentration which, prepared in mineral
media B. simplex were cultured under different parameters
using shaking incubator in the mineral media. Different pH
(5.5, 7, 8, and 9) was used to assess the effect of pH on the
degradation of phenol by B. simplex. Moreover, the effect
of different temperatures (25, 28, 33 and 37◦C) upon phenol
degradation by B. simplex was investigated.

2.7 Mathematical Modeling

The logistic equation is widely used to describe the growth
profile of biomass in a batch system with both exponential
and stationary phases. The differential form of the logistic
equation is given as follows:
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dX

dt
= µmX

(
1 − X

Xm

)
(1)

where µm is the maximum specific growth rate (hr−1) in
a given environment and Xm is the maximum cell concentra-
tion achievable in that environment (OD600). An integration
of the logistic equation yields the following equation for the
cell concentration:

X =
Xoe

µmt

1 −
(

Xo
Xm

)
(1 − eµmt)

(2)

where Xo is the initial cell concentration (OD600).
Several kinetics models have been developed to describe

the relationship between the specific growth rate µ and sub-
strate concentration S. At high concentrations of substrate,
and in case that the growth is affected by inhibitor concen-
tration, Haldane equation is the most widely used inhibition
expression:

µ =
µmaxS

KS + S + S2

KI

(3)

where µmax is Haldane’s maximum specific growth rate
(hr−1), KI is Haldane’s growth kinetics inhibition coeffi-
cient (ppm) and KS is the half saturation coefficient (ppm).
The experimental biomass growth profiles at different initial
phenol concentrations were fitted to the logistic equation by
means of nonlinear regression technique. Minimization of
the sum of squared error (SSR) by using the Solver add-in in
Microsoft Excel 2007 were carried out to obtain the model
fitting parameters. Figure 1 shows the logistic model profiles
along with the experimental data at different initial phenol
concentrations.

3 Results and Discussions

3.1 Characterization of PGPB

Bacillus simplex was investigated for four growth-promoting
features, which were, phosphate solubilizing ability, synthe-
sis of indole-acetic-acid, nitrogen fixation, and siderophore
production. It was characterized by having three of four fea-
tures studied, including nitrogen fixation, siderophore produc-
tion and phosphate solubilisation (Table 1). Nitrogen-fixing

Figure 1. Growth profile of the isolate B. simplex different initial
concentrations of phenol.

reaction regulated by nitrogenase enzyme, which depends
in its formation on the nif gene (Dobereiner et al., 1976;
Mirza and Rodrigues, 2012; Vílchez et al., 2016; Vilchez and
Manzanera, 2011). Rhizosphere microorganisms produce
siderophores, which promoting plant growth by sequestering
Fe, and increasing its availability roots zone (Nithyapriya
et al., 2021). Siderophores are a small molecule assemble
rapidly through short and well-defined metabolic pathways
and include side chains and functional groups that give the
ligands a high affinity for ferric ion (Fe3+) and chelate it by
forming multiple bonds with the ferric ion. Siderophores
classified according to their chemical nature of the iron bind-
ing sites based on the competition for Fe between the ferric
complex of the CAS and the siderophores produced by the
bacteria. The high affinity of the siderophores for Fe3+, re-
moves the iron from the CAS and makes it turn from blue
to yellow-orange. The CAS medium was prepared without
nutrients and poured directly onto the bacteria growth plates
(TSA) according to Prez-Miranda (Pérez et al., 2007) and
Schwyn and Neilands (Schwyn and Neilands, 1987).

Many essential nutrients including phosphorus are present
in the soil in an unavailable form. Therefore, it is impor-
tant to elevate the mobility of phosphorus in the soil for
plant growth. According to the Nautiyal protocol (1999),
the isolated strains were tested for their ability to mobilize
phosphorus by using agar and modified Pikovskaya medium
(PVK) with the addition of bromo phenol blue (BPB), which
emphasizes and makes the formation more visible ring. Ef-

Table 1. Plant Growth Promoting traits of the isolate Bacillus simplex

Nitrogen fixation Siderophore 
production

Phosphate 
solubilisation Auxin production

Bacillus simplex 99% MN083287 + ++ +/- -

GENBANK 
ACCESSION 

NUMBER

Plant Growth Promoting traitsPhylogenetic affiliation with 
similarity(16S rDNA 

sequencing)
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ficiency of phosphorus mobilization by bacterial strains are
evaluated by selecting bacteria producing clear areas on the
agar plate due to the production and release of organic acids
(Nautiyal, 1999).

Plant growth-promoting bacteria (PGPB) could be used
as an alternative to organic and inorganic fertilizers, pesti-
cides and genetically modified plants. These bacteria are an
important alternative source of both organic and inorganic
fertilizers and at the same time as pesticides for genetically
modified plants and pests. PGPB can play a role in mitigating
the effects of unfavorable environmental stresses in the soil.
An example of these unfavorable conditions is high concen-
trations of salts and environmental pollutants such as heavy
metals and some other inorganic or organic compounds in
addition to desiccation (Nadeem et al., 2010; Vílchez et al.,
2016). Thus, it is possible that PGPB acts as a catalyst in
restoring agricultural lands that were not suitable for cultiva-
tion with fodder or nourishment.

3.2 Biodegradation of phenol versus growth
of B. simplex

The main method for removing phenols from the environ-
ment include its biotransformation by bacteria in water and
soil (Krijgsheld and Van der Gen, 1986). The mainstream
emphasis on investigation using pure bacterial cultures, with
fewer studies dealing with plant growth promoting bacteria
(Orhan, 2016). In the current investigation, phenol degrad-
ing bacterium B. simplex is isolated from Al-Ghweiler Agri-
cultural Station, Jordan and used for the biodegradation of
phenol. It was identified by 16S rDNA. To guarantee the
using of phenol as carbon and energy sources for this bac-
terium, the phenol minimal medium was implied via having
this compound as only carbon and energy sources. Thus
the formation of any bacterial biomass will be a function
of exhaustion of these substrates (Khleifat, 2007a, 2007b;
Khleifat et al., 2006; Khleifat et al., 2006; Khleifat et al.,
2006; Loh and Wang, 1997). Two different negative con-
trols were used to test the biodegradability of phenol, the
uninoculated phenol-containing culture and the heat-killed
suspensions. There was no biodegradation activity shown
verifying the biodegrading activity made by B. simplex. Our
results showed that B. simplex could use phenol compound
as carbon and energy sources with different extents (Table
S1).

3.3 Growth Kinetics of the Isolated Strain for
Phenol Biodegradation

Six different concentrations of phenol were used as the pri-
mary substrate (Figure 1). The experimental biomass growth
profiles at different initial phenol concentrations were fitted
to the logistic equation by means of nonlinear regression tech-
nique. Minimization of the sum of squared error (SSR) by
using the Solver add-in in Microsoft Excel 2007 were carried

out to obtain the model fitting parameters. Figure 1 shows
the logistic model profiles along with the experimental data
at different initial phenol concentrations. It can be noticed
that at initial phenol concentration of 700 ppm, the biomass
growth approached the maximum stationary population size.
On the other hand, at initial phenol concentration of 200 ppm,
the biomass possessed the highest specific growth rate (µm).
At initial phenol concentration of 1200 ppm, biomass growth
was characterized by slow growth rate and low stationary
population size (Table 2).

Table 2. Logistic growth kinetic parameters for phenol biodegrada-
tion by B. simplex

Phenol Concentration (ppm)       (hr-1)        (OD600) SSR
200 0.212 0.294 1.06x10-4

400 0.195 0.270 4.44x10-5

700 0.267 0.475 5.72x10-3

800 0.054 0.344 5.05x10-3

1000 0.193 0.119 2.19x10-4

1200 0.035 0.094 4.23x10-5

Figure 2. Haldane growth kinetic model fitted to experimental
batch growth data of the strain B. simplex.

The determination of the specific growth rate (µ) for the
different initial phenol concentrations were obtained by plot-
ting the biomass growth data during the exponential phase.
The specific growth rate (µ) equals the slope obtained by
plotting lnX

Xo
versus time. Haldane equation gave an excel-

lent representation of the relationship between the specific
growth rate and the initial phenol concentration (Figure 2).
The estimation of Haldane’s parameters required the use of
a non-linear regression technique based on minimization of
SSR. The obtained parameters from the Haldane equation are:
1.05 h−1, 9.14 ppm, and 329 ppm for Haldane’s maximum
specific growth rate, the half-saturation coefficient, and the
Haldane’s growth kinetics inhibition coefficient, respectively
(Table 3). The Haldane equation fitted the experimental data
with SSR of 1.36×10−3. Figure 2 shows a typical trend for
the growth kinetics data of an inhibitory substrate. The results
indicate that the value of the specific growth rate increases
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Table 3. Haldane’s model parameters for the biodegradation of phenol by different bacteria

Microbial Strain      (ppm)      (hr-1)      (ppm)      (ppm) Reference

B. simplex 200-1200 1.05 9.14 329 This study

Pseudomonas putida 300-1000 0.031 63.9 450 Bakhshi et al., 2011

Pseudomonas sp. 100-800 0.464 113.5 376.7 Saravanan et al., 2011

Mixed 0-800 0.26 25.4 173 Pawlowsky and Howell, 1973

Acinetobacter calcoaceticus 60-500 0.542 36.2 145 Kumaran and Paruchuri, 1997

Pseudomonas WUST-C1 0-1600 2.5 48.7 100.6 Liu et al., 2013

Pseudomonas putida 25-800 0.9 6.93 284.3 Wang and Loh, 1999

with increasing phenol concentration up to approximately
200 ppm, then it starts decreasing with the increase in the
initial phenol concentration. The Haldane’s maximum spe-
cific growth rate reported in this study is comparable to those
values reported in literature for phenol biodegradation in sev-
eral bacterial media. The half-saturation coefficient (9.14
ppm) as obtained by the Haldane model indicates that phe-
nol concentration must be low to get the specific growth rate
equals half the maximum specific growth rate. The Haldane’s
growth kinetics inhibition coefficient represents a measure
of biomass sensitivity to inhibition by inhibitory substances.
The value of inhibition constant (329 ppm) indicates that phe-
nol has an appreciated inhibition effect on biomass growth.
Phenol biodegradation profiles were fitted very well into the
modified Gombertz model (Wen et al., 2020).

S = So

{
1 − exp

{
−exp

[
Rm

So
e (λ− t) + 1

]}}
(4)

Figure 3. Fitting of B. simplex growth at different concentrations
(mg/L) of phenol using the modified Gompertz model.

where So is the initial phenol concentration (ppm), Rm

is the maximum phenol degradation rate (ppm/h), and λ is
the lag phase time (hr). The fitting parameters of the model
are shown in Table 4. At lower initial phenol concentrations,
the rate of phenol biodegradation increases with increasing

the initial concentration. The maximum phenol biodegrada-
tion rate (10.626 ppm/h) was obtained at an initial phenol
concentration of 700 ppm. However, at higher initial phenol
concentrations, the rate of phenol biodegradation tends to be
constant. Therefore, based on growth profile and percentage
of phenol removal, the 700 ppm was taken for further experi-
ments (Figure 1 and Figure 3). The experiments included the
effect of substrate concentration, incubation temperature and
pH of growth media on the biodegradation of phenol by B.
simplex.

Table 4. Parameters using the Gompertz model on the different
concentrations of phenol substrate

Phenol Concentration (ppm)         (mg/L.hr)     (hr)
200 3.1 8.1
400 7.8 10.8
700 9.5 11.5
800 9.6 13
1000 10.4 13
1200 10.7 13.6

3.4 Effect of Incubation Temperature
Four different incubation temperatures (25, 28, 33 and
37◦C) were established to estimate their outcome on phenol
biodegradation. Experimental results showed a significant
difference in the level of phenol degradation, depending on
the variation in incubation temperatures (Table S2). It is evi-
dent that the temperature factor was characterized by being
vital when it was less than 28◦C, and that any additional rise
in temperature above 33◦C led to a decrease in growth at 700
ppm phenol. The incubation temperature was found to have
a clear effect on the level of cellular mass formation, as is
also evident on the phenol degradation rate. Thus, it turns
out that phenol degradation biologically appears to occur
at room temperature, where it becomes 28◦C is the opti-
mum temperature for B. simplex cells. It was mentioned that
temperature exhibited a physiologically strong influence on
the fate of the phenol compound (Al-kafaween et al., 2020;
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Aljundi et al., 2020; Althunibat et al.,2016; Ereqat et al.,
2018; Khleifat et al., 2010; Tarawneh et al., 2009; Ying et
al., 2007). As the average temperature (28◦C) turned out to
be the best environmental factor for phenol degradation, or
this may be especially due to the influence of temperature on
the activities of the enzyme(s) responsible for it (Levén and
Schnürer, 2005). It has been confirmed that temperature may
play an equal or even greater function than the availability
of nutrients during the degradation of organic compounds
including phenol (Margesin and Schinner, 1997; Onysko et
al., 2000).

Figure 4. GC-MS chromatograms for the sample (a) control (phe-
nol) , (b) catechol (standard) and (c) sample

3.5 Effect of pH on Biodegradation of phenol

When studying the pH conditions, the uninoculated culture
was used as a biological control to ensure that the phenol
drop was caused by a chemical reaction or because of some-
thing else. The pH factor, when tested, was found to have
an effect on the amount of phenol within the uninoculated
culture. B. simplex cells performed preferably for biological
breakdown of phenol and growth biomass at pH 7.0. This
was supported also by the results of best degradation rate
at pH of 7 (Table S2). Therefore, it turns out in these data
that the optimum pH for phenol biodegradation is 7.0 by
this organism. Certainly, the enzymes have a role so that
they are responsible for this degradation by B. simplex cells
and therefore this optimal activity is at pH 7.0. It has been
mentioned that the optimum pH plays a fundamental role
in the biological decomposition of these different aromatic
compounds, which vary according to the type of bacteria
(Ahmad et al., 2017). For example, Arthrobacter optimally
biodegrade 4-CBA at optimum pH of 6.8 (Marks et al., 1984),
and Halomonas campisalis biodegrade phenol and catechol
at pHs range between 8 and 11 (Alva and Peyton, 2003) and

Figure 5. The fragmentation pattern of the significant peaks de-
tected in the GC-MS analysis; (a) phenol(control) and (b) cate-
chol(standard)

those for biodegradation of phenol from before Klebsiella
oxytoca, it was 6.8 (Khleifat, 2007a, 2007b; Khleifat et al.,
2015; Shawabkeh et al., 2007).

3.6 GC analysis

The GC-MS chromatograms for the biodegradation phenol
sample for B. simplex under study, Figure 4 shows more
than eight peaks at different retention times. The GC-MS
analysis in Figure 5, for those main peaks shows the degrada-
tion and condensation products of the catechol and/or phe-
nol, which identified by using the NIST mass spectral data
base as the following: the condensation of the acetaldehyde
with phenol and/or catechol produced a 4-(1-hydroxyethyl)
phenol (III) at (RT=7.301 min, and m/z = 138.1), and 4-(1-
hydroxyethyl)benzene-1,2-diol (II) at( RT= 6.712 min, and
m/z = 154.1), as shown in Figure 6.

The following product of the degradation sample produced
a propanal (IV) at (RT= 12.243 min, and m/z = 58.2) and
the condensation of the propanal with phenol and/or catechol
produced a 3,3’-(1-hydroxypropane-1,1-diyl)di(benzene-1,2-
diol) (V) at (RT=18.319 min and m/z =277.3), and other
the degradation products such as, [11,21:24,31-terphenyl]-
13,14,34-triol (VI) at (RT=19.394 min and m/z = 279.5),
(3E)-4-(3,4-dihydroxyphenyl)-2-oxopent-3-enoic acid (VII)
at (RT=21.765 min and m/z =220.4), and 4-hydroxy-2-
oxopentanoic acid (VIII) at (RT= 27.072 min, and m/z =
129.2), all those products from degradation and condensa-
tion confirm the catechol cleavage through meta pathway
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Figure 6. The fragmentation pattern of the significant peaks de-
tected in the GC-MS analysis, and the putative chemical structure
for predicted compounds (I-VIII).

(Catechol-2,3-dioxygenase). On other hand, the characteriza-
tion of the degradation product 5-methylfuran-2(5H)-one (I)
at (RT= 4.71 min and m/z =96.8) indicate that catechol de-
graded through ortho-pathway (Catechol-1,2-dioxygenase),
as shown in Figure 6.

The GC-MS analysis in Figure 5, phenol control sample
at (RT = 5.099 min, and m/z = 94.0), and standard sample of
catechol at (RT = 8.194 min and m/z = 110.3). On other hand,
the GC-MS analysis Figure 6, of the extractable products
from bacterial culture sample revealed that phenol was con-
verted to catechol by hydroxylase enzyme uses a molecular
oxygen to produce catechol in the first step (Das et al., 2016),
further degradation of the catechol by 1,2-dioxygenase pro-
duce a cis, cis-mucconic acid via ortho-pathway and/or by
2,3-dioxygenase into 2-hydroxymucconic semialdehyde via
meta-pathway. Also, all the intermediate products produced
from two degradation pathways undergo further multi-steps
oxidations which take place to produce β-ketoadipate in
ortho-pathway and/or acetaldehyde and pyruvate in meta-
pathway, which they decomposed to carbon dioxide, and
water. However, in our study, it was not possible to de-
tect such compounds due to their rapid utilization by the
bacteria. The degradation pathway of phenol as shown in
Figure 7, revealed that catechol and acetaldehyde, propanal,
5-methylfuran-2(5H)-one, 4-hydroxy-2-oxopentanoic acid
,and [11,21:24,31-terphenyl]-13,14,34-triol could be formed
from the degradation of the phenol substrate, which could

be confirmed from products of the condensation reactions of
those fragments with phenol and/or catechol and detected by
GS-MS.

The results of B. simplex were similar to that of Pseu-
domonas sp. BZD-33 (Ke et al., 2019), Pseudomonas aerug-
inosa PDM (Al-Asoufi et al., 2017; Khleifat et al., 2019),
Rhodococcus UKMP-5M (Suhaila et al., 2019). It has been
observed that many of the oxygenase enzymes and the bac-
teria that harbor them are able to biodegrade different types
of aromatic compounds as a substrate (Aravind et al., 2020;
Khleifat et al., 2019; Mohite, 2015; Zou et al., 2018). It
should be noted that many previous studies emphasized the
necessity of providing an optimal amount of carbon and ni-
trogen sources such as yeast extract, to obtain the maximal
rate of biodegradation of phenol or any other organic com-
pounds. The reason for reasonable high degradation rate of
phenol by B. simplex cells can be attributed to the fact that
phenol is the only carbon source and possibly the amount
of phenol-degrading enzymes is sufficiently large. Besides,
the bacterium is capable of devouring this substrate read-
ily, so the potential usual attenuation of phenol toxicity is
efficiently enhanced (Abboud et al., 2007; Khleifat, 2007a,
2007b; Rughöft et al., 2020; Samadi et al., 2020; Wen et
al., 2020). On other hand, the GC-MS analysis of the bacte-
rial culture sample revealed that further degradation of the
catechol by 1,2-dioxygenase produce a cis, cis-mucconic
acid via ortho-pathway and/or by 2,3-dioxygenase into 2-
hydroxymucconic semialdehyde via meta-pathway.

4 Conclusion
This study focused on the biodegradation of gradually in-
creasing concentrations of phenol by using S. simplex in
which the degradation kinetics of phenol was modeled. GC-
MS analysis of the bacterial culture sample showed that
further hydrolysis of catechol by 1,2-dioxygenase produces
cis, cis-muconic acid via the ortho-pathway and/or by 2,3-
dioxygenase to 2-hydroxymuconic semialdehyde via the
meta-pathway. Therefore, there is a need in the later stage
for additional studies related to the behavior of phenol as a
model by studying and diagnosing specific genes and their
regulation in relation to the degradation of different phenol
concentrations so that we can explain the persistence of phe-
nol at low concentrations by understanding functional gene
expression.
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Biodegradation of Phenol by Bacillus simplex: Characterization and Kinetics Study

Table S1. Effect of phenol concentration on the biodegradation rate
by B. simplex

Concentration (ppm) Biodegradation rate (ppm/h)

200 1.53
400 5.56
700 6.60
800 6.48
1000 5.56
1200 5.16

Table S2. Effect of growth conditions on the biodegradation rate of
phenol by B. simplex

Condition Value Biodegradation rate (ppm/h)
25 10
28 20.8
33 15
37 14.2
5.5 15
7 24.16
8 12.5
9 10

Incubate temperature (c)

pH

12 Applied Environmental Biotechnology (2021) - Volume 6, Issue 2


	Introduction
	Materials and Methods
	Bacterial strain
	Plant Growth-Promoting Characteristics
	Preparation of mineral medium with  phenol
	Growth assessment and Phenol degradation
	Phenol assay procedure
	Effect of pH and temperature on phenol degradation
	Mathematical Modeling

	Results and Discussions
	Characterization of PGPB
	Biodegradation of phenol versus growth of B. simplex
	Growth Kinetics of the Isolated Strain for Phenol Biodegradation
	Effect of Incubation Temperature
	Effect of pH on Biodegradation of phenol
	GC analysis

	Conclusion



