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Abstract: Phenolic compounds are highly toxic, along with being one of the most persistent substances
in petroleum refinery effluents. The most potent solution is through phenol bioremediation to
produce demi-water and bioenergy, which are two effective outcomes for a single process. Fifteen
genetically identified native bacterial strains were isolated from the effluents of the petrochemical
industry plant (AMOC, Egypt) and were investigated for potential phenol biodegradation activity
and energy bioproduction individually and as a consortium in a batch culture. Successful and safe
phenol biodegradation was achieved (99.63%) using a native bacterial consortium after statistical
optimization (multifactorial central composite design) with bioelectricity generation that reached
3.13 × 10−6 mW/cm3. In conclusion, the native consortium was highly potent in the bioremediation
process of petroleum refinery wastewater, protecting the environment from potential phenol pollution
with the ability to generate an electrical current through the bioremediation process.

Keywords: demi-water; bioelectricity generation; industrial effluents; native bacterial consortium;
optimization

1. Introduction

Phenol and its derivatives were extensively distinguished as environmental pollutants
due to their prevalence in many industrial processes’ effluents, including oil refineries,
petrochemical plants, coal conversion processes, steel plants ceramic plants, and pheno-
lic resin industries [1]. Wastewater contaminated with phenolic compounds or phenol
derivatives needs careful treatment before being discharged [2].

Phenol in wastewater that reaches domestic water could pose a great danger to health.
Acute (short-term) animal tests, such as LD50 tests in rats, mice, and rabbits, demonstrated
the high acute toxicity of phenols upon oral exposure [2].

Although physicochemical methods were employed for the removal of phenols and
their compounds, biological methods are preferred. Physicochemical methods usually
have a large cost and often produce other undesirable products that are toxic, which leads
to the urgent need for further processing steps [3]. Several other toxic compounds are
formed during industrial processes, giving the known multicomponent composition of
wastewaters. Therefore, the strains used for decontamination should not only be highly
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active against one of the contaminants but they should also be resistant to different toxic
pollutants or possess different biodegradation abilities [4].

The global energy demand is increasing with the exponential growth of the population.
The unsustainable supply of fossil fuels and environmental concerns such as water pollution
are acting as major drivers for research into alternative renewable energy technologies.
A microbial fuel cell (MFC) is a promising technology for the simultaneous treatment of
organic wastewater and bioenergy recovery in the form of direct electricity, which has
gained much interest in recent years [5]. Microbial fuel cells (MFCs) are devices that
use microorganisms as catalysts to oxidize organic and inorganic matter and generate
electricity [6].

The aim of the present investigation was to isolate and identify the native phenol
degraders in a petroleum refinery plant’s effluent to produce demi-water with the simulta-
neous generation of bioelectricity.

2. Materials and Methods
2.1. Sample Collection

Wastewater effluents loaded with phenol were collected from Alexandria Mineral Oils
Co “AMOC” (which had been in continuous operation for several years in Egypt). The
effluent was analyzed weekly (over 6 months) and the phenol concentration was estimated
to be around 14 ppm.

2.2. Isolation, Purification, and Screening of Phenol Degraders

Phenol-containing nutrient broth and nutrient agar media (P-NB and P-NA, respec-
tively) were prepared. The pour plate method was used to isolate the native phenol de-
graders using the P-NA medium [7]. Only the single colonies grown on the P-NA medium
were transferred independently to a fresh medium and stored for future investigations.

2.3. Phenol Estimation

The phenol concentration in AMOC’s wastewater effluents and the residual concen-
trations were measured spectrophotometrically using the HACH® phenol kit according to
the manufacturer’s instructions [8].

2.4. Bioelectricity Estimation

Bioelectricity generated from an MFC (Figure 1) was quantified in terms of the power
output, and the open circuit voltage (OCV) was measured with a voltmeter. The anodic
and cathodic solutions were connected via graphite electrodes and a salt bridge.
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The MFC voltage was recorded versus time and expressed in terms of the overpoten-
tials associated with different phenomena using Equation (1):

Ecell = Ec − ηact,c − ηconc,c − Ea − ηact,a − ηconc,a − ηohm (1)

where Ec and Ea were the open circuit potentials (OCPs) for the cathodic and anodic
reactions, respectively; ηact was the charge transfer overpotential and ηconc was the concen-
tration overpotential of the anode or cathode; and ηohm was the ohmic overpotential.

The power P generated from the MFC was calculated using Equation (2):

P = V× I, in W (2)

where V was the cell voltage (V) and I was the current (A). The power density PD was
calculated in terms of the anode surface area A (m2) or the anodic solution volume U (m3)
using Equations (3) and (4), respectively:

PD = V×I
A , in W/Cm2 (3)

PD = V×I
U , in W/Cm3 (4)

2.5. Phenol Degraders Identification

McFarland standards were used as a reference to adjust the turbidity of bacterial sus-
pensions (from 16 to 24 h old cultures) so that the number of bacteria was standardized in
sterile saline or a nutrient broth (1.5× 10−6 CFU/mL) [9]. Identification of the most promis-
ing phenol degraders was done using 16S rDNA sequencing. Genomic DNA was extracted
according to Hassen et al. [10] from an overnight-grown culture and PCR amplification was
performed using these primers: forward primer (5′-AGAGTTTGATCMTGGCTCAG-3′)
and reverse primer (3′-TACCTTG TTACGACTT-5′). The 16S rRNA sequences obtained
were added to publicly available bacterial 16S rRNA sequences, and the sequences were
integrated into the database with the automatic alignment tool. The phylogenetic tree
was generated by performing distance matrix analysis using the NT system. A database
search and comparisons were done with the BLAST search using the National Center for
Biotechnology Information (NCBI) database and accession numbers were received.

2.6. Optimization of Nutritional and Environmental Factors

The present investigation aimed to study and optimize the most effective variables
that affect phenol biodegradation and bioelectricity generation. Optimization was achieved
by applying two statistical designs, namely, the Plackett–Burman design (PBD), followed
by the central composite design (CCD), as applied by Boudraa et al. [11] and Du et al. [12].

2.6.1. Plackett–Burman Design (PBD)

In the present study, 12 factors that may influence the phenol biodegradation and
bioelectricity generation at a 95% confidence level were investigated by applying a Plackett–
Burman design using a bacterial consortium. These independent factors (including physical
and nutritional factors) were as follows: inoculum size (A), culture volume (B), phenol
concentration (C), pH (D), incubation period (E), KH2PO4 concentration (F), K2HPO4 con-
centration (G), (NH4)2SO4 (H), NaCl (I), FeCl3.6H2O (J), MgSO4.7H2O (K), and CaCl2.2H2O
(L). For the mathematical modeling, the following first-order polynomial model was used
(Equation (5)):

Y = β0 + ∑ βiXi (5)

where Y was the predicted response (percentage of phenol degradation), β0 was the model
intercept, βi was the linear coefficient, and Xi was the level of the independent variable.

In the present study, the model fitting and effect of all parameters were investigated
in the form of an analysis of variance (ANOVA) according to a t-test and p-values. Pareto
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charts were produced to illustrate the arrangement of parameters under test in terms
of their effect on the phenol biodegradation (response 1) and bioelectricity generation
(response 2).

Each independent variable was evaluated at three levels −1, 0, and +1 (Table 1)
for phenol biodegradation (response 1) and bioelectricity generation (response 2). The
phenol removal rate (µ) was calculated to evaluate the phenol degradation capacity of the
consortium according to Wu et al. [13]

Table 1. Parameters under investigation using a PBD.

No. Factor Unit
Levels

−1 0 1

1 Bacterial Inoculum
Size % 1 3 5

2 Culture volume mL 75 100 125

3 Phenol concentration ppm 6 13 20

4 pH - 6.5 7.5 8.5

5 Incubation time day 3 7 11

6 KH2PO4 mg/L 120.0 420.0 720.0

7 K2HPO4 mg/L 175.0 375.0 675.0

8 (NH4)2SO4 mg/L 144.0 244.0 344.0

9 NaCl mg/L 5.0 15.0 35.0

10 FeCl3.6H2O mg/L 34.0 54.0 74.0

11 MgSO4.7H2O mg/L 30.0 50.0 70.0

12 CaCl2.2H2O mg/L 5.0 15.0 35.0

Factors with a significant effect on the phenol biodegradation were considered for
further optimization using a central composite design (CCD) and the response surface
methodology (RSM). The CCD and RSM were performed to obtain information about not
only the interaction between significant effects but also the exact optimal values of each
parameter for the maximum phenol biodegradation and bioelectricity generation.

2.6.2. Central Composite Design (CCD)

The most effective parameters and their interactions, namely, incubation time, KH2PO4,
K2HPO4, FeCl3.6H2O, and CaCl2.2H2O, were optimized by employing response surface
methodology (RSM) statistical multifactorial modeling with five levels (−2, −1, 0, 1, 2)
(Table 2). Moreover, exact values of the optimal conditions were calculated using per-
turbation curves for the maximum phenol biodegradation (response 1) and bioelectricity
generation (response 2).

Table 2. Parameters under investigation using a CCD.

Parameter Unit
Levels

−2 −1 0 +1 +2

Incubation Time h 14.9181 48.0 72.0 96.0 129.082

KH2PO4 mg/L 1.07 70.0 120.0 170.0 238.9

K2HPO4 mg/L 56.01 125.0 175.0 225.0 293.9

FeCl3 mg/L 66.86 71.0 74.0 77.0 81.1

CaCl2 mg/L 0.24 3.0 5.0 7.0 9.7
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The mathematical relationship of the response of these parameters was illustrated
using a quadratic (second-degree) polynomial (Equation (6)), where y was the response
value; b0 was the constant; x1, x2, x3, x4, and x5 were the independent parameters; b1, b2,
b3, b4, and b5 were the linear coefficients; b12, b13, b14, b15, b23, b24, b25, b34, b35, and b45 were
the cross product coefficients; and b11, b22, b33, b44, and b55 were the quadratic coefficients.
A total of 50 runs were processed to estimate the coefficients of the model using multiple
linear regressions. The design of experiments was carried out using Design Expert 12.0®.

y = b0 + b1x1 + b2x2 + b3x3 + b4x4 + b5x5 + b11x2
1 + b22x2

2 + b33x2
3 + b44x2

4 + b55x2
5 + b12x1x2 + b13x1x3+

b14x1x4 + b15x1x5 + b23x2x3 + b24x2x4 + b25x2x5 + b34x3x4 + b35x3x5 + b45x4x5
(6)

2.6.3. High-Performance Liquid Chromatography (HPLC)

The estimation of the residual phenol was further confirmed using high-performance
liquid chromatography (HPLC), where 1.5 mL of non-inoculated and inoculated (the
optimized consortium) culture medium was centrifuged at 12,000× g at 4 ◦C for 10 min,
and the supernatant was collected for residual phenol estimation. Phenol was measured
using an HPLC system (Model 515 pump, Waters, MA, USA) equipped with a UV-Vis
(Model 2487, Waters, Wilmslow, UK) detector operating at 270 nm. Samples (20 µL) were
injected and analyzed using a symmetry C-18 column (4.6 × 150 mm, 5 µm particle size).
The mobile phase was composed of 55% (v/v) distilled water and 45% (v/v) acetonitrile,
and the flow rate was set at 1 mL/min [14]. The phenol concentration was calculated using
the regression equation (Equation (7)) according to Bai et al. [15]:

y = 13,587.0x − 67,610 (7)

where x and y (mg/L) represented the peak area and the concentration of phenol, respectively

2.7. Detection of Phenol Degradation Metabolites via Gas Chromatography–Mass Spectroscopy
(GC-MS)

The same extracted samples mentioned in the above section were used for GC-MS
analysis for a qualitative estimation of phenol and its metabolites or degradation derivatives
after the optimized cultural conditions. For the GC-MS analysis, 2 µL of control and
degraded samples were injected into the GC-MS device equipped with a splitless injector
and a PE Auto system XL gas chromatograph interfaced with a Turbo-mass spectrometric
mass selective detector system. The MS was operated in the EI mode (70 eV) with helium as
the carrier gas (flow rate 1 mL/min) and an analytical column HP (length 30 m × 0.20 mm,
0.11 mm film thickness). The MS was operated in the total ion current (TIC) mode, scanning
from m/z 30 to 400. The metabolic intermediates were derived from phenol degradation
identified by comparing their retention time (RT in min) and mass spectra with the library
of the National Institute of Standard ad Technology (NIST), USA, or by comparing the RT
with those authentic standards available [16].

3. Results and Discussion
3.1. Isolation and Purification of Phenol Degraders

A total of 15 bacterial isolates were selected from the phenol- and petroleum-hydrocarbon-
contaminated wastewater that showed phenol-degrading ability and were selected for
further investigations. Mixed species (consortia) were more efficient degraders than single
strains. The rationale for using mixed culture populations was that the microbial consortia
can perform more complicated tasks and endure more changeable environments than
monocultures [17].

3.2. Screening for Phenol Biodegradation

Individual bacterial isolates showed a high affinity for phenol biodegradation. How-
ever, strain nos. 11, 5, 7, 9, 8, and 13 showed the highest promising results with a degra-
dation percentage that reached 75% with strain 11 (Figure 2). Consortium A (composed
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of equal volumes of the six most promising isolates numbered 5, 7, 8, 9, 11, and 13) was
compared with consortium B (consisting of equal volumes of all the fifteen isolated bac-
terial strains) (OD600 nm ≈ 1.00 ± 0.40 was prepared by mixing the purified isolates to
a final concentration of 10.0% (v/v)). The results showed that consortium B was more
efficient at phenol biodegradation, reaching 85% after 48 h incubation (Figure 3). The
results of the present work were highly promising compared with that proposed by Am-
meri et al. [18], who showed that the phenol degradation by bacterial consortia B1 and B2,
respectively (B1 contained Citrobacter freundii, Klebsiella variicola, Staphylococcus equorum,
and Micrococcus lylae, and B2 contained Leclercia adecarboxylata, Leclercia adecarboxylata,
Klebsiella sp., and Klebsiella oxytoca) isolated from petroleum refineries in Egypt were 62.2
and 85.5%, respectively.
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3.3. Bioelectricity Estimation

Bacterial isolates were tested for their bioelectricity generation capacity, both individu-
ally and in consortia A and B (mentioned above). The voltage was recorded through the
MFC using the voltmeter, whereas the power density was calculated using Equation (4),
knowing that the net anodic chamber volume was 80 mL. Bacterial isolate no. 15 showed
the maximum bioelectricity generation after 7 days of incubation, followed by isolate no. 14,
with cell voltages of 109 and 104 mV, respectively (Figure 4). On the other hand, consortium
B showed the most promising results by generating 128 mV after 48 h, while consortium
A showed inferior results across all time intervals. Similarly, Naik et al. [19] reported
that bioelectricity generation occurred in response to phenol degradation when using a
microbial biofilm that had been isolated from wastewater.
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3.4. Phenol Degraders Identification

In the current study, fifteen strains were isolated from petroleum refinery plant wastew-
ater. The bacterial isolates were identified using 16S rDNA sequencing after DNA extraction
with purity levels in the range of 1.79–1.9. The sequences obtained were compared with
the nucleotide sequences of the international database and the molecular analysis of the
different bacterial isolates revealed that strain 1 was identified as Pseudomonas aeruginosa I
with 100% similarity, while the rest of the isolates, namely, Klebsiella pneumonia I, Bacillus
cereus, Pseudomonas monteilii, Bacillus subtilis, Pseudomonas mosselii, Staphylococcus equorum,
Bacillus benzoevorans, Bacillus circulans, Pseudomonas fulva, Pseudomonas aeruginosa II,
Pseudomonas putida, Burkholderia cepacia, Bacillus cereus, and Klebsiella pneumonia II, showed
97.33, 99.35, 98.4, 97.9, 98, 99.7, 97.9, 97.8, 96.2, 97.3, 99, 97.25, 99.6, and 96.4% similarities,
respectively (Table 3). The 16S rRNA sequence was deposited in the NCBI Gene Bank
nucleotide sequence database under certain accession numbers (Table 3). Furthermore,
the 16S rRNA sequence obtained was added to publicly available bacterial 16S rRNA
sequences, and the phylogenetic tree was generated by performing distance matrix analysis
using the NT system (Figure 5). In other similar studies, Al-Shaikh et al. [20] reported the
isolation of a bacterial consortium of Ochrobactrum sp., Marinobacter sp., Pseudomonas sp.,
and Stenotrophomonas maltophilia from petroleum-contaminated wastewater from a different
place in the Red Sea, Jeddah coast, Saudi Arabia.
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Table 3. Bacterial identification data.

Isolates Identification Identified Accession Number

1 Pseudomonas aeruginosa MW598285

2 Klebsiella pneumoniae MW585395

3 Bacillus cereus MW585396

4 Pseudomonas monteilii MW585595

5 Bacillus subtilis MW585596

6 Pseudomonas mosselii MW585691

7 Staphylococcus equorum MW585694

8 Bacillus benzoevorans MW597321

9 Bacillus circulans MW597408

10 Pseudomonas fulva MW598162

11 Pseudomonas aeruginosa MW598228

12 Pseudomonas putida MW598278

13 Burkholderia cepacia MW579472

14 Bacillus cereus MW598367

15 Klebsiella pneumoniae MW598404
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3.5. Optimization of Nutritional and Environmental Factors
3.5.1. Placket–Burman Design (PBD)

Consortium B contained the isolated and purified 15 bacterial phenol degraders and
was subjected to optimization of the nutritional and environmental conditions across twelve
factors using a Plackett–Burman Design (PBD). Their effect on phenol biodegradation
(response 1) and bioelectricity generation (response 2) were statistically analyzed using
Minitab 19® (Table 4). Each proposed factor had a coefficient in the regression equations
(Equations (8) and (9)) and the significance of each coefficient was determined using a t-test
and p-values of an ANOVA (Tables 5 and 6).



Sustainability 2022, 14, 12912 9 of 20

Table 4. Phenol degradation and bioelectricity generation with bacterial consortium B using a PBD.

Run Inoculum
Size

Culture
Volume

Phenol
Conc. pH Incubation

Period KH2PO4 K2HPO4 (NH4)2SO4 NaCl FeCl3 MgSo4 CaCl2

R1
(% Phenol

Degradation)

Phenol
Removal

Amount Per
OD600

(mg/OD600)

R2
(Bioelectricity
Generation)

1 −1 −1 1 1 −1 1 −1 1 −1 1 −1 1 88.11 11.0 9.69 × 10−7

2 −1 −1 −1 1 1 −1 1 −1 −1 −1 1 1 60.02 7.5 4.00 × 10−8

3 1 −1 1 −1 1 1 −1 −1 1 −1 −1 1 48.69 6.0 9.71 × 10−8

4 1 1 1 1 1 1 1 1 1 1 1 1 36.27 4.5 1.23 × 10−7

5 1 −1 −1 −1 −1 1 1 −1 −1 1 −1 −1 79.40 9.9 8.56 × 10−7

6 1 1 1 1 1 −1 1 −1 −1 1 −1 −1 36.35 4.5 2.02 × 10−7

7 −1 1 1 −1 −1 −1 1 1 1 −1 −1 −1 89.31 11.1 8.40 × 10−7

8 −1 −1 −1 1 1 1 1 1 1 −1 −1 −1 71.36 8.9 1.43 × 10−7

9 1 −1 −1 −1 −1 −1 1 1 1 1 1 1 81.91 10.2 1.03 × 10−6

10 −1 −1 1 1 −1 −1 −1 −1 1 1 1 −1 90.38 11.2 1.40 × 10−6

11 1 1 −1 1 −1 −1 −1 −1 1 −1 −1 1 88.10 11.0 1.31 × 10−6

12 −1 1 −1 −1 1 −1 −1 1 −1 1 −1 1 50.00 6.2 1.85 × 10−7

13 −1 1 1 −1 −1 1 1 −1 −1 −1 1 1 88.80 11.1 1.11 × 10−6

14 −1 1 −1 −1 1 1 −1 −1 1 1 1 −1 74.79 9.3 2.05 × 10−7

15 1 1 −1 1 −1 1 −1 1 −1 −1 1 −1 81.38 10.1 9.49 × 10−7

16 1 −1 1 −1 1 −1 −1 1 −1 −1 1 −1 88.36 11.0 4.10 × 10−7

17 0 0 0 0 0 0 0 0 0 0 0 0 85.99 10.7 4.21 × 10−7
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Table 5. Analysis of variance (ANOVA) using a PBD for the phenol degradation percentage using
consortium B.

Term Effect Coefficient SE
Coefficient t-Value p-Value

Constant 0.7276 0.03453 21.07 0.000

Bacterial
inoculum size −0.0904 −0.0452 0.03557 −1.27 0.273

Culture
volume −0.0790 −0.0395 0.03557 −1.11 0.329

Phenol
concentration −0.0259 −0.0129 0.03557 −0.36 0.735

pH −0.0616 −0.0308 0.03557 −0.87 0.435

Incubation
time −0.2769 −0.1385 0.03557 −3.89 0.018

KH2PO4 −0.0195 −0.0098 0.03557 −0.27 0.797

K2HPO4 −0.0857 −0.0429 0.03553 −1.21 0.294

(NH4)2SO4 0.0252 0.0126 0.03557 0.35 0.741

NaCl 0.0059 0.0030 0.03546 0.08 0.937

FeCl3.6H2O −0.0985 −0.0493 0.03557 −1.38 0.238

MgSO4.7H2O 0.0632 0.0316 0.03557 0.89 0.424

CaCl2.2H2O −0.0913 −0.0457 0.03546 −1.29 0.267

Table 6. Analysis of variance (ANOVA) using a PBD for bioelectricity generation using consortium B.

Term Effect Coefficient SE
Coefficient t-Value p-Value

Constant 0.000001 0.000000 11.55 0.000

Bacterial
inoculum size 0.000000 0.000000 0.000000 0.10 0.927

Culture
volume −0.000000 −0.000000 0.000000 −0.03 0.979

Phenol
concentration 0.000000 0.000000 0.000000 0.50 0.641

pH 0.000000 0.000000 0.000000 0.47 0.660

Incubation
time −0.000000 −0.000000 0.000000 −8.18 0.001

KH2PO4 −0.000000 −0.000000 0.000000 −1.12 0.324

K2HPO4 −0.000000 −0.000000 0.000000 −1.33 0.253

(NH4)2SO4 −0.000000 −0.000000 0.000000 −0.66 0.543

NaCl 0.000000 0.000000 0.000000 0.58 0.596

FeCl3.6H2O 0.000000 0.000000 0.000000 0.09 0.936

MgSO4.7H2O 0.000000 0.000000 0.000000 0.77 0.484

CaCl2.2H2O −0.000000 −0.000000 0.000000 −0.10 0.926

Some variables, namely, incubation time, FeCl3, and CaCl2, were found to be the
most significant for phenol biodegradation. On the other hand, incubation time, K2HPO4,
and KH2PO4 were found to be significant for bioelectricity generation, which was further
confirmed using Pareto charts (Figures 6 and 7). Therefore, incubation time, K2HPO4,
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KH2PO4, FeCl3, and CaCl2 were selected for further optimization at five coded levels (−2,
−1, 0, 1, 2) for a deeper analysis of the whole process using consortium B by applying a CCD,
as they were confirmed to have a tremendous effect on both the phenol biodegradation
and bioelectricity generation.

% Phenol degradation = 1.671 − 0.0723 Inoculum size + 0.00684 Culture volume +
0.02167 Phenol concentration − 0.2194 pH − 0.0162 Incubation time − 0.254

KH2PO4 + 0.945 K2HPO4 + 0.584 (NH4)2SO4 + 5.50 NaCl − 8.83 FeCl3.6H2O − 2.10
MgSO4.7H2O − 2.18 CaCl2.2H2O

(8)

Power = 1.7538 − 1.0488 Inoculum size − 6.74 Culture volume − 1.764 Phenol
concentration − 4.846 pH + 3.273 Incubation time − 2.987 KH2PO4 + 6.966

K2HPO4 − 5.271 (NH4)2SO4 + 5.143 NaCl + 2.915 FeCl3.6H2O + 5.0159
MgSO4.7H2O − 3.678 CaCl2.2H2O

(9)
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3.5.2. Central Composite Design (CCD)

Phenol degradation and bioelectricity generation (Table 7) as responses for variations
in parameters, namely, incubation time (x1), KH2PO4 (x2), K2HPO4 (x3), FeCl3 (x4), and
CaCl2 (x5), were obtained using Design Expert 12.0®. The results of the second-order
response surface model fitting in the form of an analysis of variance (ANOVA) were
calculated (Table 8). The significance of each coefficient in Equations (10) and (11) for
the phenol degradation and bioelectricity generation, respectively, was determined using
Fisher’s F-test and p-values. The linear effects of incubation time and CaCl2, as well as the
quadratic effect of CaCl2, on the phenol biodegradation were significant. Moreover, the
interaction effects of “incubation time and KH2PO4” and “FeCl3 and CaCl2” were found
to be significant (p ≤ 0.05). On the other hand, for the bioelectricity generation, the linear
and quadratic effects of incubation time were significant, as well as the quadratic effects of
KH2PO4, K2HPO4, FeCl3, and CaCl2. The interaction effect of incubation time and CaCl2
was significant (p ≤ 0.05). The remaining interaction terms were insignificant (p > 0.05).

y = 96.42− 0.5627x1 − 0.0368x2 − 0.1872x3 + 0.0719x4 − 0.4817x5 − 0.1435x2
1 + 0.0067x2

2 − 0.0604x2
3−

0.1154x2
4 − 0.4991x2

5 + 0.3450x1x2 + 0.0994x1x3 + 0.2150x1x4 − 0.2969x1x5 − 0.1144x2x3 + 0.1138x2x4−
0.1419x2x5 + 0.0606x3x4 + 0.0800x3x5 + 0.3681x4x5

(10)

y = 1.979 × 10−7 − 2.455 × 10−7 x1 − 7.741 × 10−9x2 + 1.918 × 10−8x3 − 4.380 × 10−8x4+
1.113 × 10−8x5 + 3.655 × 10−8x2

1 + 8.537 × 10−8x2
2 + 1.222 × 10−7x2

3 + 1.279 × 10−7x2
4+

1.114 × 10−7x2
5 − 2.415 × 10−8x1x2 − 3.094 × 10−8x1x3 + 6.272 × 10−8x1x4 + 1.002 × 10−7x1x5−

3.942 × 10−8x2x3 − 1.433 × 10−8x2x4 + 4.121 × 10−8x2x5 + 8.103 × 10−8x3x4 − 4.719 × 10−8x3x5−
2.513 × 10−8x4x5

(11)

Table 7. Phenol degradation and bioelectricity generation using consortium B (15 strain) after
optimizing the affecting parameters using a central composite design.

Run
x1

Incubation
Time

x2
KH2PO4

x3
K2HPO4

x4
FeCl3

x5
CaCl2

R1
(Phenol

Degradation
%)

Phenol
Removal

Amount per
OD600

(mg/OD600)

R2
(Bioelectricity

Generation
(mW/Cm3))

1 −1 −1 +1 −1 +1 96.83 12.1 6.91 × 10−7

2 +1 +1 +1 −1 −1 95.24 11.9 4.14 × 10−8

3 −1 +1 +1 +1 +1 96.39 12.0 7.77 × 10−7

4 −1 +1 −1 +1 −1 95.20 11.9 8.03 × 10−7

5 0 0 0 0 0 95.32 11.9 1.77 × 10−7

6 0 +2 0 0 0 96.71 12.0 3.50 × 10−7

7 +1 −1 −1 −1 −1 95.20 11.9 1.69 × 10−7

8 −1 +1 −1 +1 +1 97.10 12.1 8.80 × 10−7

9 0 0 0 0 −2 94.45 11.8 4.14 × 10−7

10 0 0 0 0 0 95.44 11.9 1.11 × 10−7

11 +1 −1 +1 −1 +1 95.8 11.9 2.33 × 10−7

12 0 0 +2 0 0 93.31 11.6 6.26 × 10−7

13 +2 0 0 0 0 54.47 6.8 7.29 × 10−9

14 0 −2 0 0 0 92.75 11.5 7.54 × 10−7

15 0 0 0 0 0 95.05 11.8 1.73 × 10−7

16 +1 +1 −1 −1 −1 96.91 12.1 2.89 × 10−7
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Table 7. Cont.

Run
x1

Incubation
Time

x2
KH2PO4

x3
K2HPO4

x4
FeCl3

x5
CaCl2

R1
(Phenol

Degradation
%)

Phenol
Removal

Amount per
OD600

(mg/OD600)

R2
(Bioelectricity

Generation
(mW/Cm3))

17 0 0 0 +2 0 94.57 11.8 4.03 × 10−7

18 +1 +1 −1 +1 −1 97 12.1 3.07 × 10−7

19 0 0 −2 0 0 96.39 12.0 8.96 × 10−7

20 −2 0 0 0 0 59.29 7.4 2.29 × 10−8

21 +1 −1 −1 +1 −1 95.05 11.8 3.71 × 10−7

22 0 0 0 0 0 95.55 11.9 1.79 × 10−7

23 +1 −1 +1 +1 +1 94.49 11.8 4.76 × 10−7

24 +1 −1 −1 +1 +1 95.4 11.9 5.24 × 10−7

25 +1 +1 −1 +1 +1 94.61 11.8 5.44 × 10−7

26 0 0 0 0 +2 95.36 11.9 9.73 × 10−7

27 0 0 0 0 0 95.19 11.8 1.00 × 10−7

28 +1 +1 +1 −1 +1 93.78 11.7 5.20 × 10−7

29 −1 +1 +1 −1 +1 96 12.0 9.53 × 10−7

30 +1 −1 +1 +1 −1 95.64 11.9 5.49 × 10−7

31 −1 −1 −1 +1 +1 96.91 12.1 2.34 × 10−7

32 −1 −1 −1 −1 −1 97.42 12.1 9.41 × 10−7

33 +1 +1 −1 −1 +1 95.8 11.9 5.54 × 10−7

34 −1 −1 −1 −1 +1 96.98 12.1 1.03 × 10−6

35 0 0 0 0 0 95.63 11.9 1.09 × 10−7

36 −1 −1 −1 +1 −1 97.06 12.1 1.11 × 10−6

37 −1 −1 +1 +1 −1 96.59 12.0 1.16 × 10−6

38 −1 +1 +1 −1 −1 95.76 11.9 1.21 × 10−6

39 0 0 0 0 0 95.65 11.9 1.12 × 10−7

40 −1 +1 −1 −1 +1 95.6 11.9 1.24 × 10−6

41 0 0 0 −2 0 96.47 12.0 1.18 × 10−6

42 +1 +1 +1 +1 −1 95.56 11.9 5.74 × 10−7

43 −1 +1 −1 −1 −1 97.62 12.2 1.30 × 10−6

44 −1 −1 +1 −1 −1 97.3 12.1 1.31 × 10−6

45 +1 −1 −1 −1 +1 94.93 11.8 5.97 × 10−7

46 −1 −1 +1 +1 +1 96.35 12.0 1.33 × 10−6

47 0 0 0 0 0 95.26 11.9 1.20 × 10−7

48 −1 +1 +1 +1 −1 96.31 12.0 1.34 × 10−6

49 +1 +1 +1 +1 +1 95.2 11.9 6.09 × 10−7

50 +1 −1 +1 −1 −1 95.01 11.8 5.94 × 10−7
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Table 8. Analysis of variance (ANOVA) results of response surface quadratic model employed for the
parameter optimization for the maximum phenol degradation (R1) and bioelectricity generation (R2).

Term Coefficient

Phenol Degradation (R1) Bioelectricity Generation (R2)

Coefficient’s
Estimated

Value
F-Value p-Value

Coefficient’s
Estimated

Value
F-Value p-Value

M—Model b0 96.42 3.99 0.0004 1.979 × 10−7 4.43 0.0002

x1—Incubation time b1 −0.5627 20.15 0.0001 −2.455 × 10−7 40.68 <0.0001

x2—KH2PO4 b2 −0.0368 0.0864 0.7709 −7.741 × 10−9 0.0405 0.8420

x3—K2HPO4 b3 −0.1872 2.23 0.1460 1.918 × 10−8 0.2483 0.6221

x4—FeCl3 b4 0.0719 0.3291 0.5706 −4.380 × 10−8 1.30 0.2643

x5—CaCl2 b5 −0.4817 14.73 0.0006 1.113 × 10−8 0.0834 0.7748

x1x2 b12 0.3450 5.60 0.0249 −2.415 × 10−8 0.2909 0.5938

x1x3 b13 0.0994 0.4644 0.5010 −3.094 × 10−8 0.4773 0.4951

x1x4 b14 0.2150 2.17 0.1511 6.272 × 10−8 1.96 0.1719

x1x5 b15 −0.2969 4.14 0.0510 1.002 × 10−7 5.01 0.0331

x2x3 b23 −0.1144 0.6152 0.4392 −3.942 × 10−8 0.7749 0.3859

x2x4 b24 0.1138 0.6085 0.4417 −1.433 × 10−8 0.1024 0.7512

x2x5 b25 −0.1419 0.9466 0.3386 4.121 × 10−8 0.8467 0.3651

x3x4 b34 0.0606 0.1728 0.6807 8.103 × 10−8 3.27 0.0808

x3x5 b35 0.0800 0.3010 0.5875 −4.719 × 10−8 1.11 0.3007

x4x5 b45 0.3681 6.37 0.0173 −2.513 × 10−8 0.3150 0.5789

x1
2 b11 −0.1435 1.68 0.2050 3.655 × 10−8 1.16 0.2909

x2
2 b22 0.0067 0.0037 0.9521 8.537 × 10−8 6.32 0.0178

x3
2 b33 −0.0604 0.2980 0.5893 1.222 × 10−7 12.95 0.0012

x4
2 b44 −0.1154 1.10 0.3038 1.279 × 10−7 14.27 0.0007

x5
2 b55 −0.4991 19.94 0.0001 1.114 × 10−7 10.53 0.0030

The 3D curve interpretation revealed that the absorbance value of the phenol degra-
dation increased by increasing KH2PO4 to 0.17 g/L. On the other hand, by decreasing the
incubation time, K2HPO4, FeCl3, and CaCl2 to 72 h, 0.125, 0.071, and 0.003 g/L, respectively,
the percentage of phenol degradation increased (Figure 8). However, the power of the
generated bioelectricity increased by increasing K2HPO4 and FeCl3 to 0.225 and 0.077 g/L,
respectively. On the other hand, decreasing the incubation time, KH2PO4, and CaCl2 to
48 h, 0.07, and 0.003 g/L, respectively, increased the bioelectricity generation (Figure 9).

By applying the perturbation curve (Figure 10), the optimal values of the tested param-
eters for maximum phenol degradation could be determined. The predicted degradation
percentage value for the optimized parameters was 100%, and by applying these optimal
parameter values, the actual phenol degradation reached 99.63% in 72 h. The present
findings showed more efficient phenol degradation than that reported by Pathak et al. [21],
who reached 89.77% phenol degradation using a bacterial consortium of Alcaligenes faecalis
JF339228 and Klebsiella oxytoca KF303807 immobilized on carbon alginate beads in a fixed
bio-column reactor. Moreover, the results of the present investigation showed higher
phenol degradation than that reported by Samimi et al. [22], who reported 97% phenol
degradation using bacterial isolate O-CH1. Furthermore, the presented findings showed
faster phenol degradation than that reported by Poi et al. [9], who were able to degrade
phenol by 99.6% in 27 days using a bacterial consortium comprising 20 bacterial strains



Sustainability 2022, 14, 12912 15 of 20

(12 isolates belonged to the genera Bacillus, five strains belonged to the genera Pseudomonas,
and three to Acinetobacter) isolated from phenol- and petroleum-hydrocarbon-contaminated
wastewater.
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The predicted yield value was close to the obtained actual response value, which
demonstrated the model’s validity. Therefore, throughout this study, values from the
statistical optimization model were applied (72 h incubation time and 0.07, 0.125, 0.07, and
0.003 g/L KH2PO4, K2HPO4, FeCl3, and CaCl2, respectively) as optimal parameters values
for a maximum phenol degradation of 99.63% using consortium B.

On the other hand, the maximum bioelectricity generated using consortium B was
estimated by applying the perturbation curve (Figure 10). The predicted power generation
of the optimized parameters was 1.2 × 10−6 mW/Cm3, and by applying these optimal
values, the actual generated power reached 3.13 × 10−6 mW/cm3.

The predicted power generation value was close to the obtained actual response value,
which demonstrated the model’s validity. Therefore, throughout this study, values from
the statistical optimization model were applied (48 h incubation time and 0.07, 0.225, 0.077,
and 0.003 g/L KH2PO4, K2HPO4, FeCl3, and CaCl2, respectively) as optimal parameters
values for maximum bioelectricity generation using consortium B.

High-Performance Liquid Chromatography (HPLC)

The estimation of the phenol degradation (after the fermentation process in which
the phenol biodegradation took place) was evaluated using HPLC (Agilent 1100 system).
The control sample (Figure S1a) showed a phenol peak at a retention time 3.14 min and
another peak at 4.2 min which represented the culture medium. After treatment with
bacterial consortium B, a tremendous decrease in phenol concentration was observed at a
retention time of 3 min (Figure S1b). Moreover, by calculating the area under the peaks
it was revealed that the optimized consortium B was highly efficient, with 99.8% phenol
biodegradation, which confirmed the optimization findings where phenol degradation
reached 99.6%.

3.6. Detection of Phenol Degradation Metabolites

A cell-free extract of the medium after fermentation with consortium B was sub-
jected to GC-MS analysis. The MS spectrum after the biological treatment with bacterial
consortium B indicated that the major components were trans-cyclopropaneoctanoic-2-[(2-
pentylcyclopropyl)-methyl-ester and diethyl phthalate (Figure 11a–c). According to WHO,
the present phenol degradation products are non-toxic and safe for environmental and
pharmacological use.
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4. Conclusions

Data from the present study concluded that the phenol biodegradation was better
achieved using consortia rather than individual isolates. Phenol degradation reached
99.8% after the optimization process using a CCD to obtain demi-water. The optimal
conditions that led to the maximum phenol degradation using a consortium composed of
all 15 isolated bacterial strains were as follows: 72 h incubation time and 0.07, 0.125, 0.07,
and 0.003 g/L of KH2PO4, K2HPO4, FeCl3, and CaCl2, respectively. Overall, the present
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study revealed that the native phenol-degrading consortia can be considered an economical
and sustainable approach to the degradation of phenol within industrial wastewater to
produce demi-water.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su141912912/s1, Figure S1: Phenol detection and estimation using HPLC; medium before
fermentation (a), after fermentation with bacterial consortium B (b).
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