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Abstract: It is shown that bacteria Bradyrhizobium japonicum 273 were capable of degrading phenol at
moderate concentrations either in a free cell culture or by immobilized cells on granulated activated
carbon particles. The amount of degraded phenol was greater in an immobilized cell preparation than
in a free culture. The application of a constant electric field during cultivation led to enhanced phenol
biodegradation in a free culture and in immobilized cells on granulated activated carbon. The highest
phenol removal efficiency was observed for an anode potential of 1.0 V/S.H.E. The effect was better
pronounced in a free culture. The enzyme activities of free cells for phenol oxidation and benzene ring
cleavage were very sensitive to the anode potential in the first two steps of the metabolic pathway of
phenol biodegradation catalyzed by phenol hydroxylase—catechol-1,2-dioxygenase and catechol-
2,3-dioxygenase. It was observed that at an anode potential of 0.8 V/S.H.E., the meta-pathway of
cleavage of the benzene ring catalyzed by catechol-2,3-dioxygenase became competitive with the
ortho-pathway, catalyzed by catechol-1,2-dioxygenase. The obtained results showed that the positive
effect of constant electric field on phenol biodegradation was rather due to electric stimulation of
enzyme activity than electrochemical anode oxidation.

Keywords: phenol biodegradation; Bradyrhizobium japonicum 273; free cells; immobilized cells;
constant electric field; enzyme activity

1. Introduction

Phenol and its derivatives are widely distributed as a source and product of various
human activities (plastics, pesticides, etc.) They are considered as some of the most
dangerous organic pollutants released in the environment. Phenol has adverse effects
on the nervous system, respiratory tract [1], skin and mucous membranes [2], liver and
kidneys [3], etc. Various methods have been proposed to decrease its concentration in
waste streams to harmless levels. These methods are based mostly on adsorption and ion
exchange [4–6] or microbial processes [7,8].

Various microbial species have been tested and reported for phenol biodegradation:
bacterial strains from the genus Pseudomonas [7,9–11], Arthrobacter [12], Bacillus [13], etc.

Under aerobic conditions, microbial degradation of phenol usually starts by oxygena-
tion, in which the aromatic ring is initially mono-hydroxylated at an ortho- position to the
pre-existing hydroxyl group to form catechol. The active enzyme in this reaction is phenol
hydroxylase for different microbial strains.

Further, catechol is oxidized following two different pathways: with o-benzoquinone
formation [14] or with cleavage of the benzene ring [6].

Depending on the type of the strain’s metabolism, the ring cleavage of catechol can
occur either at the ortho-position or at the meta-position. The orthi-pathway leads to succinic
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acid and finally to acetyl CoA. The meta-pathway leads to the formation of pyruvate and
acetaldehyde; cf. [9].

There is another bacterial strain—namely, Bradyrhizobium japonicum 273, which is
well known for biodegrading organic substances including aromatic compounds [15]. In
previous studies, we succeeded in using it for the biodegradation of phenol by a free
culture; cf. Vasileva et al. [16].

For redox biochemical reactions, the idea to combine microbial processes in aqueous
media with an electrochemical effect on them seems promising when intermediates of the
redox pathway are inhibitors for further biodegradation. Their removal can be performed
either by oxidation or reduction on an electrode. Therefore, it is expected that electrochemi-
cal reactions on the electrode might enhance the complete microbial biodegradation of the
substrate. The effects of constant electric fields on microbial activity were studied for differ-
ent redox systems—namely, biodegradation of organic matter by Jobin and Namour [17]
and Liu et al. [18], including phenol biodegradation [19,20].

Recently, Beschkov et al. [11] have shown the enhancing effect of applying a constant
electric field on microbial phenol biodegradation by the strain Pseudomonas putida. In that
study, it was shown that the enhancement was not assigned to purely electrochemical
processes but to enzyme stimulation by the electric field. Moreover, it was shown that the
catechol oxidation was dependent on the enzyme activity stimulated by the constant electric
field at certain anode potential. The ortho-cleavage pathway (cf. Figure 1) was proven.
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Figure 1. Time profile for control experiment with initial phenol concentration as 0.06 g dm−3.

We could not find data for the phenol biodegradation by bacteria from the strain B.
japonicum in a constant electric field in the literature. That is why it is interesting to test
the effect of applying a constant electric field on the ability of the strain to degrade phenol
and to check its effect on the pathway of phenol destruction, either for a free or for an
immobilized culture.

The goal of this study is to test the bioelectrochemical effect on the degradation of
phenol by a pure microbial monoculture of B. japonicum 273 in a potentiostatic mode for
free and immobilized cultures.

Generally, the questions to answer in the present paper are as follows:

• How does the electric field affect the microbial growth of this strain?
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• How is the optimum anode potential for bioelectrochemical oxidation of phenol
established?

• How does the application of an electric field affect enzyme oxidation of phenol and
catechol?

• How is enzyme activity affected by the electric field for free cultures?
• What is the impact of the electric field on the microbial cells immobilized on activated

carbon to degrade phenol combined with bioelectrochemical stimulation?

2. Materials and Methods
2.1. Free Cell Cultivation

The strain B. japonicum 273 was obtained from the National Bank for Industrial Mi-
croorganisms and Cell Cultures, Bulgaria (NBIMCC). The strain was grown in mineral
medium (MMY) containing (per liter): 1 g of yeast extract, 0.2 g of NaCl, 0.2 g of MgSO4,
0.5 g of K2HPO4, 10 g of Glucose; 1 L of tap water. The medium pH was adjusted to 7.2
before being autoclaved.

First, experiments were carried out in flasks of 250 mL in a rotary shaker at 28 ◦C and
agitation speed of 100 rpm. In each flask, the volume of cultivated inoculums was 30 mL at
different initial phenol concentrations, ranging from 0.06 to 0.15 g dm−3. It was found out
that strong substrate inhibition occurred. Acceptable phenol biodegradation was observed
at an initial concentration of 0.06 g dm−3. Therefore, our experiments were made at this
starting concentration.

2.2. Immobilization Technique

The cells of the used strain were immobilized on granulated activated carbon (Fu-
jikasui, Japan, with a specific area of 680 m2/g). The activated carbon was chosen as a
carrier because of its high adsorption capacity, and therefore, for the protection of the cells
at higher phenol concentrations.

The microbial suspension was prepared in the same way as for the experiments with
free cell culture; cf. Section 2.1. The cells in their exponential phase of growth were mixed
with washed and dried GAC particles at a particles/medium volume ratio of 10%. Then,
the mixture was agitated in a rotary shaker at 200 rpm and 30 ◦C for 48 h.

The same volumetric ratio was used for the experiments in the fermentor.

2.3. Experimental Conditions

Fermentations both in free culture and by immobilized cells were carried out in a
lab-scale, 0.5 L volume fermentor (Bioflo, a New Brunswick Inc. production, Sanford,
FL, USA) at 30 ◦C and continuous stirring (100 rpm) with aeration rate 1 vvmin−1. The
constant electric field was applied by anode, which was dipped in the broth. One of the
stainless steel baffles of the fermentor was used as an anode. The counter-electrode was
placed outside the fermentor with connection by an agar salt bridge. The anode potential
was maintained constant by potentiostat to a quinhydrone reference electrode separated
from the fermentation broth by a membrane of sintered glass. The applied anode potentials
were 0.8, 0.9, and 1 V/S.H.E.

The fermentation media were identical to the one for strain cultivation, i.e., MMY, cf.
Section 2.1. These media differed by the initially added amount of phenol. During the runs,
phenol was introduced into the broth in a fed-batch mode when it was already exhausted.
The total amount of degraded phenol for each run was considered as a reference for the
process efficiency of the run.

Samples from the broth were analyzed for biomass and phenol concentration. For
each applied voltage and for the control experiments, samples were also tested for enzyme
activity, namely for phenol hydroxylase, 1,2-catechol dioxygenase, and for 2,3-catechol
dioxygenase. The samples were analyzed in triplicate, and the mean values were presented.
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The electric current was monitored during the runs. Its values were used for calcula-
tion of the electrochemical input in the overall biodegradation process by Faraday‘s law as
follows:

m
t
=

Mi
nF

, m =
M
nF

∫ t

0
i.dt, (1)

where
i—electric current, A;
m—mass of reacting substance, g;
t—time, s;
M—molar mass of reacting substance, g;
n—number of exchanged electrons;
F = 96,484 C mole−1, Faraday constant.

2.4. Effect of Physical Adsorption

It must be emphasized that there can be multiple effects of the activated carbon: as
adsorbent for phenol and its degradation products, as a carrier for the immobilized cells,
and as a catalyst for the abiotic phenol oxidation. The abiotic contribution due to adsorption
of phenol on the activated carbon was estimated in a separate test with cell-free carbon
particles. For this purpose, 150 mL of granulated activated carbon were mixed with a a
500 mL cultivation medium. The mixture was stirred for 48 h with intermittent addition of
4 g of phenol in total. Afterward, the adsorbed phenol was extracted in 1 N NaOH solution
and analyzed. The sample of the alkaline extract was analyzed qualitatively by NMR.

2.5. Analyses
2.5.1. Phenol Concentration

Phenol was determined photometrically by a standard colorimetric method based on
the formation of a red-colored compound by treating the phenol-containing sample with
3.5% 4 amino antipyrine, 20% ammonium persulfate in the presence of a buffer (50 g of
NH4Cl in 900 mL of distilled water with pH adjusted by ammonia to 9.3). The sample
was centrifuged and then treated with the abovementioned reagents, and after 15 min, the
sample absorbance was measured at wavelength λ = 540 nm. The concentration of phenol
was calculated from a calibration straight line.

The qualitative content of the adsorbed phenol on the carbon particles and degradation
products in the broth after 140 h of fermentation was determined by the NMR technique.
The NMR spectra are acquired in water with presaturation of the water signal.

2.5.2. Biomass

The biomass in the samples was estimated photometrically by its optical density at
wavelength λ = 610 nm on a Specol spectrophotometer (Carl Zeiss, Jena, Germany).

2.5.3. Phenol Hydroxylase Activity

This enzyme activity was measured by oxidation of NADPH, as a specific co-substrate.
We studied the decrease in UV absorption at 340 nm; cf. Hintereger et al. [10]. The reaction
mixture contained 2.7 mL of 0.1 M K-phosphate buffer (pH = 7.0); 0.1 mL of 2.5 mM phenol;
0.1 mL 5 mM NADPH and enzyme extract (0.1–0.15 mL cleared cell lysate). The reaction
was started by introducing the substrate into the reaction mixture. Readings were carried
out in 30 s for 3 min. An enzyme unit is defined as the amount of enzyme that, in the
presence of phenol, oxidizes 1 µmol of NADPH for 1 min. Specific enzyme activity is
calculated as enzyme units per 1 mg of protein (U/mg protein).

2.5.4. Catechol 1,2-Dioxygenase Activity

The spectrophotometrical method for the determination of cis,cis-muconic acid accu-
mulation is a spectrophotometric one, consisting in measuring the increase in UV absorp-
tion at 260 nm in the linear range of the calibration photometric curve [21]. The reaction



ChemEngineering 2021, 5, 75 5 of 13

mixture contained 2.89 mL 0.1 M K-phosphate buffer (pH = 7.0) and 0.06 mL 0.01 M cat-
echol. The reaction was started by introducing an enzyme extract (0.05 mL cleared cell
lysate). The readings were carried out over 30 s for 3 min. An enzyme unit is defined as the
amount of enzyme that catalyzes the formation of 1 µmol cis, cis-muconic acid for 1 min.
The specific enzyme activity is calculated as enzyme units per 1 mg protein (U/mg protein).

2.5.5. Catechol 2,3-Dioxygenase Activity

The activity of the cell-free and immobilized catechol 2,3-dioxygenase was determined
spectrophotometrically with the measurement of absorbance at λ = 375 nm, as described
by Baggi et al. [22].

2.5.6. Scanning Electron Microscopy (SEM)

Microscopic examinations on the impact of the constant electric field on cell mor-
phology were made by scanning electron microscopy. Both intact free cells and cells after
application of electric field were observed.

Microscopic examinations of free and immobilized cells were performed on a scanning
electron microscope by the following SEM sample procedure: The free cell samples were
washed with 0.1 M sodium cacodylate (Fluka) pH 7.2. Then, they were fixed by 4%
glutaraldehyde (Fluka) in 0.1 M sodium cacodylate at 4 ◦C for 2 h, followed by three
washes with cacodyl buffer. Post-fixation of the samples was performed in 0.1% OsO4 in
0.1 M sodium cacodylate. This was followed by dehydration in an ascending ethanol series
starting from 30% to 70% ethanol. The observation was made with a scanning electron
microscope SEM Philips 515, digitized, with image detectors with secondary electrons
(SEI) [23].

Microscopic examination of immobilized cells was performed on a scanning electron
microscope (Inovenso Inc., IEM11 Philips 515, Eindhoven, The Netherlands). The particles
of activated carbon with immobilized cells were taken out of a culture medium and washed
with a Na cacodylate buffer. A fixation with glutaraldehyde was then performed, followed
by dehydration with ethanol. The gold coating was performed in vacuo. The method has
been described in detail in a previous publication [24].

3. Results
3.1. Physical Adsorption of Phenol by Granulated Activated Carbon

It was established that the residual amount of phenol in the cell-free carbon particles
after 48 h of adsorption was 0.465 g. Considering the total amount of added phenol (i.e.,
4 g), we concluded that the residual adsorbed phenol was 11.6% wt. from the initial amount.
Obviously, the rest was oxidized with the help of the immobilized cells and on the particle’s
active sites. No other compounds except phenolate were found in the alkaline extract from
the used carbon particles.

3.2. Experiments with Free Cells without a Constant Electric Field

Two separate control experiments were carried out. The results for one of them are
shown in Figure 1. Although the microbial growth curves were somewhat different, the
total amounts of digested phenol were similar (0.93 and 0.86 g), i.e., 0.9 g in average; cf.
Table 1.

3.3. Experiments with Free Cells with a Constant Electric Field

Some experimental results on the kinetics of phenol biodegradation under the effect
of a constant electric field in a free culture are shown in Figure 2A. The data for all
experiments are summarized in Table 1. The specific microbial growth rates were not
affected considerably by the electric field.
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Table 1. Total amounts of degraded phenol and specific bacterial growth rates during the experiments. Initial phenol
concentration, 0.06 g dm−3.

Free Culture/Anode Potential, V/S.H.E. Immobilized Cells

No Electric
Field 0.8 0.9 1.0 No Electric

Field 1.0 V/S.H.E.

Total amount phenol
degraded, g 0.9 ± 0.04 1.0 ± 0.2 2.2 ± 0.4 4.2 ± 0.4 3.9 + 0.4 6.6 + 0.6

Specific microbial
growth rate, h−1 0.09 ± 0.005 0.07 ± 0.01 0.05 ± 0.005 0.08 ± 0.005 Not detected Not detected
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Figure 2. Time profiles for an experiment with free cells and the application of a constant electric
field: (A) anode potential 1.0 V/S.H.E; (B) the current measured at anode potential 1.0 V/S.H.E.
Initial phenol concentration, 0.06 gdm−3.

Although the kinetic curves were not quite different, it is clear from the kinetic data
and the ones in Table 1 that the constant electric field enhanced the biodegradation activity
of the strain, particularly for the two higher anode potentials, reaching up to four times
higher phenol concentrations in the broth.

The monitored current values were microamperes of orders of magnitude (Figure 3B),
too low to expect electrochemical input for the total biodegradation process. Calculations
using Faraday’s law (cf. Equation (1)) for the measured electric currents yielded about
1 mg degraded phenol for 240 h run, whereas the degraded amounts were 4.24 and 6.56 g
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phenol at free and immobilized cultures, respectively. Similar effects were observed for
phenol biodegradation by P. putida [11].
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constant electric field (0.8 V).

An illustration of the influence of the constant electric field on the morphology of
the cells is shown in Figure 3. SEM observations were made on cells of Bradyrhizobium
japonicum strain 273 utilizing phenol for 240 h. A constant electric field was applied during
the experiment, while no electric impact was applied for the control sample.

Relatively intact morphological characteristics, shape, and size of the strain were
observed in the control sample (Figure 3A). The trend indicated ubiquitous morphological
damage to the cells in the sample treated by an electric field (Figure 3B). Cell surface
indentations recorded in more than one area were reported, but the observed phenomenon
was not ubiquitous. In some areas of the cell population, some cells emptied of cell contents
were observed. As a result of longer treatment, the strain was likely to synthesize an
exopolysaccharide in response to stressful conditions.

3.4. Effect of Electric Field on Enzyme Activity of Free Cells

The experimental results for the enzyme activities with and without application of
an electric field in a free cell culture are shown in Table 2. For the control experiments
without the application of an electric field, all enzyme activities grew in time. In cases
when a constant electric field was applied, the situation became quite interesting. At an
anode potential of 0.8 V/S.H.E., the phenol hydrolase was more active at the 144th hour.
The catechol-1,2-dioxygenase was more active in the first two samples, whereas at t = 240 h,
the control experiment provided better results. The ortho-pathway was predominant
for the control experiment. Peculiarly, the catechol-2,3-dioxygenase became very active
when the electric field was applied, at 0.8 and 0.9 V/S.H.E. This means that a competitive
meta-pathway under these conditions was observed. In the case of anode potential of
1.0 V/S.H.E., the ortho-pathway prevailed, reaching the highest enzyme activity (1.67 U/mg
protein) at the end of the process, t = 240 h. At this anode potential, the meta-pathway was
not convincing. These results are illustrated in Figure S1.

3.5. Experiments with Immobilized Cells without a Constant Electric Field

The experimental results of phenol biodegradation by immobilized cells without the
application of a constant electric field are shown in Figure 4. The cell concentration in the
media was too low, and no detectable increase in biomass concentration was observed
during the experiments for 250 h.
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Table 2. Maximum enzyme activities at different anode potentials. Initial phenol concentration,
0.06 g dm−3.

Anode Potential,
V/S.H.E

Time, h
Enzyme Activity, U/mg Protein

Phenol
Hydroxylase

Catechol-1,2-
dioxygenase

Catechol-2,3-
dioxygenase

72 0.025 ± 0.004 0.033 ± 0.019 0
No field 144 0.058 ± 0.003 0.358 ± 0.013 0.019 ± 0.008

240 0.110 ± 0.003 0.93 ± 0.013 0.094 ± 0.003

76 0.118 ± 0.009 0.124 ± 0.010 0.113 ± 0.002
0.8 144 0.184 ± 0.006 0.571 ± 0.014 0.187 ± 0.005

240 0.102 ± 0.005 0.514 ± 0.013 0.431 ± 0.002

0.9 144 0.1 ± 0.003 0.127 ± 0.002 0.006 ± 0.006
240 0.285 ± 0.006 0.371 ± 0.005 0.976 ± 0.005

76 0.044 ± 0.006 0.057 ± 0.012 0.015 ± 0.006
1.0 144 0.116 ± 0.003 0.372 ± 0.009 0.026 ± 0.005

240 0.270 ± 0.009 1.67 ± 0.007 0.071 ± 0.003
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Figure 4. Time profile for experiment with immobilized bacteria without electric field application.
Initial phenol concentration, 0.06 g dm−3.

1H NMR spectra of the initial phenol solution of an alkaline extract from a carbon
particle after physical adsorption and of the broth after the operation are shown in Figure
S2 (Supplementary Materials). No other adsorbed compounds except phenolate in the
alkaline extract were found by the NMR test; cf. Figure S2a, spectrum B. That is why the
positive effect of immobilization could be sought in the microbial process of biodegradation
facilitated by the parallel adsorption, leading to reduced phenol concentration in the vicinity
of the immobilized cells.

3.6. Experiments in Immobilized Culture with the Application of a Constant Electric Field

One can infer that the positive effect of the applied electric field on phenol biodegra-
dation was stronger for free cultures, compared with the immobilized ones; cf. Table 1. For
free cells, the total biodegraded amount at an anode potential of 1.0 V/S.H.E. was about
five times more than for the reference experiments. For immobilized cells, the electric field
gave only 67% more degraded phenol than the reference experiment with immobilized
cells growing without the influence of electric current.
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This effect could be due to the abiotic physical adsorption present in all cases (with
and without application of electric field) because of the accumulation of cells on the surface
of the carrier, as well as the penetration of cells below the exposed surface of the carrier. As
a result, the direct influence on all cells of the strain was limited, and accordingly, there
was limited influence from the electric field. The local immobilization of microbial cells
was proven by SEM after 240 h of phenol degradation. A significant amount of intact cells
was observed on the carbon surface (Figure 5).
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Figure 5. SEM image of the activated carbon surface with attached bacterial cells.

The comparison of the electric current efficiency, calculated according to Faraday’s
law, and the amount of biodegraded phenol versus chemical analysis, showed that the
electrochemical contribution to the phenol biodegradation in the case of immobilized cells
was negligible. Therefore, there was again bioelectrochemical stimulation but basically on
the microbial cells’ enzyme activity.

Experimental results on phenol biodegradation by immobilized cells in a constant
electric field are shown in Figure 6.
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Figure 6. Experiment with immobilized cells with a constant electric field at anode potential
1.0 V/S.H.E. Initial phenol concentration 0.06 g dm−3: (A) time profiles for added phenol and
phenol concentration; (B) the electric current in immobilized cell culture.

On the other hand, no phenol or other aromatic compounds were detected in the
broth after 140 h of electric field exposure; cf. sample C, Figure S2a,b. Hence, the electric
field enhanced considerably the biodegradation activity even of the immobilized cells.
Only traces of aliphatic compounds were present in the broth; cf. Figure S2b, spectrum C.
The total digested amount was four times greater than for the free cultures for the same
period; cf. Table 1. It was observed that the residual concentrations of phenol in the broth
were much lower (even zero), compared with the case without an applied electric field; cf.
Figure 5.

4. Discussion

The obtained experimental results showed that the constant electric field enhanced
the biodegradation activity of the strain, particularly for the two higher anode potentials,
reaching up to four times higher phenol concentrations in the broth. There was a synergy
on phenol biodegradation of the electric field and activity of the immobilized cells by the
used strain, leading to seven times higher biodegradation efficiency.

The measured very low electric current efficiency, compared with the analytically
determined biodegraded amounts of phenol, led to the conclusion that there was practically
no electrochemical anode oxidation of phenol. The electric field caused some biochemical
effects, possibly some steric changes in the enzyme active sites, thus affecting the activation
energies of the enzyme reactions of phenol oxidation and benzene ring cleavage. The results
for the activity of the studied enzymes showed that their activities were very sensitive to
the anode potential. The probable mechanism of the observed enzyme sensitivity toward
the anode potential may be related to certain configurational changes in the active or
allosteric centers of the enzymes. As a support of this explanation, a study on the effect of
constant electric field on the activation energy for nitrate reduction can be indicated [25].
However, the comprehensive explanation of these effects is beyond the scope of this study.

The synergetic effect of the constant electric field and the cell immobilization could be
explained by the additional physical adsorption of phenol on the carbon particles. One
may suppose that adsorption played a dominant role in phenol removal from the broth.
However, the experiment on phenol extraction from the carbon particles by a solution
of sodium hydroxide showed a small amount of residual phenol adsorbed on the GAC
surface after fermentation with no electric field (12% of the total added amount). On the
other hand, no phenol was detected in the broth after 140 h of exposure to the electric field;
cf. sample C, Figure S1a,b. Only traces of aliphatic compounds were present in the broth;
cf. Figure S1b, spectrum C. Thus, it could be supposed that the immobilized bacteria were
also considerably affected by the constant electric field.
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The effect of the immobilized cells could also be explained by the accumulation of cells
on the surface of the carrier, as well as the penetration of cells below the exposed surface
of the carrier. As a result, the direct influence on all cells of the strain was limited, and
accordingly, there was limited influence from the electric field. Obviously, the effect of the
constant electric field was also similar, i.e., no electrochemical input for phenol degradation
was relevant.

As a whole, the combined effect of microbial cell immobilization on activated carbon
and of the applied constant electric field gave more than seven times larger amount of
completely destroyed phenol than for the free culture with no electric field; cf. Table 1.
This result leads to the suggestion for a practical application of immobilized cells with
bioelectrochemical stimulation in continuous culture.

5. Conclusions

The following conclusions were drawn from the present experimental results:

1. The bacteria Bradyrhizobium japonicum 273 were capable to degrade phenol at moderate
concentrations either in a free culture or as immobilized ones on granulated activated
carbon particles. The amount of degraded phenol was greater in an immobilized
cell preparation than in a free culture. This fact could be explained by the additional
effects of physical adsorption and, therefore, the facilitated biodegradation.

2. The constant electric field applied during cells cultivation led to increased phenol
degradation in both free and immobilized cells cultures. The best results were ob-
served for an anode potential of 1.0 V/S.H.E. The effect was relatively better pro-
nounced in the case of free cultures: the biodegraded amount of phenol was more
than 4 times greater when an electric field was applied at an anode potential of
1.0 V/S.H.E, whereas for immobilized cells, the increase in this amount was 67%. The
explanation is that the biodegradation rate by immobilized cells without an electric
field application was already more than 4 times higher, compared with the case of the
free ones. The combination of immobilization and application of a constant electric
field provided synergic results: the degraded amount of phenol was 7.3 times higher
than for free culture when no electric field was applied.

3. It was observed that the enzyme activities for the first two steps of the phenol catabolic
pathway of phenol biodegradation—phenol oxidation (phenol hydroxylase) and
benzene ring cleavage (catechol-1,2-dioxygenase and catechol-2,3-dioxygenase)—in
free cells were very sensitive to the anode potential. The enzyme activities varied in
time and with the anode potential. It was even observed that at an anode potential
of 0.8 V/S.H.E., the meta-pathway of cleavage of the benzene ring catalyzed by
catechol-2,3-dioxygenase became competitive with the ortho-pathway, catalyzed by
catechol-1,2-dioxygenase.

4. The increased enzyme activities, together with the calculated biodegraded amounts
of phenol under the influence of electric current, compared with the analytical data,
showed that the positive effect on the biodegradation of phenol in a constant electric
field was due to electrical stimulation of enzyme activity rather than electrochemical
anode oxidation. The obtained synergic results for phenol biodegradation may induce
researchers to conduct further studies on continuous processes with constant electric
field application on immobilized cell cultures.

Supplementary Materials: The following is available online at https://www.mdpi.com/article/
10.3390/chemengineering5040075/s1, Figure S1: Enzyme activities at different anode potentials.
Initial phenol concentration, 0.06 g dm−3: (A) phenol hydroxylase; (B) catechol 1,2-dioxygenase;
(C) catechol 2,3-dioxygenase. Figure S2: 1H-NMR-spectra in water (with presaturation of the water
signal): (S2a) 1H NMR spectra of initial phenol solution: (A) an extract from activated carbon particles
from a process with no electric field; (B) an alkaline extract after adsorption in the abiotic process; (C)
sample from the broth after 140 h of fermentation in an electric field, with anode potential 1 V/S.H.E;
(S2b) enlarged spectrum of a sample after 140 h (C).

https://www.mdpi.com/article/10.3390/chemengineering5040075/s1
https://www.mdpi.com/article/10.3390/chemengineering5040075/s1
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