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Abstract

The experimental results of the present study show that phenol had a certain inhibitory effect on its utilization by phenol-
acclimatized activated sludge (PAAS), which was the inoculum for the microbial fuel cell (MFC) inoculation. In co-met-
abolic study, utilization of para-nitrophenol (PNP) at low concentrations (<20 mg L™") when used with phenol at a fixed
concentration (250 mg L™!) favorably proceeded. The behavior was interpreted in terms of carbon catabolite repression
(CCR), indicating phenol (250 mg L") positively affected consumption of PNP (<20 mg L™!). The calculated values of
degradation rate show the necessity of phenol presence in the system where phenol acted on the inoculum’s ability to with-
stand the inhibitory effect of PNP. The MFC functionality in electricity generation is also definable by considering CCR
applicability and the results show that the negative effect of PNP was repressed by the presence of phenol. For instance, 20
mg L™! PNP 4250 mg L™! phenol yielded the highest power density (66.2 mW m~2) and the lowest internal resistance (189
Q). The PAAS performance was characterized to evaluate cells’ capacity in utilizing inhibitory substrates, and several dif-
ferent models were used. The relevant kinetic parameters are described in terms of PAAS affinity toward the substrate (k)
and the microbe’s sensitivity in responding to the toxic substrate (k;). Luong and Aiba equations were chosen to describe
MEC behavior when the PAAS utilized phenol as the sole substrate. While Haldane model was more capable of addressing
co-metabolic degradation of PNP.
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1 Introduction

A huge amount of organic/inorganic pollutants are produced
by industries, while agricultural practices and lifestyles in
different societies result in the production of a considerable
amount of wastes, which increase in a threatening manner [1,
2]. In handling industrial effluents, a wide range of techno-
logical approaches were suggested in the literature, and the
first thing to consider is to determine the physical properties
of the contaminant(s) of concern and to identify/understand
the path of pollutant production [2, 3]. One should be able to
predict the consequences of executing a particular treatment
focusing on human toxicity and eco-toxicity [4]. Interest in
using adsorption technology among different methods, for
instance, is rather low because the process limited capac-
ity for pollutant removal, and difficulties are observed in
handling problems generated by the solids remaining in
the system [5]. Other physicochemical methods, such as
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photo-degradation, advanced oxidation process, chemical
coagulation, and precipitation, experience drawbacks in
terms of high operation costs, system’s maintenance require-
ments, and generation of secondary pollutants probably at
higher levels of toxicity [3]. Anaerobic wastewater treat-
ment is explainable on the basis of biological wastewater
technologies, and the main concern for replacing the aerobic
systems with anaerobic treatment is to control the quality
of effluent at different stages, especially for micropollutant
degradation and removal [6].

Great attention in recent years were directed toward the
bioelectrochemical (BEC) behavior of molecules focusing
on devices, such as microbial fuel cells (MFC) in treating
organic/inorganic pollutants where the operative design in
these reactors relies on the conversion of energy released
biochemically to electrical energy [7-9]. The BEC concept
relies on catalytic functionality of microorganism(s) in per-
forming a series of enzyme-mediated reactions starting from
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pollutant oxidation [8, 10]. Thus, the release of electrons and
H* ions of pollutants through the microbe’s enzymes plays a
decisive role. The released electrons in the oxidative portion
of the process interact with the anode electrode, and they
enter the electrical circuit while H ions pass via an appro-
priate polymeric membrane and enter the cathode chamber
in which both participate in O, reduction (air cathode) [8,
10]. The process is thermodynamically favorable because
of the redox potential values involved in this type of reac-
tion (applicability of Nernst equation) [11]. Microbial cells,
which are used as the inoculum for the MFC inoculation,
multiply and increase biomass covering the surface of the
anode electrode, and these processes facilitate cell acclimati-
zation. Further note in MFC performance is to follow its role
in decreasing pollution in terms of the anodic contaminant
used by microorganism(s) (chemical oxygen demand ‘COD’
as the resultant report). These organic pollutants are, in fact,
growth-inhibitory compounds where inhibition is concen-
tration-dependent. Growth inhibitory behavior of organic
contaminants was kinetically modeled, and Haldane, Aiba,
and Luong are among popular equations developed based on
the applicability of enzyme inhibition concept in describing
unstructured growth models in batch experiments [12]. The
applicability of the aforementioned kinetic models in a wide
range of studies on wastewater treatments was shown well
in the literature [13-17].

Irregularity in the microbe’s behavior in the biodegra-
dation process can be seen when the microbe unexpect-
edly expresses some uncommon response in degrading two
organic contaminants simultaneously (co-metabolization
phenomena) [18]. Microbe, in addition to having the abil-
ity to degrade and utilize growth-supportive substrate
(primary substrate), can also respond to second pollutant
as a co-metabolic substrate by synthesizing coenzyme/
enzyme [18-20]. In co-metabolism study, the microbe’s
ability to respond to the primary substrate can be improved
through an acclimatization process in which the microbe
can adjust its metabolic activities, and in this manner, the
cells could maintain functionality toward the co-metabolic
substrate [18]. For instance, the aerobic growth of Rhodo-
coccus sp.RSP8 on binary substrate systems containing
phenol (5-1600 mg L~!) and p-chlorophenol (5-250 mg
L~!, p-CP) was explained in terms of co-metabolization
phenomena [16]. The inhibitory effect of p-CP as a co-
metabolic substrate was stronger than that of the phe-
nol as growth substrate on p-CP and kinetics equations
were developed while the Haldane-type kinetic model
was suggested for this relationship characterization [16].
The inhibitory effects of trichloroethylene (TCE) as a
co-metabolic substrate on phenol degradation by Pseu-
domonas putida were also reported [14]. The degrada-
tion was inhibited at high concentrations of TCE (> 6 mg
LY. The system also experienced biomass loss in this

inhibitory condition and recovery of the biomass after one
run experiment in the absence of TCE was observed. The
researchers found recovery was not as good as recovery
of the system when TCE at lower concentrations (<2 mg
L") was used [14]. It appears that biomass was spent by
the microbial cells in response to the toxicity of TCE in
the absence of the phenol as growth substrate. Utilization
of non-growth substrate in the presence of the growth sub-
strate at a certain concentration is prevailed readily. How-
ever, growth substrate at other substrate levels expresses
inhibitory effects on the utilization rate of the non-growth
substrate [18].

Para-nitrophenol (PNP) is a phenolic compound, and its
toxicity among a wide range of nitroaromatics, has placed
it as a priority pollutant in the list of the US Environmen-
tal Protection Agency (USEPA) where recommended level
of PNP presence in natural water is 10 ng L™! [19]. The
presence of nitroaromatic compounds was reported in many
industries involved in producing a wide range of chemicals,
such as pesticides, plastics, dyes, explosives, and pharma-
ceuticals [5]. PNP removal via environmentally friendly
technique(s) is highly desirable for instance, attempts were
directed to combine aqueous extracts obtained from leaves
of Cucumis sativus and Aloe vera with silver ions to make
silver nanoparticles [21]. The results of this plant-mediated
nanotechnology were highly favorable in terms of PNP
degradation and conversion to para-aminophenol (PAP)
[21]. A further note on the degradation of PNP has been
described on the basis of the test system’s BEC behavior in
terms of cathodic reduction of PNP coupled to anodic oxida-
tion of PAP [22]. Analysis was also focused on identifying
the involved microbial community which is linked to the
particular bacterium and relevant genes being-active in the
degradation process [22].

The findings of aforementioned studies have led us to
find answers to a new question about the applicability of
anaerobic co-metabolism in PNP degradation based on the
substrates’ BEC behavior. Efforts in the present study thus
were directed toward co-metabolic biodegradation of PNP
plus phenol in a laboratory-made MFC reactor (air cathode)
using an industrial activated sludge (AS). Kinetic modeling
in co-metabolic biodegradation of PNP was evaluated using
Haldane, Aiba, Webb, Edwards, and Luong models which
were developed based on the growth inhibitory effect of the
involved substrates. By applying nonlinear regression con-
cept, data fitting process were carried out and predictive
ability of the model was evaluated using different error crite-
ria: R? (coefficient of determination), X2 (chi-square), RMSE
(root mean square error), and AIC (Akaike Information Cri-
terion). BEC behavior of the MFC reactor was character-
ized in terms of electrical energy produced bio-chemically.
Results expressed in polarization curves were informative
and facilitated quality determination of the MFC system in
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terms of energy output: current density, power density, and
Coulombic efficiency were calculated.

2 Materials and methods
2.1 Materials

Phenol, PNP, and mineral salts (Na,HPO,, NaH,PO,.H,0,
NH,CI1, KCl) used for the preparation of the synthetic type
of wastewater were provided by the local suppliers. Merck
reagents used for spectrophotometric determination of
COD were purchased locally. The proton exchange mem-
brane (PEM) as Nafion 117 was purchased from the market
(DuPont Co., USA) and detail of its treatment is given else-
where [23]. Removing any organic present in the membrane
(immersing in H,O, solution for 1 h), facilitating hydrogen
ions formation from the substrate oxidation (acid washing),
and removing residual acid remaining from the previous
step (soaking in distilled water, 1 h). Rod-shaped electrodes
were graphite in nature with 50 cm? as the surface area and
acquired from the local supplier. Hydration of the electrodes
in distilled water for 24 h appeared to be sufficient for the
electrode cleaning process [24].

2.2 Acclimation and inoculation processes

A certain volume of the activated sludge (AS) produced in
the biological treatment of wastewater of the gas refinery
plant located in the southern region of Iran (South Pars Gas
Complex), was poured into a large flask (1 L). Large-sized
particles and other impurities were separated, and to provide
an anaerobic environment, nitrogen sparging through liquid
was practiced while the stirring solution was with use of
magnetic stirrer. Thick sediment was settled, and mineral
salts (4.57 g L™ Na,HPO,, 2.45 g L™! NaH,PO,.H,0, 0.31 g
L~' NH,CI, 0.13 g L™! KCI), along with phenol as the car-
bon source for the growth of AS were added to that container
(1: 2 v v71). Phenol at a range of concentrations was used
in the acclimation process which was performed at room
temperature, where 50 mg L™! phenol was the first level
used, and its decreasing trend was monitored (phenol con-
centration approached zero level after 24 h). The capacity
of AS to consume phenol was characterized by measuring
phenol and COD contents at time interval. The slurry at the
end of the experiment was let to settle (~3 h), and 200 mL
from the clear solution at the top of the slurry was removed
and replaced with prepared mineral salts plus phenol at a
higher concentration (150 mg L™"). The aforementioned pro-
cess was repeated until 550 mg L™! of the phenol substrate,
where the bacterial mixture was not capable to appropriately
degrade phenol, and COD level did not decrease consider-
ably (see Sect. 3.1). The phenol-acclimated activated sludge
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(PAAS) was transferred to the MFC reactor and the relevant
experiments were performed.

2.3 MFC configuration and operation condition

The configuration of a two-chamber MFC as a laboratory-
made reactor is shown in Fig. 1, and details of experimental
setup along with relevant operations are briefly described
as follows. With use of Pyrex glass bottles, the anode and
cathode chamber were assembled where the capacity of each
compartment was 800 ml, and they were connected to each
other via a glass tube having internal diameter and length of
5 and 7 cm, respectively. Electrodes in both compartments
were rod-shaped graphite and were 15 cm apart from each
other.

The PAAS culture along with the growth medium con-
taining 250 mg L~! phenol as carbon and energy source were
added to the anode chamber (1: 2 v v™!) and by N, sparg-
ing into anolyte (5 min), the oxygen-free environment was
provided in the anode compartment. The cathode chamber
was filled up with phosphate buffer (100 mM, pH 7.2), and
the catholyte was continuously aerated with an aquarium
pump. Solutions in both chambers were stirred using mag-
netic stirrer.

Further note was to ensure the formation of uniform
and healthy biofilm thus, open circuit condition (OCC-
absence of current) was applied, and when voltage dropped
below 100 mV during the process of forming biofilm, the
growth medium including phenol was refreshed. There-
after, by applying closed circuit condition (CCC-at 1 kQ
as the external resistance) capacity of the PAAS biofilm
in utilization of phenol was examined (50-550 mg L")
and the degradation rate in terms of phenol substrate was
determined. With the same external resistance (1 kQ), the

Fig. 1 Photograph of the laboratory-made two-chamber MFC reactor
used in the present study
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biomass capacity for PNP consumption was also quan-
tified (15-60 mg L") where no degradation rate could
be determined and these findings confirmed the necessity
of phenol presence along with PNP, and co-metabolic
experiments were carried out as described in the follow-
ing section. At certain time interval, the sample was taken
from the sampling port, which was placed on the top of
the anode chamber, and the content of phenol, PNP, and
COD was quantified. The performance of MFC reactor
in terms of voltage, current, and kinetic modeling was
characterized.

2.4 Analytical procedures

The volatile fraction of Mixed liquor volatile suspended
solids (MLVSS) is a measure of the microbial cells pre-
sent in wastewater treatment and the anolyte in the present
study is a synthetic type of wastewater, and by measur-
ing MLVSS, one can estimate microbe’s content. In the
present study, an appropriate aliquot was taken from the
anolyte and the MLVSS was measured according to the
standard method as described in the literature [25]. With
use of Merck reagents, and following the instructions
presented by the manufacturer, and with use of spectro-
photometer (JascoV-550 UV-Vis Spectrophotometer),
the content of COD was determined. Phenol content of
the test solutions was determined spectrophotometrically
using Foloin-Ciocalteau reagent [26]. The formation of a
blue chromophore, composed of a phosphotungstic-phos-
phomolybdenum complex is the result of the Folin—Ciocal-
teau reaction, and the absorbance was measured at 760 nm.
PNP concentration also was measured spectrophotometri-
cally, the absorbance of the yellow color developed as the
result of PNP reduction at pH > 8 (formation of relevant
aminophenol) was read at 400 nm [19]. At the end of treat-
ment, scanning electron microscopy (SEM-AIS2300C,
Seron Technology, South Korea) was used to take images
from the anode surface, and the following procedure was
used to prepare the sample: fixation with glutaraldehyde,
washing with a phosphate buffer solution (100 mM, pH 7),
the hydration series with aqueous solution of ethanol, and
drying at 100 °C [27]. Sputter coating process (SC7620
Mini Sputter Coater, Quorum Technologies, United King-
dom) was applied and a thin film of gold was deposited on
the sample surface.

2.5 Kinetic modeling
The following Eqgs. (1)-(5) are five kinetic models used in

the present study to determine degradation rate in the MFC
reactor:
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where ¢ and ¢q,,, are, respectively, specific degradation
rate and maximum specific degradation rate (Mg p.rate
gVSS_1 h_l); S, kg, k;, and K are initial substrate concentra-
tion, half saturation constant, substrate inhibition constant,
and Webb constant (mg L), respectively. S,, and n repre-
sent maximum substrate concentration above which deg-
radation is totally inhibited (mg L") and curve parameter,
respectively [12, 13].

The values of specific degradation rate (¢ ‘Mg p.irate
gVSS~' h™") are calculated for each initial phenol (50-550 mg
L1 and PNP (15-60 mg L™!) by Eq. (6) as follows:

1dS
9==2 (6)
where x as the biomass content refers to MLVSS (g L™1).

Four error criteria were used to assess the model adjustment
to the experimental data, and in this manner, predictive qual-
ity of the model was determined. The error criteria are named
as follows: R? (coefficient of determination), )(2 (chi-square),
RMSE (root mean square error), and AIC (Akaike Information
Criterion). The values of error criteria are calculated using
Egs. (7)—-(10):

Coefficient of determination :
n N2
> X (vi—9) (7
R 1= < -2
2ol (y,- -y )
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Root mean square error :

®
Chi - square :
s i) ©
ir=)
i=1 yi
Akaike Information Criterion [28]:
AIC = n(In MSE)) + 2k (10)

where y;, §,, and y are, respectively, the value of response
variable experimentally determined, model calculated value
for response variable, and the average of observations; n,
MSE, and k are number of data points, mean square error,
and number of model parameters, respectively.

Reducing the prediction error relies on use of least
square technique, as given by Eq. (11):

n

Y i-5)=Y e (11)
=1

i=1

where e; is the error content.

Focusing on nonlinear nature of the kinetic-based
models used in the present study, attempts were directed
toward the application of nonlinear regression to minimize
the error (e;) associated with the process of kinetics mod-
eling. Gradient descent method is one way used by Lev-
enberg—Marquardt algorithm where iterative efforts are to
reach lower and lower value for e; (to minimize the sum of
squares of the differences between predicted and measured
values) (OriginPro software version 8.6).

2.6 Bioelectrochemical data analyses

Voltage (V) and current (/) were determined considering
the Ohm’s law as in Eq. (12) using digital multimeter (MT-
1860 ProsKit Co., Taiwan):

1=Xr (12)

RSX
where R, denotes external resistance (£2).

Under OCC when no current is in the system the volt-
age was determined (open circuit voltage ‘OCV’). Under
CCC, and by applying external resistance the current was
calculated. The following Eqgs. (13) and (14) were used for
determining current density (CD ‘mA m~%’) and power
density (PD ‘mW m2):
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1
CD = —
3 (13)

IxV
PD = — 14)
where A is the surface area of anode (m?).

The polarization curves for phenol (as the sole source of
carbon and energy for the PAAS) and PNP + 250 mg L™!
phenol were obtained under CCC environment. In each plot
of voltage vs. current density, the internal resistance was
calculated from the slop of the linear portion of plot using
single-cycle method applying different resistors (100 -30
kQ). A short time (20-30 min) in each case was needed for
the system’s stabilization [10]. The Coulombic efficiency
(CE ‘%’) was also calculated using Eq. (15):

32/ Idt

CE =
ACOD x4 x V x 96,485

as)

where ACOD is the difference in COD content between the
initial and the final of liquor in the anode chamber. The vol-
ume of test liquor is shown by V, 4 is the number of mole of
one mole O, related electrons, 32 is the molecular weight of
0,, and the Faraday constant is 96,485 (C mole_l).

3 Results and discussion
3.1 Strategy of MFC operation

Efforts in the first part of the experiments were directed
toward acclimatization, which increases the chance of bio-
mass formation with greater tolerance and the ability to
withstand toxic compounds. Thus, the response to the pres-
ence of growth-inhibitory substrate is to find out how bacte-
rial culture can manage its metabolic activities and express
favorable reactions, such as PAAS performance in the deg-
radation of phenol and PNP under anaerobic condition and
higher chance was for the PAAS to express bioelectrochemi-
cal behavior in a satisfactory manner.

3.1.1 Extent of phenol utilization by the AS during
the acclimation process

Microorganisms in the AS used in the present study as the
inoculum for the inoculation of MFC, like other ASs are a
mixture of aerobic/anaerobic bacteria, and other microorgan-
isms, needed to be anaerobically acclimatized to phenol as
carbon and energy source. For determining the microbial
composition of activated sludge which is obtainable from
different wastewater treatment systems (WWTSs), 16S
rRNA gene sequencing technology is the common technique
where the presence of Proteobacteria as a major phylum of
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SCoA

_SCoA
(1) =0
O HSCOA ring cleavage and
ATP AMP + PP, products formation
phenol 4-hydroxy- 4-hydroxy- benzoyl-CoA
benzoate benzoyl-CoA

Fig.2 According to the literature, a brief description of phenol bio-
degradation under anaerobic condition has been presented where
three enzymatic reactions are highlighted: (1) phenol carboxylase,

Gram-negative bacteria in these WWTSs was found to be
considerable [29-31]. Abundance of Pseudomonas genus
which is within Gammaproteobacteria class in these studies
is interesting where this genus known as phenol degrader
under aerobic and anaerobic conditions, both [32]. The
complexity of cell physiology and energy production under
anaerobic condition have made bacterial cells respond by
developing different regulatory mechanisms and rely on
necessary coordination between related cellular parts. Some
cellular molecules act as redox signals, and their function-
alities are under the effect of environmental stresses (such
as oxygen shortage and aromatic substrates) [33, 34]. The
signals control genes necessary for the cell adjustment to a
new environment (change from oxic to anoxic condition, for
instance), and Pseudomonas aeruginosa and Pseudomonas
putida among Pseudomonas genus are those species that
their performances under oxygen-limited conditions are
studied in detail [34, 35].

According to the literature, a brief description of phenol
biodegradation under anaerobic condition has been given
in Fig. 2 where the formation of hydroxybenzoyl-CoA and
removal of aromatic hydroxyl group reductively are the
essence of this anaerobic degradation process [36].

Flask study results of the phenol-acclimatized activated
sludge (PAAS) presented in Table 1 show that when the
initial phenol concentration increased to a level above 250
mg L~! the time for observing efficient phenol removal dur-
ing the acclimation experiments increased by 1Yz to 4 times.
By increasing the concentration from 250 mg L™! to 550
mg L=, the level of COD removal decreased to about 25%
(Table 1).

A further experiment was to evaluate the catalytic perfor-
mance of the PAAS as the inoculum for the MFC inoculation
where phenol at 250 mg L~! was added to anode compart-
ment, and voltage generation trend under open circuit condi-
tion was followed. Plot of the voltage against the operation
time is presented in Fig. 3 where 87 mV as the initial volt-
age increased to 340 mV within 4%2 days. The anolyte was

(2) 4-hydroxy benzoyl CoA ligase (dehydroxylating enzyme), and (3)
benzoyl CoA reductase. Products are ultimately formed through ring
cleavage

Table 1 The activated sludge sample response in utilization of phenol
at different concentrations which were used in the flask study during
the course of phenol acclimation process. The COD contents of the
samples are also presented

Time/day Initial phenol concentra- Removal/%
tion/mg L~
Phenol COD
1 50 100 99
1% 150 98 97
2V 250 97 96
3% 350 90 89
6 450 84 83
8 550 72 70
600 <

> 450+

E

® L

o)

g 3004

O

> o

150- ? ? T
J 1
T 4 T . T 4 T * T
0 6 12 18 24

Time/day

Fig.3 Stabilization of voltage in the MFC reactor during the open
circuit condition (no current flow in the system). This behavior neces-
sitated phenol feeding practice (250 mg L~!) which was repeatedly
performed as shown by the arrows
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refreshed when the value of voltage under OCC decreased
to about 100 mV, i.e., the system’s refreshing was with use
of phenol solution having 250 mg L~! concentration (Fig. 3).
The highest OCV value obtained in the present work was
566 mV which is close to 658 mV reported for inoculation of
a single chamber MFC with P. aeruginosa [37]. The PAAS’s
behavior as the phenol-acclimated microbes under OCC is to
express growth and able to multiply where these cells efforts
eventually direct their movements toward the anode elec-
trode, and the cells coverage of anode surface is evidenced
by the SEM images presented in Fig. 4. Decisive role of
anode biofilm in performance of MFC was well described in
literature for instance, stacking MFC indicates that efficient
formation of biofilm is important and explainable in terms
of hydrodynamic property of the anolyte in anode chamber
[38]. Actually, water which is the major constituent of the
anolyte moves around the anode electrode and the extent of
movement depends on the anolyte feeding regime (batch or
continuous) [38]. Hydrodynamic characteristics of anolytes
and the feeding regime are factors that positively affect the
voltage and current density of the MFC which have been
studied in some detail by researchers [38].

Recent findings show that P. putida can be categorized as
the electroactive bacterium (EAB) and has been placed in
EAB group where membrane appendages, such as nanow-
ires and redox mediator molecules are assigned to EABs as
cellular tools which efficiently participate in extracellular
electron transportation (EET) process (direct and indirect
EET) [39]. The presence of Geobacter sp. as electroactive
bacteria in different inocula used for the MFC inoculation
was reported and the importance of G. Sulfurreducens
which obtained from domestic wastewater, lake sediment,
and biogas sludge was well shown [40]. Interesting point
is a complex relationship which exists between Geobactere
and Pseudomonas species which termed syntrophy process
where these species both cohabit same environments [41,
42]. Thus, it appears that the presence of Pseudomonas

%

i o Lo
W0 F———— 1om
119

genus in the microbial composition of the PAAS could be a
reasonable expectation in the present study.

3.2 MFC performance: PAAS catalytic behavior
in degradation of phenol and PNP

Results of biodegradation experiments in the MFC reac-
tor are presented in Fig. 5 where initial concentrations of
phenol ranged from 50 to 550 mg/L. The degradation of
phenol at 250 mg L~ initial concentration was complete
within 44 h, and less than 1% of COD remained in the test
system. The performance of the PAAS in catalytic utili-
zation of phenol at high concentrations (>250 mg L)
was inefficient. In fact, 80% of 250 mg L~! phenol was
degraded within 24 h while at this period of time 80%
of 550 mg L~! initial concentration of phenol remained
in the system. The later phenol concentration was par-
tially degraded within 157 h. Thus, 250 mg L~! phenol
was chosen as the concentration efficient in degradation
by the PAAS in the MFC system. The PAAS culture was
not capable of degrading PNP as the sole substrate (15-60
mg L™1). Criddle team has heavily been involved in co-
metabolic, and published articles are informative in the
fundamental and basics of co-metabolization and Criddle
differentiated between growth- and non-growth substrates
in providing electron and H* ions used for the follow-
ing situations: growth and energy production during the
growth phase, cells synthesis, and to support co-metabo-
lism using biomass to decrease maintenance burden on the
cells [18]. In order to assess co-metabolic degradation of
PNP by the test culture, the MFC experiments were carried
out using PNP plus a fixed concentration of phenol (250
mg L~! as the chosen concentration). Figure 6 illustrates
the relevant results. When the initial concentration of PNP
was set at 20 mg L~!, the PAAS could utilize 70% of the
phenol within 12 h while at the same period of time, only
14% of 20 mg L' PNP was degraded. In fact, the extent

Fig.4 Scanning electron microscopy used for developing images from the anode electrode: plain electrode (a), anodic electrode covered with
the PAAS biofilms-images are shown at different magnifications asx 1250 and X 2500 (b and c¢)
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4
> 1601 - (a) —=—50mg L™ 4001 () —=— 250 mg L™ 600+ () —=—450mgL™”
L -1 3 A1 -1
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Fig.5 The PAAS capacity expressed in MFC reactor in terms of phenol (a—c) and COD removal (d—f)

of the PNP utilization by the PAAS depends on the phenol
removal capacity of the culture and as shown in Fig. 6,
76% of the PNP was removed within 96 h while phenol
degradation was complete within 48 h. The extent of
organic matter removal, describable as COD content, was
significant in the experiment (20 mg L™' PNP 4250 mg
L! phenol), and a 97% reduction of COD occurred within
96 h. In comparing between the consumption of phenol
(250 mg L™!) and PNP (<30 mg L) along with COD
reduction by the PAAS, the culture appeared to sense met-
abolically the selected concentration of phenol as an easily
utilizable carbon source. The culture was less capable of
degrading PNP at 30 mg L~! or higher concentrations and
removal efficiency remarkably decreased for 30-60 mg
L~! of PNP. PNP at the later concentration range nega-
tively affected phenol utilization, which is definable as a
repressor compound. It means that the degradation of PNP
plus phenol was incomplete, and 80% of 60 mg L~! PNP
remained in the system after 228 h, and only 70% of the
phenol was degraded within the same period of time. The
relationship between phenol and PNP can be explained
by carbon catabolite repression (CCR), and reverse CCR
(rCCR) concepts described as auto-regulatory mechanisms

where utilization of a secondary source of carbon/energy
which slowly being used by a particular bacterium is under
the control of rapidly metabolizable carbon source (diauxy
phenomenon discovered by Monod around 1940) [43].
The rCCR as a metabolic strategy found to be operated
as almost opposite to CCR [44]. Several studies reported
the presence of a secondary substrate as an external car-
bon source [45]. These studies have also discovered that
this source has an inhibitory effect on PNP degradation by
some PNP-degrading microbes, such as Arthrobacter sp.
[45]. Besides, glucose by some researchers is termed as
an external carbon source as the preferred substrate which
was non inhibitory for PNP degradation by strains, such as
P. putida 1274 [45]. The applicability of CCR and rCCR
concepts in the aforementioned study was not considered
for their results interpretation. Study on P. putida DLL-E4
showed that several genes and their upregulation/downreg-
ulation are heavily involved in the aerobic degradation of
PNP by the bacterium which is known as an efficient PNP
degrader [46]. The occurrence of CCR and rCCR between
phenol and PNP during co-metabolic biodegradation in
the anode compartment of MFC using phenol-acclimated
activated sludge were not reported in the literature, and
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Fig.6 The PAAS co-metabolically expressed its capacity in utilization of phenol (250 mg L~") and PNP at different initial concentrations (15—
60 mg L") in the MFC reactor where the data in terms of removable PNP + phenol (a—f) and relevant COD (g—i) are shown

data presented in the present work support the applicabil-
ity of these mechanisms.

3.2.1 Kinetic modeling

A common approach in handling data over substrate inhibi-
tion biodegradation as time dependency of substrate utili-
zation by a particular culture is to apply the Monod equa-
tion. But that model is less capable of quantifying bacterial
growth utilizing toxic substrates, such as phenol and PNP.
Based on the substrate inhibition concept, several growth
models were developed by the well-recognized researchers
and published in the literature [12]. Further point to address
is necessity of considering kinetics of reactions catalyzed
enzymes or Michaelis—Menten equation with reference
to enzyme inhibition subject. By considering behavior of
bacterial cells as the receiver of substrate not being growth
supportive, mathematical attempts in the present study
were directed to describe biodegradation rate of phenol and
PNP substrates in the MFC reactor. Determination of spe-
cific degradation rate, ¢ (Mgprae EVSS™ h7h), is the first
step in studying kinetics of degradation of phenol and PNP.
With use of Eq. (6), q values were calculated for phenol
(50-550 mg L) and for PNP (15-60 mg L~") concentra-
tions which are shown in Fig. 7 and Fig. 8. Gradual increase
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of gs is with steady increase of phenol and PNP concentra-
tions at certain range. However, the specific degradation rate
decreases at high concentrations of phenol and PNP. Inhibi-
tory effect of phenol on its degradation rate was evident at
high concentrations (>250 mg L™}), and the results are in
agreement with the findings on aerobic removal of phenol
and p-chlrophenol by Rhodococcus sp.RSPS as reported by
Sinha et al. [16]. Findings on co-metabolic degradation of
trichloroethylene (TCE) and phenol by P. putida showed
that loss of biomass occurred at high concentrations of TCE
(>6 mg L™") [14]. In the present study, the low values of gs
at high concentrations of PNP can be indicative of biomass
loss, i.e., growing cells requirements provided by growth
substrate was spent [14, 18].

In the present study, substrate inhibition models pre-
sented in Table 2 were used to describe the experimental
data obtained in the form of the degradation rate and results
of data fitting process are given underneath of Fig. 7 and
Fig. 8. The difference between model predicted value and
experimentally measured value characterized as the error
term, was determined using Eqs. (7)-(10). The findings
of the present study show preference of Aiba equation for
describing kinetics of phenol biodegradation by the PAAS
culture (R*=0.98, *=0.06, RMSE=0.24, and AIC= —11)
(Fig. 7). While Haldane model was more capable in
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Fig.7 Fitting the models to
experimental data (specific
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addressing co-metabolic degradation of PNP +250 mg
L~! phenol (R*=0.99, y*=6.5E—4, RMSE =0.002, and
AIC= —-79) (Fig. 8). K, in case of inhibitory substrate, is
definable as half-saturation constant for maximal degrada-
tion rate and k; is the inhibition constant as concentration of
inhibitor needed to reach half maximal inhibition. The pre-
dicted values of kinetics constants are presented in Table 2.

The k, constant of the Aiba kinetic model reported in
the present study, is relatively small value and as stated in
the literature, k, values obtained under anaerobic condi-
tions are higher than those obtained aerobically [47]. The

acclimatization process, which was performed in the pre-
sent study, was apparently effective and the degradation
of phenol alone in the range of 50-250 mg L~! proceeded
favorably. Aerobic treatment of the phenolic wastewater is
characteristic of many studies reported in the literature for
instance, k, calculated according to Haldane model, was
equal to 603.8 mg L~! using the aerobic sequential batch
reactor (SBR) inoculated with the acclimatized activated
sludge [48]. In a similar approach, SBR system was used
for treating phenolic wastewater and the k; obtained accord-
ing to Haldane equation was equal to 692 mg L~! [15]. The
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high value of k; indicates that substrate is less supportive for
the microbe’s performance.

The inhibition constant calculated according to the Aiba
model as reported in the present study is high value (Table 2)
close to k; value (890 mg L") reported for degrading of
phenol content of the coke oven wastewater in a shake flask
experiment using Pseudomonas citronellolis NS1 [49]. The
high k; value shows that microbial culture is less susceptible
to the inhibitory substrate and the substrate is less likely to
express its inhibitory effect. The low ratio of k; to k; is the
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result of high value of k; and moderately low value of k..
Thus, it is reasonable to us k/k; ratio, as suggested in the
literature [15], to show the extent of inhibition described
by kinetic models. In the present study, with reference to
Aiba and Haldane models applicable for phenol biodegrada-
tion and for co-metabolic degradation of PNP, the values for
kJk; are as follows: (k/k;),;=0.06 and (k/k;)1;,=0.4. Use
of Luong equation gives an opportunity to predict substrate
concentration above which culture growth and substrate deg-
radation cease. The values of §,, for phenol and PNP are 605
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Table2 List of the models used to quantify substrate biodegrada-
tion kinetics in the MFC reactor. The kinetic constants in each case
were determined and the values presented in the parentheses are those

obtained in the co-metabolic experiments (15—60 mg L™! PNP in the
presence of 250 mg L™! phenol)

Kinetic model® Kinetic constant®

Dmax kg k; K n S
1- Aiba 9.3(0.2) 52.2(11.5) 898.7(53.1)
2- Webb 9.5(0.5) 55.4(14.3) 601(37.1) 5.2E5(1.9E7)
3- Luong 7.3(0.1) 31.5(2.6) 0.2(0.4) 605(73)
4- Haldane 9.5(0.5) 55.4(14.4) 601(37.1)
5- Edwards 7(0.1) 47.7(8.5) 1385(65.9)

#See Egs. (1)-(5)

"Units of the kinetic constants are: ¢,,,, (Mg qbstrate

and 73 mg L™, respectively (Table 2). The lower value of
kJ/k; and the higher value of §,, for phenol indicate that the
PAAS could degrade phenol readily and the culture was less
capable of utilizing PNP.

Further note in biodegradation process is to recognize
importance of microorganism(s) types (mixed culture or
pure form) and microbe’s living status for instance, P. cit-
ronellolis NS1 isolated from coke oven wastewater obtained
from the iron and steel plant industry, was able to degrade
1500 mg L=! of phenol within 90 h [49]. The setup in the
aforementioned study was operated aerobically and the bio-
degradation pattern was modeled according to the suggested
by Pamukoglu and Kargi [49]. The acclimatized activated
sludge used for phenolic wastewater treatment resulted in
k;=28 mg L~! using Haldane kinetic model [50].

Aerobic or anaerobic operations of wastewater treatment
systems play a determining role in biodegradation stud-
ies. Mathematical models have been extensively used to
describe behavior of microbe(s) in degradation of inhibitory
substrate(s). By considering available published articles, it
is time to view things differently and try to gain new knowl-
edge that could ease understanding different approaches
used in solving problems usually associated with inhibitory
substrate in terms of biodegradation rate.

3.3 MFCbehavior: power output in terms
of polarization curves

By considering MFC as a power source, then decisive role
of this system is explainable as how it is possible to reach
a maximum power output. Several factors cooperatively
affect MFC performance where cathode modification, sub-
strate type, and concentration as related to the involved
microorganism(s), occupy unique position. Enzyme cata-
lyzed reactions which performed by the microbes on the
substrate in the anodic region, are behaved in a manner that
the biooxidation reactions provide energy not only for the
cells survival and multiplication, but also for generation of

gVSS™'h7h), k, (mg L"), k; (mg L"), K (mg L™"), and S, (mg L")

bioelectricity (as the result of cells attachment on anode
electrode and entrance of the released electrons to the elec-
trical circuit as mentioned above). The electrons through
electrical circuit eventually reach the cathode electrode.
Effect of air cathode modification on power output in MFC
was studied in some details by Liu and Liu [51] when nitro-
gen doped activated carbon prepared to be used as coated
material on the air cathode and the power density at 1026
mW m~2 was recorded. The aforementioned value appar-
ently was comparable to platinum when used as a catalyst
in the MFC reactor [51]. Further findings were based on
an increase in anode to cathode surface area ratio (A,,/A.,)
from 0.4 to 1, which decreased internal resistance in this
published paper [7]. Although the optimum level of power
output in that research was at A, /A, =0.6 [7].

Curve of voltage change with current density is an
important electrochemical technique used in evaluating of
the performance of involved system of fuel cell and, Fig. 9
shows the relevant results in the present work. A decrease
of voltage from the highest point in the polarization curve
is expected and explainable in terms of activation loss
where microbial enzymes efficiently participate in catalytic
pathway in transferring substrate’s electrons to the accep-
tor molecules. The low capacity of microbes in responding
to secondary metabolites which are generated through the
enzymatic processes, exert tension to the cells including
resistance to electrolyte composition and charge transfer
processes. Thus, the values of internal resistance for phenol
and PNP 4250 mg L~! phenol were calculated which are
given in Table 3. Response of the PAAS culture to 250 mg
L~! phenol was favorable, but when phenol concentration
increased beyond this level and reached 550 mg L™!, R, ,
increased substantially (181 vs. 692 Q) (Table 3).

Electron transferring quality of MFC can be quantified
in terms of Coulombic efficiency (CE), and with use of
Eq. (15), the CE values for the different test concentrations
were calculated and are also shown in Table 3. The Coulom-
bic efficiency was highest for the system in which phenol
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Table 3 Comparison the internal resistance and Coulombic efficiency parameters determined for the system performed under different concen-
trations of phenol (a) and PNP + 250 phenol mg L~ (b) (see the text for the details)

(@)

Phenol concentration/mg L™

50 150 250 350 450 550
Internal resistance/C2 400 303 181 213 459 692
Coulombic efficiency/% 24 29 37 32 26 21
(©)

PNP -+ phenol concentration/mg L~}

15+250 204250 30+250 40+250 50+250 60+ 250
Internal resistance/Q 213 189 378 950 1279 2711
Coulombic efficiency/% 34 33 27 14 9 3

at 250 mg L~! was used where the internal resistance was
lowest among six different concentrations of phenol. Table 3
also shows CE and R;,, values for the co-metabolic studies
and Considerable similarity in terms of internal resistance
and CE between 20 mg L™' PNP +250 mg L~! phenol and
250 mg L™! phenol was observed. Moreover, a significant
decrease in CE content was obtained when the system was

treated with 60 mg L™' PNP+250 mg L ™! phenol (CE=3%).

@ Springer

The energy loss is higher for the system having larger value
of R, and this value for 60 mg L™' PNP+250 mg L' phe-
nol was highest in the present study (2711 Q). The results of
power density (PD) vs. current density are shown in Fig. 10.
The system showed a notable decrease of nearly 90% in the
value of PD when 60 mg L™! PNP was added to the sys-
tem compared to the value obtained for 20 mg L™' PNP

in the presence of 250 mg L' (66.2 vs. 0.84 mW m™).
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PNP at concentrations lower than 30 mg L™" did not affect
negatively on phenol (250 mg L") utilization by the PAAS
culture and by considering CCR as a regulatory mechanism,
the behavior may be interpreted in terms of growth sup-
portive role of phenol (i.e., phenol repressed negative effect
of PNP and the bioelectrochemical data were appropriately
recorded). PNP at the higher levels (>30 mg L™!) negatively
affected the consumption of phenol (250 mg L™!) by the
PAAS culture and phenol utilization was repressed by PNP
(i.e., growth supportive role of the phenol was interpreted
reverse) and the results can be interpreted in terms of rCCR.

4 Conclusions

The chance of inefficient competition between utilization
of growth and non-growth substrate by bacterial cells is
reduced through co-metabolic degradation of the organa
pollutant substrates where the approach is to find how
exchange of electrons and H* ions can take place. The
acclimatization process was carried out using a phenol-
feeding strategy with a certain range of phenol concentra-
tions. The system relied on the utilization of acclimatized
culture for the MFC inoculation. Phenol as the sole growth
substrate when used at high concentrations (> 250 mg L)

Current density/mA m2

showed inhibitory effect on the PAAS behavior in the MFC
(self-inhibition). By considering CCR regulatory mecha-
nism, utilization of PNP up to 30 mg L~! by the inoculum
was under influence of 250 mg L~! phenol consumption,
i.e., synthesis of the required enzymes for anaerobic deg-
radation of PNP was allowable. However, PNP at high
concentrations (>30 mg L™!) negatively affected phenol
utilization and remaining phenol in the system could not
act as the growth supportive substrate. It appears rCCR
mechanism was better for explaining the obtained results.
The inoculum culture appeared to be not involved in the
selection of the preferred substrate [44].

Further findings in the present study were to describe the
biodegradation kinetics, and among several kinetic models,
performances of Luong and Aiba (applied for phenol alone)
and Haldane (applied for co-metabolic degradation case as
PNP + 250 mg L~! phenol) favorably explained the involved
processes in terms of k,, k;, and relevant ratios. With use of
Luong equation, one can estimate the substrate concentration
usable to support degradation behavior of the PAAS culture
above which the culture growth and substrate degradation
ceases.

Genetic studies and characterization of the genes involved
in an activated sludge culture under operative conditions in
an MFC system are necessary steps for future works.
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