energies

Article

Crystal Violet (CV) Biodegradation Study

in a Dual-Chamber

Fungal Microbial Fuel Cell with Trichoderma harzianum

Sébastien Votat 120, Maxime Pontié >*(©, Emmanuel Jaspard 3 and Laurent Lebrun !

check for
updates

Citation: Votat, S.; Pontié, M.; Jaspard,
E.; Lebrun, L. Crystal Violet (CV)
Biodegradation Study in a Dual-
Chamber Fungal Microbial Fuel Cell
with Trichoderma harzianum. Energies
2024, 17,247. https://doi.org/
10.3390/en17010247

Academic Editor: Jun Li

Received: 11 November 2023
Revised: 12 December 2023
Accepted: 19 December 2023
Published: 3 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Normandie Université, Université Rouen Normandie, CNRS UMR 6270, Polymeres, Biopolymeéres, Surfaces,
76821 Mont Saint-Aignan, France; sebastien.votat@univ-rouen.fr (S.V.); laurent.lebrun@univ-rouen.fr (L.L.)
Group of Analysis and Processes (GA&P), Department of Chemistry, University of Angers, 2 Bd. A. de
Lavoisier, 49045 Angers, France

Department of Biology, University of Angers, 2 Bd. A. de Lavoisier, 49045 Angers, France;
emmanuel.jaspard@univ-angers.fr

*  Correspondence: maxime.pontie@univ-angers.fr

Abstract: In the present study, CV dye, known as a recalcitrant dye, was tested for bioremediation
via Trichoderma harzianum in a dual-chambered MFC for the first time. Two types of carbon clothes,
KIP and CSV from the Dacarb company (France), were tested as electrodes and supported for fungi
growth. We first observed that 52% and 55% of the CV were removed by the MFC using KIP and
CSV anodes, respectively. The incomplete removal of VC was explained by the relative toxicity of VC
to T. harzianum and correlated with IC5y determined as 0.97 + 0.28 mg L~1 at 25 °C. Furthermore,
the MFC working with the KIP electrode was more efficient with a higher maximum power density
of 1096 mW m~3 and was only 14.1 mW m~2 for CSV. The MFC experiments conducted on KIP
without the T. harzianum biofilm exhibited significantly lower potential and power density values,
which proves the electrocatalytic effect of this fungus. These results provide new insight into the
development of an effective MFC system capable of direct energy generation and, at the same time,
promoting the bioremediation of the persistent CV pollutant.

Keywords: microbial fuel cell; violet crystal; fungi; Trichoderma harzianum; biodegradation; ICsq

1. Introduction

Many classes of dyes are used in textile industries, and the triphenyl methane group
is predominant in most dying applications [1]. Among this group, crystal violet (CV) has
been used for a long time as a biological stain and textile dye [2], but it is now classified
as a potent carcinogen [3]. CV is also reported to be a recalcitrant dye molecule because it
persists in the environment for a long period. It is a mitotic poison with potent clastogen
effects and promotes tumor growth in some fish species.

Several dye removal methods have been studied. Among them, photocatalytic degra-
dation is an effective method to eliminate dyes from wastewater. Direct red 16 has been
effectively removed with the mixed photocatalyst B-ZnO/TiO, [4]. Among metal-organic
frameworks, Fe-BTC and ZIF-8 have shown an interesting sorption potential for methyl
orange removal [5]. Biomass can also be used for dye removal. Wheat straw has been used
as a biosorbent for the removal of reactive black 5 from wastewater [6]. Indeed, biological
methods are a growing interest for dye removal.

The use of fungi and their enzymes for dye degradation has been well-appreciated in
the literature, especially for the detoxification of wastewater [7]. Studies have proved the
ability of fungal biomasses or their purified enzymes to degrade different types of organic
pollutants [8]. Among these enzymes, laccase, a copper-containing oxidase, showed an
ability to oxidize a large range of chemical compounds, among them polyphenols, diphe-
nols, diamines, aromatic amines, benzenethiol, substituted phenols [9-11], and colored
pollutants [12]. The removal of CV from polluted soils by fungi has been tested by Moturi
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et al. using the white rot fungi Polyporus elegans, Trametes versicolor, and Lenzites betulina
and the soil fungus Mucor mucedo [13]. The soils were sampled from textile dye industries’
wastes and used as substrates. After 15 days of incubation, between 63 and 78% of CV was
decolorized without a toxic effect on the fungi. The degradation of dyes was explained by
the production of a significant quantity of lignin peroxidase, manganese peroxidase, and
laccase enzymes. The degradation of CV by Trichoderma asperellum laccase has also been
reported [14].

The MFC came directly from the discovery of electricity production by Escherichia coli
and Saccharomyces spp. in the early 20th century [15]. Microbial half-fuel cells were first
connected in series and were able to produce over 35 volts and 2 milliamperes [16]. An
MFC can produce electricity by degrading organic substrates from human activities, such as
phenol from coconut husk retting effluents [17] and leachate substrates like fruit waste and
landfill leachates [18,19]. MFCs also decrease nitrogen and phosphorus compounds and,
therefore, the chemical demand for oxygen in wastewater from the agro-food industry [20],
like breweries [21], paper industries [22], kitchens [23], swine breeding [24], and organic
acid fermentations [25].

The employment of fungi, specifically filamentous species, as electrodes in MFCs is
gaining increasing interest due to their ability to degrade an array of substrates, including
persistent and complex pollutants [26,27]. Scedosporium dehoogii was used as the bioanode
for acetaminophen degradation with a power production of 50 mW m~2 [28]. Fungi can
also be used for dye degradation in MFCs. In particular, Pleurotus ostreatus was able
to degrade brilliant blue remazol R during multiple functioning cycles with a removal
between 80% and 90% in the three first cycles and 60% for the last due to the declining
laccase activity [29]. Aspergillus nigger and T. harzianum have been experimented with as
bioanodes within MFCs to evaluate their ability to degrade Acid Red 399, Acid Yellow 235,
Acid Yellow 218, Acid Blue 296, and Acid Black 172 [30]. A. niger demonstrated the ability
to remove between 70 and 90% of each dye, whereas T. harzianum eradicated 90% of Acid
Black 172 and between 30 and 40% of the remaining dyes.

The use of T. harzianum in MFCs is poorly documented in the literature and has not
been experimented with in conjunction wtih CV. However, the CV degradation ability
of T. asperellum could be extended to T. harzianum. An MFC is different from other dye
removal methods in such a way that an electric current can be produced from the dye
degradation. Therefore, CV degradation by T. harzianum with electricity generation could
be both experimented with and exploited.

In this work, MFCs were tuned up as electrodes for VC removal using T. harzianum
cultivated biofilm in two types of carbon cloth materials. The experiments were conducted
in the open circuit voltage mode (OCV) and then in closed circuit voltage (CCV). The
obtained results were analyzed to optimize CV removal and power production in an MFC,
considering the influence of the carbon cloth electrode, saturation step, and circuit mode.

2. Experimental
2.1. Micro-Organism and Culture Media

The T. harzianum strain 1573 used in this study was collected from tree bark near
Angers, France, and was gracefully provided by the IRHS-INRAE (Angers, France). T.
harzianum stock cultures were prepared on potato dextrose agar plates (PDA) (3.9 wt.%)
(Sigma-Aldrich, Paris, France).

2.2. Chemicals

The following chemicals were used in this study: crystal violet (Aldrich Chemical
Compagny, Milwaukee, WI, USA), anhydrous citric acid (Fisher bioreagents, Fair Lawn,
NJ, USA), dihydrated trisodium citrate (Sigma-Aldrich Produktions GmbH, Steinheim,
Germany), potassium ferricyanide (ACS reagent grade, MP Biomedicals, Solon, OH, USA),
anhydrous D (+)-glucose (ACS reagent grade, Acros Organics, NJ, USA), and hydrochloric
acid (Analytical reagent grade, Acros Organics, Geel, Belgium).
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2.3. Electrodes

The KIP-1300 (KIP) and CSV-1100 (CSV) carbon clothes electrodes were gracefully
given by Dacarb (Asniéres-sur-Seine, France). The activated carbon cloth referenced KIP
was prepared from a phenolic resin precursor and physically activated by a water steam [31].
Usually, activated carbon fibers are prepared this way, including those to manufacture CSV.
Both carbon clothes electrodes also have microporous and mesoporous structure, with a
specific surface of 1560 g m? for KIP and 1230 g m? for CSV [32].

2.4. Toxicity of VC

The toxicity of CV towards T. harzianum was investigated on plates containing
3.4 wt.% PDA and between 0 and 2.5 mg L~! of VC, for 140 h. T. harzianum was in-
oculated onto the plates using a platinum inoculation loop, with a single spot placed in the
center of each plate. The growth of T. harzianum was monitored by measuring the diameter
of the growth on two orthogonal axes and maintaining a temperature constant at 25 °C in
an oven. Each experiment was conducted in triplicate and the results were averaged.

2.5. MFC

The MFC was composed of two glass compartments (100 mL volume) separated by
a3 cm x 3 cm Nafion 117 cation exchange membrane (provided by Ion Power GmbH,
Munich, Germany). Both compartments were sealed with Teflon gaskets and sterilized
via autoclaving. The setup was assembled in a microbiological safety cabinet. Carbon
clothes used as electrodes are connected to the electrical circuit via platinum rods (1.5 mm
diameter, 99.95% purity, ThermoFisher, Kandel, Germany) and alligator clips. The circuit
consisted of a multimeter and a resistance decade box (Elc, DR06, Angers, France) arranged
in parallel. The carbon cloth anode (3 x 3 cm) was inoculated with T. harzianum spores
(1 x 10° spores mL~!) for 3 days at room temperature before being placed in the MFC.
The anodic compartment was filled with a solution of VC (100 mg L~!) and D (+) glucose
(10 mg L™1) as co-substrate, in citrate buffer (pH 5.0, 0.1 M ionic strength). The cathodic
compartment contained potassium ferricyanide (PF, 31.9 g/L) in citrate buffer (0.1 M ionic
strength) for dioxygen reduction and to improve the electrical performance of the MFC.
The MFC was operated at room temperature (22 +/—2 °C) with magnetic stirring (130 rpm)
for 7 days. As a control experiment, an MFC was run without T. harzianum. To eliminate the
effect of dye sorption on the anode, an MFC was also tested with carbon cloth previously
saturated with CV (300 mg L~'). For all experiments, samples of the anolyte (0.25 mL)
were collected at regular intervals, diluted with 3.75 mL of deionized water, and stored in a
freezer to prevent further T. harzianum growth. At the end of the experiment, the samples
were thawed, homogenized, and analyzed with a UV-visible spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA, Cary 100) to measure the change in absorbance at
590 nm (the maximum absorption wavelength of CV). The CV concentrations (initial Cy,
and at t time C; expressed in mg L~!) were determined using a previously established
calibration curve. The CV removal ratio (f %) was calculated from the changes in VC
concentrations over time as follows:

f= COC_O S 100 (1)

The mass of CV removed per gram of carbon cloth at equilibrium (g.) and at a given
time (q¢), expressed in mg g~!, were calculated using the following equations:

Co— Ceq) V' Co—CHV!
qe:(o mfli) qf:(omt) (2)

with C,q the CV concentrations in solution at equilibrium (mg L1, Cp the CV concentration
insolutionatt =0 (mg L), V' the volume of solution (L) and m the mass of carbon cloth ().
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Pseudo-first order kinetics of removal were plotted using the following equation:

In (qe — q¢) = —kt 3)

with k as rate constant (h~!) and t as time (h).
Half-reaction time (t1 /, as expressed in h) were calculated as follows:

In(2)
t12 = i

with k as rate constant (h™1).

During the experiment, the external resistance of the MFC was fixed at 1 MOhm in
open circuit conditions (OCV). The potential between the electrodes (E, in V) was measured
twice daily at different values of external resistance (R, in () set with an external resistance
decade box. The current intensity (I, in A) was then calculated using Ohm’s law, as follows:

E=— 4
. @

I as current intensity (A) and R as external resistance (Q2).

The power output (P, in W) was determined at the optimal resistance, as follows:

P=ExI )

with E as electric potential (V) and I as current intensity (A).

The optimal resistance, maximum current density (], in mA m~2), maximum power
density (¢s, in mW m~2 of electrode) and maximum volume power density (¢, in W m 3
of electrode volume and ¢,y in mW m~3 of anolyte volume) of the MFC were deduced
from these measurements (see Figure Al in the Appendix A), as follows:

I P P P
]S—gq’s—g(f’v—vql’v’—ﬁ (6)

with [ as current intensity (A), P as power output (mW), S as anode surface (m?), V as
anode volume (m3) and V" as solution volume (m?3).

In addition, the performance of the MFC was tested in the closed-circuit voltage mode
(CCV) at the measured optimal external resistance R [33].

2.6. Carbon Cloth Characterization

Prior to initiating each microbial fuel cell (MFC) trial, a series of dimensional and
physical property measurements were conducted on the utilized KIP and CSV carbon
cloth anodes. These metrics included an evaluation of the cloth’s average thickness and
volume, obtained using precision calipers, as well as determinations of the cloth’s weight
and density.

The contact angle (f) between the carbon cloth surface and the anolyte solution—comprising
CV (100 mg L~ 1) and D (+) glucose (10 mg L~!) within a citrate buffer of pH 5.0 and
0.1 M ionic strength—was measured at a standard room temperature of 23 °C. This was
accomplished by utilizing the sessile drop technique contact angle determination mode
of the DSA 25 drop shape analyzer from Kriiss (Hamburg, Germany). The droplet’s size
was regulated to 3 pL and the exposure duration was kept at 500 ms. A minimum of five
measurements were taken and averaged to attain each result.

3. Results and Discussion
3.1. Stability of VC

The stability of CV in light over time is a crucial consideration, as light sensitivity
could make it difficult to differentiate degradation caused by fungi and degradation caused
by light. To address this issue, UV-visible spectroscopy was used. The spectra of a VC
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solution (100 mg L~!) in citrate buffer (pH = 5.0) after 24 days of exposure to daylight
were found to be similar to the spectra before exposure, with no significant decrease in
absorbance at the maximum absorption wavelength (590 nm for CV). This suggests that
light exposure will not significantly affect VC concentration in the upstream compartment
during MFC experiments.

The stability of VC after autoclaving for sterilization (20 min, 120 °C, P = 1.4 bar) was
also assessed using UV-visible spectroscopy. No effect of the treatment on CV concentration
was observed).

3.2. CV Removal by MFC

The performance of the MFC in terms of CV removal was evaluated using KIP and
CSV carbon cloth anodes. The evolution of the UV-visible spectra of the CV anolyte
solution over time is shown in Figure la. Initially, prior to the oxidation reaction, the
absorption spectrum of VC in water exhibited a main peak at 584 nm in the visible region,
and two peaks at 250 and 300 nm in the UV region. These peaks were attributed to aromatic
structures in the molecule, with the peak at 590 nm arising from the chromophore [34]. The
gradual decrease in the visible peaks with time was due to the cleavage of aromatic rings
through oxidation. In addition to the rapid decolorization of the solution, the decrease in
absorbance at 250 or 300 nm was taken as an indication of aromatic fragment degradation
of the dye molecules and its by-products [35,36].

The MFC equipped with a KIP carbon cloth anode exhibited a faster rate of VC
consumption compared to the MFC with a CSV anode (Figure 1b). For both systems, the
disappearance of 100 mg L~! CV was rapid, reaching a plateau within 25 h, but complete
removal was not achieved whatever the anode. Additionally, Figure 1b shows that a slightly
larger amount of VC was removed using the KIP anode. This higher CV removal with KIP
may be due to its more hydrophobic properties, which enhanced contact with T. harzianum,
which is also hydrophobic [37]. Measured contact angles with the anolyte indicated that the
drop instantly penetrated the CSV carbon cloth, resulting in complete wetting. In contrast,
the contact angle for the KIP anode was 102° % 2° under the same conditions.

For a more comprehensive evaluation of the results, Figure 1c shows the CV removal
ratio f vs. time. It indicates that 52% and 55% of the CV was removed at 40 h in the MFC
using KIP and CSV anodes, respectively. This was attributed to the production of VC
degradation by-products and the CV toxicity that could inhibit CV removal.

The degradation kinetics of CV in MFC was modelized. The first, second and pseudo-
first order were evaluated and the pseudo-first order was found to best fit with respective
R? of 0.93 and 0.98 for KIP and CSV carbon clothes as demonstrated by a linear plot of
In (ge — q¢) = f(t) (Figure 1d). The pseudo-first order is plotted with concentration of CV
evolution through time, each concentration value being divided by the mass of carbon cloth,
taking account of both sorption and degradation phenomenon occurring in VC removal.

A pseudo-first order kinetic is commonly observed for metal ion sorption, e.g., by
complexing membranes [38]. It has also been reported in biorefractory organics molecules
or azo-dye removal in MFC [39,40]. The corresponding k and ¢;,, values indicated faster
removal with KIP (k = 0.25 h~! and t1/2 = 2.7 h) compared to CSV (k = 0.17 h~! and
tj/2 = 4 h). This is consistent with the idea that KIP has better compatibility with T.
harzianum, allowing a higher amount of biomass compared to CSV and a faster rate of
CV consumption.



Energies 2024, 17, 247 6 of 22

1.6

100
90
80
70
60
50
40
30 -
20 -
10 ~

—a—KIP (b)

...@---CSV

C,(mg.L)

0 20 40 60 80 100 120
t(h)

100

90 - —a—KIP (C)

80 A e @ CSV
70 A

f (%)

60 80 100 120
t(h)

Figure 1. Cont.



Energies 2024, 17, 247

7 of 22

5
.
4 - o O R0 (d)
*eces @ -------------- CI R,
| |2 S RETTTIUR P e, +H@H
[ 3l
3 -
2 -
y =-0.25x + 2.95
L R=2=0.93 e
eCSV
0 ) ! I I I I
| 1 : : p 5 6 7
t (h)

Figure 1. CV removal by MFC: (a) Absorbance spectra of anolyte samples vs. time t (with KIP carbon
cloth anode); (b) kinetics of consumption of VC: concentration C; vs. t; (c) removal of CV: f vs. t;
(d) pseudo-first order model plot of CV removal.

As shown in Figure 1b, the initial concentration of CV differs from the expected
concentration of 100 mg L~! (80 mg L™! for KIP and 93 mg L~ for CSV). This is likely due
to the fast sorption of CV by the carbon cloth, as carbon black and carbon fibers are known
to facilitate the sorption of organic molecules. This raises the question of what proportion
of CV is actually consumed by the fungus to produce current and what is absorbed by the
carbon fiber. To quantify the sorbed fraction, sorption experiments were conducted on CSV
and KIP carbon clothes in a CV solution (650 mg L~1). The results showed that the carbon
clothes indeed sorbed CV, with 70 mg g~ for CSV and 170 mg g~ ! for KIP at saturation.
CSV and KIP were saturated after 3 days and 10 days, respectively. The amount of sorbed
VC was higher for KIP and the saturation took longer due to its larger thickness (950 pm
for KIP and 450 um for CSV). Moreover, KIP displayed a higher affinity for VC than CSV
in time due to more favorable chemical interactions with CV. CV contains three aromatic
cycles that create m-stacking bonds with the carbon fibers, which are thicker and denser in
KIP. The saturation of the carbon cloth was not observed during MFC operation, as the CV
concentration was not high enough to reach it, and the presence of T. harzianum within the
carbon cloth anode likely prevent the VC sorption. However, these results demonstrated
that a significant portion of CV was sorbed by the carbon cloth during MFC operation
(7 days), and particularly for KIP.

It is difficult to quantify the extent to which the fungi obstruct the sorption sites of
the carbon cloth, making it challenging to estimate the proportion of VC that is available
during MFC operation. To mitigate this sorption phenomenon by the anode during the
experiment, the carbon cloths were pre-saturated with CV (500 mg L~!) prior to their use
in the MFC. Figure 2a,b compare the evolution of CV concentration in the MFC with KIP
and CSV, with and without the CV saturation step.

Pre-saturation of the anode resulted in a slower decrease in CV concentration in
solution over time due to the higher CV concentration available for T. harzianum and a
possible desorption of CV from the carbon cloth. After curve modeling (the calculated rate
constants were k = 0.13h~! and k = 0.04 h~!, and the half-reaction times t;, = 5.2 h and
t1/2 =167 h~! for KIP and CSV, respectively (instead of k = 0.25 h~—! and t1/p =27 h~! for
KIP, and k=0.17h~! and t; /, = 4 h for CSV, without saturation step). These results highlight
the influence of the carbon cloth during CV removal by the MFC through a sorption-
desorption phenomenon. T. harzianum also uses CV for its growth and maintenance during
MEFC operation. In the absence of a fungi biofilm on the carbon cloth anode, the removal
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rate of CV was much lower (k = 0.16 h~! and t1/2 = 4.4 h instead of k = 0.25 h~! and
t1 /2 = 2.7 h) for KIP (Figure 3). This result demonstrates that T. harzianum plays a significant
biocatalytic role in the MFC.
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Figure 2. CV removal by the MFC: influence of the CV saturation of carbon cloth. Kinetics of
consumption of CV vs. t: (a) KIP anode; (b) CSV anode.

Indeed, literature displays a few reports on CV bioremoval from aqueous solu-
tions by MFC using fungi to allow comparisons with our results. Bumpus et al. stud-
ied the biodegradation of CV in ligninolytic cultures of the white rot fungus Phane-
rochaete chrysosporium [1]. The disappearance of CV was demonstrated and three metabo-
lites (N,N,N’,N’,N”-pentamethylpararosaniline, N,N,N’,N”-tetramethylpararosaniline, and
N,N’",N”-trimethylpararosaniline) formed by sequential N-demethylation were identified
as by-products of degradation of the original compound. Another work reports a max-
imum of 66.6% decolorization rate of CV at the concentration of 100-280 mg L~! with
Phanerochaete chrysosporium [41].

Some works also report the use of bacteria to degrade CV in MFC. Yatome et al.
reported the degradation of CV at a low concentration (about 2 mg L~!) with bacterial
cells of Nocardia coralline IAM 12121 [42]. Roy et al. used bacteria from Enterobacter family
to perform CV degradation and complete removal was obtained in a mineral salt medium
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containing up to 150 mg L~! of CV dye [43].Cheng et al. 2014 investigated the feasibility of CV
bioremoval from wastewater in a single-chamber MFC with Aeromonas hydrophila YC 57 [44].
This work resulted in removal rates of 82.5% at initial CV concentration of 100 mg L.

mWith T. harzianum

=-0.16x + 4.05

T y R= 0.99 = Without T. harzianum

L T T -

y =-0.25x + 2.95

7 R==0.93

0 1 2 3 4 5 6 7
t(h)

Figure 3. Influence of T. harzianum on CV removal (KIP carbon cloth as anode): pseudo-first order
model plot of VC removal.

3.3. Power Production by MFC

The power production results in MFC are summarized in Table 1. The performance of
the MFC was initially evaluated under open circuit voltage mode (OCV). The evolution
of potential over time during MFC operation is shown for KIP and CSV bioanodes in
Figure 4a.

Table 1. Performances of MFC: carbon cloth used, presence of T. harzianum, saturation level, OCV
and CCV operating mode, maximum electromotive force (emf) at f = 0, maximum electrode surface
power density ¢s, and maximum anolyte volume power density ¢,’, maximum electrode volume
power density @y.

. . Maximum .
Cé;:t%n T. harzianum Saturation Oﬁzﬁleng emf (mV) Nfi:‘l,\r]n 1;1111124)05 Py B M?:\l;rl:_lg)q)v
(mW.m~3)
CSsv Yes Non-saturated OCV * 111.6 0.8 14.1 0.6
CSsv Yes Saturated OCV * 178.5 2.7 49.9 23.6
KIP Yes Non-saturated OCV * 270.1 58.8 1095.8 229.6
KIP No Non-saturated OCV * 153.0 14 162.7 5.5
KIP Yes Saturated OCV * 300.1 62.8 1170.3 245.4
KIP Yes Saturated CCV ** 143.7 15.5 288.8 60.7

* Entrance impedance = 10 MOhms; ** optimum resistance: R = 200 Ohms (KIP); 2000 Ohms (CSV).

The potential values were higher with KIP during the first hours of the experiment,
but then were higher with CSV (Figure 4a). This result can be explained by the intrinsic
properties of each carbon cloth, i.e., thickness 530 pm and 235 pm, volume 4.77 x 107 m—3
and 2.12 x 1077 m~3, weight 162 mg and 62 mg, and volumetric mass density 0.34 g cm >
and 0.29 g cm 3 for KIP and CSV, respectively. Therefore, the larger volume and density of
KIP enhanced its ability to collect and concentrate CV, improving its oxidation with a higher
concentration polarization effect than CSV. After 20 h of operation, potential decreased,
due to the depletion of available substrate.
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Figure 4. Performances of MFC with KIP or CSV anode: (a) potential E at optimum resistance R vs. t;
(b) power density ¢, vs. t.

The power densities, presently expressed in W m~3 of carbon clothes volumes (¢5),
were measured at the optimal resistances (200 and 2000 ohms for KIP and CSV, respectively)
vs. time. These resistance values highlight the different conductivity between KIP and
CSV materials that will have consequences on the power production in the MFC (Table 1).
Figure 4b shows the evolution of ¢, over time for the KIP and CSV anodes. The maximum
@, values were 229.6 W m~3 for KIP and 0.6 W m~3 for CSV, as reported in Table 1. Both
MECs experienced a significant decrease in power density after 20 h of operation due to
the consumption of VC by T. harzianum as illustrated in Figure 1la,b. The MFC with the
KIP anode showed higher ¢, values than the CSV anode, which can be attributed to the
difference in volumetric mass density between the KIP and CSV carbon cloths (0.34 g cm 3
and 0.29 g cm 3, respectively). The KIP optimal resistance was consistently lower than
the CSV due to its higher density and more closely packed fibers, enabling more efficient
electron flow and lower optimal resistance. As a result, for a given potential value, the
power and power density values increased for the KIP anode. Another explanation comes
from the hydrophobicity of KIP. As previously seen, T. harzianum is also hydrophobic [37],
which enhanced interactions with KIP and the fungi biomass. Ultimately, CV is more
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25

20

quickly degraded and more power density is produced. Moreover, usual power densities
parameters (¢, and ¢s) highlight the electrical performances differences between KIP
and CSV (¢, = 1095.8 and 14.1 mW m~3; ¢s = 58.8 and 0.8 mW m~2 for KIP and CSV,
respectively) (Table 1).

As previously explained, it is essential to saturate KIP and CSV carbon clothes before
using it in the MFC in order to separate CV sorption and bioremoval phenomenons. As
shown in Figure 5a,b and Table 1, the power density in MFC containing KIP or CSV
with prior saturation with CV was 23.6 W m~3 (0.6 W m~3 without saturation) for CSV
and 245.3 W m~3 (229.6 W m 2 without saturation) for KIP. The power densities for the
saturated KIP and CSV anodes were higher than the values obtained without saturation.
The initial saturation step significantly reduced VC sorption by the carbon cloth, making
more available CV for the biodegradation by T. harzianum. This resulted in an increased
overall yield of the MFC, regardless of the type of bioanode used.

—&— Non saturated ( a)

——Saturated
1 1 1 1 1 1 1 1 - 1 :

20 40 60 80 100 120 140 160 180 200
t (h)
---4&--- Non saturated (b)
««-3--+ Saturated
L o T oo n O
IE' ........ oot Oececcennnn... 2 T LT T TS Oeeeees""

t(h)

Figure 5. Influence of the carbon cloth MB saturation on the MFC performances: power density ¢,
vs. f: (a) KIP anode; (b) CSV anode.

Additionally, for saturated carbon clothes, the potential values and the power densities
vs. time show the same behavior with significantly higher values for KIP (Table 1). As
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previously mentioned, this was attributed to the properties of KIP compared to CSV for
power production.

The effect of T. harzianum on the anode as a biocatalyst on MFC performances was also
investigated. The MFC with T. harzianum exhibited significantly higher potential values,
reaching a maximum of 270.1 mV and an output power of 229.6 W m 3 (compared to
a maximum potential output of 153 mV and an output power of 5.5 W m~2 without T.
harzianum), as shown in Table 1.

Finally, the most effective MFC, equipped with a saturated KIP anode, was tested in
the CCV vs. OCV mode. Figure 6a,b show the evolution of the potential E at optimum
resistance and the power density ¢y, vs. t, respectively. The power density and emf values
in the OCV mode at t = 0 are also reported in Table 1. The potential was higher in OCV than
in the CCV mode. Similarly, ¢, was higher in OCV than in the CCV mode (245.5 W m 3
and 60.7 Wm™—3, respectively). Furthermore, the half-life time of degradation was longer
in the CCV mode than in the OCV mode (14.7 h and 5 h, respectively, indicating that the
degradation rate was lower in the CCV mode. In OCYV, the removal rate reached 54% with
a plateau in 80 h and 46% in the CCV mode for the same time (Figure 6c). However, after
260 h the removal of the CCV mode did not reach a plateau as observed for the OCV mode.
This could be attributed to a stationary mass transfer regime in the CCV mode (electron
production and protons migration through PEM), which could better manage the inhibition
effect of VC by-products on T. harzianum than the transitory OCV mode. Moreover, in the
CCV mode, the MFC stopped the power production after about 25 h due to the end of CV
removal. In contrast, in the OCV mode, there was always some residual potential at the
end of the experiment, even when the removal stopped (Figure 6a,b). In OCYV, the high
external resistance applied (1 M()) prevents the transfer of the electrons, causing a build-up
of electrons at the anode and then in a larger potential difference and a small power density.
In the CCV mode, a large part of the electrons generated by the oxidation reaction was
transferred to the cathode and consumed with H* for O, reduction in water form.

To achieve the comments of Table 1, we observed emf values in the range of 101.6-300.1 mV,
values usually reported in MFC as described in the following part. We must notice also
that our carbon cloth cathode in a none-modified electrode.

Maximum E, ¢s and ¢, values were compared to those already obtained with cloth
design MFC (batch) and published in the bibliography. Babanova et al. observed similar
performance than with saturated KIP carbon cloth in debiting mode (ps = 15.5 mW m~?2)
using Candida melibiosica yeast on a carbon felt (¢s = 20 mW m~2) [45]. Some authors
reported higher performances. Gunawardena et al. performed an MFC with S. cerevisiae
yeast with glucose as carbon source and MB, and obtained E = 383.6 mV for a maximum
@y = 147 mW m~3 [46]. The very good performances obtained by this MFC were probably
linked to a microporous vitreous carbon electrode employed. Using brewery waters as
substrate, Cetinkaya et al. obtained @5 = 80 mW m~2 in a continuous flow MFC with a tin
coated copper mesh as anode [21].

Other results have been published, but it is not easy to compare the performances,
because the functioning mode is not always reported. Kebaili et al. developed MFC for fruit
waste leachate wastewater treatment consisting in graphite and felt carbon rods as leachate
biofilm support. They obtained potentials of 140 mV and 260 mV and power densities
of 242 mW m~2 and 19.1 mW m~2, respectively [18]. Mbokou et al. developed a MFC
Scedosporium dehoogii filamentous ascomycota fungus as bioanode [47]. The performances
were promising with a highly stable power density at 6.5 mW m~2 associated with a
potential of 450 mV. Pontié et al. studied the bioremediation of acetaminophen by the same
strain of T. harzianum as us in a similar dual-chamber MFC as us and obtained V = 550 mV
and @5 =50 mW m~2 [28]. The use of the same MFC with S. dehoogii with lignin as substrate
gave gs = 16 mW m~2.
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Figure 6. Performances of MFC with saturated KIP anode in open circuit potential (OCV) or closed-circuit
mode (CCV): (a) potential E at optimum R vs. t; (b) power density ¢, vs. t; () CV removal: f vs. t.
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3.4. ICs59 of CV for T. harzianum

In order to better understand the CV inhibition effect on T. harzianum, the inhibition
on its growth was studied in PDA plates with CV concentrations (Cyc) between 0 and
2.5mg L~ (Figure 7).
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Figure 7. T. harzianum growth curves in the presence of increasing Cc (from top to bottom: 0 (i.e.,
control) (OJ), 0.25 (M), 0.5 (0), 1 (), 1.25 (A), 1.5 (), 1.75 (O), 2.25 (¢) and 2.5 mg L1 (x), respectively).
Slopes values were obtained from each growth curves determined during the expo-
nential growth phase at different Ccy, slope oo being the one measured in the absence of
CV. The percentage of inhibition was then calculated using the following Equation (7):
slope — slope
Inhibition (%) = PCeontrol PeCev ) & 100 7)
SIOpecontrol
The percentage of inhibition was plotted as a function of CV concentration (Figure 8).
0 1 2 3

VC concentration (mg L")

Figure 8. T. harzianum inhibition rate at different Cyc.
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From the curve percentage inhibition vs. Ccy (Figure 8), IC5y for CV towards T.
harzianum was determined using the following Equation (8) [48]:

Hill
ICs50 + Ccv

Inhibition percentage(%) = Iyax X [1 - (

Imin and Iinax are the extrema of the curve; Ccy are the CV concentrations; ICs is the
inhibitor concentration corresponding to the I mean value between Ijyin and Imax; Hill is a
constant reflecting the sigmoidicity of the curve (Hill constant = 1.8 &= 0.7).

From Equation (4), ICsy = 0.97 + 0.28 mg L~! or 2.34 + 0.66 mmol L~!. There is
little information about ICsqy values for T. harzianum to make comparisons with other
molecules, but it seems very resistant towards aromatic molecules. Furthermore, in our
MEC experiments, T. harzianum was still able to degrade CV even at large concentration
(100 mg L~1), because it is in a biofilm form.

3.5. Hypothesis for the Mechanism of CV Degradation by T. harzianum

As few ascomycota fungi species, T. harzianum contains numerous genes encoding
for various classes of enzymes from diverse families (Table 2). This panoply of specific
catalytic activities allow fungi to survive in environments where they are confronted with
biotic stress and abiotic agents.

Table 2. T. harzianum genes and depolluting enzymes [49].

T. harzianum’s Strains Number of Genes
T. harzianum T22 v1.0 12,762
T. harzianum M10 v1.0 12,842
T. harzianum TR274 v1.0 13,932
T. harzianum CBS 226.95 v1.0 14,095
Enzyme families Enzymes
Multicopper oxidases 6 laccases, 2 tyrosinases

From 41 to 71 P450 mono-oxygenases,
Monooxygenases 1 benzoate-specific mono-oxygenase, 2 phenol
2-mono-oxygenases

From 9 to 10 flavoprotein monooxygenases, from 0 to 2
meta-dichlorophenol 6-mono-oxygenases, from 17 to
26 flavin-binding monooxygenases-like,

2 nitroreductases

Flavin-dependent monooxygenases

Laccase from Trichoderma asperellum is known to catalyze oxidative degradation of
CV [14]. Moreovert, synthesis of laccase in Trichoderma is stimulated by alachlor (an aromatic
compound from the chloroacetanilide family, a pesticide) or by guaiacol (a phenolic com-
pound with a methoxy group) [50]. The structures of these two compounds exhibit some
similarities with those of the degradation by-products of CV by T. asperellum (Figure 9).

One can make the following hypothesis. The inhibition of the growth of T. harzianum
could be due to CV itself. In parallel, the transcription of the gene encoding laccase
could be increased by CV degradation by-products. Therefore, the more by-products
of CV degradation formed by laccase there would be, the more this enzyme would be
synthesized, the more the CV would be degraded in the long term, since, at the same time,
the concentration of the CV is decreasing, the inhibition would also decrease. However,
this was not observed in our MFC experiments.

Indeed, little is known about the actual mechanisms of dyes biodegradation (in par-
ticular CV) by Trichoderma (T. harzianum) and there are probably several. For example,
Trichoderma tomentosum degrades azo-dye Acid Red 3R mainly with manganese peroxidase
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and lignin peroxidase enzymes working: no aromatic amine products, neither laccase
activity is detected suggesting a possible oxidative degradation pathway [51].

(a) Cristal violet Leucocrystal violet

| | : |
|
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/N\ e N\

Cl
o~ l o~
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ST 0

1,3,5-trimethoxybenzene 1,3-dimethoxy-5-pentylbenzene
0 -
(b) > 0
N OH
e
(0]
Alachlor Guaiacol

Figure 9. Hypothesis on CV biodegradation: (a) possible degradation by—products of CV by laccase
from T. asperellum [11]; (b) structure of alachlor and guaiacol.

4. Conclusions

Microbial fuel cells (MFC) are a cost-effective and sustainable option of treating
wastewaters. In addition, fungal MFC utilize biological techniques to effectively remove
recalcitrant compounds that remain after traditional physico-chemical treatments. Dyes,
particularly polyaromatic compounds, are commonly found in wastewaters and can be
challenging to remove using conventional methods. In this study, we used the dye model
VC, which contains three aromatic rings and dimethylamine/dimethylammonium groups.

Fungi possess a diverse range of enzymes giving them an ability to degrade aromatic
compounds. Specifically, laccase has been shown to be capable of oxidizing a wide range
of chemical compounds, including aromatic compounds. In this work, the fungus T.
harzianum, which produces laccase, was used.

In this study, two different carbon cloths were used as electrodes in the MFC (KIP and
CSV) with T. harzianum as biocatalyst on the anode. As results, the removal of CV ceased
at 55% with CSV, and at 52% with KIP after 40 h run with respective power densities of
0.6 Wm~3 and 229.6 W m 3. The KIP anode showed more effective power production
compared to the CSV anode due to its thicker, denser structure and hydrophobicity. This
structure allowed a higher concentration of charges leading to higher potential, lower
resistance, and ultimately higher power density.

An experiment without T. harzianum highlighted a sorption phenomenon of VC oc-
curred by the carbon cloth. Consequently, the anode was saturated with CV prior to MFC
experiments to make degradation by T. harzianum, the only factor of VC removal. An in-
crease in power density production was observed (23.6 W m~3 with CSV and 2454 W m 3
with KIP) explained by the larger quantity of CV which was disposable for degradation by
T. harzianum.

In OCV experiments, CV removal was faster and higher than in CCV. In the CCV
mode, the degradation should be accelerated due to the lower resistance applied, which
stimulate the degradation process. The contrary was observed attributed to the challenging
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nature of CV for biodegradation by T. harzianum. Power densities were also lower, with
60.7 W m~3 in the CCV mode and 245.4 W m~3 in the OCV mode.

CV inhibition effect on T. harzianum was quantified by ICsy measurement. The value of
0.97 £ 0.28 mg, highlighted the strong inhibition effect of CV on T. harzianum growth even
at low concentration. Furthermore, in the biofilm environment of the anode in the MFC, we
noticed that T. harzianum remained was able to produce a current under 100 mg L~ of CV.

This study presents promising opportunities for the use of this MFC to treat various
phenolic compounds as carbon source substrates. Further work will be conducted to
optimize the electrodes, such as treating the cathode surface to improve the reduction
reaction efficiency and attain higher power densities of our MFC.
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—e—Potential, saturated KIP, CCV mode  —#—Power density, saturated KIP, CCV mode
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Figure A1l. Influence of operative parameters on the MFC potential and power density at start of
operation: potential E vs. current density J, and power density ¢s vs. current density J: (a) non-
saturated KIP anode in the OCV mode, without biofilm; (b) non-saturated CSV anode in the OCV
mode; (c) saturated CSV anode in the OCV mode; (d) non-saturated KIP anode in the OCV mode;
(e) saturated KIP anode in the OCV mode; (f) saturated KIP anode in the CCV mode.
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