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Abstract: Removing polychlorinated biphenyls (PCBs) from the environment is an important process
for the protection of biota. This work examines three different approaches to the degradation of
such contaminants. The first involves the use of iron bionanoparticles (Fe-BNPs) prepared through
green synthesis from selected plant matrices. The second approach entails the use of the bacteria
Stenotrophomonas maltophilia (SM) and Ochrobactrum anthropi (OA) isolated from a PCB-contaminated
area, Strážsky canal, located in the Slovak republic, which receives efflux of canal from Chemko
Strážske plant, a former producer of PCB mixtures. The third approach combines these two methods,
employing a sequential hybrid two-step application of Fe-BNPs from the plant matrix followed by
the application of bacterial strains. Fe-BNPs are intended to be an eco-friendly alternative to synthetic
nanoscale zero-valent iron (nZVI), which is commonly used in many environmental applications.
This work also addresses the optimization parameters for using nZVI in PCB degradation, including
the pH of the reaction, oxygen requirements, and dosage of nZVI. Pure standards of polyphenols
(gallic acid, GA) and flavonoids (quercetin, Q) were tested to produce Fe-BNPs using green synthesis
at different concentrations (0.1, 0.3, 0.5, 0.8, and 1 g.L−1) and were subsequently applied to the PCB
degradation experiments. This step monitored the minimum content of bioactive substances needed
for the synthesis of Fe-BNPs and their degradation effects. Experimental analysis indicated that
among the selected approaches, sequential nanobiodegradation appears to be the most effective
for PCB degradation, specifically the combination of Fe-BNPs from sage and bacteria SM (75%
degradation of PCBs) and Fe-BNPs from GA (0.3 g.L−1) with bacteria OA (92% degradation of PCBs).

Keywords: bionanoparticles; green synthesis; nanobiodegradation; PCB; bacteria

1. Introduction

Polychlorinated biphenyls (PCBs) are synthetic compounds with 1–10 chlorines per
molecule. They belong to the group of persistent organic pollutants (POPs), known for
their harmful properties. Czechoslovakia began producing PCBs in the late 1950s at the
industrial chemical plant Chemko Strážske and ceased production in 1984. Almost 40 years
after the production ban, the wide area around the plant remains extensively contaminated
by PCBs [1]. In January 2020, a state of emergency was declared in the area, and barrels with
solid PCB residues, left unsecured around the Chemko plant, were moved into shipping
containers to remove the source of the contamination. However, leaked PCBs persist in the
soil and river sediments. Remediation of PCB-contaminated sites is essential to minimize
human exposure and environmental risks. Commonly used technologies for this purpose
include chemical oxidation/reduction, solvent extraction, base-catalyzed decomposition
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(BCD), bioremediation, and phytoremediation [2–4]. One potential method of removing
such PCBs is the use of nanotechnology. Recently, nanoscale zero-valent iron (nZVI) has
been widely used as an effective contaminant degrader due to its high reactivity and
large specific surface area [5]. Nanoscale zero-valent iron eliminates PCBs predominantly
through a reduction mechanism - reducing dehalogenation [6]. It can be produced by a
chemical or physical processes, neither of which are completely environmentally acceptable
methods [7]. An alternative method to synthesize Fe-based nanoparticles (Fe-BNPs) via
green synthesis, which is cheaper, environmentally friendly, and does not produce toxic
substances. This method involves using a natural resource as a matrix and a metal salt,
which interacts with the bioactive substances contained in the matrix. After synthesis,
single-component metal Fe-BNPs are formed. Their shape and size depend on the input
material, preparation conditions, and synthesis duration [8]. The green synthesis method
used in this paper is a type of phytonanotechnology based on the use of various plant
matrices. The matrices used in synthesis should contain polyphenols, a key component
of nanoparticle synthesis, but also lipids, proteins, vitamins, and various other organic
molecules that serve as carriers of the OH- group and react [9]. Representative polyphenols
include gallic acid (GA), which, due to its reducing and stabilizing properties, can be used
for Fe-BNPs synthesis [10]. A representative flavonoid (a polyphenol subgroup), quercetin
(Q), possesses similar properties. Polyphenols containing hydroxyl or carbonyl groups
form complexes with added metal salts, which are subsequently reduced to zero-valent
iron according to Equation (1) [11]: (Ar-aromatic ring)

n Fe2+ + 2Ar(OH)n → nFe0 + 2n Ar = O + 2n H+ (1)

Equation (1) represents one potential method of iron bionanoparticle formation. Other
studies suggest that gallates or catechols react with iron salt to form chelates, leading to
octahedral network formation [12]. The color change of the reaction mixture from dark
brown to black indicates an ongoing reaction between bioactive substances and iron [13].
A sequential or combined method of PCB degradation using synthetic nanoparticles or
Fe-BNPs and bacterial cultures naturally adapted to the contaminant can provide higher
efficiency in removing harmful substances from the environment [14]. Remediation of
contaminated areas using only one remediation technology can be costly and inefficient.
Consequently, the development of integrated processes involving the application of two or
more technologies is essential.

Nanobioremediation is a hybrid remediation technology combining nanomaterials
and bioremediation to remove contaminants [15]. It is an approach tailored to the chem-
ical structure of PCBs. The integration of abiotic and biotic degradation is based on the
anaerobic dechlorination of highly-chlorinated PCBs using nZVI or Fe-BNPs, and the sub-
sequent aerobic degradation of the lower-chlorinated PCBs or biphenyl using bacteria and
their enzymes [16]. The major presumed mechanism of PCB degradation using Fe-BNPs
is adsorption, with reduction playing a minor role. The disadvantage of solely micro-
bial degradation is that only a few microbial cultures are capable of dechlorinating PCB
mixtures, and, generally, these methods require a long time for complete mineralization,
i.e., degradation to inorganic salts, CO2, and H2O [16]. Moreover, high concentrations of
contaminants can have a toxic effect on selected remedial microorganisms [15]. Combining
nanotechnology and biotechnology can overcome the limitations of both methods [17]. The
dimensions of nZVI allow better mobility through porous media, thereby enhancing the
remediation process without altering the original properties of the media. Consequently,
subsequent application of processes such as bioremediation can serve as a supportive
method without requiring changes or additional adjustments in situ [18]. The advantage of
combination these two methods is an expected increase in PCB degradation. Nanoparticles
alone (nanoremediation) cannot degrade the biphenyl ring, leading to biphenyl accumula-
tion in the environment, while bacterial strains alone (bioremediation) may not extensively
dechlorinate highly chlorinated PCB congeners, possibly due to partial toxicity and steric
effects. Therefore, the sequential combination of these methods appears highly appropriate.
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This presented study focuses on (a) screening plant-based substrates to produce iron
bionanoparticles and their application in PCB nanodegradation, (b) the biodegradation
of PCBs using isolated bacteria adapted to PCBs, and (c) a combined approach for po-
tentially increased PCB degradation, representing a sequential hybrid degradation called
nanobiodegradation.

2. Materials and Methods
2.1. Sample Preparation
2.1.1. Ethanol Extract of Plant Matrix

Each ethanol extract was prepared from 5 g of ground/torn/trimmed/cut plant
substrate in 50 mL of 96% ethanol (for UV VIS detection). The extraction time of organic
matter lasted 1 h on a magnetic plate (400 rpm, 25 ◦C) in a dark, closed system due to the
photoreduction of polyphenols [19].

2.1.2. Water Extract of Plant Matrix

Collected plants and fruits were ground/torn/trimmed/cut and 5 g was added to
500 mL of distilled water in a boiling flask. Water extracts were prepared using the conven-
tional decoction extraction method [20]. The plant material was slowly heated in a water
bath to release its inner contents into a medium (at 70–80 ◦C, 2 h).

2.1.3. Stock Solutions of Standards—GA and Q

Standard solutions consisted of GA (gallic acid, as a polyphenol representative) and
Q (quercetin, as a flavonoid representative). Each solution was prepared in concentrations
0.1; 0.3; 0.5; 0.8; and 1.0 g.L−1 in distilled water.

2.2. Determination of Total Polyphenol Content (TPC) in Selected Plants

The Folin–Ciocalteu method was used for polyphenol determination [21] with minor
modifications. The absorbance was measured at 765 nm using a UV-1601 spectrophotometer
(Shimadzu, Kyoto, Japan). The results were calculated using the calibration curve of the
selected GA standard (1 g.L−1).

2.3. Green Synthesis of Fe-BNPs from Plants and Selected Standards

Prepared water extracts of the used plants were divided into 50 mL centrifugation
tubes. The pH value was adjusted using 3M NaOH to 7–8 before iron salt was added
(FeSO4. 7H2O) [22]. Green synthesis of Fe-BNPs was performed at laboratory tempera-
ture for 48 h on a reciprocal shaker (100 rpm) in the dark. Subsequentially, synthesized
Fe-BNPs were centrifuged twice (8000 rpm, 10 min) and immediately applied in the
degradation experiments.

2.4. Setup Optimization Experiments for PCB Degradation by Synthetic nZVI

All the PCB degradation experiments were performed in 100 mL of distilled water
(reagent flask) with the addition of Delor 103 (final concentration = 0.1 g.L−1) and nZVI
(Nanofer 25S, NANO IRON s.r.o., Židlochovice, Czech Republic). Degradation took place
on a rotary shaker (100 rpm) at 20 ◦C in the dark.

2.4.1. Batch vs. Repeated Application of nZVI

In a single application, 2 g.L−1 of nZVI (without pH adjustment) was added at the
beginning and incubated for 28 days. The repeated application was performed by adding
0.5 g.L−1 nZVI into the medium at regular time intervals (every 7th day) until a concentra-
tion of 2 g.L−1 nZVI was reached.

2.4.2. pH

The pH value in the reagent flask was adjusted to 10.1; 7.4; and 3.0 using 5% H2SO4
and was measured over a period of 28 days.
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2.4.3. Oxygen Requirements

The degradation of PCBs by nZVI (2 g.L−1) was observed in the reagent flask (with
limited oxygen access) and in Erlenmeyer flasks with cotton stoppers (with oxygen access)
for 28 days.

2.5. Assessment of the PCB Degradation Efficiency
2.5.1. Degradation of PCBs by Synthesized Plant-Based Fe-BNPs

The reagent flask was filled with 100 mL of minimal mineral medium (MM medium) [23],
a stock solution of Delor 103 (0.1 g.L−1), and 3 mL of synthesized plant iron Fe-BNPs (or GA/Q
iron bionanoparticles). The pH value was adjusted to 7–8 using 3 M NaOH. Flasks were then
placed on a rotary shaker (100 rpm, 20 ◦C) for 7 days.

2.5.2. Degradation of PCBs by Individual Bacterial Strains

Bacterial strains were isolated from PCB-contaminated sediment from the Strážsky
canal. Adapted strains were able to persist and grow on the medium containing PCBs. The
identification of bacteria was performed in our previous works using PCR methods [23] and
confirmed using the MALDI-TOF method [24]. The Gram-negative strains Ochrobactrum
anthropi (OA) and Stenotrophomonas maltophilia (SM) were used separately in the approach.
The Erlenmeyer flask was filled with 100 mL of MM medium, a stock solution of Delor 103
(0.1 g.L−1), and the bacterial inoculum (1 g.L−1). The cultivation conditions were 20 ◦C
with stirring at 180 rpm for 14 days.

2.5.3. Sequential Approach—Nanobiodegradation of PCBs

The sequential approach to PCB degradation combined the use of Fe-BNPs for 7 days
(in a reagent flask without oxygen access) and, subsequently, the addition of bacterial strain
OA or SM (in an Erlenmeyer flask with a cotton stopper with oxygen access) for the next
14 days. The reagent flask was filled with 100 mL of MM media, a stock solution Delor 103
(0.1 g.L−1), and 3 mL of synthesized plant Fe-BNPs (or GA/Q Fe-BNPs). After 7 days, the
medium was poured into an Erlenmeyer flask, and the inoculum of the bacterial strain was
added (1 g.L−1). Experimental conditions were 20 ◦C with stirring at 100 rpm (7 days) and
180 rpm (another 14 days).

2.6. Evaluation of PCB Degradation

The non-degraded PCBs were extracted by two-step n-hexane extraction (2 × 10 mL of
n-hexane) [25]. Samples were analyzed using GC-ECD (HP 5890) in software ChemStation
4.0 (Agilent, Santa Clara, CA, USA). According to the prepared calibration of the standard
mixture of the monitored PCB (six indicator congeners PCB 28, 52, 101, 118, 138, 153 and one
selected PCB 8), the evaluation involved determining the percentage decrease of individual
PCB congener based on the areas of their peaks.

3. Results and Discussion
3.1. Green Synthesis of Fe-BNPs from Plants and Selected Standards

Polyphenols are produced in every plant, fruit, or seed as secondary metabolites
as a protective response to stressful conditions. In the experiment, 14 different parts of
plants and fruits were analyzed to obtain basic knowledge about their bioactive compound
contents. The interaction between these compounds and iron salt plays a key role in the
green synthesis of Fe-BNPs. Therefore, it was important to determine the total content of
phytochemicals in the used matrices. Plants are extremely complex materials with high
contents of proteins, enzymes, lipids, or saccharides. The Folin–Ciocalteu method [21]
provides an approximate estimate of total polyphenolic content, where other substances
with an OH- group can also interact with the wolfram reagent. Consequently, the results
may include other bioactive compounds present in the sample, potentially leading to a
higher content. Nevertheless, the primary focus was on polyphenols and their interactions
with iron salt to form Fe-BNPs for environmental (remediation) application. The chemical
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interaction between major bioactive components could create a wide range of different
Fe-BNPs and form an octahedral network with iron [12]. The most important requirement
for the compounds to interact is to act as a carrier of the OH- group [9]; therefore, obtaining
pure Fe-BNPs is challenging. Based on the results of the total polyphenol content (Table 1)
in the selected plant substrates, seven with the highest polyphenol contents were further
investigated for the green synthesis of Fe-BNPs.

Table 1. The total content of polyphenols (TPC) in used plant matrices.

Plant/Fruit Part TPC (mg GA.g−1) TPC from References (mg GA.g−1) References

Ivy (Hedera helix) leaves 1.40 1.50 [26]
Rosemary (Salvia rosmarinum) leaves 3.80 4.99 [27]
Pine (Pinus sylvestris) needles 1.60 - -
Sage (Salvia officinalis) leaves 7.30 31.25 [28]
Tangerine (Citrus reticulata) peel 3.90 3.83 [29]
Banana (Musa acuminata) peel 2.20 0.75 [30]
Melissa (Mellisa officinallis) leaves 3.40 51.00 [31]
Nettle (Urtica dioica) leaves 0.39 5.80 [32]
Orange (Citrus sineusis) peel 1.80 11.5 [33]
Magnolia (Magnolia grandiflora) leaves 1.31 14.3 [34]
Dill (Anetheum graveoleus) leaves 1.35 1.51 [35]
Green tea (Camellia sinensis) dry leaves 3.80 3.07 [36]
Red grape Merlot grape berry 8.87 2.02 [37]
Red grape Frankovka grape berry 10.27 11.07 [38]

The primary and quickest method for observing iron bionanoparticle synthesis is
the immediate change in color of the plant extract to dark brown or black [11]. The
second and more detailed characterization involves the use of advanced devices such as
Mössbauer spectroscopy, TEM, SEM, FT-IR, XRD, or Raman spectroscopy [13]. Material
characterization using these techniques was not the subject of the current study. Instead,
this study centers on the application of Fe-BNPs and verifies whether this is an effective
degradation approach. The substrates chosen for the further experiments were rosemary,
sage, banana, melissa, magnolia, and green tea.

Green synthesis of Fe-BNPs from the six selected plants was observed immediately
after adding iron salt to the plant water extract, resulting in a color change. The quantity
and properties of synthesized nanoparticles are greatly influenced by reaction conditions
and the properties of the extract itself (pH value, reduction capacity, temperature, and
extraction time) [39]. A previous study suggests that to extract almost all antioxidants,
the extraction conditions should be at a maximum of 80 ◦C for 20 min in a solvent ratio
of 1:1 (water:ethanol) using dried substrate [40]. The extraction yield may decrease if the
extraction contact time exceeds 60–80 min, which depends on the part and type of fruit
used, as flavins and catechol may degrade [41]. This degradation may be caused by factors
related to the transfer of compounds from solid leaves to the aqueous phase, i.e., internal
resistance [42]. The standard polyphenol and flavonoid representatives, GA and Q, were
also tested in green synthesis to approximate the lowest or highest concentration of these
compounds required to synthesize Fe-BNPs. After the synthesis, they were utilized in the
subsequent set of experiments, i.e., for the degradation of PCBs.

3.2. Setup Optimization Experiments for PCB Degradation Process by Synthetic nZVI

The reactivity of nanoparticles is influenced by several factors, such as the presence
of oxygen, salt ions, pH, and the concentration of nZVI itself. Among these factors, the
effect of exposure to air oxygen, the initial pH, and, additionally, the impact of batch and
repeated addition of nZVI were examined. Stable synthetic iron nanoparticles (Nanofer
25S, NANO IRON s.r.o., Židlochovice, Czech Republic) were used in the optimization
setup experiment as standard due to their determined characteristics and properties. It
is likely that there is a similar mechanism of action on harmful contaminants in nZVI
and green synthesized bionanoparticles. The pH value plays an important role not only
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in the preparation of nanoparticles, affecting their morphology (size and shape), but
also significantly influences their reactivity in the degradation process [6]. The prepared
reaction mixture was exposed to initial pH values of 10 (unchanged, original), 7, and
3 in distilled water with the addition of nZVI particles and Delor 103 (PCB congeners
commercial mixture) for 28 days. The results for each initial pH value show that the highest
degradation rate was achieved at pH 3, where the percentage of degradation summed by
all the monitored PCB congeners accounted for 39%. The degradation rates at pH 7 and at
pH 10 were slightly lower (37% and 35%, respectively). Although the data do not show a
notable difference, they indicate a possible correlation; a decrease in pH might enhance
the degradation rate of chlorinated pollutants. The reason for this could be attributed to
an acidic environment, where the reactivity of nanoparticles is enhanced by accelerating
iron corrosion and dissolving the passivating layer on the nZVI surface. Conversely, in
an alkaline environment, there is a decrease in reactivity due to the precipitation of iron
hydroxides on the nanoparticles’ surfaces, resulting in the inhibition of electron transfer
from the Fe0 nucleus to the uppermost layer [43]. A previous study recorded similar
findings in PCB nanoremediation of contaminated soil [6]. The results of that study indicate
that an environment with a pH value below 5 does not noticeably affect degradation
efficiency. This is because, at the indicated pH value, a sufficient number of protons capable
of accelerating PCB dechlorination are generated. In our study, the presence of H2SO4
negatively affected the interaction of iron nanoparticles with PCBs. This is supported by
other studies that show that lowering the pH below 3.8 initiates a decrease in the reactivity
of iron due to its rapid loss via the dissolution process. Previous work further shows that
degradation is inhibited by the presence of anions (HPO4

2−, HCO3
−, SO4

2− and Cl−) due
to the formation of complexes with iron oxides on the surface of nZVI [43]. Additionally,
the change in pH value was periodically monitored for 14 days from the start with initial
values of pH 3, 7, and 10. After this time, the pH of each solution settled at near neutral
values. The solutions with an initial pH value of 3, 7, and 10 had pH values of 6, 5, 8, and
9, respectively, after exposure to nZVI for 14 days. The significant increase in pH in the
initially acidic solution was probably induced by the consumption of hydrogen ions via
two possible reaction mechanisms ((2) and (3)) [44]:

Fe0 + 2H+ → Fe2+ + 2H (2)

Fe3O4 + 8H+ → Fe2+ + 2Fe3+ + 4H2O (3)

The subsequent decrease in the pH of the more alkaline mixtures may have been
caused by the adsorption of the contaminant to the completely oxidized nanoparticle
surface [42]. Neutralization of solutions could have also led to the formation of agglom-
erates [45]. At pH 7, smaller particles exhibit a lower charge compared to larger particles.
This results in diminished electrical double layer (EDL) repulsion forces, consequently
increasing the tendency for aggregation. Particles smaller than 100 nm are inherently highly
reactive, capable of interacting not only with contaminants but also with each other, leading
to either hetero- or homo-aggregation. As a result, there is a consistent likelihood that these
nanoparticles could form larger structures, such as microparticles, through agglomeration,
subsequently reducing their reactivity [45,46]. Interestingly, after 28 days of degradation
with different pH values, a slight change in color was observed in each case. In a mixture
with an initial pH of 7, H2SO4 is presumed to dissolve the oxide layer, forming iron ions
with a predominant Fe3+ abundance. This process generates FeOOH (rusty color) in the
aquatic environment. In a more acidic environment (pH 3), there is massive dissolution
of the Fe0 nucleus itself, releasing Fe2+ ions that interact with water to form Fe(OH)2
(green color).

The effect of oxygen on the degradation capability of nZVI was tested in reagent
flasks with closed tops and in Erlenmeyer flasks with cotton stoppers, allowing potential
oxygen penetration. Avoiding oxygen access is key to achieving enhanced degradation.
The degradation of PCBs by nZVI with access to air oxygen was minimal (4%). Conversely,
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in a reagent flask without access to air oxygen, the degradation reached 65%. This indicates
the importance of preventing air oxygen from entering the system. It is known that the
remediation of halogenated pollutants mostly involves the process of reducing dehalo-
genation, wherein the oxidation of nZVI to Fe2+ ions generate the necessary electrons for
dechlorination. Under anaerobic conditions, the electrons, as products of the reaction of
nZVI with water, are involved in the reduction of the chlorinated compound. However,
under aerobic conditions, oxygen acts as the preferred electron acceptor [47]. The surface
of the Fe0 core is coated with a compact layer of iron oxides dominated by Fe3+ ions (with
an observed rusty coloration of the mixture in the Erlenmeyer flasks). This coating partially
prevents the degradation of chlorinated pollutants. The process in which nanoparticles are
exposed to air oxygen and oxidized is referred to as “aging” [44].

The effectiveness of the batch application of nZVI (2 g.L−1) vs. repeated application
(each 0.5 g.L−1 until reaching 2 g.L−1) on the degradation of PCBs was also assessed. The
results indicate that the repeated application of nZVI is more beneficial as the overall
degradation efficiency reached 80%, whereas for a batch application, this was only 57%.
The explanation for these results may lie in the tendency of nanoparticles to cluster together
and form agglomerates. Aggregation reduces the specific surface area of nZVI available
for interaction with pollutants [16]. When nanoparticles are applied in smaller quantities,
the probability of forming such formations is lower, as they are more dispersed in the
environment. Additionally, with repeated doses of “fresh” nanoparticles, the degradation
process is prolonged. This elongation occurs because, with time, the reactivity of nZVI also
decreases due to the formation of a solid passivating layer.

3.3. Degradation of PCBs
3.3.1. Degradation of PCBs by Synthesized Plant-Based Fe-BNPs

After the green synthesis of Fe-BNPs from six different substrates, the degradation
of PCBs was performed. Initially, the newly synthesized Fe-BNPs were applied for the
degradation of the PCB mixture Delor 103 in an artificially contaminated MM medium
for 7 days. Figure 1 describes the percentages of degradation of the selected individual
PCB congeners and the sum of seven PCB congeners using Fe-BNPs synthesized from the
selected plants and fruits.
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The results show that Fe-BNPs derived from sage achieved the highest total degra-
dation of the seven PCB congeners (56%). The next most effective Fe-BNPs were those
derived from green tea and banana peel. Additionally, Fe-BNPs from sage achieved a
degradation of up to 60% for the individual congener PCB 28. A previous study observed
a similar percentage reduction in the sum of PCB 28 and 52 (as the most abundant PCB
congeners in the mixture Delor 103) using micro-scale zero-valent iron (72.2%) and syn-
thetic nanoparticles (81.3%) in artificially contaminated water [48]. Fe-BNPs from melissa,
rosemary, and magnolia had lower attained effectiveness. The main reason for this could
be an insufficient number of OH- groups in their water extracts, which iron could not
chelate. This would lead to a lower Fe-BNPs yield (not determined), and, thus, lower
degradation activity. As previously mentioned, it is also crucial to set optimal experimental
conditions to achieve the highest possible content of bioactive substances in the extract.
A potentially higher degradation effect could be achieved by completely restricting the
access of air oxygen (to prevent the passivation of Fe-BNPs) and replacing it with an
inert atmosphere with nitrogen. However, this would limit the usability in situ. Plant
nanoparticles have great potential for decontaminating a wide range of pollutants from
the environment. Nanoparticles synthesized from green tea effectively removed 59.7% of
nitrates from the water environment [49]. Magnolia-derived Fe-BNPs even managed to
eliminate up to 98.84% of phosphates present in wastewater [50]. Green tea nanoparticles
were also prepared in another work and applied to the reduction of Cr6+ cations in an aque-
ous environment [51]. These nanoparticles exhibited a reduction capacity as high as 500 mg
Cr (VI) per g of iron in nanoparticles. Polyphenol (GA) and flavonoid (Q) representatives
were also tested in the synthesis of Fe-BNPs and subsequently used for the degradation
of the sum of PCB congeners at five different concentrations. It can be concluded that the
same concentrations of GA and Q during the formation of Fe-BNPs do not necessarily
lead to the same degradation ability (Figure 2). Fe-BNPs from GA achieved the highest
percentage of Delor 103 degradation at a concentration of 0.1 g.L−1, which was up to 73%.
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(Q-derived Fe-BNPs) and iron bionanoparticles from GA (GA-derived Fe-BNPs) at five different
concentrations (0.1; 0.3; 0.5; 0.8; and 1 g.L−1). Experimental conditions: 7 days, 20 ◦C, and 100 rpm.

Slightly lower values were measured at concentrations of 0.5 g.L−1 and 1 g.L−1. The
percentage degradation at 0.3 g.L−1 and 0.8 g.L−1 was around 60%. GA-derived Fe-BNPs
had a higher degradation effect than Q-derived Fe-BNPs. Fe-BNPs synthesized from
Q achieved the highest percentage degradation (60%) at a concentration of 0.3 g.L−1.
The degradation percentage was comparable at the concentration of 0.1 g.L−1. However,
at 1 g.L−1, a value of 40% was recorded, while the lowest percentage degradation was
measured at 0.5 g.L−1. This study aimed to determine the optimal concentrations of
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polyphenols and flavonoids (using gallic acid (GA) and quercetin (Q) as model compounds
representing bioactive substances in plant substrates) for precipitating with an iron precur-
sor into bionanoparticles (Fe-BNPs) and, thereby, observing their effect on PCB degradation.
By identifying the concentrations of GA and Q that result in the maximum formation of
Fe-BNPs and the most effective PCB degradation, the yield and degradation efficacy of
Fe-BNPs synthesized from substrates with known bioactive substance concentrations can
be more accurately predicted. This also allows for methodological adjustments to achieve
the highest possible degradation rates. This study indicates that polyphenols (GA) act as
the main agents in the reaction, forming bionanoparticles capable of degrading PCBs even
at low concentrations. In contrast, increasing the concentration of flavonoids (Q) used for
bionanoparticle preparation did not result in higher PCB degradation.

These results suggest that each phenolic compound creates different structures and
shapes of nanoparticles and, therefore, react differently. Since the reducing ability of Fe-
BNPs is directly influenced by their shape and size, the specific compound can contribute
to defining their final effect on the degradation of individual PCB congeners [52]. By com-
paring the degradation results of PCBs obtained from plant-based Fe-BNPs and Fe-BNPs
derived from phenolic standards (GA and Q), optimal concentrations of polyphenols and
flavonoids for Fe-BNPs preparation were indicated. For example, an extract prepared
from sage contained 0.73 g.L−1 of polyphenols. Following the synthesis of Fe-BNPs, a PCB
degradation rate of 56% was achieved. Fe-BNPs derived from GA at concentrations ranging
0.5–0.8 g.L−1 achieved a degradation rate of 56–65% for the sum of seven PCB congeners,
which is comparable with the degradation effectiveness of the Fe-BNPs from sage. The
concentrations of polyphenols and flavonoids in green tea extract were 0.38 g.L−1 and
0.08 g.L−1, respectively. The water extract of melissa contained 0.34 g.L−1 of polyphenols
and 0.24 g.L−1 of flavonoids. The percentages of nanodegradation at these concentrations
were 46% and 31% for green-tea-derived Fe-BNPs and melissa-derived Fe-BNPs, respec-
tively. When comparing these results for flavonoids, it is evident that lower concentrations
of 0.1 g.L−1 and 0.3 g.L−1 are more efficient. This is also signified by the highest percentage
degradation of PCBs at these concentrations. Polyphenols at a concentration of 0.3 g.L−1,
as roughly measured in the green tea and melissa extracts, showed minor degradation at all
other concentrations. Degradation was only 7% lower with Fe-BNPs from green tea, while
a decrease of up to 20% was seen using Fe-BNPs from melissa. According to the obtained
results, it can be concluded that in the case of phenolic compounds, the degradation of
PCBs by Fe-BNPs formed from these phenolic compounds does not depend only on their
concentration but also on the representation of specific compounds, including flavonoids,
phenols, stilbenes, tannins, and lignins [10]. Certainly, a challenging scenario can arise
wherein some substances present in the matrix can inhibit the synthesis of Fe-BNPs from
polyphenols. The presence of these components may result in a change in the pH or redox
conditions in the prepared plant extract and thus prevent interactions between the iron salt
and key polyphenols.

3.3.2. Degradation of PCBs by Individual Bacterial Strains

The bacterial strains used in this experiment were isolated from the contaminated
site known as the “Strážsky canal”, which flows out of the Chemko Strážske plant. This
location is notorious for its high contamination with PCB substances. The selected bacteria,
Ochrobactrum anthropi (OA), and Stenotrophomonas maltophilia (SM), are both gram-negative
aerobic strains, which were employed in our previous studies on the biodegradation of
PCBs [24,53]. Both of the selected bacterial strains were capable of degrading PCBs to a
similar extent, as illustrated in Figure 3, with approximately 62–63% degradation of the
sum of seven PCB congeners.

These bacterial strains, isolated from the PCB-contaminated shallow creek sediment,
typically utilize biphenyl (the non-chlorinated structural analogue of PCBs) as a carbon
and energy source. Consequently, these strains possess the capacity to degrade PCBs via
the biphenyl metabolic pathway [24]. Higher chlorinated PCBs are often less accessible to
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bacteria due to their torsion angles. Consequently, the biodegradation of lower chlorinated
congeners is more feasible and, therefore, more efficient [52]. However, this phenomenon
was not observed in the present study. Only PCB 101 was degraded to a lesser extent
compared to highly chlorinated congeners PCB 118, 153, and 138. Nevertheless, previous
works have established that the bacterial strain OA can degrade various chlorinated PCB
congeners regardless of the number of chlorines per molecule. Specifically, it was ob-
served that OA was capable of biodegrading 68% of the sum of seven PCB congeners after
21 days [53]. In a previous study, the bacterial strains S. maltophilia and O. anthropi used for
the biodegradation of PCBs showed degradation abilities of 40% and 60%, respectively [54].
These results indicate possible limitations of using individual isolated microorganisms for
the degradation of various chlorinated PCB congeners.
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3.3.3. Sequential Approach—Nanobiodegradation of PCBs

The sequential approach combines abiotic and biotic conditions, aiming to increase
PCB degradation. The theory behind this methodology is that Fe-BNPs dechlorinate or
absorb higher chlorinated PCB congeners that are less accessible to bacteria. Subsequently,
upon inoculation with bacterial strains, these lower chlorinated PCBs are degraded. The
highest PCB degradation rate (75%) was achieved in the sequential approach starting with
the addition of Fe-BNPs from sage followed by the addition of the bacterial strain SM
(Figure 4). During the sequential degradation using the bacterial strain OA (Figure 5), ap-
proximately 50% PCB degradation was achieved, representing a decrease compared to the
degradation solely using Fe-BNPs from sage (these Fe-BNPs alone achieved a degradation
of 57% after 7 days, i.e., before the application of the bacterial strain).

Fe-BNPs from rosemary achieved the highest percentage degradation in the sequential
degradation with the bacterial strain SM (45%). Following the addition of the bacterial strain
OA, an increase in degradation was observed compared to the effect of Fe-BNPs alone (19%).
The introduction of Fe-BNPs from green tea resulted in a decrease in PCB degradation
upon the addition of both bacterial strains. This decline could be attributed to the potential
antibacterial properties of the green tea extract [55]. In the sequential degradation using Fe-
BNPs from melissa and both bacterial strains (applied in different sets of experiments), an
increase in degradation was observed compared to nanodegradation by Fe-BNPs alone. The
combination of abiotic and biotic treatments for the degradation of a solution containing
Aroclor 1248 (PCBs) was previously studied [16] using nZVI (1000 mg.L−1) followed by the
subsequent addition of Burkholderia xenovorans. This process resulted in 89% degradation of
the sum of PCB congeners. A sequential reduction–oxidation method was also employed
for complete degradation (100% achieved in only 10 h of exposure) of triclosan in aqueous
solution. Under anaerobic conditions, Pd/nFe was used with a laccase coating derived from
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Trametes versicolor in the presence of a redox mediator [56]. The nano-bio redox method,
consisting of nZVI and an aerobic bacterium Sphingomonas sp. PH-07, demonstrated the
effective degradation of polybrominated diphenyl ethers (PBDEs) to bromophenols and
other metabolites following the addition of bacteria for 4 days [14].
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Figure 4. Sequential degradation of PCBs using plant-based Fe-BNPs and the bacteria S. maltophilia.
Experimental conditions: 7-day cultivation with limited oxygen access to the reagent flask (3 mL of
Fe-BNPs) at 25 ◦C and 100 rpm, and then 14-day cultivation under aerobic conditions (1 g.L−1 of
bacterial inoculum at 25 ◦C and 180 rpm.
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Figure 5. Sequential degradation of PCBs using plant-based Fe-BNPs and the bacteria O. anthropi.
Experimental conditions: 7-day cultivation with limited oxygen access to the reagent flask (3 mL of
Fe-BNPs) at 25 ◦C and 100 rpm, and then 14-day cultivation under aerobic conditions (1 g.L−1 of
bacterial inoculum) at 25 ◦C and 180 rpm.

According to Figure 6, the degradation ability of PCBs again differs when comparing
the same concentrations of GA and Q for the formation of Fe-BNPs. The most effective
concentrations of polyphenols for Fe-BNP synthesis during the sequential approach were
0.5 g.L−1 and 0.8 g.L−1, resulting in PCB degradation up to 90%. This was the highest
achieved result in the experiment. For comparison, the Fe-BNPs from sage (with a GA con-
tent of 0.73 g.L−1) had approximately the same degradation effects as nanobiodegradation
with the SM bacterial strain. The lowest degradation was recorded at a concentration of
0.1 g.L−1. Conversely, when using Fe-BNPs from flavonoids, the percentage of degraded
PCBs decreased as the concentration increased.
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Figure 6. Sequential degradation of the sum of PCB congeners using Fe-BNPs from GA and Fe-BNPs
from Q with the addition of bacterial strain O. anthropi (OA). Experimental conditions: 7-day anaerobic
cultivation at 25 ◦C and 100 rpm, and then 14-day aerobic cultivation and 25 ◦C and 180 rpm.

Through this experiment using individual selected standards of polyphenols and
flavonoids, recognized as key components for the synthesis of Fe-BNPs in literature [11,13],
the minimum necessary amount for Fe-BNP formation and their PCB-degrading ability
were roughly estimated. Among the selected concentrations of pure standards, the optimal
concentration (in the nanobiodegradation method) for polyphenols (GA) was found to
be in the range of 0.3–0.8 g.L−1. Conversely, for flavonoids, a lower concentration of
0.1 g.L−1 proved to be more effective. When comparing the results obtained from the
nanodegradation of Fe-BNPs alone versus the nanobiodegradation, the sequential approach
appears to be more effective for PCB decontamination, which is also indicated by Figure 7.
Fe-BNPs from melissa, sage, and rosemary in combination with the addition of bacterial
strains (OA or SM) attained higher degradation results when compared to their individual
use in the degradation of PCBs.
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Nanobioremediation involves the use of nanoparticles to reduce the higher chlo-
rination of contaminants to lower chlorinated compounds that are more accessible to
biodegradation [14]. Subsequently, this process promotes the biodegradation of the con-
taminants into harmless products. The integration of green synthesis from plants, food, or
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food waste (which aligns with a circular economy) to create Fe-BNPs, is an effective and
sustainable approach for remediating numerous contaminated sites worldwide. Further
studies and developmental efforts are required to facilitate the widespread implementation
of this technology at full scale.

4. Conclusions

The green synthesis of Fe-BNPs from selected plants and fruits offers a novel approach
for PCB removal. Fe-BNPs were successfully synthesized from sage, banana, green tea,
magnolia, rosemary, and melissa. Selected concentrations of pure standards of polyphe-
nols and flavonoids revealed an approximate range for Fe-BNPs synthesis. Both bacterial
strains proved to have a similar PCB-degrading efficiency (62–63%). The sequential appli-
cation of Fe-BNPs, and the subsequent addition of the bacterial strains, demonstrated the
most promising results among the performed experiments. The addition of sage-derived
Fe-BNPs with the bacteria Stenotrophomonas maltophilia achieved the highest degradation
rate among the used degradation approaches from plant bionanoparticles (75%). The opti-
mal concentration for the green synthesis of bionanoparticles aimed at PCB degradation
was found to be between 0.3 and 0.8 g.L−1 of gallic acid in conjunction with the bacterial
strain Ochrobactrum anthropi (92% degradation of PCBs). This study presents a novel ap-
proach, whereby Fe-BNPs generated by green synthesis were combined sequentially with
bacteria possessing the necessary degradation capabilities to optimize PCB degradation.
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25. Dudášová, H.; Lukáčová, L.; Murínová, S.; Dercová, K. Effects of plant terpenes on biodegradation of polychlorinated biphenyls
(PCBs). Int. Biodeterior. Biodegrad. 2012, 69, 23–27. [CrossRef]

26. Pop, C.; Pârvu, M.; Arsene, A.; Pârvu, A.E.; Vodnar, D.; Tarcea, M.; Toiu, A.; Vlase, L. Investigation of antioxidant and antimicrobial
potential of some extracts from Hedera helix L. Farmacia 2017, 65, 624–629.

27. Tavassoli, S.; Djomeh, Z.E. Total phenols, antioxidant potential and antimicrobial activity of methanol extract of rosemary
(Rosmarinus officinalis L.). Glob. Vet. 2011, 7, 337–341.

28. Abdelkader, M.; Ahcen, B.; Rachid, D.; Hakim, H. Phytochemical Study and Biological Activity of Sage (Salvia officinalis L.). World
Acad. Sci. Eng. Technol. Int. J. Biol. Biomol. Agric. Food Biotechnol. Eng. 2015, 8, 1253–1257.

https://doi.org/10.1098/rsos.172401
https://www.ncbi.nlm.nih.gov/pubmed/30110405
https://doi.org/10.3390/molecules26216536
https://www.ncbi.nlm.nih.gov/pubmed/34770945
https://doi.org/10.1155/2016/5390808
https://doi.org/10.1002/9780470661345.smc195
https://doi.org/10.3390/catal11080902
https://doi.org/10.1016/B978-0-08-102579-6.00001-0
https://doi.org/10.1007/978-3-030-42319-3_19
https://doi.org/10.1039/C5RA05069C
https://doi.org/10.1021/sc5001435
https://doi.org/10.1007/978-981-13-3426-9_7
https://doi.org/10.1016/j.ibiod.2016.09.027
https://doi.org/10.1016/j.jhazmat.2015.02.001
https://www.ncbi.nlm.nih.gov/pubmed/25679799
https://doi.org/10.1016/j.jenvman.2015.01.015
https://www.ncbi.nlm.nih.gov/pubmed/25601386
https://doi.org/10.1016/j.jksus.2017.08.001
https://doi.org/10.37275/ehi.v2i1.15
https://doi.org/10.1002/9781119135388.ch6
https://doi.org/10.1002/jobm.201200369
https://www.ncbi.nlm.nih.gov/pubmed/23553615
https://doi.org/10.1007/s11270-018-3872-4
https://doi.org/10.1016/j.ibiod.2012.01.003


Processes 2024, 12, 1695 15 of 16

29. Damián-Reyna, A.A.; González-Hernández, J.C.; Maya-Yescas, R.; de Jesús Cortés-Penagos, C.; del Carmen Chávez-Parga, M.
Polyphenolic content and bactericidal effect of Mexican Citrus limetta and Citrus reticulata. J. Food Sci. Technol. 2017, 54, 531–537.
[CrossRef] [PubMed]

30. Fatameh, S.R.; Saifullah, R.; Abbas, F.M.A.; Azhar, M.E. Total phenolics, flavonoids and antioxidant activity of banana pulp and
peel flours: Influence of variety and stage of ripeness. Int. Food Res. J. 2012, 19, 1041–1046.

31. Behbahani, B.A.; Shahidi, F. Melissa officinalis Essential Oil: Chemical Compositions, Antioxidant Potential, Total Phenolic Content
and Antimicrobial Activity. Nutr. Food Sci. Res. 2019, 6, 17–25. [CrossRef]
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