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Abstract

Research on PCB-138 treatment is always urgent, along the development of nanotechnology has created general
conditions to apply them in this treatment process. With low cost and easy synthesis of Fe/Cu and Fe/Ni bimetallic
nanoparticles, the hydrodechlorination (HDC) reaction was conducted to convert PCB-138 in aqueous media into
non-toxic or less toxic products. The study results revealed that the optimal conditions for achieving high
PCB-138 conversion efficiency were: [Fe/Cu] = 2,0 g/L, pH = 3, [Fe/Ni] = 2,0 g/L, pH = 7, with a reaction time
of 120 to 180 min required to reach adsorption equilibrium. Experimental data indicated that the adsorption of
PCB-138 followed a pseudo-second-order kinetic model, confirming a chemisorption mechanism on the surface
of the catalytic nanoparticles. Furthermore, the conversion pathway of PCB-138 was proposed, involving the
formation of less toxic products such as biphenyl, thereby demonstrating the efficacy of the HDC reaction. This
study highlights the practical potential of bimetallic nanoparticles in treating water contaminated with chlorinated
organic compounds.
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1. Introduction

In recent years, Fe’-based bimetallic nanoparticles
(BNPs-Fe®) have garnered significant attention from the
scientific community due to their outstanding advantages,
including large surface area, strong catalytic capability,
and superior efficiency in treating pollutants compared to
monometallic nanoparticles [1]. Notably, the incorporation
of a second transition metal, such as Ni, Cu, or Pd,
to enhance the catalytic activity of BNPs-Fe’, has
been well-documented in numerous studies [2].
In the Fe/Cu bimetallic system, the electrochemical
potential difference between Fe (Epevre = -0.44 V) and
Cu (Ecycu= 10.34 V) generates a natural electron flow
from Fe to Cu when the two metals are in direct contact.
This electrochemical interaction significantly improves
the catalytic performance of the nanoparticles. Similarly,
the inclusion of Ni in BNPs-Fe’ has been shown to further
enhance their catalytic capabilities, promoting the
reduction of pollutants such as dyes, chlorinated organic
compounds, nitrates, heavy metals, and antibiotics [3].
These findings underscore the immense potential of
BNPs-Fe? as an advanced technological solution in the
field of environmental protection.

Polychlorinated biphenyls (PCBs) are a group of
aromatic chlorinated organic compounds comprising
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209 congeners with the molecular formula Ci2H10.n)C1,
(1< n <10). These compounds are characterized by their
high toxicity and remarkable environmental persistence.
Although the production of PCBs has been prohibited in
the United States since 1978 and is restricted under the
Stockholm Convention of 2001, they remain in use in
certain electrical equipment as dielectric fluids or as
contaminants within these fluids. This ongoing usage
poses significant environmental risks, particularly in
mining areas near groundwater sources. When PCBs leak
or are released from improperly disposed of equipment,
they can migrate into groundwater, leading to severe
contamination that is challenging to remediate.
Umasangaji et al. [4] reported that nearly 40% of benthic
aquatic ecosystems have been at a high risk of PCB
contamination, based on data collected over the past three
decades. Given that the LD50 of PCBs is between
1-10 g/kg [5], the persistence and toxicity of these
contaminants pose significant environmental and
ecological threats. In recent years, metallic nanoparticles
have been extensively studied and applied as advanced
materials for PCBs remediation. The surface-catalyzed
hydrodechlorination (HDC) of chlorobenzene is generally
proposed to proceed via the mechanism illustrated in
Fig. 1 [8]. Studies by Zhen Zhang (2012) [6], and Gil-Diaz
(2022) [ 7] have demonstrated the efficiency and potential
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of using these materials, including BNPs-Fe’ for PCB
degradation. Operating through the hydrodechlorination
(HDC) mechanism, BNPs-Fe can cleave C-Cl bonds,
releasing CI™ ions via the following reaction:

2Fe’ +R-Cl1+3H20 > 2Fe?' +R-H+30H +Hx+Cl (1)

Q1 -0OL-@1

Fig. 1. Proposed reaction scheme the
surface-catalyzed HDC of chlorobenzene

for

In this study, the remediation and transformation
capability of PCB-138 in aqueous media was evaluated
through a catalytic dechlorination reaction using BNPs
Fe/Ni and Fe/Cu bimetallic nano catalysts. These
materials were synthesized via a green method,
following the procedure previously reported by our
research group [9], in which green tea extract was
employed as a natural reducing and stabilizing agent.
Unlike previous studies using chemically synthesized
Fe’-based materials, this approach offers a more
environmentally friendly alternative while maintaining
high catalytic efficiency. Based on the analytical results
obtained from gas chromatography-mass spectrometry
(GC/MS), a transformation pathway for PCB-138 was
proposed, encompassing intermediate stages and final
products.

2. Experiment and Method
2.1. Chemical

BNPs Fe/Cu and Fe/Ni bimetallic nanocatalysts were
synthesized using a green method based on the
procedure established in our earlier work, and some
basic properties of these two materials are presented
in this study; PCB-138 (99.5 %, EhrenStorfer, UK);
n-hexane (99 %, Fisher Chemical, USA);
Dichloromethane (99.8 %, Fisher Chemical, USA);
sodium sulfate (99 %, Xilong Scientific, China);
RO water (Milli-Q, Merck Millipore, France) and some
other common chemicals.

2.2. Experimental Conversion of PCB-138
2.2.1. Effect of BNPs content and type

The experiment was carried out by Environmental
Protection Agency (EPA) Method 8082A. A range of
BNPs (Fe/Cu, Fe/Ni) and nano zero-valent iron (nZVI)
at concentrations between 0.4 g/l and 2.4 g/L were
evaluated. These nanoparticles were introduced into
50 mL of water spiked with 100 pg/L of PCB-138 in
conical flasks, followed by stirring at ambient
temperature. The reaction mixture underwent triple
extraction with 10 mL of dichloromethane and was
subsequently treated with 3-5 g of anhydrous Na;SOj.
After allowing the mixture to stand for 10 min, the
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solution was transferred to a single-neck flask, combined
with 10 mL of #n-hexane, and concentrated under
vacuum to a final volume of 1-2 mL. The resulting
solution was filtered through a 0.22 um membrane
(Newstart, China), transferred to a 2 mL vial, and
analyzed using a GC/MS system (Agilent 5975C, USA)
with a 1 pL injection volume. The GC/MS conditions
for PCB-138 analysis were configured as follows
(Table 1).

e 17 50 mL + | mL PCB-138 100 pg/L. ——— 10 mL n-hexane

Fig. 2. Sample preparation and analysis procedures

Table 1. Gas chromatography and analysis program

GC -Gas Information
Chromatography
. DB-5MS UI
Chroﬁ;‘;ﬁ;aphlc (30 m x0.250 mm X
0.25 um)
Carrier gas flow (He) 20 mL/min
Injector temperature 200 °C
Detector temperature 290 °C
Initial temperature 100 °C hold for 2 min

100 °C - 160 °C, heating
rate 15 °C/min,

160 °C - 270 °C, heating
rate 5 °C/min

Temperature program

Final Temperature 270 °C
Inlet Sample injection mne
volume
Total running time 28 min

2.2.2. Effect of pH

The experimental procedure was conducted in a
manner consistent with the previous description. The
water pH at 2, 3, 5, 7, and 9 values were adjusted using
0.1 M H»SO4; and 0.1 M NaOH solutions. The
investigation did not include higher pH environments
due to the significant impact of hydroxide formation on
the properties of BNPs-Fe® [8, 9]. The pH that yielded
the highest PCB-138 conversion efficiency will be
selected for the subsequent investigations. Additionally,
the point of zero charge (pHy.) of BNPs-Fe’ was
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determined using the method described by Balistrieri
and Murray [10]. This approach involves plotting the
relationship between pH and 4pH. The intersection point
of the 4ApH curve with the initial pH (pH;) represents the
pHy,c value of the BNPs-Fe’,

2.2.3. Effect of reaction time

The conversion of PCB-138 was examined at various
reaction times ranging from 10 to 180 min using the
same procedure mentioned earlier. The experiments
were conducted three times, and the average values were
calculated.

2.3. PCB-138 Metabolic Pathway

To determine the retention time of PCB-138, the high-
concentration sample was analyzed in SCAN mode, which
involved conducting a full scan at m/z 50-650. For the low-
concentration post-treatment sample, the MS was used in
SIM mode to focus on biphenyl and metabolic
intermediates with lower C-Cl bond numbers than the
original PCB-138. The study by Osemwengie et al. (2013),
on which our methodology is based, provides the
referenced m/z values for these compounds [11]. The
identification of intermediate products in the
transformation process was conducted by matching the
m/z fragments with the NIST spectral library.

2.4. Examining the BNPs Reusability

The BNPs-Fe’ after the HDC reaction were
regenerated by filtration and drying under an inert
atmosphere (N,). The changes in their morphology and
surface features were investigated using SEM analysis
(Jeol Neoscope JCM-7000, Japan). The BNPs-Fe® was
tested for reusability over 5 cycles.

3. Results and Discussion

3.1. Factors Influencing the HDC Reaction of
PCB-138

3.3.1. Effect of BNPs-Fe° content and type

The results of the study on the effect of BNPs-Fe°
content and type on the conversion efficiency of
PCB-138 are presented in Fig. 3.
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Fig. 3. Effect of BNPs-Fe® content and type on PCB-138
conversion efficiency

45

The conversion of PCB-138 increased progressively
as the BNPs concentration was raised from 0.4 g/L to
1.6 g/L, with little to no change observed upon further
increase from 1.6 g/L to 2.4 g/L. The highest conversion
efficiency of PCB-138 was achieved at 66.24 % and
78.24 %, corresponding to concentrations of 2.0 g/L for
the Fe/Cu and Fe/Ni systems, respectively.

The highest conversion efficiency of 44.50 % was
observed when using Fe nanoparticles alone as the
catalyst. This indicates that the addition of a second
metal can enhance and promote the conversion
efficiency of PCB-138 through synergistic effects. The
difference in dechlorination performance of PCB-138
when using the two types of BNPs-Fe? catalysts could
be attributed to the distinct adsorption behaviors of
PCB-138 molecules on the surfaces of these materials.
The magnetic properties of Fe/Ni may generate a
stronger magnetic environment [12], facilitating the
adsorption and rearrangement of molecules, which in
turn accelerates the adsorption process due to a stronger
interaction between the PCB-138 molecules and the
catalyst surface. Additionally, Cu nanoparticles are
highly sensitive to air and tend to oxidize upon exposure
to atmospheric oxygen [13] even with a protective
polyphenol coating. This may contribute to the observed
differences in adsorption capacity between the Fe/Ni and
Fe/Cu systems. While Fe/Cu nanoparticles may undergo
oxidation and aggregation upon contact with air,
Fe/Ni nanoparticles appear to be less sensitive to
these phenomena. These findings are consistent with
previous studies, such as those by Venkateshaiah
et al. (2022) [14].

3.3.2. Effect of pH

The results shown in Fig. 4a) indicate that the
conversion efficiency of PCB-138 is significantly
dependent on the pH of the reaction environment.
Specifically, when Fe/Cu is used as the catalyst, the
highest conversion efficiency of 73.59 % is achieved at
pH value of 3, with a gradual decrease as the
pH increases. In contrast, Fe/Ni exhibits the highest
efficiency of 78.24 % at pH equal 7. This phenomenon
may be related to the stability of the nanoparticles and
the surface interactions between the catalyst and
PCB-138 at different pH levels. Fig. 4b) provides
information on the point of zero charge pH,,. of Fe/Cu
and Fe/Ni, with values of 3.51 and 7.46, respectively.
At pH values lower than the pH,,., the material surface
carries a positive charge, facilitating the adsorption of
PCB-138. This explains why Fe/Cu exhibits the highest
efficiency in the pH range of 3-4, where the catalyst
surface is positively charged, optimizing interactions
with PCB-138. In contrast, at pH values greater than the
PpHysc, the material surface becomes negatively charged,
reducing interactions with PCB-138, and leading to
lower treatment efficiency. Similarly, for Fe/Ni, with
a pHyp,. of 7.64, the material surface carries a neutral or
slightly positive charge, enabling Fe/Ni to perform
optimally under these conditions.
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Fig. 4. a) Effect of pH on PCB-138 metabolism;
b) Graph to determine the isoelectric point of BNPs

Patanjali ef al. [15] suggested that decreasing the pH
from neutral to slightly acidic does not significantly
affect the PCB degradation process, as the environment
already provides sufficient protons for the reaction.
Furthermore, Zhao et al. [16] indicated that an initial pH
of 5.41 is optimal for the degradation of PCB-78. In a
study by Sun et al. [17], the highest removal rate for
PCB-67 in soil was achieved at pH equal 3.5. These
studies collectively suggest that the optimal pH for PCB
degradation may vary, depending on different factors
such as the type of PCB congener, the catalyst used, and
the reaction conditions, indicating that pH optimization
is a complex process influenced by multiple variables.

3.3.3. Effect of time reaction

The results of the investigation on the effect of
reaction time between BNPs (Fe-Cu, Fe/Ni) and
PCB-138 are shown in Fig. 5. The findings indicate that
the conversion efficiency of PCB-138 tends to increase
gradually as the reaction time is extended. The graph
illustrates that the conversion efficiency of PCB-138
increases with the reaction time, stabilizing after
approximately 120 min. The maximum conversion
efficiency was achieved using Fe/Cu catalyst, reaching
75.70 % ([PCB-138] = 50 pg/L, ¢ = 180 min) and
68.08 % ([PCB-138] = 100 pg/L, ¢ = 120 min). In
contrast, with BNPs Fe/Ni, the highest conversion
efficiencies were 75.85 % ([PCB-138] = 50 pg/L,
t = 180 min) and 72.39 % ([PCB-138] = 100 pg/L,
¢t =180 min). Based on these results, a kinetic model was
developed to further assess the adsorption process of
PCBs by BNPs.
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Fig. 5. Effect of reaction time with BNPs catalysts
a) Fe/Cu, b) Fe/Ni on the conversion efficiency of
PCB-138 in water

Xiugqin et al. [18] demonstrated a removal efficiency
of 71.94% for a PCB mixture within 6 h. Similarly,
surface-modified nZVI reported by Gomes et al. [19]
exhibited PCB removal efficiencies ranging from 9% to
96%, with PCB-138 achieving the highest removal rate.
These findings highlight the potential of Fe/Cu and
Fe/Ni BNPs in this study as effective materials for
PCB-138 remediation, with competitive or superior
performance under optimized conditions. This suggests
that bimetallic nanoparticles synthesized in this work are
promising candidates for further development in PCB
degradation applications.

3.2. Reaction Kinetics

The experimental data in the first-order and second-
order kinetic models for the conversion of PCB-138 are
presented in Table 2.

The kinetic parameters presented in Table 2 indicate
that the pseudo-second-order model fits the PCB-138
reduction process more accurately than the pseudo-first-
order model, as reflected by higher R’ values in most
cases. Specifically, for the Fe/Cu catalyst, R’ values from
the pseudo-second-order model ranged from 0.8353 to
0.8819, compared to 0.7230 to 0.8580 for the first-order
model. Similarly, for Fe/Ni, the pseudo-second-order
model yielded R’ values of 0.8291-0.9214, consistently
higher than those of the first-order model
(0.7560-0.8980). These results suggest that the reaction
rate is not solely dependent on PCB-138 concentration
in solution, but also on the availability of active sites on
the catalyst surface, typical of surface-mediated
heterogeneous reactions involving adsorption steps.
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Table 2. Kinetic reaction parameters of PCB-138, calculated based on theory and experiment

Fe/Cu Fe/Ni
Parameters PCB-138 concentration (ng/L) PCB-138 concentration (ng/L)
50 100 150 200 50 100 150 200

First-order
ki (min") 0.0049  0.0036 0.0034 0.0034 0.0041 0.0038 0.0040 0.0041
t12 (min) 141.4 192.5 203.8 203.8 169.0 182.4 173.3 169.0

R? 0.8257  0.7230 0.8352 0.8580 0.7560 0.7676 0.8802 0.8980

Second-order
ky (min'pg 'L 3x10*  1x10% 5%10°5  3x10° 2x10* 1x10% 6x10° 4 x10°
tin 66.7 100.0 133.3 166.7 100.0 100.0 111.1 125.0
R? 0.8781  0.8353 0.8686 0.8819 0.8291 0.8854 0.075 0.9214
3.3. PCB-138 Conversion Process o B -

The reduction in PCB-138 concentration in water
after the HDC reaction using BNPs catalysts (Fe/Cu and
Fe/Ni) is shown in the chromatograms in Fig. 6. The
results from the chromatograms indicate that after the
reaction, the transformation of PCB-138 is evident, as
reflected by the change in peak height and area within
the retention time range of 22.762-22.773 min. In the
HyperChem model, the C-Cl bond length at position
3 meta position) reaches a maximum value of 1,7468 A.
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Fig. 6. Chromatograms a) PCB-138 (n-hexane) 100
pg/L; b) After treatment with [Fe/Cu] equal 2.0 g/L,
pH equal 3, ¢ equal 120 min; ¢) After treatment with

[Fe/Ni] equal 2.0 g/L, pH equal 7, t equal 180 min
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Fig. 7. Possible dechlorination pathways of PCB-138 in
the aquatic environment

The C-CI bond at this position is more polarized
compared to other positions due to the significant charge
difference between the chlorine and carbon atoms.
Additionally, chlorine atoms at the ortho-position
(directly bonded on the ring) are generally more resistant
to substitution due to spatial shielding effects and steric
hindrance. In contrast, chlorine at the para and meta
positions is typically easier to replace in certain
reactions. Several studies have shown that chlorine
atoms at the para and meta positions are more
susceptible to nucleophilic substitution than those at the
ortho position, owing to both electronic and steric
factors [20]. Based on the analysis results and the NIST
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library spectra, the transformation pathway leading to
the formation of intermediate products for PCB-138
interacting with BNPs is proposed in Fig. 7, with the
preferred transformation pathway being PCB-138 —
PCB-99 — PCB-49 — PCB-18 — PCB-4 — PCB-1
— Biphenyl.

3.4. BNPs-Fe’ Reusability

Reusing BNPs while maintaining their efficiency
offers a practical approach to reducing synthesis
expenses and minimizing solvent waste. Additionally,
the ability of these catalysts to remain stable across
multiple reuse cycles highlights their robustness under
varying reaction conditions. In this study, the changes in
the properties of Fe/Cu and Fe/Ni BNPs before and after
the reaction were analyzed, along with their potential for
reuse in the HDC PCB-138 process. The assessment was
conducted through an analysis of surface morphology
and conversion efficiency after 5 cycles, as illustrated in
Fig. 8.
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Fig. 8. a, b) SEM images of Fe/Cu before and after
reaction; ¢, d) SEM images of Fe/Ni before and after
reaction; e) Conversion efficiency of PCB-138 after
5 cycles

From the SEM images (Fig. 8a-d), it is evident that
the surface morphology of the two BNPs-Fe® systems
did not undergo significant changes after the HDC
reaction. The surface structure remained stable, with no
noticeable signs of severe damage. This indicates that
the nanoparticles exhibit good durability during the
reaction process, particularly when subjected to multiple
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reuse cycles. However, as observed from the PCB-138
conversion efficiency results (Fig. 8e), efficiency
decreased progressively with each reuse cycle, dropping
from 75.85% to 59.34% and from 75.70% to 58.93%
after five cycles for Fe/Ni and Fe/Cu systems,
respectively. This decline can be attributed to two
primary factors: surface saturation and oxidation. The
active sites on the BNPs' surface may become occupied
by reaction by-products or adsorbed substances, thereby
reducing catalytic efficiency. Although no significant
structural degradation was observed in the SEM images,
it is possible that a thin oxide layer was formed on the
surface of the BNPs, which could adversely affect their
reductive properties and the ability to regenerate
catalytic activity. To minimize environmental concerns,
BNPs should be removed from treated water
immediately after reaction using simple separation
methods such as membrane filtration.

4. Conclusion

In summary, BNPs-Fe” exhibits significant
catalytic activity in the HDC reaction, with the
highest transformation efficiency of PCB-138 reaching
75.70-75.85% under optimized conditions: [BNPs-Fe]
equal 2.0 g/L, ¢ equal 180 min, at pH value of 3 for Fe/Cu
and pH equal 7 for Fe/Ni. These findings highlight
BNPs-Fe’ as promising candidates for large-scale
environmental applications, providing a versatile and
eco-friendly approach for the remediation of hazardous
pollutants in contaminated water systems. The proposed
transformation pathway of PCB-138 follows the
sequence: PCB-138 — PCB-99 — PCB-49 — PCB-18
— PCB-4 — PCB-1 — Biphenyl.
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