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Abstract

Diclofenac (DFC) is well known as a non-steroidal anti-inflammatory drug and its high production and consumption make it an emerging
pollutant. DFC tends to accumulate in aquatic systems inducing toxicity along food chains. Developing alternatives for the elimination of
emerging pollutants must be one of the challenges of environmental chemistry, so this research focused on the catalytic hydrodechlorination
(HDC) of diclofenac (DCF) using zero-valent iron nanoparticles (nZVI) supported on alumina (Al,O3) and activated carbon (AC). The catalysts
were obtained from Fe(NO3)3.9H,O by two reduction methods: extract of pine of the Cypress variety (Cupressus sempervirens) and the
second using NaBH4. The catalysts were characterized by studying the physicochemical and morphological properties characterized by
the techniques of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Transmission Electron Microscopy (TEM) and Raman
spectroscopy. Catalytic activity tests were performed by using of DCF hydrodechlorination reactions with each catalyst, with constant monitoring
with the high-performance liquid chromatography (HPLC) technique. The nZVI-P/CA and nZVI-P/Al, O3 catalysts presented good dispersion
and activity, with conversions close to 100%. The nZVI-P/CA showed greater selectivity towards the desired products, while the nZVI-P/Al,O3
was more stable over time. This research addresses the environmental risk of bioaccumulation of this type of organochlorine compounds and
proposes a promising solution for their treatment.
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Resumen

El diclofenaco (DFC) es bien conocido como un medicamento antiinflamatorio no esteroideo y su alta produccién y consumo lo convierten en
un contaminante emergente. El DFC tiende a acumularse en sistemas acudticos induciendo la toxicidad a lo largo de la cadena alimenticia.
Desarrollando alternativas para la eliminacién de contaminantes emergentes es uno de los desafios mas grandes de la quimica ambiental,
de esta manera estamos investigacién esta enfocada en la hidrodecloracién (HDC) de diclofenaco (DFC) usando nanoparticulas de hiero
zerovalente (nZVI) soportadas en alumina (Al,O3) y carbon activado (AC). Los catalizadores se obtuvieron a partir de Fe(NO3)3.9H,0 mediante
dos métodos de reduccion: extracto de pino variedad Ciprés (Cupressus sempervirens) y la segunda usando NaBHy. Los catalizadores se
caracterizaron mediante el estudio de las propiedades fisicoquimicas y morfolégicas caracterizadas por las técnicas de difraccién de rayos X
(XRD), espectroscopia fotoelectrénica de rayos X (XPS), microscopia electrénica de transmisién (TEM) y espectroscopia Raman. Las pruebas
de actividad catalitica se realizaron mediante reacciones DCF HDC con cada catalizador, monitoreando constantemente con la técnica de
cromatografia liquida de alta resolucion (HPLC). Los catalizadores nZVI-P/CA y nZVI-P/Al,O3 presentaron buena dispersién y actividad, con
conversiones cercanas al 100%. El nZVI-P/CA mostr6é mayor selectividad hacia los productos deseados, mientras que el nZVI-P/Al,O3 fue mas
estable en el tiempo. Esta investigacion aborda el riesgo ambiental de la bioacumulacion de este tipo de compuestos organoclorados y propone
una solucién prometedora para su tratamiento.
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1 Introduction

Since the ratification of the Stockholm and Rotterdam Conven-
tions, the limited use of organochlorine compounds (COCs)
has been promoted [1]. Since 2008, Colombia has been
part of the group of countries that have adopted this initia-
tive; however, it has been shown that COCs continue to be
used nationally in agricultural activity and the production
of plastics and electronic products [2]. The World Health
Organization (WHO) has stated that COCs, such as vinyl chlo-
ride (PVC) and dioxin, insecticides (dichlorophenoxyethane
(DDT)) and nonsteroidal anti-inflammatory drugs (NSAIDs),
can be harmful to human health and the environment due
to their bioaccumulation in aquatic ecosystems [3]. Thus,
the WHO, together with the Ministry of Health and Social
Protection of Colombia, have promoted the development
of safe alternatives in the remediation processes of these
compounds to reduce the risks caused by their exposure [4].

One of the most representative COCs is DCF used as NSAIDs
and frequently detected in bodies of water along with other
pharmacologically active compounds (CFAs). Itis considered
an emerging pollutant due to physicochemical properties
such as solubility, bioaccumulation, persistence, biotransfor-
mation and toxicity, it is considered an emerging contaminant
[5]. Diclofenac is a drug that can have harmful effects on
aquatic organisms; according to an OpenMind article, it can
poison trout in rivers and vultures that feed on the carcasses
of cattle treated with the drug. Likewise, it can bioaccumu-
late, inducing toxicity throughout food chains [6]. Following
this problem that DCF represents, different biological, ther-
mal, photocatalytic, and oxidative degradation processes
have been developed in the liquid phase. However, these
procedures have proven to be quite expensive because they
are inefficient and, therefore, require the implementation of
catalysts based on noble metals.

According to Wildeman et al. [7], the microbiological degra-
dation of DCF is quite difficult and therefore, new approaches
have been sought to optimize this process. For this reason,
Quan et al. [8] evaluated the catalytic capacity of Pd-based
anaerobic granular sludges (Pd-GAL) during DCF degra-
dation. Although these materials exhibit excellent catalytic
behavior during degradation, they are quite expensive due
to the use of palladium as a precursor. On the other hand, in
the photocatalytic degradation of DCF, new catalysts based
on graphitic carbon nitride (gC3N4) doped with organometal-
lic complexes (COMs) have been investigated, such as the
photocatalysts prepared by Muelas-Ramos et al. [9] who
used a COM containing Ti (NH, -MIL -125) or Al-Ga- xAg
type coupled compounds, which were obtained and evalu-
ated by Casillas et al., [10]. These modifications that have
been made at the structural level of each photocatalyst have
made it possible to avoid the rapid recombination of electron-
hole pairs (e~ -h*) and, therefore, optimal results have been
achieved during the degradation of DCF. However, some of
these procedures are still quite expensive, and therefore, the
development of more economical and efficient processes has
been suggested.

From this perspective, catalytic hydrodechlorination (HDC)
has been seen as a promising technology for the removal of
CFAs. This process is based on the treatment of the pollutant
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under an H, atmosphere to generate the corresponding
dechlorinated products and hydrochloric acid (Figure 1).
Therefore, this process, significantly reduces the ecotoxicity
of the effluent and avoid the formation of more harmful
intermediates under ambient conditions [11]. Despite the
great potential of HDC, there is little research during the last
years and therefore, it is necessary to investigate this process
in depth.
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Figure 1: Proposed reaction pathway for the HDC of DCF.
Adapted from Nieto-Sandoval et al. , [12]

Among the most representative investigations that have been
addressed concerning the HDC of DCEF, through heteroge-
neous catalytic processes, the study carried out by Lokteva
et al. [13], in which monometallic Pd and bimetallic Pd-Fe
catalysts (1% w/w Pd, 10% w/w Fe) were prepared by se-
quential impregnation (“-s”) and co-impregnation (“-c”) of
Al O3 and SiO; —ZrO, (ZS). The morphological and physic-
ochemical properties of the catalysts were studied through
different characterization techniques and finally, they were
evaluated in the HDC of DCF in liquid phase (30 °C, 1 atm,
neutral pH) in batch and flow reactors. During these tests,
a higher catalytic activity was observed by the Al,O3 sup-
ported catalysts compared to those supported on ZS due to
the larger pore size obtained in the Al,O; supported catalysts
and by the presence of a higher amount of sites available for
DCEF adsorption and activation. Finally, the Pd/Al,O; and
Pd-Fe/Al,O3-c catalyst systems showed approximately the
same DCF conversion rates both after mild reduction and
at high temperature despite the lower Pd%/Pd?** ratio in the
latter catalyst, due to the high PAO reduction capacity in the
reaction medium

Wu et al. [14] also prepared Pd catalysts supported on Al,O3,
activated carbon (AC), Si0O, , and CeO,using impregnation
and precipitation deposition methods. They were evaluated
in the HDC of liquid-phase DCF. The characterization results
indicated that the Pd/CeO,catalyst had a higher Pd disper-
sion than those supported on AL,O;, AC, and SiO,. The
binding energy of Pd3ds, in Pd/CeO, was higher than that
of Pd/Al,O; with a similar Pd loading amount. Furthermore,
for Pd/CeO;prepared by deposition-precipitation method,
the binding energy of Pd3ds,, decreased slightly with the
loading amount of Pd. As for the catalytic reduction of DCF,
Pd/SiO; exhibited almost negligible catalytic activity, while
the concentration of DCF decreased by 100%, 86% and 29%
within 50 min of reaction in Pd/CeO,, Pd/Al,O5; and Pd/CA,
respectively. This fact was indicative of the order of catalytic
activity: Pd/CeO,> Pd/AL,O; > Pd/CA > Pd/SiO,.
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On the other hand, Nieto-Sandoval et al., [12] evaluated the
commercial Pd/Al,O; catalyst (1% w/w), achieving complete
DCF degradation in 20 min under ambient conditions (25
°C, 1 atm) to [DCF]y = 0.068 mM; [Pd/AL,Os]y = 0.5 gL~}
and H, flow of 50 N.mL.min™!. It is noteworthy that the
chlorinated intermediate (2-(2-chloroanilino)-phenylacetate
(CI-APA)) generated throughout the reaction was completely
eliminated at the same time, with the chlorine-free compound
2-anilinophenylacetate (APA) being the only final product.
An apparent activation energy of 43 KJ.mol~! was obtained,
a value comparable to those previously reported for con-
ventional organochlorine contaminants. It is noteworthy
that the catalyst exhibited reasonable stability after three
successive uses, achieving complete degradation of the drug
and obtaining APA as the final product in 30 min.

On the other hand, Zawadzki et al. [15], investigated the
catalytic performance of two 1% w/w Pd-loaded BEA zeolites
with Si/Al ratio of 19 and 1300 for HDC of DCF. These materi-
als were also studied for comparative purposes with respect
to Pd/SiO, and Pd/AL,Oj; catalyst systems (both at 1% w/w),
which are commonly used catalysts in HDC. Regardless of
the Si/Al ratio, Pd-loaded BEA catalysts showed 6-fold higher
activity than conventional Pd/support catalyst systems. This
remarkable performance was mostly attributed to the effect
of the three-dimensional structure of the zeolite material.

All the above-mentioned investigations demonstrate the
versatility of HDC in the treatment of different matrices
contaminated with DCF and which are environmentally
subject to study, such as: effluents from wastewater treatment
plants and surface waters. However, catalysts that can be
obtained from cheaper precursors and that are more stable
during the HDC of DCF have not yet been evaluated. From
this scenario, in the present investigation, was synthesized
zerovalent iron nanoparticles (nZVI) due to their particular
characteristics such as low particle size (5-100 nm) [16]and
high surface areas, which have allowed them to be efficient
materials in remediation processes [16]. In this way, we also
intend to evaluate these materials supported on Al,O3 and
CA, as potential catalysts for the HDC of DCF in liquid phase.
For this purpose, three stages were developed: The synthesis
of nZVI from an extract of cypress pine variety Cupressus
Semperviren , which is used as a reducing agent due to its
phenolic compounds that can transfer electrons to iron ions,
forming zerovalent iron nanoparticles [17] and by a reduction
method with NaBHy; the characterization of these materials
by DRX, XPS, Raman Spectroscopy, and TEM and, finally,
their catalytic evaluation in the HDC of DCEF, for this purpose,
the reactions were monitored by HPLC.

2 Materials and methods

2.1 Synthesis of catalysts (nZVI)

Different catalytic systems were prepared using Fe(NO3)3.9H,O
(LOBA Chemie, 98%) as precursor. Likewise, Al,O; (calcined
at 500 °C) and activated carbon (AC) were used for the prepa-
ration of the supported catalytic systems. These reagents
were used in the procedures described below:
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2.1.1 Preparation of cypress pine extract

Cupressus was collected Sempervirens in the municipality
of Nobsa, Boyaca. Subsequently, the leaves were washed
with deionized water and dried for two weeks at room
temperature. Then, only the leaflets of each leaf were taken
and crushed in an industrial blender to obtain a solid with a
smaller particle size. The extract was obtained by a liquid
extraction process using 56.7 g of the solid obtained and
250 mL of distilled water, in a reflux equipment at 100 °C
until boiling. The mixture was cooled, and the supernatant
was separated, which was refrigerated until the synthesis of
nZVI-P [18].

2.1.2 Preparation of nZVI-P colloidal systems

The synthesis of zerovalent iron nanoparticles from cypress
pine (nZVI-P) was carried out from a 1.0 M solution of
Fe(NO3)3.9H,O. The cypress pine extract was placed in a
burette and allowed to drip onto the precursor solution
(previously placed in a beaker), which was kept at 30 °C with
stirring at 3000 rpm. The reaction process was maintained
for 20 hours.

2.1.3 Preparation of nZVI-A colloidal systems

Sodium borohydride-reduced zerovalent iron nanoparticles
(nZVI-A) were prepared from a 0.5 M solution of Fe(NO3)3.9H,0
and a 2.0 M solution of NaBH4 (98% Aldrich). The ferric
nitrate solution was added in a side-sealed flask sealed with
a stopper, while the borohydride solution was placed in a bu-
rette. Thus, the borohydride solution was slowly added to the
ferric nitrate solution. The reaction system was maintained
at 35 °C and stirred at 180 rpm. In addition, the hydrogen
produced during the reaction was captured by bubbling in
water contained in a flask. After the reaction process was
finished, the mixture was kept stirring for 10 minutes. The
precipitate obtained was filtered using a vacuum pump (102
Moderate filter paper of 125 nm was used) and its pH was
adjusted to 7.0 by progressive washing with distilled water.
Finally, the solid called nZVI-A was obtained, which was
dried for 12 hours in a Heat oven. eLDS at 130 °C, using a
heating ramp of 3.6 °C/min.

2.1.4 Preparation of supported catalyst systems nZVI-
A/CA, nZVI-P/CA and nZVI-P/Al,O;

Colloidal iron nanoparticles were impregnated in activated
carbon and alumina at a metal loading of 15% nZVI by mass
and subsequently dried at 350 °C and passivated for 15
minutes using constant N, pumping, in a closed system. In
this way, the catalysts nZVI-P/Al,O; and nZVI-P/CA were
obtained. The activated carbon used as support was obtained
from soursop seed, by maceration-impregnation method of
MgCl, at 5% w/v under carbonization conditions at 800
°C and washed until constant pH. Finally, all the catalysts
obtained were stored and refrigerated until their subsequent
use in the characterization stage.

2.2 Characterization of catalysts
2.2.1 X-ray diffraction (XRD)

This technique was used to determine the different crys-
talline phases present in the synthesized catalysts. X-ray
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diffractograms were obtained using a diffractometer Rigaku
miniflex with Cu Ka radiation (A= 0.1518 nm). The analy-
sis conditions were: 40 mV and 20 mA with Bragg angles
between 5° and 90°, using continuous scanning with a step
of 0.02°/min in 20. All diffractograms were processed using
XPert software HighScore Plus. The main diffraction peaks
were indexed using different crystallographic charts.

2.2.2 X-ray photoelectron spectroscopy (XPS)

The oxidation states of the chemical species present in the
catalysts obtained were determined. These analyses were
carried out in a Thermo Scientific spectrometer. Scientific
model Escalab 250 Xi with monochromatic Al Ka radiation
(1486.6 V) and a pressure of 1 X 10~ mbar. The equipment
was operated with a constant energy step of 25 eV and a step
size of 0.05 eV and Ar* etching was used for all analyses
using an ion energy of 1000 eV, an etching time of 30 s, and a
medium current. In all experiments, the C 1s signal (284.6 eV)
was used as reference and measurements were performed at
room temperature. CasaXPS software was used to process
the obtained spectra.

2.2.3 Transmission Electron Microscopy (TEM)

This analysis was developed to determinate the average
particle size and particle size distributions in each of the
prepared catalytic materials. For this purpose, the cata-
lysts were pretreated by dispersion in isopropyl alcohol
and ultrasonicated for 1.5 hours at room temperature before
analysis. Subsequently, bright field TEM micrographs were
obtained at 10 nm, 20 nm, 50 nm, 100 nm, 200 nm and 500
nm, using a FETEM microscope, JEOL Model JEM-2100F
with an acceleration voltage of 200 kV. The average particle
size was calculated by counting 200 particles from the TEM
micrographs, which were previously processed in Image J
software.

Additionally, the percentage of dispersion (%D) of the nZVI
on the ALLO; and CA was determined (Eq. 1), assuming
that the metallic particles were dispersed in a homogeneous
circular shape. Finally, particle size distribution histograms
were obtained for each catalyst.

%D = % +100 1)

2.2.4 Raman Spectroscopy

The Raman Spectroscopy technique was carried out to verify
the chemical nature of the synthesized catalysts according to
their main vibrational modes. The analyses were performed
at room temperature in a confocal microscope Raman (Witec,
alpha 300), using a green Nd-YAG laser (with a wavelength
of 532 nm) and a 50x objective lens. 400 scans were used to
obtain the Raman spectra of each sample.

2.3 Catalytic evaluation

The DCF-HDC reactions were carried out in liquid phase at
room temperature using a 250 mL three-necked flask. Addi-
tionally, the whole process was carried out under a constant
flow of H, (30 mL/min). Each reaction was carried out starting

© UPTC - Revista Ciencia en Desarrollo Vol. 1E

from 70 mL of 0.025 mM Diclofenac sodium salt solution and
using 0.5 g of catalyst. Additionally, the stirring speed of the
reaction system was maintained at 300 rpm. During each test,
periodic samples were taken until 360 minutes of reaction,
and were subsequently filtered and injected in a HPLC equip-
ment (Agilent 1200 Infinity), with a UV detector 1100 Azura
and a C18 type column ZORBAX Eclipse XDR-C18 (Analyt-
ical 4.6 x 150mm x 5-Micron). 20 uL of each sample were
injected, which previously were filtered (0.45 ym membrane
filters), using an injection temperature of 30 °C, A=245 nm,
mobile phase (MP) of water/methanol/acetonitrile (50:23:27)
and a MP flow of 0.4 mL/min. From the chromatograms
obtained, the DCF conversion parameters (XDCF), selectivity
to APA (SAPA) and selectivity to Cl-APA (SC1 -APA) were
determined. For this purpose, the equations (Eq. 2, Eq. 3
and Eq. 4) shown below were taken into account:

Mols DFCinitiﬂl — Mols DFCfiml

Xprc(%) = Mols DECjpjtiar * 100 ®
o (Mols APA)
Sapa(%) = (Total Mols of products)*100 ©
Mols Cl — APA
S(ci-apay(%) = @)

(Total Mols of product) » 100

3 Results and discussion
3.1 Characterization of catalysts

3.1.1 X-ray diffraction (XRD)

Figure 2 shows the X-ray diffraction patterns of nZVI-A/CA,
nZVI-P/CA, nZVI-P/Al,0O; and nZVI-P. The nZVI-P system
exhibited peaks at 20 = 43.3° and 64.4°, which were attributed
to the (110) and (200) planes of Fe 0 (JCPDS 65— 4899) with a
BCC (body-centered cubic) structure. Pine contains cellulose
and its essential oil, corresponding to the cypress pine extract
used, in its leaflets. Thus, it can be suggested that only the
large pores of the structure are occupied at low concentrations.
The diffraction pattern of unmodified pine has diffraction
peaks at 15°, 17° and 22°, which are derived from cellulose
[19]. Likewise, other signals that were observed indicated
the presence of iron oxy-hydroxide (FeOOH, BCC structure)
towards 20 = 21.3°, and organic matter towards 20 = 25.03°.
This signal suggests the presence of organic matter, may be
subject to the presence of different chemical species such as a-
pinene and S-pinene, borneol, limonene, terpinene, ocimene,
myrcene, sabinene and alpha- terpinene that would act as
stabilizing agents of the iron particles [20].
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Figure 2: X-ray diffraction patterns of nZVI-A/CA, nZVI-P/CA,
nZVI-P/Al,O3 and nZVI-P.

The nZVI-P/CA catalyst showed signals at 20 = 29.8°, 33.1°
and 35.5° are attributed to the presence of mineral complexes
contained in the cypress pine, such as those mentioned
above for the nZVI-P/CA catalytic system [18]. Likewise, the
presence of crystalline structures of graphitic carbon at the
level of the catalytic support was verified, by observing the
peaks at20 =29.08° indexed to the (101) plane (JCPDS 41-1487,
which is attributed to the crystalline turbostratic structure that
follows an alignment of disordered layers of graphitic carbon.
On the other hand, the diffraction peak at 36.02° was related to
the presence of mineral complexes. This is suggested because
studies have been carried out on the synthesis of ultrafine
particles and nanoparticles of pine and its bark in specimens
such as Pinus Patula and Pinus Radiata, which bear a great
resemblance to the Cupressus pine Sempervirens, where it is
mentioned that pine in its different varieties contains mainly
mineral complexes of calcium, magnesium, potassium and
phosphorus, in addition to elements such as iron, magnesium
and zinc [21]. While the signals observed towards 26 = 43.3°
and 64.4° were related to the (110) and (200) planes of Fe 0
(JCPDS 65— 4899) with BCC structure [22].

On the other hand, the nZVI-P/AL,O; system only showed
reflections related to the catalytic support (y-Al,Os). Thus,
no signals attributed to the characteristic reflections for iron
species were detected and, in this case, only signals attributed
to the (y—Al,Os) phase of the support were detected. The
absence of Fe 0 signals can be related to the high distribution
of nanoparticles supported on alumina, since this material
has thermal stability and a high surface area [23]. The
characteristic peaks for y-Al,O3; were observed at diffraction
angles of 19.2° (111), 32.3° (220), 37° (311), 39.2° (222), 46°
(400) , 60.6° (333), 66.7° (440), 85° (444) (JCPDS 29-0063) [24].

According to the diffractograms shown in Figure 6, the nZVI-
A/CA system exhibited diffraction peaks that suggested a
mixture of two phases corresponding to hematite (a-Fe;O;),
for which a small signal is observed towards 20 ~ 42.8°,
and magnetite (Fe3O,), showing a signal at 20 = 64.8°. This
could be corroborated by comparing the signals obtained
in these XRD patterns with those obtained in the studies of
Bertolucci et al., in which similar diffractions are also detected
for this type of crystalline phases, suggesting the presence
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of a magnetite phase (Fe;O,) and another phase of hematite
(a-Fe,03)) [25].

3.2 X-ray photoelectron spectroscopy (XPS)

Figure 3 shows the XPS spectra obtained for the synthesized
catalysts. The XPS spectra for the analyzed catalytic systems
present signals corresponding to the Fe 2p region, where
peaks that reflect the binding energy are observed, according
to characteristic signals. An intense peak at 706.90 eV is
evident in the nZVI-P catalytic system, which is attributed
to the Fe 2ps), state of metallic iron (Fe0). The peaks of
oxidized iron species (Fe** and Fe?") are attributed to the
presence of iron oxyhydroxide (FeOOH) and iron hydroxides
(Fe(OH),), which can be detected by XRD, which suggests the
formation of amorphous structures of iron hydroxides during
the passivation step of the catalytic materials, according to
Liang et al. [26].
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Figure 3: XPS spectrum in the Fe2p state for the catalytic systems.

The nZVI-A/CA catalyst exhibited the signal of the Fe2ps,,
state of iron in its oxidized species Fe** was found in the XPS
spectrum, which are predominant at the surface level in this
catalyst. The absence of signals related to the presence of Fe0,
suggests that oxidation of the catalyst may have occurred,
because other species with similar doublets were present that
are related to the presence of iron oxide type species. In the
same way, the XPS spectrum obtained for the nZVI-P/Al,O;
catalytic system, two signals corresponding to the Fe 2py,,
and Fe2p;/, states were observed, which are attributed to
the iron oxidation state Fe*>* [26]. By observing the XPS
spectrum obtained for the nZVI-P/CA catalytic system, and
comparing it with the XRD pattern obtained for this same
catalyst, the presence of zerovalent iron could be confirmed.
This could be verified by observing a small signal near 704.35
eV corresponding to the zerovalent iron binding energy 2ps/»
[27].
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3.3 Transmission Electron Microscopy (TEM)

The TEM micrographs are presented in Figure 4 with their
respective particle size distribution histograms. It can be seen
that the materials have spherical and irregular shapes with
heterogeneous particle size distribution. Table 1 shows the
average particle sizes, where a particle size mostly between
3.4 nm and 6.0 nm was found. For the nZVI-P system, an
average particle size of 6.0 nm was obtained, whereas the
nZVI-P/CA and nZVI-P/Al,O; catalysts exhibited an average
particle size of 3.4 nm and 4.5 nm, respectively. This behavior
confirms the relevance of supports in the distribution and
dispersion of particles, inducing small particle sizes [28]. In
the same way, the nZVI-A/CA system, showed a similar aver-
age particle size (4.7 nm) nZVI-P/Al,O;, but the distribution
of particle sizes was much higher, reaching sizes between 1
and 14 nm. Table 1 shows the dispersion of catalysts from
TEM analysis. nZVI-A/CA exhibited the lowest percentage
of dispersion, while the nZVI-P/CA catalysts presented the
highest dispersion, which can be related with the preparation
method, being the green syntheses from pine favors the low
particle size when the particles are supported. It is important
to note that the particle size in a catalytic system can have an
impact on the activity and selectivity of the catalysts.

Figure 4: Typical TEM images and particle size distribution of
nanoparticles of zerovalent iron (nZVI) and nZVI supported.

Table 1. Average particle sizes (d) and dispersion percentages
(%D) obtained for the synthesized catalysts.

Catalyst d(nm) %D*
nZVI-A/CA 4.7 21
nZVI-P/CA 34 29

nZVI-P/ALO3 45 22
nZVI-P 6.0 -

* Calculate by TEM.

3.4 Raman Spectroscopy

The Raman spectroscopy analysis allows determination of
the presence of other Fe ionic species present in the synthe-
sized materials and the nature of the carbon present at the
support level and could be verified, by measuring the energy
change between the incident and scattered photons, which
are associated with the Stokes and Anti-Stokes transitions
[29, 30].

In the Raman spectrum of the nZVI-P catalyst (Figure 5),
signals were observed at 222 cm™, 289 cm™'and 400 cm™!
attributed to three vibrational modes of hematite (Space
Group R-3c according to Hermann-Mauguin notation, with
the modes 2A;, +4E,, expected by group theory). These
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nanoparticles obtained from natural pine extracts can contain
a wide range of contaminants due to their large surface area
and redox potential. The signal that appears at 1500 cm™
in Raman spectroscopy may refer to a stretching or bending
vibrational mode of some functional group or of some part
of the molecular structure of the nZVI system or the pine
extract. Some examples of functional groups that can be
absorbed in this region are carbonyl (C=0), nitrile (C=N),
nitro (NO,), alkene (C=C), aromatic (C=C), among others.
The exact position and intensity of the signal depend on
the nature of the bond, the strength of the incident electric
field, the molecular environment, and the symmetry of the
vibrational mode [31].

As for the CA-supported systems (nZVI-P/CA and nZVI-
A/CA), the signals at 1360 cm™! and 1600 cm™! were observed,
related to the D and G bands (C—C bond stretching) respec-
tively. The presence of these bands allowed to verify that
both synthesized systems present a mixture of disordered
graphitic carbon (D) and properly graphitized carbon (G)
crystalline structures [32]. The nZVI-P/CA system also pre-
sented a band close to 400 cm™! attributed to vibrational
modes Eg. This set of signals corresponds with the Raman
bands expected for hematite (a-Fe,Os, with crystal space
group D 6 3h) based on point group theory (2A;, +4E,), and
is consistent with those reported in previous studies [31, 32].

On the other hand, the nZVI-P/Al,O; system did not ex-
hibit bands attributed to metal oxide vibrations (like that
of hematite), with only small non-representative signals at-
tributed to detector noise. Studies have been performed on
y-Al,O3 models. The spinel primitive cell of this alumina
contains 40 atoms in the unit cell and has 57 Raman active
modes (34 Ag and 23 Bg) and 60 IR active modes (25 Au and
35 Bu). On the other hand, the non-spinel y-Al,O; primitive
cell has 60 Raman active modes (34 Ag and 26 Bg), according
to Liu, et al [34].

For this phase of alumina, unfortunately, no experimental
vibration mode assignments have been found available. The
dispersion of alumina prevents the determination of the vi-
brational modes because alumina is a very dispersed material
and a clear signal of the vibrational modes cannot be obtained
[35]. This can be correlated with the noise found in the XPS
spectrum. Therefore, it is attributed that in the nZVI-P/AL,O;
system only the presence of the support is found, as found
in the XRD diffractogram, where only reflections related to
the catalytic support (y—-Al,O3) were found [34].
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Figure 5: Raman spectra for nZVI-P, nZVI-P/CA, nZVI-A/CA and
nZVI-P/Al,Oj3 catalysts.

4 Catalytic evaluation

The performance of the nZVI-P catalyst supported on Al,O;
and CA and nZVI-A supported on CA in the hydrodechlori-
nation reaction of diclofenac to obtain 2-anilinophenylacetate
was evaluated. Figure 6 shows the conversion of DCF in
the different catalytic systems over the 360 minutes of re-
action. It was observed that the conversion increased with
reaction time. In the first hour of reaction (60 min), it was
observed that the nZVI-P and nZVI-P/CA catalysts showed
a similar conversion. However, in the next sampling, the
supported catalyst increased by almost 20% compared to
the unsupported one. This suggests that activated carbon,
due to its high adsorption capacity, inertness and chemi-
cal stability, as well as its versatile surface chemistry and
mechanical strength, together with the iron present in the
catalyst, enhances the adsorption of negatively charged con-
taminants, in this case, Cl- ions, resulting in increased DCF
conversion.[36, 37]

The nZVI-P/CA catalyst achieved a conversion higher than
90% at 360 minutes of reaction, while the dispersion in
the trend line increased during the different reaction times.
The nZVI-A/CA catalyst, despite having the same support,
obtains a lower conversion percentage, around 40%. This
may be related to the absence of Fe’ signals in the XPS
spectra. In addition, the catalyst supported on alumina
showed a high conversion at the beginning of the reaction,
but experienced a deactivation over time, remaining at values
close to 80%. This is attributed to a lower dispersion of the
metal in the support, which is observed in the transmission
electron microscopy analysis, and to a larger particle size,
which contributes to maintaining a constant conversion of
diclofenac, highlighting that according to the XPS analysis, no
Fe’ signals were presented. The unsupported nZVI-P catalyst
showed an intermediate conversion of 60%, suggesting that
the support plays an important role in the mechanical stability
of the catalyst. Supports immobilize the particles, reducing
their mobility and favoring their chemical stabilization [38].
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Figure 6: DFC conversion on nZVI-P, nZVI-P/Al,O3, nZVI-P/CA
and nZVI-A/CA. Reaction conditions: [DFC]y: 0.025 mM; catalyst
mass: 0.5 g; 30 °C.

Regarding the selectivity towards the formation of the in-
termediate and final reaction products (2-(2-chloroanilino)
-phenylacetate (CI-APA) and 2-anilinophenylacetate (APA))
shown in Figure 7, it was found that the highest percent-
age of selectivity for CI-APA was reached at 300 minutes of
reaction using the nZVI-P/Al,O; catalyst, with a selectivity
percentage higher than 4%. This catalyst showed the best
selectivity at the rest of the reaction times, although none
exceeded 3%. On the other hand, the nZVI-P/CA catalyst
showed the lowest selectivity at the other reaction times. The
other two catalysts, nZVI-P and nZVI-A, also obtained low
selectivity, occupying third and fourth place respectively in
the average of the time measurements.

nZVLP
nZVLP/ALO,
nZVLP/CA
4 nZVLA/CA

Selectivity (%)

30 60 120 180 240 300 360
Time (min)

Figure 7: Cl-APA selectivity during HDC of DFC on nZVI-P;
nZVI-P/Al,O3, nZVI-A/CA and nZVI-A/CA. Reaction conditions:
[DEC]Jp : 0.025 mM; catalyst mass: 0.5 g; 30 °C.

Regarding the APA product is the product of interest, it was
observed that the nZVI-P/CA catalyst showed the highest
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selectivity, reaching a value close to 100% at 360 minutes of
reaction, and maintaining a similar selectivity at the other
times (Figure 8). On the other hand, the nZVI-P/Al,Oj; cata-
lyst exhibited the lowest selectivity at all reaction times, and
its lowest percentage was recorded at 300 minutes, where
it had obtained the best selectivity for the CI-APA product,
as indicated in Figure 8. This suggests that the catalysts
preferentially carry out the declaration of the two Cl atoms
of diclofenac, generating high production of APA. Since the
selectivity of a catalyst is related to its ability to direct the
reaction in a preferential direction, it can be inferred that dur-
ing the reaction there was a change in the preferred selectivity
towards one or another reaction product. It is important
to note that the selectivity of the catalyst is higher when a
higher concentration of the desired product is obtained com-
pared to the total possible products, and this was variable in
both products obtained. A similar behavior was observed
by Lokteva et al., [39] to study the effect of iron content in
alumina-supported palladium catalysts and their reduction
conditions on diclofenac hydrodechlorination in an aqueous
medium.

S ozvi-P Enzvi-PALO, [lnzvI-P/cA [ nZVI-A/CA

100 —

- o 0
= =1 =3
1 1 1

Selectivity = (%)

~
=
1
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Figure 8: APA selectivity during HDC of DFC on nZVI-P; nZVI-
P/Al,O3, nZVI-A/CA. Reaction conditions: [DFC]j: 0.025 mM;
catalyst mass: 0.5 g; 30 °C.

Figure 9 shows the behavior of the products obtained during
the HDC of DCF using nZVI-A/CA as an example. It can
be deduced that this has a consecutive reaction behavior
since a gradual increase in the obtaining of APA is observed
throughout the reaction time, while the concentration of
CI-APA reaches its maximum value at the beginning of the
reaction and then decreases as the reaction time progresses.
Therefore, if the CI-APA product was formed faster than the
APA during the reaction, it is established that it is due to the
nature of the reaction and/or the number of reacting species
[14]. Thus supporting that the greater the catalyst activity,
the presence of zerovalent iron can be determined, when eval-
uating the catalytic activity in the HDC, which refers to the
capacity of each catalyst to promote the reaction, nZVI-P/CA
stands out as the most active, and at the same time main-
tains a high selectivity towards APA, making it a promising
option to complement the method of transformation of the
organochlorine compound.
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Figure 9: Products obtained during the HDC of DFC on nZVI-
A/CA. Reaction conditions: [DFC]p: 0.025 mM; catalyst mass: 0.5
g; 30 °C.

5 Conclusions

HDC with supported and unsupported nZVI is a promising
model process for the treatment of water sources contami-
nated by COC. This is attributed to the high catalytic capacity
exhibited by these systems during the HDC of DCF, leading
to the generation of less toxic compounds.

The use of Raman spectroscopy has allowed to identify the
oxide species present in the catalysts and to characterize the
D and G bands of the carbon used as support. In the case of
the nZVI-P catalyst, signals attributed to vibrational modes
of hematite were observed, indicating the presence of iron
nanoparticles in the material. The systems supported on CA
(nZVI-P/CA and nZVI-A/CA) showed signals related to the
D and G bands, suggesting a mixture of disordered graphitic
carbon and graphitic carbon crystal structures.

It was observed that the diclofenac conversion increased
with reaction time in all catalytic systems. The nZVI-P/CA
catalyst achieved a high conversion close to 100%. On the
other hand, the nZVI-A/CA catalyst, despite having the
same support, presented a lower conversion of around 40%.
The catalyst supported on alumina showed a high initial
conversion, but experienced a deactivation throughout the
reaction, remaining at values close to 80%. The low particle
size, the presence of metallic iron and the use of carbon
as support played an important and favorable role in the
conversion of the catalysts.

Regarding the selectivity towards the reaction products, all
catalysts showed high levels of selectivity towards the prod-
uct of interest APA. CI-APA was present in small quantities,
being an intermediate of the hydrodechlorination reaction of
diclofenac.
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