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Abstract

The aim of this work is to synthesize a magnetic magnetite/multi-walled carbon nanotube (Fe30,/MWCNT) catalyst by a method
combining co-precipitation and hydrothermal treatments for the efficient removal of diclofenac (DCF) by catalytic wet peroxide
oxidation (CWPO). The support (MWCNTs) shows a moderate-large surface area and good adsorption capacity, leading to the
improvement of the magnetite (Fe;O,) dispersion on its surface. The response surface methodology (RSM) was applied in order to
find out the effect of the reaction parameters on DCF removal, allowing to establish the optimum operating conditions (7'= 60 °C,
[H,0,]o = 2.7 mM, [catalyst] = 1.0 g L™"). The optimum CWPO experiment showed an outstanding catalytic activity at non-modified
pH solution (6.7), obtaining a 95% of DCF removal after 3 h reaction time; this high efficiency can be attributed to the synergistic effect
of the iron-based catalyst with the high quantity of "OH radicals generated on the surface of the catalyst. In addition, the Fe;O4/
MWCNT material exhibited good reusability along three consecutive reaction cycles, finding a pollutant removal close to 95% in each
cycle of 3 h reaction time. Additionally, a degradation mechanism pathway was proposed for the removal of DCF by CWPO. The
versatility of the material was finally demonstrated in the treatment of different environmentally relevant aqueous matrices (a waste-
water treatment plant effluent, surface water, and hospital wastewater), obtaining an effective reduction in the ecotoxicity values.
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Pharmaceutical compounds are a class of emerging environmen-
tal contaminants of high concern, due to their inherent capacity
to induce adverse physiological effects in humans and wildlife
even at very low doses (Ebele et al. 2017; Fischer et al. 2017).
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Among them, the non-steroidal anti-inflammatory drugs
(NSAIDs) are one of the most widely used classes of drugs by
humans and animals due to their analgesic, antipyretic, and anti-
inflammatory properties. As it has been found in the literature,
these pollutants possess the ability of disrupting the endocrine
system, affecting the synthesis, secretion, transport, action, or
elimination of natural hormones inside the body (Verlicchi
et al. 2012; Rimayi et al. 2018). One of the most consumed
NSAID compounds is diclofenac (DCF) and, consequently, it
is one of the most frequently detected pollutants in the waste-
water treatment plant (WWTP) effluents, with an absolute con-
centration which can reach up to the microgram per liter range
(Verlicchi et al. 2012). So, in this work, DCF has been selected
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due to its presence in many kinds of water environments (Luo
et al. 2014; Ashfaq et al. 2017), such as influent wastewater and
hospital wastewater effluents at significant concentrations (<
0.1 pg L' t0 0.20 mg L™"). In this sense, it has been estimated
that the average DCF removal achieved in the conventional
WWTPs is only between 21% and 40% (Chong et al. 2017).
Due to its continuous and intensive input into the aquatic envi-
ronment, its effects on living organisms have been widely stud-
ied. Besides the well-known toxic effects of DCF towards the
vulture population reported by Oaks et al. (Oaks et al. 2004),
renal and hepatic toxicity has also been recorded in certain fish
species at concentrations in the low microgram per liter range
(Ebele et al. 2017). For this reason, in the first review of the list
of priority substances of the European Water Framework
Directive (WFD), the Commission legislative proposal included
an environmental quality standard (EQS) for DCF presence in
the aquatic environment.

Commonly, the attention received by the conventional bi-
ological treatments far exceeds that of other treatment tech-
niques, due to their low cost, high durability, and easy opera-
tion. Nevertheless, the behavior of the toxic and bio-
recalcitrant organic compounds along the process detracts
the viability of the biological treatments (Benitez et al. 2011;
Zupanc et al. 2013). In this context, the advanced oxidation
processes (AOPs) have been reported as particularly efficient
technologies for the removal of refractory organic pollutants,
traceable organic contaminants or even some inorganic pollut-
ants, or in particular cases to increase the wastewater biode-
gradability as a pre-treatment of a subsequent biological treat-
ment stage. Generally, in the AOPs, powerful reactive hydrox-
yl COH) or sulfate (SO,4™) radicals are produced by specific
chemical reactions that occurred in aqueous solution (Deng
and Zhao 2015; Chen et al. 2018). The reactive species (OH
or SO,™) are able to degrade even the most recalcitrant organ-
ic molecules and convert them into less persistent and non-
contaminant compounds, specifically short-chain organic
acids (Do et al. 2018). In general terms, the heterogeneous
Fenton reaction is an advanced oxidation process considered
as catalytic wet peroxide oxidation (CWPO) that acts by gen-
erating highly reactive ‘OH species due to the combination of
Fe?*, Fe’*, and H,0, in aqueous solution (Yu et al. 2015). In
this process, Fe** ions are oxidized by H,O5 to Fe** and then
one equivalent "OH radical is generated (Ma et al. 2015). A
reasonable mechanism of CWPO reaction with Fe;0,4 sup-
ported on multi-walled carbon nanotube (MWCNT) catalyst
can be proposed as follows:

Fe;04/MWCNTs (Fe*")
+ H,0,—Fe304/MWCNTs (Fe’™) + "OH+ "OH (1)
Fe;04/MWCNTs (Fe'")

+ Hy0,—Fe304/MWCNTs (Fe’™) + H' + "HO,  (2)
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DCF + "OH — Organic acids + CO, (3)
Organic acids + "OH—CO,; + H,0 4)

Some authors have reported fast and effective degradation
of DCF while applying different AOP processes. The removal
efficiency of diclofenac and reaction time used in the reported
AOP techniques have been collected in Table 1 (Hofmann
et al. 2007; Sklari et al. 2015; Chong et al. 2017; Gao et al.
2017; Zhang et al. 2017; Zhou et al. 2018).

On the other hand, carbon nanotubes (CNTs), including
single-walled (SWCNTs) and MWCNTs, have been exten-
sively investigated and used as catalytic supports, due to their
excellent properties, such as moderate-high specific surface
area and electronic conductivity (Ovejero et al. 2006; Das
et al. 2014; Kistic et al. 2018). Indeed, several studies have
demonstrated that the surface of the carbon nanotubes can be
chemically functionalized to potentially enhance the density
of active sites responsible for the ‘OH generation, promoting
the "OH species formation (Garcia et al. 2006; Pinho et al.
2015). Moreover, the processes with carbon nanotubes acting
as catalytic support generate a minimum leaching of the active
phase, allowing to work at a wider pH range (Garcia et al.
2006; Ma et al. 2015). In addition, carbon nanotubes are also
known to be relatively stable in extreme environments, main-
taining their mechanical properties along the reaction.

Because the suspended catalysts are more effective in the
degradation of pollutants compared to those immobilized on
carriers, the solids need to be separated and recovered after the
treatment. For this reason, it is necessary to explore new ma-
terials with good catalytic properties and high ability to be
recovered from the reaction medium. In this context, magnetic
catalysts have appeared as an effective alternative, since the
catalyst can be easily separated from the aqueous solution by
using an external magnetic field (Munoz et al. 2017; Ribeiro
etal. 2017). In this sense, magnetite (Fe;04) has been selected
in this study to be incorporated onto the surface of commercial
multi-walled carbon nanotubes in order to obtain a hybrid
magnetic material that can be easily recovered from the reac-
tion medium. The synthesis of the catalyst (Fe;0,/MWCNTs)
was assessed following the combination of both co-
precipitation and hydrothermal methods previously reported
(Yu et al. 2015; Sharma et al. 2016). To the best of the authors’
knowledge, this is the first work that based on the use of a
synthesized magnetic material supported on carbon nanotubes
for the removal of the emerging contaminant diclofenac from
aqueous solution by CWPO reactions.

Herein, the authors firstly followed a facile synthesis route
based on the incorporation of magnetite on the surface of the
multi-walled carbon nanotubes. The morphological structure
of the material was studied by transmission electron micros-
copy (TEM) technique. In addition, the textural and surface
chemical properties of the catalyst were fully explored. The
synthesized material showed good magnetic properties, an
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Table 1 Comparison of iron-based catalytic systems for the removal of DCF in aqueous solution
Treatment Experimental conditions Initial Removal efficiency ~ Reference
process concentration (%), time (min)
(mg L)
Heterogeneous Fe-03 sphere commercial catalyst; 60 °C, [catalyst] =5 g L™'; 2.5 mL 20.0 (40) (120) Hofmann
Fenton perhydrol et al.
(2007)
Electro-Fenton  Iron-impregnated carbon felts as cathodic electrodes; flow 30.3 (44.6) (1600) Sklari et al.
rate = 50 mL min"'; 25 °C; pH 7; [Na,SO4] =0.05 M (2015)
Catalytic Iron silicate-loaded pumice; 25 °C 29.6 (73.3) (60) Gao et al.
ozonation (2017)
Heterogeneous FeCeOx; pH 5.0; [Hy0,]p =3.0 mM; [catalyst]=0.5 g L 25°C 20.7 (84) (40) Chong et al.
Fenton (2017)
Heterogeneous N-Fe/AC; 325 W at 24 kHz 20.0 (100) (30) Zhang et al.
sonocatalytic (2017)
ZVI/EDTA [catalyst] =0.4 g L'; 2 mM EDTA; 25 °C; pH 5 10.0 (90) (120) Zhou et al.
(2018)

excellent catalytic activity, and an outstanding recyclability at
different rounds for DCF removal. The effect of the catalyst
load, H,O, dose, and temperature on the pollutant efficiency
removal was evaluated by using the response surface method-
ology (RSM): Box-Behnken design (BBD), determining the
optimal experimental conditions. Furthermore, the versatility
of the catalyst was evidenced by their ability to efficiently
remove the organic matter present in different environmental-
ly relevant aqueous matrices.

Materials and methods
Materials

The commercial MWCNTs (diameter of 30-50 nm, length of
20 mm) were supplied by Sun Nanotech Co. Ltd. (Beijing,
China). FeCl;-6H,0, FeCl,4H,0, Na,SO3, ammonium hy-
droxide solution (28-30% w/w), and H,O, solution (30% w/
w) were purchased from Sigma-Aldrich (Belgium).
Diclofenac as sodium salt, with a purity of more than 98%,
was obtained from Sigma-Aldrich (Belgium). All the solu-
tions used in the experiments were prepared in ultrapure water.

Synthesis of the catalyst

The synthesis of the catalyst was accomplished in two stages.
Functionalization of multi-walled carbon nanotubes

The purification and subsequent functionalization of the

MWCNT surface were carried out in order to obtain a
homogeneous deposition of the magnetite over the
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external walls of the support. Briefly, 2.0 g of MWCNTs
was added to 200 mL of H,O, solution (18% w/w). The
MWCNTs/H,0, suspension was heated at 80 °C for 4 h.
Then, the solids were thoroughly washed with ultrapure
water until the washing water reached neutral pH. The
obtained MWCNTs were dried in an oven at 100 °C for
10 h (Ovejero et al. 2007).

Preparation of the catalyst

Fe;04/MWCNT catalyst was prepared adapting the
method previously reported by Yu et al. (Yu et al.
2015): (i) 0.20 g of the functionalized MWCNTs was
added to 120 mL of ultrapure water at 60 °C and vig-
orously stirred in a three-neck flask under the purge of
nitrogen gas; (i) 0.28 g of FeCl3-6H,O and 0.08 g of
FeCl,4H,O and 0.5 mL of ammonia solution were
added; (iii) the mixture was vigorously stirred at
60 °C under the purge of nitrogen gas for 30 min,
forming a colloidal solution; (iv) the obtained colloidal
solution was then transferred into a 180-mL Teflon-lined
autoclave reactor (the autoclave was sealed and kept at
120 °C for 15 h and then naturally cooled to room
temperature); (v) the precipitate was separated from the
suspension by a magnet and then thoroughly washed
with ultrapure water until the washing water reached a
pH value of 6.7; and (vi) after repeated washing with
ultrapure water under ultrasonication for 5 min, the ob-
tained magnetic material was dried in a vacuum oven at
60 °C for 24 h. The obtained catalyst was labeled as
Fe;04/MWCNTs. The yield of Fe;04/MWCNTSs catalyst
was 85.7% per batch.
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Support and catalyst characterization

The morphology of the catalyst and the distribution of the
magnetic nanoparticles supported on the MWCNTs were
studied by using a TEM (JEOL 3000F). The thermogravimet-
ric analyses (TGA) were carried out in a thermal analyzer
TGA Q500 (STA 6000) under air flow, following a heating
rate of 10 °C min "' from 30 to 1000 °C. The crystalline phase
of the samples was analyzed by X-ray diffraction (XRD, X’
Pert MPD) with Cu Ko radiation (A =1.5406 A). Thus, the
porosity of the materials was measured by N, adsorption-
desorption isotherms at 77 K in an ASAP 2020 apparatus,
with the samples outgassed at 250 °C for 3 h before the mea-
surement. The specific surface area of the solids (Sggr) Was
calculated using the Brunauer-Emmett-Teller (BET) equation
and the micropore volume (Vy;.) was estimated by using
Dubinin-Radushkevich equation. The Fourier-transform in-
frared spectra were recorded in a Thermo Nicolet FT-IR spec-
trophotometer, in a wavelength range from 400 to 4000 cm .
The elemental microanalysis was accomplished in a LECO
CHNS-932 analyzer, where 0.6—1.6 mg of sample was held
in a furnace at 1000 °C, where the combustion of the material
occurred. Raman spectra were recorded in an Ntegra Spectra
(NT-MDT) micro-Raman apparatus, equipped with a CCD
Andor iDus detector. Finally, the magnetization curves of the
Fe;04/MWCNTs catalyst were measured using a MPMS-5S
SQUID magnetometer from Quantum Design (San Diego,
CA, USA). The total iron content in the solid samples was
measured by wavelength dispersive X-ray fluorescence anal-
ysis (WDXRF), using an Axios spectrometer (PANalytical)
equipped with an Rh anode X-ray tube and a maximum power
of 4 kW.

Catalytic activity evaluation

Batch CWPO experiments were conducted in a three-necked
round-bottom glass flask (250 mL) with screw caps and
equipped with a reflux condenser. The tests were accom-
plished under continuous stirring (700 rpm) at a constant tem-
perature with a thermostatic bath. The reaction medium was
prepared by adding the Fe;0,/MWCNT catalyst to a solution
(130 mL) containing DCF as model pollutant with an initial
concentration of 10.0 mg Lfl; then, the reaction was started
with the addition of the required H,O, dose. Each test in the
experimental design (Table 2) was carried out at a solution pH
of 6.7 (natural pH of DCF in ultrapure water) in order to
minimize any contribution of homogeneous reaction (due to
the possible leaching of the active phase). The experiments of
recycling were carried out in the same way. After each reac-
tion cycle, the stirring was stopped and the catalyst and treated
effluent were separated by using a magnet. The treated efflu-
ent was collected and the catalyst was washed three times with

ultrapure water; after that, DCF solution and H,O, were fresh-
ly added. Three reaction cycles were conducted in total.

At regular time intervals, samples were collected from the
reactor after the magnetic separation of the catalyst and then
filtered through PTFE syringe filters (0.45 um) and immedi-
ately analyzed. It is noteworthy to say that the reaction was
stopped by the addition of sodium sulfite before the analysis
of the pollutant, in order to avoid the degradation of the drug
after sample was taken from the reaction medium.

The data shown in Table 2 are the evaluated operating
parameters in each experiment, e.g., temperature, catalyst,
and H,0, doses. Additionally, several blank experiments were
considered in order to discard DCF removal by adsorption
over the catalyst or oxidation via only hydrogen peroxide or
catalytic homogeneous oxidation by the dissolved iron spe-
cies. These experiments were conducted at 70 °C and pH of
6.7 using the support and the catalyst in the absence of the
oxidant (adsorption tests), only with hydrogen peroxide
(2.7 mM) in the absence of the catalyst (H,O, test), and using
hydrogen peroxide (2.7 mM) and a solution of 10.0 mg-L ™' of
dissolved Fe** ions (homogeneous Fenton test).

DCF removal optimization by response surface
methodology: Box-Behnken design

RSM was applied to evaluate the individual and interactive
effects of the independent variables temperature, catalyst dos-
age, and H,O, dose on the DCF removal (Ferreira et al. 2007,
Khan et al. 2017). The range of each individual variable was
determined based on the preliminary tests. The experiments
were carried out at a pH of 6.7 and 10.0 mg L™" as initial DCF
concentration, in order to cover the range of 0-10.0 mg L™
that could be found in real influents.

The performance of the CWPO process was optimized by
BBD, using a second-order polynomial model (Eq. 5). The
used coded levels in BBD can be seen in Table S1
(Supplementary Material). Thus, RSM methodology was ap-
plied to the experimental data using the commercial software
Minitab (Ayazi et al. 2016). The theoretical optimized values
could be compared to the experimental data.

In this study, only 15 experiments were needed including
three replicates (see Table 2), but 27 experiments were carried
out in order to explore the applicability of the obtained qua-
dratic polynomial equation obtained.

The mathematical relationship between the independent
factors and the response was established by fitting the exper-
imental data to a quadratic polynomial equation, as expressed
by Eq. 5:

v =0+ Z{:lﬂixi + X Bax; + Z§<j2jﬁijxixj (5)

where v is the DCF removal percentage (%), x;, X;...x; are the
individual factors, x,»z, x,—z,. . .xkz are the squared effects, x.x;,
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Table 2 Experimental design matrix results of DCF degradation by CWPO
Actual values DCF removal efficiency (%)

Run A (H,0, dosage) (mM) B (catalyst dosage) (g LY C (temperature) (°C) Observed Predicted Error
1 1.00 0.50 50 529 49.6 33

2 1.00 0.75 40 58.6 57.6 -1.0
3 1.00 0.75 50 53.1 52.5 0.6

4 1.00 0.75 60 61.7 66.8 -5.1
5 1.00 1.00 50 70.1 69.9 0.2

6 1.85 0.75 50 53.0 53.5 -0.5
7 1.85 1.00 40 73.6 76.1 =25
8 1.85 1.00 60 88.2 85.3 2.9

9 2.70 0.50 50 59.2 62.3 -3.1
10 2.70 0.50 60 76.4 76.6 -02
11 2.70 0.75 40 71.8 70.3 1.5
12 2.70 0.75 60 82.0 79.5 2.5
13 2.70 1.00 50 82.0 82.6 -0.6
14 1.85 0.75 50 532 53.5 -03
15 1.85 0.75 50 54.0 53.5 0.5

Reaction conditions: [DCF]y=10.0 mg L', [catalyst]=1.0 g L', atmospheric pressure, 3 h reaction time

XXk, and xpx; are the interaction relationship between each
individual factor, 3, is a constant coefficient, and 3;, 3;; and
By (i=1,2,..., kj=1, 2,... k) are the linear, quadratic, and
interactive effects coefficients, respectively.

Furthermore, the effect of temperature (40, 50, and 60 °C)
on the CWPO reaction at initial reaction conditions of 2.7 mM
of H,0,, 1.0 g L™" of catalyst, and pH of 6.7 was studied, in
order to determine the reaction kinetics and the activation
energy of DCF removal.

Analytical methods

DCF concentration was followed by high performance liquid
chromatography, HPLC-UV/Vis (Varian, ProStar), using a
PerkinElmer column (250 X 4.6 mm i.d., 5 um). The analyses
were performed at 274 nm using 50/50 (%, v/v) mixtures of
acetonitrile and acidified water solution (0.1% w/w H;PQO,) as
mobile phase (0.5 mL min') and a loop volume of 20 pL.
H,0, concentration was measured in a UV-Vis spectropho-
tometer (Lambda 35, PerkinElmer) at a wavelength of 410 nm
after adding a titanium (IV) oxysulfate solution and a yellow
complex was formed. The calibration curve of the H,O, con-
centration and the absorbance (Fig. S1 of the Supplementary
Material) showed a linear plot through the origin, where
Beer’s law was fulfilled in the range 0.05-7.0 mM of H,0,
concentration. The iron that leached to the reaction medium
was measured following the o-phenanthroline method
(Munoz et al. 2017); in this case, the measurements were
accomplished at a wavelength of 510 nm using a UV-Vis
spectrophotometer (Lambda 35, PerkinElmer). Finally, the
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raw real aqueous matrices were characterized by the determi-
nation of the total organic carbon (TOC) and total nitrogen
(TN) concentrations using a TOC analyzer (Shimadzu TOC
Vscn), and the chemical oxygen demand (COD), conductivi-
ty, suspended solid concentration, aromaticity, phenolic com-
pounds, and ammonium (NH4") and nitrate (NOs ) concen-
trations were measured according to the Standard Methods
(2005).

Identification of DCF transformation products

A sample of the DCF effluent was treated by dispersive liquid-
liquid microextraction, following the procedure reported by
Zgola-Grzeskowiak and Grzeskowiak (2010). Briefly, 6 mL
of sample was adjusted to pH 1, and then, 1 mL of acetone
containing 80 pL of chloroform was added rapidly into the
sample solution. Fine drops were formed and sedimented in
the bottom of the test tube. The sediment phase was with-
drawn and the extract was dried with gentle pure nitrogen flow
and injected into a liquid chromatograph (LC 1100, Agilent
Technologies, Palo Alto, CA) coupled to a discovery ion trap
mass spectrometer (HCT-Ultra PTM, Bruker, Bremen,
Germany). The ESI ion source was operated at negative ion
mode for all the analytes. DCF standard was also analyzed in
order to compare with the DCF sample analyzed.

Toxicity assays

The change in the toxicity caused by CWPO treatment of real
wastewaters was assessed by an internationally standardized
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aquatic ecotoxicity test (Microtox M500 analyzer). The inhib-
itory effect of water samples on the light emission of the ma-
rine bacterium Vibrio fischeri was determined (luminescent
bacteria test with Biotox testing kit; ISO 11348-3, 2009).
The procedure of the analysis follows the standard procedure
for Microtox® analysis (Alvarez-Torrellas et al. 2017).
Bioluminescence was measured after 5 and 15 min exposure
to the test solution. The test was carried out at 15 °C, adjusting
the osmotic pressure close to 2% NaCl and pH between 6 and
8. The toxicity of each sample was defined as the percent of
the inhibition of the luminescence relative to a non-
contaminated blank (ultrapure water). When the relative inhi-
bition percentage was found above 20%, the EC50 was cal-
culated and subsequently converted in toxicity units (TUs).

Results and discussion
Catalyst characterization

TEM analyses were used in order to reveal the morphological
properties of the catalyst. Figure 1. displays the TEM micro-
graphs of the support (MWCNTSs), the fresh catalyst (Fe;0,4/
MWCNTs), and the reused catalysts. Figure 1a, b showed the
TEM images of MWCNT support after the functionalization.
It could be observed that after being treated with H,O,, the
multi-walled carbon nanotubes were open-ended and separat-
ed with relatively short length diameter. The treatment
endowed the Fes0,4/MWCNTs catalyst with structural integ-
rity and regular dispersion (Fig. lc, d). The images of Fe;04/
MWCNT catalyst showed aggregates of many tiny Fe;O,
nanoparticles with spherical-like shape in the form of clusters
on the surface of MWCNTSs, with an average particle size
about 4-11 nm. No changes in the morphology of the catalyst
were observed after the first (Fig. le, f) and second reuse
(Fig. 1g, h), where the magnetic particles maintain their spher-
ical shape. This fact confirms the applicability of the synthesis
method. The particle size of the catalyst used in the CWPO
experiments was lower than 100 um (Fig. 1).

TGA profiles of MWCNTs (a), Fe;04 (c), and Fe;04/
MWCNT (b) materials are shown in Fig. 2. The weight loss
at temperature lower than 100 °C was due to the evaporation
of the water entrapped in the structure of the solid. The weight
loss at temperature higher than 400 °C for the catalyst was
lower than that observed for the support, attributed to the
oxidation of the oxygenated groups on the surface of
MWCNTs. Furthermore, Fe;O4 was transformed to Fe,O;
during the heat treatment, suggesting that the remaining 20%
of ash corresponds to Fe,O;5 as the product of oxidation of the
magnetite. This fact demonstrated that Fe;O,4 has been depos-
ited on the support, in agreement to those observed in TEM
micrographs (Ribeiro et al. 2017).

The temperatures of maximum weight loss (7},.c) were
obtained of approximately 564 and 608 °C, for all the mag-
netic materials and the support, respectively (Fig. 2). This
difference between both values indicated that the presence of
iron oxides in the catalyst had a main influence on the thermal
stability of the materials (Buzarovska et al. 2015).

The structure phase of the catalytic support and the pre-
pared catalyst was analyzed by using XRD patterns of the
powdered samples (Fig. 3a). The peaks at 2 =29.7, 35.2,
43.1, 57.1, and 62.7 were attributed to (220), (311), (400),
(511), and (440) crystal planes of face-centered cubic (FCC)
of Fe;0y, respectively, in accordance with the standard XRD
pattern of Fe;04 (Wang et al. 2014). The XRD patterns of the
reused catalysts after the first and second cycles are shown in
Fig. 3b. As it can be seen, the XRD results did not reveal any
phase transformation, supporting the stability of the catalyst in
CWPO process, showing a promising service lifetime and
potential in wastewater treatment practical applications.

The surface functionalities of the prepared magnetic cata-
lyst were investigated by the spectroscopic results from FT-IR
studies (Fig. 3¢), which were carried out for a better compre-
hension of the structure and composition of the materials. An
absorption band revealing the vibrational properties of the Fe-
O bond was observed around 586 cm ™' in the FT-IR catalyst
spectrum. This band is mainly assigned to the stretching vi-
brations of Fe-O-Fe. The broad absorption peaks found be-
tween 3400 and 3500 cm ' correspond to —OH groups, attrib-
uted to the presence of hydroxyl groups on the surface of the
composite or the adsorption of some atmospheric water during
FT-IR measurements. The band at 1621 cm ™' can be assigned
to the C=0 stretching mode of the functional groups on the
surface of the MWCNTs. Thus, the peak at 2940 cm ! ob-
served in the FT-IR spectrum of the support is characteristic of
the C— stretch vibration in the surface of MWCNTs (Li et al.
2016).

N, adsorption-desorption isotherms at 77 K of the materials
are shown in Fig. 3d, since the estimated textural properties
(specific surface area, Sgrt, micropore volume, Vi, total
pore volume, Vo, and average pore width) of the
MWCNTs and Fe;0,/MWCNTs catalyst have been reported
in Table S2 (Supplementary Material). The BET surface area
values of the support and the catalyst, estimated by the
Brunauer-Emmett-Teller equation, were found very similar
(97 and 90 m? g, respectively), indicating that the incorpo-
ration of magnetite in the support did not change the textural
properties. In general terms, it could be concluded that the
materials are essentially mesoporous (type [Va isotherms),
with very low micropore volume values (0.06 and
0.05 cm® g "), for the support and the catalyst, respectively,
and average pore widths of 17.9 and 14.9 nm, confirming the
mesoporosity of the materials (Alvarez-Torrellas et al. 2018).

The elemental analysis of the functionalized MWCNTs,
fresh Fe;04/ MWCNTs, and the reused FesO4/MWCNTs
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Fig. 1 TEM micrographs of (a, b) MWCNTSs, (c, d) Fe;04/MWCNTs, (e, f) Fe;0,/MWCNTs-1 (first reused) and (g, h) Fe;0,/MWCNTs-2 (second

reused)

catalysts is collected in Table 3. Thus, the carbon percentage
(%C) measured in MWCNTs and fresh and reused catalysts
(Fe304/MWCNTs-1 and Fes04/MWCNTs-2) was 84.47%,
57.99%, 54.07%, and 54.27%, respectively. Compared to that
found in the fresh catalyst, the %C measured in the second-
and third-reused catalysts were similar, indicating that the for-
mation of carbonaceous deposits on the catalyst surface did
not occur after the CWPO process.

The measurements of total iron of the solids, e.g., the fresh
and reused catalysts, were carried out by WDXRF, finding
values of 21.36, 22.77, and 15.18 mg, respectively (Table 3).
The difference observed in the iron content of the second and
third-reused catalysts can be attributed to the non-well disper-
sion of the active phase on the catalytic support. This can be
assessed by the agglomeration of magnetite observed in some

@ Springer

areas of the surface support, as it can be seen in TEM micro-
graphs (Fig. 1c—f).

Furthermore, the iron concentration of the CWPO effluents
with the second- and third-reused catalysts was evaluated by
o-phenanthroline method, obtaining a value of leached iron of
0.1 mg L', for both samples. The low iron content in the
effluents can be considered as negligible, attending to the
low solubility of Fe** and Fe* in aqueous medium and the
low efficiency of oxidant agent production at the neutral op-
eration pH (Yu et al. 2015); so in this case, the heterogeneous
Fenton reaction plays a dominant role because the "OH reac-
tion proceeds in the surface of the catalyst.

Raman spectroscopy is a widely used method to study the
structure of carbon-based materials. Figure 4a shows the
Raman spectra of the MWCNTs, fresh Fes04/MWCNTS,
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Fig. 2 TGA and DTG analysis of MWCNTs, Fe;O4 and Fe;0y4/
MWCNTs

and the reused catalyst after the second cycle. It could be
confirmed that the support and the catalyst showed some dif-
ferences in their crystallinity. Thus, both materials showed
two overlapping peaks in the first-order Raman spectra (dis-
order-induced (D) and graphitic (G;) peaks, at 1360 and

a
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3
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Table 3  Elemental analysis and total iron content of the samples
Samples Total Fe content Elemental analysis

%C %H %N %S
Functionalized support n.d. 84.47 0.77 0.19 0.06
Fresh Fe;04/MWCNTs 21.36" 57.99 0.85 0.17 0.12
Fe;0/MWCNTs-1 22.77* 54.07 0.96 0.18 0.09
Fe;0/MWCNTs-2 15.18" 54.27 0.85 0.16 0.06
Effluent after second cycle 0.1° nd. nd. nd nd
Effluent after third cycle  0.1° nd. nd. nd nd
Solution pH of 6.7

n.d. not detected
*Milligrams found in 130 mg of catalyst
°Milligrams per liter, 3 h reaction time

1600 cm ', respectively, characteristic of amorphous mate-
rials, and exhibited the S band (2700 cmﬁl), more intense in
the spectrum of the support, related to the crystallographic
ordering of the structure (Thomberg et al. 2011). The I5/Ip
ratio was evaluated for MWCNTs and Fe;O,/MWCNTs, find-
ing that the value slightly increased from 1.34 to 1.44 after
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°
3
<
2
@
c
2
£
4
T =
20 70
d) s3s0

Fe304/MWCNT:
300 4 bz MWCNTSs

N

a

o
L

200 -

150 A

100

Volume adsorbed, cm®g STP

50

0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure, P/P°

Fig. 3 a) XRD patterns of support and Fe;0,/MWCNTs catalyst, b) XRD patterns of Fe30,/MWCNTs-1 and Fe;O4/MWCNTs-2 catalysts; ¢) FT-IR
spectra of MWCNTSs and Fe;0/MWCNTs; d) N, adsorption-desorption isotherms at 77 K of the support and Fe;0,/MWCNTs catalyst
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Fig. 4 a) Raman spectra of a) b)
MWCNTs, Fe;04/MWCNTs and —— MWCNTs
FC3O4/MWCNTS—2; b) ———— Fe;0,/MWCNTs (fresh catalyst) 204
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Fe;0, loading in the catalyst. The increase of this ratio sug-
gested that the atomic ordering of the MWCNTs was en-
hanced after the incorporation of the active phase and the
structural defects were modified. The peak centered at
2682.4 cm ' could be assigned to D* band characteristic of
MWCNTs (Zhang et al. 2018).

One of the interesting features of using Fe;0/MWCNT cat-
alysts in CWPO reactions is the advantage of being able to easily
recover them from the reaction medium after use, due to their
magnetic properties. In this sense, the magnetization curves of
the fresh Fe;04/MWCNTSs and second reused catalysts were
investigated to check their superparamagnetic properties
(Fig. 4b). In the figure, hysteresis loop in the magnetization
curves of both materials could not be observed, while the mag-
netic remanence and coercive force were 0, illustrating that
Fe3;04/MWCNT materials can be considered as
superparamagnetic. The saturation magnetization (M;) values of
the fresh and second reused catalysts were 20.0 and 25.0 emu g '
at 300 K. According to the results reported by Fan and Li (2012),
a saturation magnetization value of 16.3 emu g ' is enough to
allow the magnetic separation of the catalyst from the solution
with a magnet. These results showed that the fresh and the reused
catalysts can be manipulated by an external magnetic field, thus
providing a potential advantage for the separation, recovery, and
reuse of the catalysts.

Box-Behnken design for the optimization of DCF
removal

The CWPO performance of the removal of DCF was evaluat-
ed with the variation of different operating variables
(Alimohammadi et al. 2017; Rumky et al. 2018). The removal
efficiency of DCF (7)) determined at the steady state can be
defined by Eq. 6 and it was calculated at several operation
conditions (Table 2). The system variables include three-
level incomplete factorial designs (see Table S1).

(Cno—Cn)

o (6)

N =
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A quadratic polynomial response surface model was found
to represent the relationship between DCF removal percentage
and the independent input variables. Equation 7, obtained by
the BBD model, can be used to fit the experimental data.

Y = 319.804-19.6754—133.4558—9.268C + 7.339A>

+ 116.073B* + 0.097C* (7)
where A, B, C, and Yare the initial HO, dosage (mM), cata-
lyst dosage (g L"), temperature (°C), and DCF removal effi-
ciency (%), respectively.

The obtained equation demonstrated the accuracy of the
experiments and only 3.35% of the total variation cannot be
explained, which ensures the goodness of the fit (R* = 0.9665)
(Alexander et al. 2015). F (38.51) and p (0.0000178) values
were obtained with a pure error of 0.28 and the predicted error
variance (3.00) indicated the validity of the model (see
Table 4) (Abdullah et al. 2012; Santiago et al. 2018). The
strong linear correlation between the experimental and the
predicted values of DCF removal efficiency (Fig. S2) demon-
strated that the proposed model is accurate for investigating
the effect of the three operation parameters.

All the terms of the model and significance of each term in
the obtained regression model are listed in Table 5. The p-

values of the quadratic interactions (AB, AC, and BC), not
shown in Table 5, are not significant because of p =0.05; all
the other terms are significant. That means the predicted mod-
el mostly explains the probability of occurrence.

Table 4  Analysis of variance (ANOVA) of the quadratic polynomial
model

df SS MS F Prob > F (p value)
Regression 6 208342 34724 3851  0.0000178
Residual 8 72.13 9.01
Total 14 215556

R* =0.966, adj. R> =0.941, S=2.27

df degrees of freedom, S mean deviation
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Table 5 P test significance of
model terms in the quadratic Model Model Estimated Standard T'stat P Degree of
polynomial model coefficient coefficient error value significance
Intercept [y 319.80 46.42 6.89 0.000 Significant

A 05 -19.67 9.18 —2.14  0.065 Possibly significant

B 5> —133.45 40.66 -328 0.011 Significant

C G5 -9.27 1.65 -5.60 0.001 Significant

A? B 7.34 249 2.94 0.019  Significant

B? B 116.07 26.17 443 0.002  Significant

c B33 0.09 0.02 5.94 0.000 Significant

The uncertainty of the model has been reduced by using the
BBD model. The coefficients of the model are an important
aspect to take account the uncertainty of the model, in which
insignificant model coefficients are present.

In this particular situation, the majority of individual coef-
ficients have p values that are significant except the quadratic
interactions (AB, AC, CB). Since the effect of AB, AC, and
BC on the operating parameters is representative on the over-
all effect of the obtained model, these terms are negligible in
the model prediction (Table 4) (Salari et al. 2018; Xu et al.
2013). Thus, the model can be represented by Eq. 7.

The reported model showed an optimum DCF removal
efficiency of 96.9%, whereas the experimental DCF removal
percentage was 95.0% (optimum value in Table 6). Hence, the
predictions of the regression model using the RSM showed an
average value of deviation of 2.27% with the experimental
results. Due to the very small value of deviation, it could be
concluded that the prediction of the developed model showed
a high accuracy.

The response surface and corresponding contour plots al-
low to establish the quantitative analysis of the main interac-
tion effects of experimental variables and their contribution in
predicting the response. Figure 5 depicted 3D response sur-
face plots, showing the relationship of catalyst and H,O,
doses (Fig. 5a), catalyst dose and temperature (Fig. 5b), and
H,0, dosage and temperature (Fig. 5c) on the pollutant re-
moval and Fig. 5d shows a contour plot of the effect of the
catalyst dose and temperature on DCF removal. The perfor-
mance of the process was optimized by BBD model consid-
ering the minimization of the operating costs on maximum
DCF removal. The obtained optimum operating parameters
were 1.0 g L™ of catalyst, 2.7 mM of H,0,, and 60 °C in
3 h reaction time. It is noteworthy to mention that the model
can provide predicted solutions when targeting specific re-
sponse values, despite the significant effects of interaction
between the independent variables were not observed. As it
has been reported in the literature, generally, an increase in the
catalyst load will lead to the improvement of the "OH radical
formation and the subsequent enhancement of the pollutant
degradation, because of a greater number of active sites

available in the catalyst (Pliego et al. 2015). The results ob-
served in Fig. 5. are in agreement to this statement.

The effect of the H,O, concentration on CWPO process
was similar to that found for the catalyst load. Within a deter-
mined range surrounding the stoichiometric value of H,O,, an
increase in the dosage of H>O, enhanced the oxidative degra-
dation of DCF due to the promotion of "OH formation in the
CWPO process (Moffett & Kiza 1987; Ma et al. 2015; Ribeiro
et al. 2016a). Nevertheless, at the used working pH, the in-
crease of H,O, concentration had a slight effect on the de-
crease in the pollutant removal. At close to neutral pH, the
H,0, dose did not have a crucial effect on the DCF removal,
comparing to conditions usually found in Fenton reactions
(pH =3), when a high temperature (60 °C) was used and an
iron-based material was acting as a catalyst (Munoz et al.
2017; Nair and Kurian 2017). Thus, temperature values of
60 °C or below did not seem to have a great influence on
the decomposition of H,O, in H,O and O,.

Model evaluation

The evolution of the DCF removal and the consumption of
H,0, along the reaction time at the different tested operating
parameters defined in the variable coded levels (Table S1) can
be observed in Figs. S3 and S4, respectively. Regarding the
effect of the temperature, it could be observed that the increase
of up to 60 °C had a positive effect on the CWPO reaction,
enhancing both DCF removal and consumption efficiency of
H,0,. As it could be observed in Fig. S3, the increase in the
load of catalyst enhanced the removal of DCF, as H,O, con-
centration did.

The experiments allowed to determine the optimal experi-
mental conditions for DCF removal by CWPO reaction, 7=
60 °C, pHyp=6.7, [H,05]p=2.7 mM, and [catalyst]=1.0 g
L obtaining 95%, 90%, and 75% of DCF degradation
values in 180, 120, and 10 min reaction time, respectively,
measuring a pH value of 6.7 in the reaction effluent.

From the results, it could be concluded that the synthesized
Fe;04/MWCNT material is a highly active and robust catalyst
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Table 6 DCF removal

percentage—observed and Actual values

predicted—at the optimum

DCF removal efficiency (%)

operation conditions A: [Hy02]o (mM)

B: [catalyst] (g L™

C: temperature (°C) Observed Predicted

2.7 1.0

60 95.0 96.9

in comparison to another iron-based systems using similar
DCEF initial concentrations (see Table 1).

Reaction kinetics and activation energy for CWPO
of DCF

The CWPO experiments of DCF were performed at different
temperatures (40, 50, and 60 °C), maintaining constant values
of initial H,O, dosage (2.7 mM), initial pH (6.7), and initial
catalyst dose (1.0 g L™"). All the experiments were accom-
plished during 3 h reaction time.

Firstly, the initial reaction rate (ky, mmol min ! gcafl)
values were calculated at the tested temperatures, resulting
in 2.94, 3.49, and 4.33 - 10> mmol min"' g, ' for 40, 50,
and 60 °C, respectively (Table 7). As it can be observed, the
temperature showed a high influence on the oxidative process,
observing a difference of one and two magnitude orders in the
initial reaction rate values, for the tested temperatures.

Secondly, the kinetic evolution of DCF removal by using
Fe;04/MWCNT catalyst by CWPO was also discussed at the

DCF removal (%)

R(%)

85.00
78.00
71.00

64.00

pCF removal (%)

57.00

Fig.5 Combined effect of (a) H,O, dose vs.
and catalyst dose on DCF removal

@ Springer

different tested temperatures. The initial fast removal process
mainly results from the high concentration of "OH radicals and
DCF in the aqueous medium. Generally, at these conditions,
the degradation of DCF by CWPO process should be de-
scribed as a pseudo-second-order reaction. In this context,
the obtained data from DCF removal at the three different
tested temperatures were fitted to a pseudo-second-order mod-
el in order to describe the kinetic evolution of DCF. This
model was proposed by Haji et al. (Haji et al. 2015) for the
heterogeneous degradation of azo dyes by CWPO reaction.
The pseudo-second-order model can be described by Eq. 7

and represented by its integrated form at a constant-density
batch reactor (Eq. &):

—r = k(C-C")? (7)

« 1

C=C+—— (8)
okt

Co—C

where k (L mg ' h™") is the pseudo-second-order rate constant
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Table 7 Initial reaction rate values for CWPO of DCF at different
temperatures

Temperature (°C) 40 50 60

ko (mmol min~" g, ") x 10° 2.94 3.49 433
R? 0.961 0.964 0.964

Reaction conditions: [DCF]y=10.0 mg Lt pH=6.7, [catalyst] =
10g L', [H>0,]p=2.7 mM, 3 h reaction time

and C* (mg L) is the minimum concentration of the pollutant
in the aqueous solution. Since the resulting equation cannot be
linearized, a nonlinear regression analysis was used to esti-
mate k and C* values (Table 8); thus, the experimental and
predicted data are depicted in Fig. 6. As it can be seen, the
pseudo-second-order model successfully described the exper-
imental data. So, the estimated apparent rate constants in-
creased with the temperature, e.g., 0.227, 0.528, and
1.150 L mgfl h!, for 40, 50, and 60 °C, respectively. The
first value was similar to that reported by Haji et al. (2015) in
the treatment of an azo dye at room temperature.

The activation energy (E,) value for DCF removal was cal-
culated by Arrhenius equation (Fig. 7), obtaining a value of
70.30 kJ mol ", The found value was much higher than those
reported for diffusion-controlled reactions, which usually
ranged from 10 to 13 kJ mol ™! (Lin and Gurol 1998; Chen
et al. 2017). This allowed to assume that in this case the rate
in the CWPO reaction was dominated by the intrinsic chemical
reaction on the Fe;04/MWCNT surface rather than the exis-
tence of internal/external mass transfer limitations. The internal
and external mass transfer diffusion can be discarded due to the
small particle size of the catalyst used in the experiments (lower
than 100 um) and the stirring velocity was maintained constant.
The obtained activation energy value was close to other values
reported in the literature where different heterogeneous cata-
lysts were used for the CWPO degradation of different organic
compounds (Xu and Wang 2012; Yan et al. 2016; Nair and
Kurian 2017). Thus, the proposed pseudo-second-order kinetic
model showed a high accuracy (R* = 0.95) for the prediction of
the experimental data at the tested operating conditions and it
showed validity within the highest limits of temperature (60 °C)
and H,O, concentration (2.7 mM).

Table 8  Apparent rate constant values for CWPO of DCF at different
temperatures

T (°C) Pseudo-second-order model®
C'(mg L™ kL mg'hh R
40 0.83 0.227 0.991
50 1.36 0.528 0.995
60 0.59 1.150 0.997

#Reaction conditions: [DCF]y=10.0 mg L', pH=6.7, [catalyst] =
1.0 gL, [Hy0,]o=2.7 mM, 3 h reaction time
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Fig. 6 DCF removal evolution by CWPO predicted by pseudo-second-
order model at three different tested temperatures ([H,O,]p=2.7 mM,
[DCFJo=10.0 mg'L™’, pH,=6.7, [catalyst] = 1.0 gL /)

Stability and reusability of the catalyst

One of the most important challenges of CWPO reactions is
related to the deactivation of the catalyst. Thus, the evaluation
of the stability of the catalyst was assessed using the solid in
three consecutive cycles after drying the solid overnight at
60 °C. In this case, the reusability tests were accomplished
at the optimum operation conditions (7= 60 °C, [H,O5]o=
2.7 mM, [catalyst] = 1.0 g'L™", pHy=6.7; see Table 6). The
three consecutive runs of DCF degradation are depicted in
Fig. 8, where an outstanding stability of the catalyst could be
observed, since the DCF removal efficiency (95%) remained
constant in 3 h reaction time along the subsequent
experiments.

Nevertheless, the results obtained in this work are sig-
nificantly better than those obtained by Singh and Lo
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Fig. 7 Arrhenius plot for CWPO of DCF ([H,0,]o=2.7 mM, [DCF], =
10.0 mg-L™", pHy=6.7, [catalyst] = 1.0 g L")
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Fig. 8 Performance of the catalyst upon three sequential CWPO runs of
DCF (T=60 °C, [DCF]p=10 mg~L7', [Hy0,]p=2.7 mM, [catalyst]
=1.0gL™" pHy=6.7)

(Singh and Lo 2017) in the CWPO degradation of pyri-
dine with metal oxides as catalysts, who observed that the
removal of the drug decreased from 95% in the first run to
82% in the third cycle of reaction.

Iron leaching and blank tests

These experiments were conducted at 70 °C and pH of 6.7
only with the catalyst support in the absence of oxidant (ad-
sorption MWCNT test), with the catalyst in absence of oxi-
dant (adsorption Fe;0,/MWCNT test), only with hydrogen
peroxide (2.7 mM) in the absence of a catalyst (H,O, test)
and with hydrogen peroxide (2.7 mM) and 10.0 mg L' of
dissolved Fe** ions (homogeneous reaction test). The homo-
geneous reaction was carried out in order to measure the DCF
removal value and compare it with the DCF removal obtained
by heterogeneous reaction at pH 6.7. The DCF removal pro-
files of all the blank experiments and the heterogeneous cata-
lytic run (Fe;0,/MWCNTs + H,0,) as well can be found in
Fig. S5 (Supplementary Material).

Same values of DCF removal (12%) were found by
using only both the support and catalyst in the absence
of hydrogen peroxide, after 3 h reaction time, due to the
adsorption of the pollutant onto the surface of the solid,
which indicates that DCF is mainly removed via oxida-
tion. The potential of hydrogen peroxide in the absence of
the catalyst (H,O, test) was almost negligible, confirming
the effective degradation of DCF by CWPO reaction.
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Fig. 9 Proposed degradation pathways of the DCF reaction by CWPO (T = 60 °C, pH o= 6.7, [catalyst] = 1.0 gL', [H,0,] = 0.5 mM)
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Fig. 10 TOC degradation evolution in the three tested real aqueous
matrices ([H,0,]o=2.7 mM, [catalyst] =1.0 gL', T=60 °C, non-
modified pH). The inserted graph is referred to the decomposition of
H,0, with the reaction time

With the homogeneous Fenton test ([Fe**]=10mg L"), a
DCF removal below 27% after 3 h reaction time was
found (Martinez et al. 2018). Finally, the catalytic activity
of Fe;0,/MWCNTs in the presence of hydrogen peroxide
showed to be notoriously high (95%), indicating that the
efficient pollutant removal is due to the synergetic inter-
action between the catalyst and the "OH radicals in the
aqueous medium.

The total dissolved iron concentration of the effluent of the
fresh Fe;0,/MWCNTs and the reused after three cycle cata-
lysts was analyzed. In both cases, the amount of iron was only
0.1 mg L' (the total leached Fe was below of the limits
assigned by the EU directive, <2 mg L_l). Therefore, it can
be concluded that the leaching of the active phase during the
CWPO reaction is negligible, supporting the high stability of
the synthesized catalyst.

Degradation products

Intermediates in the CWPO reaction of DCF using Fe;0,4/
MWCNTs after 3 h reaction time, using 0.5 mM of H,O,
and 1.0 g L' of catalyst, were evaluated. A total of 29 peaks
(Fig. S6 of Supplementary Material) were detected in the treat-
ed DCF sample and 7 peaks in the DCF standard (DCF M =
C14C1oH;00,; molecular weight=293.8 gmol™'; #g =

Table 9  Toxicity values of the tested real aqueous matrices

WWTP SW HW
Initial at 5/15 min (TU) 3.67/3.64  2.53/1.95 5.98/4.28
Final at 5/15 min (TU) 1.30/1.28 1.58/1.51 2.84/2.98
Blank H,O; at 5/15 min (TU) ~ 0.48/0.62  0.35/0.65 2.56/2.08

21.7 min) (Fig. S7). The proposed structures of the interme-
diates are shown in Table S3. Compared to other advanced
oxidation technologies (Hofmann et al. 2007), the amount of
obtained intermediate compounds is considerably lower.
Based on the structures listed in Table S3, a reaction pathway
for the DCF removal by CWPO has been proposed (Fig. 9).
The pathway A, 5-hydroxy-diclofenac (D1), indicated a hy-
droxylation as one of the first reaction steps. Then, diclofenac-
2,5-iminoquinone (m/z 309) (D2) is formed from D1 (m/z 311)
by “OH attack and abstraction of H'. Subsequent "OH attacks
on D2 produce D3 (m/z 373) (a molecule containing the aro-
matic ring cleavage) and then D3 is decarboxylated by ‘OH
attack producing D4 (m/z 346). The D4 followed three differ-
ent pathways producing D5 (m/z 318), D6 (m/z 363) (detect-
ed), and D7 (m/z 362) compounds. Next, D7 is attacked by
‘OH in the NH-bridge. In this reaction, 2-oxo-3-(1-
carboxymethyl) pentanodioic acid (m/z 201) (D8) is formed
primarily and possibly 2,6-dichloroaniline (not detected). D8
suffered decarboxylation producing 3-carboxy-pent-2-
enedicarboxylic acid (m/z 172) (D9). However, D6 produced
D10 (m/z 321) after its decarboxylation. On the other hand, the
degradation pathway B started with the decarboxylation of
DCF by the attack of "OH in the aromatic ring and D11 (m/z
250) was formed. The chlorine in D11 was substituted by "OH
in the ring and then it was removed in the form of water to
generate D12 (m/z 214) which contains a cycle pentane group
between the two aromatic rings. Another pathway C is pre-
sented where 2,6-dichloroaniline is formed primarily.

Proof of concept: application of CWPO
to environmentally relevant water matrices

Most of the studies in the literature have been commonly
accomplished using deionized water, an interesting fact for
the initial design of the experiments as well as comparison
purposes. So, the proposed process must be effective in com-
plex water matrices that contain multiple natural and anthro-
pogenic compounds (Rizzo et al. 2013). As a proof of concept,
the performance of the CWPO reaction was evaluated using
different real water matrices, such as a WWTP effluent, a
surface water (SW), and a hospital wastewater (HW).

The main macroscopic characterization of the real waste-
water is collected in Table S4 (Supplementary Material).
Briefly, the TOC concentrations of the hospital water, surface
water, and WWTP effluent were 110, 6.8, and 9.8 mg L
respectively. With regard to the suspended solids, the hospital
and surface wastewater showed the highest concentrations
(138 and 140 mg L', respectively). Figure 10. shows the
results obtained in the CWPO of the abovementioned water
matrices. The three tested real matrices were efficiently treated
by CWPO with the synthesized catalyst, achieving a TOC
removal efficiency for all the matrices of 60% after 8 h reac-
tion time. Thus, the presence of a high content of organic
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compounds in the hospital wastewater led to detrimental ef-
fects on the kinetic rate of the process, observing an inhibition
effect in the initial stage of the reaction. From our knowledge,
the organic species present in the wastewater compete for the
active sites of the catalyst by adsorption, hindering the remov-
al efficiency (Ribeiro et al. 2016b). The same inhibition stage
was observed in the degradation experiment of the surface
water, possibly attributed to the large amount of solids present
in the matrix.

The ecotoxicity of the treated effluents is an interesting
parameter to determine the effectiveness of a wastewater treat-
ment technology. The ecological risk associated to a real
wastewater is usually underestimated, if the toxicological in-
formation obtained through bioassays is not bear in mind. It
has been widely reported that the pharmaceutical compounds
such as DCF are released into the environmental effluents. In
this context, Alvarez-Torrellas et al. (Alvarez-Torrellas et al.
2017) and Rimayi et al. (Rimayi et al. 2018) have been already
recorded the presence of these drugs in real effluents, describ-
ing them as common contaminants in surface water, hospital,
and WWTP effluents.

In this work, the evaluation of the ecotoxicity of the un-
treated and treated real wastewater effluents by CWPO was
assessed using the V. fischeri test. This test, based on the nat-
ural emission of the luminescent bacteria V. fischeri, has been
selected because it is cost-effective, reproducible, and does not
suppose ethical problems ensuing from the use of higher or-
ganisms such as fish and rat (De Garcia et al. 2014).
Ecotoxicity tests were carried out by duplicate with a control
solution and the data were statistically processed by the
Microtox® software, as well as the results were expressed as
TUs after 5 and 15 min of exposure.

As it has been expected, the highest ecotoxicity values
(TU=5.98 and 4.28, after 5 and 15 min of exposure, respec-
tively) was obtained for the hospital wastewater, since the
surface water and WWTP effluent showed lower TU values
(2.53, 1.95, 3.67, and 3.64, respectively). Thus, as it can be
observed in Table 9, the CWPO treatment led to a remarkable
decrease in the ecotoxicity of the real aqueous matrices.

Despite the decrease in the toxicity of the three real matri-
ces, the hospital and WWTP effluents remained slightly toxic
even after the CWPO treatment. This behavior has been relat-
ed in the literature with the presence of trace amounts of H,O,
or the formation of toxic by-products along the reaction (De
Vera et al. 2015; Esteban Garcia et al. 2018). This could be
assessed by the measurement of the toxicity assigned to the
quantities of H,O, that remained in the effluent after the
CWPO reaction, which must take into account the three cases.

In terms of toxicity, the United States Environmental
Protection Agency (US EPA) (2004) and the European
Chemicals Agency (ECHA) (2018) have established the fol-
lowing classification: 0 < TU <0.07 for low toxicity, 0.07 <
TU <2.67 for medium toxicity, 2.67 < TU <5.86 for high
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toxicity, and TU > 5.86 for very high toxicity. With this crite-
rion, the toxicity of the three real aqueous matrices after the
CWPO treatment could be classified as medium toxicity.

Consequently, based on the achieved results, the CWPO
using Fe;0,/MWCNTs as a catalyst represents a clearly ad-
vantageous and environmentally friendly technology for en-
suring a partial/total elimination of the ecotoxicity of real
aqueous matrices.

Conclusions

In this study, Fe;O0,/MWCNT catalyst was successfully pre-
pared and used as a highly active material for DCF removal in
catalytic wet peroxide oxidation. Due to the dispersion of
Fe;0,4 nanoparticles on MWCNTs (studied by transmission
electron microscopy), a synergistic effect between the iron-
based catalyst and the ‘OH radicals generated in the reaction
medium was achieved. Consequently, this material exhibited a
high catalytic activity for DCF removal. Investigations on the
effect of operation parameters (temperature, H,O, concentra-
tion, and catalyst load) by the response surface methodology
were accomplished. Under the optimal conditions (7= 60 °C,
[H,0,]o=2.7 mM, [catalyst]=1.0 g L"), the DCF degrada-
tion and H,O, mineralization were 95% (maintained constant
after three consecutive cycles) and 85%, respectively, observ-
ing an outstanding stability and reusability of the as-prepared
catalyst. Finally, the versatility of the catalyst was demonstrat-
ed in the treatment of environmentally relevant aqueous ma-
trices, obtaining an effective reduction in the ecotoxicity
values. Thus, the catalyst could be easily separated after reac-
tion by an external magnetic field due to the
superparamagnetic properties of the particles.
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