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Abstract: The development of novel approaches to the remotion of pharmaceuticals in wastewater is
a subject of concern due to their effect on living beings and the environment. Advanced oxidation
processes and the use of relevant catalysts are feasible treatment alternatives that require further
development. The development of suitable heterogeneous catalysts is a necessity. This work proposes
the synthesis of an iron catalyst in a deep eutectic solvent (Fe-DES) composed of choline chloride
and citric acid, which was physically and chemically characterized using SEM-EDS and TEM, FTIR,
RAMAN, XRD and XPS. The characterisation confirmed the presence of iron in the form of hematite.
Fe-DES was shown to be a multipurpose catalyst that can be applied in the removal of sulfamethoxa-
zole as a reagent in the Fenton and electro-Fenton processes and as an activator of peroxymonosulfate
(PMS) processes. After testing the catalyst with the aforementioned techniques, the best result was
achieved by combining these processes in an electro-PMS, with great efficiency achieved by dual
activation of the PMS with the catalyst and electric field, attaining total elimination at natural pH in
90 min. Furthermore, the degradation was confirmed by the detection of short-chain carboxylic acids
(oxalic, succinic, and acetic) and reduction in toxicity values. These results confirm the suitability of
Fe-DES to degrade high-priority pharmaceutical compounds.

Keywords: sulfamethoxazole; DES-based catalyst; PLA electrodes; hydroxyl radical; sulfate radical

1. Introduction

Advanced oxidation processes (AOPs) have become one of the most widely used
treatments to decontaminate wastewater, with great effectiveness in removing organic
pollutants [1]. Amongst the different AOPs, the application of an electric field causes a very
positive synergistic effect, making electrochemical advanced oxidation processes (EAOPs)
especially attractive treatments [2,3]. These processes generate different reactive species
capable of degrading recalcitrant organic pollutants, in turn eliminating other problems
derived from them, such as antibiotic [4] and bacterial resistance [5].

EAOPs can vary greatly depending on the species that are formed in the process.
However, many of the key factors in the treatments are common, regardless of the specific
treatment type and oxidising species used to remove pollutants [2]. The electrode materials,
the density or current potential used, and the electrolyte (concentration, type) can make
EAOP treatment very effective and environmentally friendly [6]. The electrode materials
used are one of the bottlenecks for EAOPs [7]. The current density or potential is another
important factor that needs to be taken into account and is directly related to the electrode
material. With a conductive electrode, it is not necessary to apply an excessive current
potential, making the treatment more economical and cost-effective [8]. Finally, the selection
of an appropriate electrolyte for the process, as well as in suitable concentration, can
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increase the effectiveness of the process by enhancing conductivity [9]. These three factors
are limiting and, therefore, many of the efforts by researchers in recent years have been
based on optimising these factors.

Regarding the most used oxidative species, the hydroxyl radical (HO•, potential redox
of 2.8 V vs. SHE) and the sulfate radical (SO4

•−, potential redox of 2.5–3.1 V vs. SHE)
stand out above the others as fast and effective oxidising species in the decontamination of
wastewater with organic contaminants [10]. The radical HO• is generated by the Fenton
reaction, obtained by the catalytic decomposition of hydrogen peroxide that takes place in
the presence of iron according to Equation (1).

Fe2+ + H2O2 → Fe3+ + HO• + OH− (1)

For its part, the radical is generated from peroxymonosulfate (PMS, -O3S-O-O-H),
also known by the commercial name Peroxone® [11]. The sulfate radical has, in addition
to a greater redox potential, a longer half-life, which is estimated to be between 30–40 µs
(compared to 10−3 µs for the hydroxyl radical). For greater efficiency, the PMS can be
activated in various ways. The most common involve use of transition metals, such as
cobalt (Equation (2)) or iron (Equation (3)), or energy, such as ultraviolet light (Equation (4)),
ultrasound (Equation (5)) or electric current (Equation (6)).

Co2+ + HSO−5 → Co3+ + OH− + SO •−4 (2)

Fe2+ + HSO−5 → Fe3+ + OH− + SO •−4 (3)

hv + HSO−5 → HO• + SO •−4 (4)

))) + HSO−5 → HO• + SO •−4 (5)

e− + HSO−5 → OH− + SO •−4 (6)

In both techniques, the catalyst plays an important role, either as a fundamental part of
the process (that is, acting as a reagent) to produce hydroxyl radicals (Fenton), or as a PMS
activator if a transition metal is intended to be used, such as iron. This catalyst/activator
should be subject to the same principles of economy and ecology as the other three factors
mentioned above. Because of this, there has been a trend to find heterogeneous catalysts in
order to allow them to be recovered after the process has been completed. In addition, a
good heterogeneous catalyst can be reused, complying with the sustainability principles
of the circular economy [12]. A wide variety of catalysts of different origins have been
tested in recent years: from minerals naturally containing metals [13], to minerals with
metals introduced artificially [14], and pyrolyzed materials of vegetable origin, such as
biochars, which have also been used as catalysts, containing either naturally occurring [15]
or artificially introduced metals [16]. Very recently, deep eutectic solvents (DESs) have
emerged as ecological solvents with valuable properties, among which are high thermal
stability, excellent ionic conduction, non-toxicity, accessibility and low price, and which are
able to be applied at large scales for many applications [17–20]. They have been suggested
as a substitute for ionic liquids and volatile organic solvents. In addition, they are beginning
to be used for catalysis. Although more research is needed in this field, the application of
DESs for the shape-controlled synthesis of metal nanoparticles has had a great impact on
the search for and further development of promising electrocatalysts [21]. Dlugosz [22]
discussed the physicochemical properties of DES for obtaining functional nanomaterials,
including salts, metal oxides, and metals. In this work, the role of DES is considered as a
novel means to obtain a wide range of inorganic nanoparticles, whose advantages over
traditional production methods lie in energy savings and the in situ functionalisation of
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nanoparticles. Gontrani et al. [23] also considered the “template effect” of using DES as
inherently highly tunable materials for the preparation of nanomaterials and composites.
Specifically, they used DES in the synthesis of zinc-containing nanoparticles, describing
three types of synthesis.

In this work, all the treatments considered involve the use of a DES-based heteroge-
neous catalyst, synthesized from choline chloride and citric acid. The Fenton and PMS
processes are tested in two variants: a simple variant (Fenton and PMS activated with
iron: A-PMS) and an electrochemical variant, through the well-known electro-Fenton (E-F)
and electro-PMS (E-PMS) processes. These are used for the elimination of the antibiotic
sulfamethoxazole (SMX), which is part of the Watch List of the European Union as a priority
pollutant for investigation. In the case of E-PMS, this involves a combination of electrical
current and iron, since the catalyst remains in contact with the solution. As a result, the
system proposed consists of a combination of A-PMS and E-PMS, referred to as activated
electro-PMS (A-E-PMS), which makes this work innovative, fusing both techniques, which
are often used independently. The combination of both activation processes can lead to the
formation of two types of radicals: sulfate and hydroxyl, as expressed by Equation (7).

Fe2+ + e− + HSO−5 → Fe3+ + HO• + SO •−4 (7)

To achieve the most economical treatment possible, the electrodes used in this work
were obtained by 3D impression using conductive polylactic acid (PLA). This material is
increasingly advocated as a candidate to replace the consumption of plastic of petrochemical
origin and already has many applications in the field of electrodes [24,25].

The aim of this work was the removal of SMX with PLA electrodes and a novel DES-
based heterogeneous iron catalyst (Fe-DES) for Fenton-like processes, which also served as
a PMS activator. This catalyst was extensively characterized (e.g., by FTIR, RAMAN, XRD,
XPS, SEM-EDS, TEM). Monitoring of the elimination was carried out using the carboxylic
acids generated throughout the process, which were identified and quantified in order to
study the degree of mineralisation achieved with these processes. Finally, a toxicity test
was carried out to validate the process and determine its final toxicity, comparing the initial
solution with the final solution of the best of the processes assessed.

2. Results

For the present study, an Fe-DES system was fabricated with choline chloride and
citric acid to which iron was added. This catalyst was used for the Fenton and E-F reactions
and PMS (A-PMS and A-E-PMS). The catalyst was characterized by different analytical
techniques in order to obtain the maximum information and knowledge about its properties.
The techniques performed are listed and explained in Section 3.

2.1. Catalyst Characterisation

The synthesis of the Fe-DES is described in Section 3.2, followed by analysis of the
effectiveness of this synthesis. The FTIR analysis (Figure 1a) showed three peaks, at 695,
530 and 447 cm−1, corresponding to the Fe-O bond stress modes of Fe2O3-type iron oxide.
The bands between 986 and 1200 cm−1 may have been due to C-O and C-OH bond tensions.
In addition, a band was revealed in the spectrum around 3408 cm−1, which was constituted
by the modes of O-H bond tension, with an emergent bending at 1634 cm−1. RAMAN
analysis (Figure 1b) confirmed the presence of Fe2O3, specifically in the form of hematite,
in two modes: in A1g mode at positions 227.3 and 495.8 cm−1, and in Eg mode at positions
248.3, 295.5, 412.9 and 617.6 cm−1. The same peaks corresponding to the two modes of the
hematite, A1g and Eg, were found in the study of Talibawo et al. [26]. Here, they obtained
hematite nanoparticles through a hydrothermal process. The RAMAN study also revealed
a symmetric C-N tension at position 663.3 cm−1, as can be seen in Figure 1b.
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Figure 1. Fe-DES characterisation: (a) FTIR; (b) RAMAN, where H: hematite; (c) XRD, where
H: hematite and P: propionamide; (d) XPS.

The characterisation was completed using the XRD analytical technique (Figure 1c),
which again confirmed the presence of hematite (JPDES 00-024-0072), and indicated the
appearance of propionamide (C3H7NO, JPDES 00-022-1772) as a possible compound in
the catalyst composition. The hematite code has been confirmed and found in other
studies [27,28]. Specifically, Khamis et al. [29] suggested that this code corresponded to
hematite of rhombohedral crystalline structure. In their work, they manufactured and
characterized nanocomposites for microwave-shielding applications. After the process,
they obtained hematite; as can be seen in their reported SEM figures, the forms they
observed were very similar to those detected in the TEM images obtained in the present
study, which are shown in the microscopic characterisation images in Figure 2a–d.
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Figure 2. Characterisation of the synthesized catalyst: SEM images at (a) 50 µm and (b) 20 µm, 
with identification of hematite (indicated in empty circles); TEM images of (c) spheres of hematite 
and (d) non-uniform spheres of hematite; (e) mapping of the catalyst, including data of the main 
components determined by EDS analysis. 

Finally, XPS analysis revealed an elemental composition formed mainly by three 
compounds, which, in order of appearance, were carbon, oxygen and iron. Nitrogen was 
also identified in the catalyst composition. The XPS analysis helped to provide more 
specific information on the oxidation state of iron (Figure 1d). The results of the analysis 
revealed a predominant Fe+3 state since the Fe+3-rich species had a characteristic satellite 
located between 8 and 9 eV at energies higher than the main Fe2p3/2 peak. This peak was 
typical of iron in the XPS analysis, along with Fe2p1/2. As can be seen in the figure, the 
first peak (around 710 eV) was narrower and stronger than the second (around 725 eV); 

Figure 2. Characterisation of the synthesized catalyst: SEM images at (a) 50 µm and (b) 20 µm,
with identification of hematite (indicated in empty circles); TEM images of (c) spheres of hematite
and (d) non-uniform spheres of hematite; (e) mapping of the catalyst, including data of the main
components determined by EDS analysis.

Finally, XPS analysis revealed an elemental composition formed mainly by three
compounds, which, in order of appearance, were carbon, oxygen and iron. Nitrogen
was also identified in the catalyst composition. The XPS analysis helped to provide more
specific information on the oxidation state of iron (Figure 1d). The results of the analysis
revealed a predominant Fe+3 state since the Fe+3-rich species had a characteristic satellite
located between 8 and 9 eV at energies higher than the main Fe2p3/2 peak. This peak was
typical of iron in the XPS analysis, along with Fe2p1/2. As can be seen in the figure, the
first peak (around 710 eV) was narrower and stronger than the second (around 725 eV);
the peak area of the first (Fe2p3/2) was greater than that of the second (Fe2p1/2) due to
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spin-orbit coupling (j-j) [30]. In this case, the sample had a satellite around 718–719 eV,
which corresponded to the Fe+3 chemical environment (black arrow, Figure 1d).

Kwon et al. [31] worked on the reversible conversion of mesoporous iron oxide for
lithium-ion batteries. In their study, a small satellite was observed through XPS analysis
before the cycle, between the Fe2p3/2 and Fe2p1/2 peaks, which disappeared after five
cycles of use. An analysis of O 1s was also performed using the XPS technique, which was
found to be deconvoluted into two peaks: first, an O 1s oxides peak (529.81 eV), and second,
a COO-carboxylic O 1s peak (532.93 eV). In Mohite et al. [32], the analysis of O 1s in a sample
containing titanium was deconvoluted into three peaks; the two peaks at 528.5 and 531.5 eV
were assigned to oxygen binding with a metal oxide and a hydroxyl backbone, respectively.
However, for the third peak (529.9 eV, the same range as the detection of oxides in this
work), the authors found evidence that it came from surface defects generated by TiO2.

Regarding the microscopic analysis, the images taken revealed a homogeneous sample
with the main elements well distributed (Figure 2a). In the specific case of iron, which
is known to form hematite together with oxygen, non-uniform spheres were observed
(Figure 2b), with sizes smaller than 100 nm (Figure 2c), consistent with the observations
of other authors [33]. Non-uniform spheres were also observed in the TEM analysis
(Figure 2d). Both analyses revealed key information about the material, since the catalytic
activity of hematite is directly determined by the catalyst surface, the exposed crystal
faces (area), as well as its geometric shape [34,35]. The non-uniform spheres present more
exposed crystal faces, which is related to a higher density of iron atoms in the plane, and,
in turn, higher activity of the hematite nanocrystals, when iron cations are attached to
oxygen [36]. EDS analysis (Figure 2e) was also carried out on the samples, confirming the
appearance of the three main elements, which, in descending order, were carbon (43.8%),
oxygen (37.4%), and iron (13.1%), as indicated by the XPS analysis. Hematite, as reported in
many studies available in scientific databases [37–41], has been shown to perform very well
as a catalyst. So, once the manufactured material was analysed, it was used as a catalyst in
various AOPs, as detailed in the following points.

2.2. Degradation of SMX: Fenton and PMS

The degradation of the antibiotic SMX, at a concentration of 25 mg/L, was initially
carried out through the generation of hydroxyl radicals by the Fenton process. For this,
Fe-DES was used in three concentrations: low concentration, medium concentration, and
high concentration (0.26, 0.53, and 0.81 mM of iron, respectively. Table 1).

Table 1. Leaching iron values in the Fenton, E-F, A-PMS and A-E-PMS treatments.

Treatment
Catalyst Concentration Level and Leaching (%)

Low
(0.26 mM)

Medium
(0.53 mM)

High
(0.81 mM)

Fenton 50.54 30.89 27.85

E-F 24.93 15.90 13.39

A-PMS 8.19 6.27 6.52

A-PMS (pH 4) - - 8.03

A-PMS (pH 3) - - 10.32

A-E-PMS - - 5.13

Before carrying out the degradation tests, an adsorption assay was performed for the
three catalyst concentrations to find out if part of the elimination achieved could be by
adsorption. The results were disregarded, since less than 1% adsorption occurred for all
catalyst concentrations.

As already mentioned, heterogeneous catalysts are important within the circular
economy because they have unique advantages over homogeneous catalysts [42]. Therefore,
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in this first degradation assay, the feasibility of a “green” process was assessed in an acidic
medium (pH 3), initially testing the catalyst with the lowest concentration (0.26 mM). Based
on this, to determine which would be the optimal peroxide concentration in this process,
the amount was calculated based on the iron concentration, administering a proportional
H2O2 concentration, according to the relationship previously established by Sanromán’s
research group [43,44], where the optimum H2O2 concentration was found to be 10 times
the iron concentration. Therefore, for the first test (catalyst: 0.26 mM iron), a 2.6 mM
concentration of H2O2 was used.

As can be seen in Figure 3, the degradation achieved for 6 mM Fe-DES was only
15.63%, which led to testing the other two, reaching levels of 24.22 and 34.53% for 0.53 and
0.81 mM of iron, respectively, all in a test time of 120 min. To continue with the purpose
of achieving a process as ecological as possible, no modification on the concentration of
hydrogen peroxide (2.6 mM H2O2) was carried out when the concentration of the catalyst
was increased.
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Figure 3. Degradation profiles with Fe-DES: 0.26 mM (black line), 0.53 mM (red line) and 0.81 mM
(blue line) concentrations for the Fenton treatment; and 0.26 mM (green line), 0.53 mM (purple line)
and 0.81 mM (yellow line) concentration for the A-PMS treatment.

The behaviour of the three reactions was similar, with the rate of elimination slowing
down at 40 min for the 0.26 mM catalyst, and at 60 min for the 0.53 and 0.81 mM catalysts.
Due to the lack of effectiveness observed for this process, and as already mentioned, it was
decided not to increase the H2O2 concentration according to the mentioned relationship
(10× the iron concentration), without first studying leaching.

Table 1 shows the leaching values for the three catalysts, which, in increasing order of
concentration, were 50.54, 30.89 and 27.85% with respect to the initial iron concentration.
Based on these results, the system was inferred to be operating in a hybrid mode of
homogeneous and heterogeneous catalysis. At this point, the possibility of carrying out
tests with a sufficient proportion of hydrogen peroxide was ruled out due to the high
leaching detected. In addition, values of 5.3 and 8.1 mM of H2O2 would needed to have
been added, which would not have been very ecologically friendly, and could have resulted
in an excess of hydrogen peroxide in the medium, which would not have favoured the
process, but quite the opposite, as expressed by Equation (8).

Fe2+ + HO• → Fe3+ + OH− (8)
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H2O2 + HO• → H2O + HO•2 (9)

The low catalytic activity of the process is noteworthy, taking into account the large
amount of iron leached into the medium, as it converted, as previously stated, into a hybrid
process (homogeneous and heterogeneous). This low activity can be explained by the
high level of leaching into the medium, which varied from 7.5 mg/L to 12.5 mg/L, for
low to high catalyst concentration, respectively. As other authors have reported, a high
level of catalyst leaching may be unfavourable when the generation of hydroxyl radicals is
insufficient. Furthermore, a large amount of ferrous ions in the medium could react with
hydroxyl radicals, reducing the active sites for oxidation [45,46] and the electron transfer
reaction [47] (Equation (9)).

To address these drawbacks, PMS, which has often been used as an oxidant for the
removal of micropollutants [48], was tested as a possible solution to the high leaching
resulting from the Fenton treatment. For this, a low concentration of PMS was used, equal
to the concentration of hydrogen peroxide (2.6 mM), and the catalyst was used as a PMS
activator (A-PMS).

Following the approach described in the previous section, A-PMS was tested in three
catalyst concentrations. The obtained results were much better than for the process using
hydroxyl radicals, as shown in Figure 3. In 120 min, for 0.26 mM Fe-DES, the elimination
levels reached 31.31%, for 0.53 mM, 58.37%, and for 0.81 mM, 89.19%.

All tests were carried out at natural pH (4.91 for the low catalyst; 5.13 for the medium
catalyst; 5.45 for the high catalyst). The pH variation was recorded throughout the process,
decreasing to around 0.7, 0.8 and 0.9 points, respectively (final pH 4.26, 4.36 and 4.58 for
low, medium, and high catalysts).

For more in-depth study, degradation kinetics were used, where the degradation
behaviour of SMX could be determined using a pseudo-first-order reaction kinetics model
(Equation (10)). As expected, the speed was faster than in Fenton (Table 2). Specifically, the
rate constant (k) was 1.5 times higher in the low catalyst (0.26 mM), 2 times higher in the
medium catalyst (0.53 mM), and 3 times higher in the high catalyst (0.81 mM), compared to
Fenton, with kinetic constant values of 0.0071, 0.0143, and 0.0319 (1/min), respectively.

dC
dt

= −kC (10)

where: C (mg/L) is the pollutant concentration, t (min) is the time, and k (1/min) is the
pseudo-first-order reaction kinetic coefficient.

Table 2. Kinetic data obtained in the Fenton, A-PMS (at different pHs), E-F and A-E-PMS treatments.

Treatment

Catalyst Concentration Level (mM)

0.26 0.53 0.81 0.26 0.53 0.81

k (1/min) R2

Fenton 0.0042 0.0066 0.0087 0.9559 0.9895 0.9781

A-PMS 0.0071 0.0143 0.0319 0.9713 0.9948 0.9982

A-PMS
(pH 4) - - 0.0330 - - 0.9985

A-PMS
(pH 3) - - 0.0379 - - 0.9991

E-F 0.0044 0.0079 0.0091 0.9946 0.9909 0.9910

A-E-PMS - - 0.0420 - - 0.9938

With reference to Table 1, leaching was again investigated. The leaching values
dropped dramatically to 8.19, 6.27 and 6.52% (0.26, 0.53, and 0.81 mM, respectively). In
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this case, leaching could have been reduced for various reasons. One reason may have
been increase in the pH of the solution, since it is known that greater leaching occurs
in acid media in processes involving AOPs [49,50]. On the other hand, as seen in the
characterisation section, the Fe-DES still contained nitrogen in small proportions (found
in all analyses except FTIR). Several authors have reported the activation of PMS by
nitrogen [51–53]. Wang et al. [54] activated PMS with nitrogen-doped graphene for the
elimination of the same antibiotic as in this work, SMX, obtaining 92% elimination in
240 min. The activation carried out at PMS could cause less leaching due to activation
and consequent increase in the speed of action of PMS and the Fe2+ regeneration on the
surface, causing fewer losses. The synergistic effects of applying iron nanocomposites
and nitrogen heteroatoms can also result in confinement between layers that minimizes
leaching problems, and, therefore, secondary iron contamination [55–57].

The next step was to try to improve this process by acidifying the assay. It has been
emphasized since the beginning of this work that the objective was to maintain a low-cost
treatment profile, so PMS treatment by simple iron activation (A-PMS) was appropriate. It
must be taken into account that application of A-PMS with the 0.81 mM catalyst achieved
an elimination of 89%, which translated into 22.84 mg/L of SMX eliminated in 120 min.
However, the attempt to further improve this percentage consisted in acidifying the test at
two points, at pH 4 and pH 3 (natural pH around 5). As the best test performance with
A-PMS was with the high catalyst, with reduced leaching, only the acidification test was
performed for the high catalyst (0.81 mM).

The results are shown in Table 2 in the form of kinetic data assessing the reaction rates
of the acidifications. The kinetic constant increased slightly as the conditions became more
acidic (from pH 5, natural, to pH 3) to 0.0319, 0.0330 and 0.0379 (1/min), respectively. When
pH was modified to 4, the elimination value increased by 1% with respect to the test at
natural pH (from 89.10 to 90.44%). The pH varied from 4 (initial, time 0 min) to 3.44 (final,
time 120 min). Regarding the modified pH of 3, the increase in elimination was a little more
notable, degrading almost 95% of the initial 25 ppm of SMX. The pH varied throughout the
test, decreasing from 3 to 2.36. Therefore, the PMS modified at pH 3 managed to remove
24.29 ppm, which was different from the PMS at natural pH (1.45 ppm extra removed).
Acidifying the medium did not seem justified to increase elimination by approximately 5%
(1.45 ppm).

In other published works where different pHs have been tested in the treatment with
PMS, no great differences in elimination have been observed [58,59]. For example, in the
case of the elimination of carbamazepine by means of PMS carried out by Fan et al. [60],
the best result was achieved when working at the natural pH of the solution (around 6.3).

To continue the same scheme, and if relevant, iron leaching was also investigated in
the PMS tests with artificially changed pH. The achieved leaching values exceeded that of
the test at natural pH. As the process became more acidic, leaching was greater (Table 1).
It should be recalled that the leaching for PMS at natural pH was 6.52 and for PMS at
modified pHs increased to 8.03% (at pH 4) and 10.32% (at pH 3). Thus, operating at a more
acidic pH only a 5% of increase in the degradation was achieved, but with more leaching at
these acidic pH values, and the best result remained that for PMS at natural pH.

2.3. Electro-Degradation of SMX: Electro-Fenton (E-F) and Electro-Activated PMS (A-E-PMS)

The degradation of the SMX was carried out in a second stage, through the electro-
generation of hydroxyl radicals, through the E-F process. For this, the same concentrations
of Fe-DES were tested in an electrochemical cell formed by two electrodes of conductive
PLA at a pH similar to those used in the Fenton treatment (pH = 3).

As can be seen in Figure 4, the three tests underwent a progressive elimination of the
pollutant as the hydrolysis time increased. To a lesser extent, for 0.26 mM Fe-DES, a lack of
activity was evidenced from minute 90, reaching a total elimination of 23.27%. For 0.53 mM
Fe-DES, the elimination was 37.09%, while, for 0.81 mM Fe-DES, the result obtained was
48.25% of degraded SMX.
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Figure 4. Degradation profiles with 0.26 mM (black line), 0.53 mM (red line) and 0.81 mM (blue line)
Fe-DES concentrations for the Fenton treatment, and with 0.81 mMFe-DES concentration (yellow
line) for the A-E-PMS treatment, which was also tested in homogeneous mode (0.81 mM, green line).

Regarding the degradation kinetics (Table 2), the rate constants (k) in increasing order
of catalyst concentration were 0.0044, 0.0079 and 0.0091 (1/min), respectively; the values
were very similar to those obtained in the Fenton process. This indicates greater activity on
the part of the more concentrated catalyst, despite the fact that in two hours of treatment
it did not reach 50% of the pollutant degraded. The option of extending the treatment in
time to obtain better elimination did not seem to be a viable one, since the reaction slowed
down in the final minutes, and the increase in time would have led to an increase in energy
consumption that would probably not have been compensated, taking into account the
best results from A-PMS.

An iron leaching study was carried out to evaluate the functionality of the studied
catalyst when applying an electric field. The data, shown in Table 1, revealed that the
catalyst led to leaching in different proportions: 24.93% leaching in the lowest concentration
(0.26 mM), 15.90% in the medium concentration (0.53 mM) and 13.39% in the highest
concentration (0.81 mM).

One of the many advantages offered by E-F is the in situ electro-generation of Fe2+

(Equation (11)), which can reduce iron leaching [61,62]. This explains the lower leaching
rate obtained in the electric field test. In addition, taking into account that the application
of an electric field increased the temperature of the electrochemical reactor during the test,
Panizza et al. [63] stated, in their study of the removal of dyes using E-F, that an increase of
10 ◦C in temperature (from 25 to 35 ◦C) may be associated with an increase in the rate of
reaction with hydroxyl radicals. In this way, in their work, they obtained great efficiencies
in COD reduction by increasing the temperature by 10 ◦C, with the higher speed of the
process decreasing leaching.

Fe3+ + e− → Fe2+ (11)

Despite the better elimination and reduction of leaching compared to the Fenton
treatment, A-PMS continued to provide the best results. In order to improve this process,
one last test was performed: the combination of electric current with PMS activated by iron
from the heterogeneous catalyst. To do this, the new assay merged activation and electrical
current (A-E-PMS). Based on the results achieved in the previous use of A-PMS, the test
was carried out at natural pH. The current applied in the A-E-PMS was the same as for the
E-F process (20 mA). This test was performed with the same PLA electrodes made in the
laboratory. The iron catalyst concentration was considered optimal (0.81 mM).
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As can be seen in Figure 4, the degradation profile of SMX with A-E-PMS was much
faster, achieving complete elimination of the contaminant under study (25 ppm). In
addition, the elimination was achieved after 90 min of testing, 30 min less than the time
set in all the tests carried out before. Therefore, the difference with A-PMS (approx. 90%
elimination in 120 min) was very obvious, obtaining total elimination in a shorter test time,
with consequent saving of time and energy.

In order to guarantee success of the synthesis carried out on the basis of DES to obtain
an Fe-DES heterogeneous catalyst, a comparison with iron in homogeneous mode was
performed. For this, iron sulfate, very commonly used in this type of process, was used
with the same concentration of iron as the catalyst that worked best (0.81 mM). The test was
carried out under the same conditions as for the A-E-PMS. As can be seen in Figure 4, the
A-E-PMS achieved 100% removal in 40 min. Despite achieving total elimination in a shorter
period than the heterogeneous process, the drawbacks of the homogeneous catalyst and
the advantages offered by the heterogeneous catalyst allows to state that Fe-DES remains a
good catalyst candidate.

As in the previous studies, the percentage of leaching was evaluated as an essential
part of the validation of the process. In this case, the A-E-PMS resulted in less leaching than
the A-PMS, reaching a value of 5.12%. As with the Fenton process, when applying electric
current, a significant reduction in leaching was obtained; in the case of PMS, the pattern
was the same. Therefore, the A-E-PMS had a further advantage for the rapid degradation,
which was obtaining the minimum iron leaching of all the tests proposed in this work.
Regarding the kinetic constant, A-E-PMS resulted in the highest process speed (k = 0.0420
(1/min), Table 2). In terms of energy consumption (EC, Equation (12)), comparing A-E-PMS
with the E-F treatment, the difference was notable. For the former, in an elimination time of
90 min (100% of SMX eliminated), the consumption was 0.71 kWh, with an average voltage
of 23.8 V. For the E-F, the consumption was 0.98 kWh for a 120 min removal time (approx.
50% of SMX removed), with a mean voltage of 24.5 V.

EC (kwh) = I × V × t
60

(12)

where: I is the intensity (A), V is the average of the consumed voltage and t is the time of
assay (min).

The improvement in degradation could be a consequence of the appearance of two
major oxidants, the sulfate radical and the hydroxyl radical (Equation (7)). In some stud-
ies, the PMS was activated with electrical current [64–66]. In others, as has already been
commented, the activation was performed using a metal [67,68]. However, several studies
have combined the two techniques to improve the removal efficiency of organic contami-
nants [69–72], with joint application proving to be very successful. Therefore, this work
brings together several novelties that could open new lines of research, both in the effective
use of Fe-DES and in A-E-PMS treatment, combining two of the most oxidising radicals,
hydroxyl and sulfate.

2.4. Mineralisation Study

In order to know how the process evolved during the degradation of SMX by A-E-
PMS, the degradation intermediates were studied. Figure 5 shows the carboxylic acids
detected throughout the test time (120 min). Even though the A-E-PMS assay reached
100% elimination in 90 min, for the degradation intermediates, the time taken was 120 min.
This reasoning is based on interest in seeing how the carboxylic acids evolved throughout
the A-E-PMS process while the contaminant still existed (first 90 min), but also in how it
evolved once the initial contaminant (SMX) had been transformed into other compounds
(from 90 to 120 min).
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Figure 5. Carboxylic acids detected in the A-E-PMS treatment with high catalyst, where the blue line
represents succinic acid, the black line corresponds to oxalic acid, and the red line, acetic acid.

Fundamentally, three carboxylic acids were detected: oxalic, succinic, and acetic acid.
These short chain acids reached their maximum concentration in treatment times of 30 min
(succinic acid), 60 min (oxalic acid) and 90 min (acetic acid). The trend in these organic
acids, as seen in Figure 5, decreased as the test progressed, and, at the end time (120 min),
the three acids detected were close to zero. These carboxylic acids have been detected by
other authors in the degradation of SMX via PMS [73,74]. In addition, they have also been
detected in the degradation of this antibiotic by E-F treatment [75,76]. In this work, since
PMS was activated with iron, it may be possible that the degradation route followed by
SMX was in some respects comparable to that of E-F. Of the three, the longest chain acid
is succinic, which was the first to appear, along with oxalic. The succinic acid reached a
high concentration more quickly, which decreased over time. The oxalic acid, also from the
beginning, showed a more progressive increase and slow elimination.

As already mentioned in a previous study [14], oxalic acid generally forms interme-
diate complexes with iron that are sometimes more stable than the original compounds
themselves, and make the degradation of carboxylic acids slower. In this case, the elimina-
tion of the oxalic acid is similar to that of the succinic acid, and, since the iron is deposited
on a heterogeneous catalyst, it seems that it helps to avoid this problem. Finally, acetic acid,
the shortest chain, prior to mineralisation appeared after just 15 min of the degradation test.

2.5. Toxicity Test

Using the same test by which the degradation intermediates were studied (A-E-PMS at
natural pH), a simple ecotoxicity study was carried out. The sensitivity of this test depends
on the selected bioindicator [77]. For this study, lentil seeds were selected, representing the
bioindicator, and tap water, representing the control. The selected samples corresponded
to the initial solution of SMX (25 ppm) and a final sample of the A-E-PMS treatment after
120 min. Both samples shared the same pH since the final sample of A-E-PMS and the
initial solution of 25 ppm of SMX were close to 4.5.

As can be seen in Table 3, the germination ratio (GR) was 100% with the control and
with the final solution of A-E-PMS. However, for the initial solution (25 ppm SMX), the
germination rate decreased to 80%. When the germination rate was observed, large differ-
ences were seen, both in the initial growth rate (48 h) and the final rate (72 h), between the
solutions used to irrigate the seeds. The germination index (GI) at 72 h, varied between the
control, the initial solution, and the final A-E-PMS test (GI = 1, 0.23 and 0.83, respectively).
The germination with the final test solution was three times higher than the index with
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the initial SMX solution. In addition, with this solution, a decrease in the index could be
observed between 48 and 72 h. This appears to be a delay in the growth rate, indicating
toxicity of the initial sample not observed in the final sample, which had no impact on the
growth of the seeds and again validated the effectiveness of the proposed process.

Table 3. Toxicity test data for control, initial (25 mg/L SMX) and final after treatment (A-E-
PMS) samples.

Sample Time (h) GR (%) RL TL GI (%)

Control
48 100 0.44 ± 0.09 1.58 ± 0.49 100

72 100 1.22 ± 0.16 3.46 ± 0.72 100

25 mg/L
SMX

48 80 0.20 ± 0 0.50 ± 0.07 36

72 80 0.35 ± 0.19 1.15 ± 0.32 23

A-E-PMS
48 100 0.20 ± 0 0.86 ± 0.33 45

72 100 1.02 v 0.53 2.66 ± 0.44 83

3. Materials and Methods
3.1. Reagents

Sulfamethoxazole, which was supplied by Sigma-Aldrich (Saint-Louis, MI, USA), was
evaluated as a pollutant; its characteristics are described in Puga et al. [76]. For the catalyst
synthesis, choline chloride, citric acid, FeCl2.4H2O and FeCl3.6H2O were obtained from
Sigma-Aldrich and KOH from VWR International (Radnor, USA). For the assays, H2O2,
Oxone® and Na2SO4 were provided by Sigma-Aldrich and H2SO4 was furnished by Fischer
Chemical (Waltham, USA). The conductive PLA filament used in the 3D printed electrodes
was obtained from 3DCPI. The organic solvents were HPLC grade from Fischer Scientific
(Hampton, USA) and Sigma-Aldrich. For all assays, Milli-Q grade water was used as a
solvent for the preparation of the solutions.

3.2. Catalyst Synthesis

The catalyst was manufactured based on the study performed by Sakthi et al. [78].
Deep eutectic solvent was prepared by mixing (600 rpm) and heating (80 ◦C) choline
chloride (139.62 g/mol) and citric acid (192.12 g/mol) in a molar ratio for 2 h. For the
synthesis of iron oxide nanoparticles, 3.9813 g of FeCl2.4H2O (20 mM) and 8.1091 g of
FeCl3.6H2O (30 mM) in the molar ratio 1:1.5, respectively, were added to the above DES for
20 min. Finally, 40 g (712.94 mM) KOH was added and stirred for 1 h. The nanoparticles
were washed several times with ethanol and distilled water and dried in a hot air oven.

3.3. Catalyst Characterisation
3.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

Samples, previously dried overnight (60 ◦C), were compressed in a KBr pill and
analysed between 400 and 4000 cm−1 in a Nicolet 6700 FTIR spectrometer (ThermoFisher
Scientific, Waltham, MA, USA) (C.A.C.T.I., Universidade de Vigo).

3.3.2. Raman Spectroscopy

Raman spectroscopy was carried out using a Horiba Jobin Yvon HR800UV spectrome-
ter with Ar diode and HeNe ultraviolet lasers (Horiba Ltd., Kyoto, Japan). The detector
used, suitable for UV, visible and infrared, was an air-cooled CCD (1024 × 1056 pixels of
26 microns) (C.A.C.T.I., Universidade de Vigo).

3.3.3. X-ray Diffraction (XRD)

XRD was performed using a Siemens D5000 X-ray powder diffractometer (Siemens
Ag, Munich, Germany) through drying and grinding of the samples to less than 20 µm
(T = 4 to 80 ◦C) (C.A.C.T.I., Universidade de Vigo).
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3.3.4. XPS

XPS analysis of the samples was performed using a Thermo Scientific NEXSA (XPS)
instrument equipped with aluminium Kα monochromatized radiation at 1486.6 eV X-ray
source (ThermoFisher Scientific, Waltham, U.S.). Neutralisation of the surface charge was
performed using both a low-energy flood gun (electrons in the range 0 to 14 eV) and a
low-energy argon ions gun (C.A.C.T.I., Universidade de Vigo).

3.3.5. Microscopy Characterisation

Microscopy characterisation was carried out by scanning electron microscopy (SEM)
carried out on a JEOL JSM-6700F-EDS Oxford Inca Energy 300-20 kV microscope (Oxford
Instruments, Abingdon, UK), combined with energy dispersive spectroscopy (EDS) for
chemical microanalysis. In addition, transmission electron microscopy (TEM) was per-
formed with a JEOL JEM-1010 high-contrast transmission electron microscope 100 kV
(Oxford Instruments, Abingdon, U.K.) (C.A.C.T.I., Universidade de Vigo).

3.4. Experimental Methods
3.4.1. Adsorption Studies

Adsorption experiments were performed in 50 mL Erlenmeyer flasks containing 0.26,
0.53, and 0.81 mM of iron in 40 mL of 25 mg/L SMX solution. The suspension was stirred in
an incubator Thermo Scientific MaxQ800 (ThermoFisher Scientific, Waltham, MA, USA) at
150 rpm and 25 ◦C for 120 min. All experiments were duplicated and liquid aliquots (1 mL)
were taken throughout the experiment to measure analyte concentration. All samples were
centrifuged at 10,000 rpm for 5 min, and the supernatant was separated to analyse the
removal percentage.

3.4.2. Degradation Studies

Fenton/A-PMS were developed in a 50 mL capacity cylindrical reactor with 40 mL
of the SMX solution containing 0.26, 0.53, and 0.81 mM of iron catalyst. Hydrogen
peroxide/Peroxone® was added initially at a concentration of 0.26 mM. The solution
(pH = 3) was kept stirring at 150 rpm IKA RCT Basic (IKA®-Werke GmbH & Co., Staufen,
Germany) and 25 ◦C for 120 min. All experiments were duplicated and liquid aliquots
(1 mL) were taken throughout the experiment to measure analyte concentration. All sam-
ples were centrifuged at 10,000 rpm for 5 min, and the supernatant was separated to analyse
the removal percentage.

3.4.3. Electro-Degradation Studies

E-F/A-E-PMS were developed in a 50 mL capacity cylindrical reactor with 40 mL of
the SMX solution containing 0.26, 0.53, and 0.81 mM of catalyst. In the case of A-E-PMS,
Peroxone® was added initially at a concentration of 0.26 mM. The solution (pH = 3) was kept
stirring at 150 rpm (IKA RCT Basic) and 25 ◦C for 120 min. Electrical current (20 mA) was
applied through a power supply Siglent SPD3303C (Siglent Technologies, Shenzhen, China).
All experiments were duplicated and liquid aliquots (1 mL) were taken throughout the
experiment to measure analyte concentration. All samples were centrifuged at 10,000 rpm
for 5 min, and the supernatant was separated to analyse the removal percentage.

3.5. Analytical Procedures
3.5.1. Determination of SMX

SMX (λ = 274 nm) removal was measured by HPLC (Agilent 1100) using an ion-
exclusion Zorbax Eclipse XDB (8%) column (150 × 4.6 mm; Agilent, Santa Clara, CA, USA).
The column was maintained at room temperature and the mobile phase, consisting of
acetonitrile and 1.5% acetic acid (10:90 v/v) solution, was pumped for 20 min (gradient
mode: 1 L/min).
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3.5.2. Determination of Carboxylic Acids

Generated short-chain carboxylic acids were determined by HPLC (Agilent 1100) using
ion-exclusion RezexTM ROA-Organic Acid H+ (300 × 7.8 mm; Phenomenex, Torrance, CA,
USA). The column was maintained at 55 ◦C and the mobile phase, consisting of a 0.025 M
H2SO4 solution, was pumped for 30 min (isocratic mode: 0.5 L/min).

3.5.3. Iron Concentration

The initial iron content of the catalyst, as well as the iron leaching value in the dif-
ferent tests, were measured by the 1,10-phenantroline spectrophotometric method (Stan-
dard methods) (Jasco V-630). Solid samples were previously digested (Danish Standard
method DS259).

3.5.4. Toxicity Test

The toxicity was evaluated through the germination rates of the samples using lentil
seeds as reported in a recent paper [14]. The tests were carried out on five lentils placed on
filter paper in glass Petri dishes (120 mm) grown in the dark at 25 ◦C for 72 h. The solutions
used were the control (tap water), initial SMX solution, and the final treated solution.
The parameters measured included root length (RL), root and hypocotyl length (TL), and
germination ratio (GR; Equation (13)) and germination index (GI; Equation (14)) [77].

GR (%) =
GSS
GSC

× 100 (13)

GI (%) =
RLS × GSS
RLC × GSC

× 100 (14)

where GSS is the germinated seeds in the sample, GSC is the germinated seeds in the
control, RLS is the root length of the sample, and RLC is the root length of the control.

4. Conclusions

In this work, two alternatives for the degradation of the antibiotic SMX were proposed:
one by use of hydroxyl radicals, with two processes: Fenton and E-F, and another by use of
radical sulfate, with PMS activated with iron (A-PMS). Finally, an activated degradation
with iron and with the application of an electric field (A-E-PMS) was carried out, obtaining
hydroxyl and sulfate radicals in the same test. For these degradation proposals, a new
catalyst synthesized on deep eutectic solvents was developed, composed of choline chloride
and citric acid, to which iron was added. This heterogeneous catalyst acted as a reagent in
the Fenton and E-F process and as a process activator by PMS, and was characterized by
microscopy (SEM-EDS and TEM) and FTIR, RAMAN, XRD and XPS structural analysis.
The characterisation revealed that the iron was in the form of hematite; the stability of the
catalyst was obtained by means of the minimum variation obtained in all the tests, which
were carried out in duplicate. Furthermore, as a novel alternative to electrochemical testing,
two inexpensive PLA electrodes were successfully tested. The best result was obtained
with the combination of A-E-PMS, reaching complete elimination (25 mg/L of SMX) in
90 min, without the need to modify the pH, and with leaching values of 5%. In the study of
degradation intermediates, three short-chain carboxylic acids (oxalic, succinic and acetic)
were detected, which, together with the toxicity test, demonstrated the feasibility of Fe-DES
to degrade priority pharmaceutical compounds for study, such as in the case of SMX. In
addition, it was shown that the novel combination of hydroxyl radicals and sulfate can be
very beneficial in these fields of research.
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