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Abstract: A carbonaceous material obtained from wood wastes (SW-Mn) was initially used for the
removal of pharmaceuticals in water by a carbocatalytic system. The SW-Mn material adsorbed
only 41% of the diclofenac (DCF) and 3% of the valsartan (VAL). Interestingly, SW-Mn activated
peroxymonosulfate (PMS) and presented a significant increase in the removal rate of DCF, surpassing
90%, while VAL achieved a 24% removal rate at 20 min of treatment. The carbonaceous material
was not effective in activating peroxydisulfate or hydrogen peroxide. Nevertheless, the addition of
ultrasound waves at 40 kHz to the carbocatalytic system (SW-Mn +PMS) significantly enhanced VAL
degradation, exhibiting a high synergy index (4.98). The routes of the degradation were determined
using scavengers, and XPS and EPR analyses, evidencing the main action of singlet oxygen in both
carbocatalytic and sonocarbocatalytic systems. It is important to note that radicals also participated
in the sonocarbocatalytic process, albeit with a minor contribution. The reuse of SW-Mn was tested
during various cycles, showing up to a 39.2% VAL degradation rate after the third consecutive reuse.
Moreover, the sonocarbocatalytic system was applied to a sample of irrigation crop water spiked
with VAL. The treatment induced a partial elimination of the pollutant due to some interfering effects
of the matrix components.

Keywords: carbocatalytic; pharmaceuticals elimination; sonocarbocatalytic; synergistic effects

1. Introduction

Pharmaceuticals are chemical substances with therapeutic applications that can alter
the physiologic processes of diverse living forms [1,2]. Pharmaceuticals are not totally
metabolized in human and animal bodies. Therefore, portions of these compounds are
excreted through urine or sweat. In many cases, pharmaceuticals reach the sewage systems
with a subsequent input into the environmental water [3]. Moreover, the inadequate dis-
posal of unused or expired pharmaceutical products promotes their improper discharge
into the environment [4]. However, in most countries worldwide, the input of pharmaceu-
ticals into the environment is not adequately regulated [3,5,6]. Therefore, the influence of
pharmaceuticals on aquatic ecosystems is not fully understood [7].

Currently, there is a growing concern in the scientific community about the adverse
environmental effects of widely used pharmaceuticals, such as antihypertensives or anal-
gesics. For example, the antihypertensive valsartan can induce the growth inhibition of
Desmodesmus subspicatus (algae), having an ECsq value of ~115 mg L~! [8]. Additionally, the
analgesic diclofenac has strong toxic effects on aquatic animals, birds, and plants. Diclofenac
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is toxic to organisms in water even at very low environmental concentrations (e.g., ng L™
levels). This analgesic may also induce negative ecological risk to non-targeted organisms
due to its biomagnification in the food chain [9]. Therefore, strategies to eliminate these
pharmaceuticals and avoid their negative environmental impact must be applied.

It is important to mention that conventional wastewater treatment plants (WWTPs)
are not designed for the degradation of pharmaceuticals [10]. Generally, WWTPs have a
pre-treatment stage that can consist of roughing or desanding systems, and aerobic and
anaerobic biological treatments using microorganisms in a controlled environment. In some
cases, WWTPs can have a tertiary treatment for polishing the effluent [11-13]. The con-
ventional processes of WWTPs are not efficient for the elimination of pharmaceuticals
because these compounds are recalcitrant to the available treatments therein and they are
also bio-accumulable [10,14,15]. Hence, the investigation of alternative treatments for the
elimination of compounds recalcitrant to the conventional processes is necessary.

Alternative treatments, such as advanced oxidation processes (AOPs), have been
sought to deal with refractory substances in water. AOPs involve the degradation of
pollutants by the action of reactive oxygen species (ROS, e.g., hydroxyl radical or singlet
oxygen) [16]. The carbocatalytic process, which uses carbonaceous materials as catalysts
to produce ROS, is considered an AOP. This process has attracted attention in recent
years due to the potential for carbon-based materials from agro-industrial wastes to be
utilized [17-19]. Moreover, carbon-based material can be easily prepared from renewable
sources such as biomass. The obtained materials are environmentally friendly and sustain-
able alternatives to traditional catalysts [20,21]. In the carbocatalytic processes, biochar or
activated carbon is employed for the activation of oxidizing agents such as peroxymono-
sulfate (PMS) [19]. The carbocatalytic process can degrade pollutants by non-radical and
radical pathways [22,23]. On the other hand, hybrid processes can increase the efficiency
of the catalytic process by combining ultrasound and carbocatalysis. This combination
generates a new process called sonocarbocatalysis [24-30].

There are some previous works on sonocarbocatalysis [24-30]. For instance, Cherifi et al. (2018)
investigated PMS activation using reduced graphene oxide (rGO) combined with ultra-
sound for the removal of rhodamine B, bisphenol A, and tetracycline. The pollutants
reached complete degradation and a high rate of total organic carbon removal (85%).
Based on the results, a mechanism was proposed in which rGO activates PMS under ul-
trasound, leading to the generation of HO® and SO~ [30]. Additionally, Liu et al. (2022)
evaluated the removal of humic acids in the biochar/peroxydisulfate and ultrasound
system. That investigation presented a high removal rate of humic acids (HAs). In fact, pol-
lutant removal rates were achieved of 92.5% for the biochar/peroxydisulfate/ultrasound
system, 84.0% for the biochar and persulfate process, 52.0% for sole biochar, 50.0% for
combined biochar/ultrasound, 10.0% for combined persulfate/ultrasonic, 4.0% for sole
ultrasonic, and 1.0% for sole persulfate systems [24]. Despite the good results, these pre-
vious works have not presented information about the effect of ultrasound frequency on
the sonocarbocatalytic process, nor compared the activation of diverse peroxides (PMS,
persulfate, and hydrogen peroxide) in their systems. Likewise, they do not mainly involve
non-radical pathways for pollutant elimination, nor are theoretical calculations included in
such literature.

This work provides new information about the sonocarbocatalytic process, evaluating
the effects of ultrasound frequency and peroxide type. Also, we supported the discussion of
the interaction between peroxide and carbocatalyst on computational calculations. In this
sense, a carbonaceous material synthesized from problematic wastes (SW-Mn) was used as
a catalyst. This material was used in carbocatalysis and sonocarbocatalysis to deal with
the merging concern of two contaminants of a pharmaceutical nature (i.e., valsartan and
diclofenac). Herein, the degradation enhancement by combining carbocatalysis with ultra-
sound waves was evaluated. The effects of pollutant type, ultrasound frequency, peroxide
type, pH, and matrix complexity (using actual irrigation crop water) were investigated.
Additionally, the reuse cycles of the carbocatalyst were considered. Furthermore, the main
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degrading species involved in the processes were established using EPR and XPS analyses,
plus scavenging tests. Finally, the synergy of the combination of processes was determined.

2. Materials and Methods
2.1. Reagents

Sodium diclofenac (C14H11NCI,O;.Na, Table S1 in the Supplementary Materials) was
obtained from Research Pharmaceuticals. Valsartan (Cp4HpoN5O3 Table S1) was supplied
by Abbott Operations, Abbott Park, Chicago, IL, USA. Acetonitrile (CoH3N), formic acid
(CH,0,), hydrochloric acid (HCI), hydrogen peroxide (H,O), manganese carbonate (MnCO3),
methanol (C,HgO), sulfuric acid (H,SO4), sodium azide (NaN3), sodium hydroxide (NaOH),
sulfuric acid (H»SOy), sodium sulfide (Na;SOs), and p-benzoquinone (CsH4O,) were pro-
vided by Merck, Rahway, NJ, USA. Oxone (KHSOs - 0.5 KHSOy - 0.5 K;504), which is the
source of potassium peroxymonosulfate (PMS, KHSOs), was acquired from Sigma-Aldrich,
Burlington, MA, USA. Sodium peroxydisulfate (PDS, Na,S,0g) was obtained from Fisher
Scientific, Waltham, MA, USA.

2.2. Methods
2.2.1. Carbonaceous Material Preparation

Sawdust waste (RW) was collected from a local wood industry in Medellin, Colombia.
The sawdust sample (40 g) was subjected to pyrolysis at 500 °C for 2 h within a Mueller & Krem-
pel muffle furnace, obtaining a biochar (SW). SW was impregnated with MnCO; for 12 h with a
mass ratio of 1:3 (SW: metal ion). Then, it was heated to 800 °C for 1 h, obtaining the SW-Mn
material. The SW-Mn was washed with 0.01 M HCl until nearly neutral in pH (6.5-7.5). Finally, it
was dried at 105 °C for 24 h. It is important to mention that the pyrolysis process was performed
within a nitrogen atmosphere, with a flow rate of 124.8 mL per minute.

2.2.2. Reaction Systems

The carbocatalysis experiments were performed in a batch-type reactor using an ultra-
turrax stirrer system, containing 350 mL of sample to be treated. Meanwhile, in the sonocarbo-
catalytic process, a Meinhardt Ultrasound reactor was utilized, containing a volume of 350 mL
of diclofenac (DCF) or valsartan (VAL) solution at a concentration of 0.0306 mM with 0.5 mM
of peroxide and 0.5 g L1 of the catalyst (SW-Mn). The catalyst and PMS concentrations were
chosen according to previous work by our research team [16,31,32].

For the ultrasound-assisted carbocatalysis treatment, a power density of 62.0 W L
and a frequency of 40 kHz or 375 kHz were applied. Moreover, the experiments were
carried out for 30 min. The influence of the peroxide type (H,O,, PDS, and PMS) and the
initial solution pH (3.0, 5.8, and 9.0) were evaluated. Additionally, the reusability for three
consecutive cycles and the feasibility of the system in a real matrix (irrigation crop water)
doped with the selected pollutants were tested. The identification of ROS participants
in the process was estimated using scavengers. Tert-butanol and methanol were used
to quench HO® and SOj ™, respectively [21,33]. Sodium azide and p-benzoquinone were
utilized to determine the role of O3~ and 'O, species, respectively, in the removal of
the pollutants [34,35]. Moreover, electron paramagnetic resonance spectroscopy (EPR)
was carried out. Additionally, the synergy of carbocatalysis and sonocarbocatalysis was
calculated using Equations (1) and (2) [36]:

O/ORcurbocatulysis

S

)

Yo Roxidant + 7o Rsw—mn

5— %Rcarbocatalysisfus (2)

%Rus + %Roxidant + YoRsw —mn

where %R represent the percentages of elimination for each system indicated by the sub-
script. In turn, S means the synergy and its value equal to or higher than 1 denote additive
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and synergistic effects, respectively. However, values of S lower than 1 indicate an antago-
nistic effect.

2.3. Analyses
2.3.1. Chromatographic Analyses

The evolution of pollutants was analyzed using a UHPLC Thermo-Scientific
(Waltham, MA, USA) Dionex UltiMate 3000 instrument equipped with an Acclaim™
120 RP C18 column (5 um, 4.6 x 150 mM). For the chromatographic analysis of DCF, a
mixture of acetonitrile and formic acid in a ratio of 30:70 (% v/v) and a flow of 0.5 mL min !
was used, and the detection was set at 230 nm. Meanwhile, for chromatographic analysis
of VAL, acetonitrile (44% v/v), formic acid (46% v/v, 10 mM, and pH 3.0), and methanol
(10% v/v) were used as the mobile phase at a flow of 0.6 mL min~! and the detection was
set at 254 nm.

2.3.2. Electron Paramagnetic Resonance Spectroscopy (EPR)

EPR was performed using a Bruker (Billerica, MA, USA) ASAP-2010. The EPR instrument
was operated at a center field of 3514.8 G, a sweep width of 100.0 G, and a power of 10 mW with
a sweeping time of 30 s. DEPMPO (5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide)
was used as a spin-trapping agent to identify O3, while TEMP (2,2,6,6-tetramethylpiperidine)
was employed to detect the presence of the hydroxyl radical and 'O,.

2.3.3. SW-Mn Characterization

The Brunauer-Emmett-Teller (BET) analyses were used to determine the surface area
and pore information; a surface area and pore size analyzer, Quatachrome (Boynton Beach,
FL, USA) NOVA 1200e, was employed. Surface functional groups were determined using
Fourier-transformed infrared spectroscopy (FI-IR). The analysis was carried out using a
Bruker (Billerica, MA USA) Tensor 27 spectrometer with an MCT (Mercury—Cadmium-—
Telluride) detector, using the diamond lens attenuated total reflectance (ATR) accessory.
X-ray photoelectron spectroscopy (XPS) results were collected on an EnviroESCA SPECS
instrument (Berlin, Germany). An aluminum X-ray source and a two-channel collector
were used. The X-ray anode was operated at 12 keV and 250 W, and the vacuum was
maintained at or below 5 x 1077 Torr. The pass energy for survey-wide scans was 89.45 eV,
while 20 eV was used for narrow scan tests. The narrow scan spectra were employed for the
determination of Mn (MnO, MnQO,). Data were analyzed using Multi Pak Spectrum-ESCA.
The XPS binding energies for the Mn 2p3/2, C 1s O 1s, and Si 2p core levels of samples
were calculated, and assignments of photoemission signals corresponding to the chemical
compounds were performed. Elemental composition was determined using the atomic
sensitivity factor (ASF) of the orbital. The Horiba Yvon Jobin dispersive micro-Raman
spectrophotometer was utilized to determine structural defects. Dynamic light scattering
(DLS) analyses, using a Malvern (Malvern, UK) Zetasizer Pro analyzer, was performed to
determine the particle size. The zero-charge point (PZC) was determined by the pH-metric
method. Firstly, a mass of 0.20 g of the material was weighed and added into 50 mL of
a 0.1 M NaCl solution. The method was carried out at pH values between 3.0 and 11.0.
Finally, the PZC was determined by plotting ApH values versus initial pH [37].

2.3.4. Theoretical Calculations

Computational modeling was performed to gain insights into the interaction of PMS,
PDS or HyO, with SW-Mn. The structural geometries were optimized using the BIOVIA
Material Studio 2017 with universal and Compass 1II force field. The simulation software
version 2017 (Dassault Systems Biovia Corp, 2017) BIOVIA Forcite was utilized in this
study, as reported by Shankar et al. [38]. To build the surface model, the elemental analysis
ratios and potential of zero charge were employed. The activated carbon structure was
chosen with O-containing groups including carboxyl, hydroxyl and ketone to obtain the
corresponding functionalized surface model.
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3. Results

The results are presented in five subsections. First, a brief characterization of the
carbocatalyst is presented. Then, the carbocatalytic process is described for the removal
of pollutants. Afterward, the sonocarbocatalytic system is studied. Herein, the effects of
ultrasound frequency, oxidant type, and pH are evaluated. Subsequently, the participation
of reactive oxygen species (ROS) during the carbocatalysis and sonocarbocatalysis processes
is established using scavengers, and EPR and XPS analyses. At the end of the results section,
SW-Mn reuse cycles and the matrix effects are presented.

3.1. Brief Characterization of the SW-Mn Material

The SW-Mn material exhibited a higher specific surface area (Sggr) compared to
its precursors (i.e., RW and SW). The Sggr values were 4.1 &+ 0.22, 10.2 £ 0.76, and
103.7 4 5.6 m? g1, corresponding to RW, SW, and SW-Mn, respectively. Within the FT-IR
spectra for SW-Mn, two peaks were observed at 481 cm ™! and 604 cm ™!, which correspond
to Mn-O vibrations [39-41]. Likewise, in the XPS analysis, after the deconvolution of
the Mn 2p3/2 orbital, the presence of the Mn-O species was confirmed. Moreover, the
presence of oxygen-containing bonds such as those formed in alcohol and silanol groups
was evidenced [42—-44].

3.2. Effect of Pollutant

The tests of the adsorption and carbocatalytic capabilities of SW-Mn were carried
out to remove the two considered pollutants (DCF and VAL). Figure 1 shows the removal
of the pollutants by these two processes. Figure 1 also presents the direct oxidation of
the two pharmaceuticals by PMS acting alone. It can be noted that PMS induced partial
oxidation of the pollutants (~15% for each), and the adsorption of DCF by SW-Mn (~40%)
was higher than that of VAL. At the same time, the carbocatalytic process was more efficient
at degrading DCF than VAL.

(a) 100 — (b) 100
= = PMS '\3 = PMS
S g0 || === SW-Mn < gp ||=== SW-Mn
5 === SW-Mn + PMS 5 === SW-Mn + PMS
£ 60 £ 60
£ £
T 4 ; 40
g IS
5 3 ]
= 20 E 20 ’—X—‘
a
O 1 O -\+
DCF VAL

Figure 1. Elimination of the target pollutants by PMS, adsorption, and carbocatalysis, after
30 min of treatment: (a) DCF; and (b) VAL. Conditions: pollutant = 0.0306 mM; PMS = 0.5 mM;
SW-Mn=05g L1, V = 350 mL; matrix = distilled water; and initial pH=58.

3.3. Sonocarbocatalysis Process

Considering that VAL exhibited a lower degradation rate than DCF by both adsorption
and carbocatalytic processes (Figure 1), the antihypertensive was submitted to sonocarbo-
catalysis. The effects of ultrasound frequency, peroxide type, and pH on the process were
assessed and are detailed in the following sections.

3.3.1. Effect of Ultrasound Frequency

Figure 2 presents the treatment of VAL by the sonocarbocatalytic system, evaluating
two different frequencies (40 and 375 kHz). Additionally, control experiments of ultrasound
(US) alone and carbocatalysis are included in Figure 2. It is remarkable that at high
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frequency the US alone can degrade the target pollutant [45]. This process can achieve
a similar degradation rate to that obtained by the carbocatalytic or sonocarbocatalytic
systems. Interestingly, at 40 kHz, VAL elimination was strongly augmented through the
combination of carbocatalysis with the ultrasound waves.

@10 (b) 1.0
0.8 0.8
S o6 S 0.6 Y us
0 —¥—US O 3 PMs
041 s 04| F B
—%— PMS + US A SWln+US
—@— SW-Mn 5| & SWin+
021 25 sWwn+us 0 -6~ SW-Mn+PMS +US
0.0 : : : w w ‘ 0.0 |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)

Figure 2. Effect of the ultrasound frequency on the sonocarbocatalytic treatment: (a) 40 kHz; and
(b) 375 kHz. Conditions: pollutant = 0.0306 mM; PMS = 0.5 mM; SW-Mn =05 g L1,V =350mlL;
matrix = distilled water; and initial pH = 5.8.

3.3.2. Effect of the Peroxide Type (H,O,, PDS, and PMS)

It has been reported that, in addition to PMS, carbon-based catalysts can also activate
other inorganic peroxides such as PDS and H,O, [46-49]. These oxidants contain a peroxide
bond (O—O0O) and they are precursors of ROS and are useful for water treatment [50,51].
Therefore, the capability of SW-Mn to activate these diverse peroxides was evaluated,
considering the sonocarbocatalysis process herein. Figure 3 presents the corresponding
results. It was observed that the degrading performance for the tested system followed the
order H,O, < PDS < PMS.

1.0
0.8
S 0.6 | Ho02
D —w— PDS
0.4 |~ Pws
—A— SW-Mn
0.2 | —*— SW-Mn+H0p +US
" | —m— SW-Mn +PDS + US
0.0 —@— SW-Mn + PMS + US

0 5 10 15 20 25 30
Time (min)
Figure 3. Effect of the peroxide type (H,O,, PDS, and PMS) on the elimination of VAL by sonocar-

bocatalysis. Conditions: pollutant = 0.0306 mM; PMS = 0.5 mM; SW-Mn =05 g L1, V=350 mL;
matrix = distilled water; frequency = 40 kHz; and initial pH = 5.8.

3.3.3. Effect of the pH

The pH plays an important role in the interaction between the pollutants and cata-
lyst [52,53]. Therefore, the performance of the sonocarbocatalysis process, at three different
initial pH values—acid (pH 3.0), natural (pH 5.8), and alkaline (pH 9.0)—was evaluated
(Figure 4). It was found that sonocarbocatalytic degradation of VAL was not influenced by
the initial pH of the solution.



Water 2023, 15, 3679 7 of 20

1.0
0.8
QO 0.6 &
O
0441 —m pH=3.0
—— pH=5.8
0.2 1 pH=9.0

0 5 10 15 20 25 30
Time (min)
Figure 4. Effect of the initial pH (3.0, 5.8, and 9.0) on the elimination of VAL by sonocarbocatalysis.

Conditions: pollutant = 0.0306 mM; PMS = 0.5 mM; SW-Mn=0.5g¢g L1, V =350 mL; matrix = distilled
water; frequency = 40 kHz; and initial pH = 5.8.

3.4. Identification of ROS and Reaction Mechanism during the Carbocatalytic and
Sonocarbocatalytic Treatments

3.4.1. Role of the Reactive Oxygen Species (ROS) in the Processes

The participation of ROS in the degradation of pollutants, using SW-Mn + PMS and SW-
Mn + PMS + US, was examined by adding quenching agents (Figure 5). For radicals such as
HO® and SO; ™, methanol (MeOH) and tert-butanol (TBA) were used as scavengers [33]. On
the other hand, benzoquinone (BQ) and sodium azide (NaN3) were utilized as scavengers
of O~ and 10, respectively [34,35]. The results in Figure 5 show a significant inhibition of
VAL degradation rate in the presence of BQ and NaN3.

To complement the scavenging experiments, EPR analyses using TEMP (which traps
singlet oxygen) and DEPMPO (to detect both superoxide and hydroxyl radicals produced
by systems [54]) were performed. Figure 6 presents the results of the EPR tests.

< — v —
BQ BQ
MeOH - MeOH b
TBA x TBA I
NaN3 NaN3
No scavengers No scavengers
0 5 10 15 20 25 30 0 10 20 30 40 50 60 70
VAL elimination (%) VAL elimination (%)

Figure 5. Identification of ROS after 30 min of treatment. VAL elimination (%) by (a) carbocatalysis,
and (b) sonocarbocatalysis. Condition: pollutant = 0.0306 mM; PMS = 0.5 mM; SW-Mn =05 g L1
V = 350 mL; matrix = distilled water; frequency = 40 kHz; V = 350 mL; scavengers = 3 mM; and
pH initial = 5.8 at 30 min.
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= SW-Mn + PMS

— PMS

Intensity (a.u)
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0.15
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-=== PMS
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13}
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o

5
&

-0.1

-0.15 I I I T 1. f T T T
3420 3440 3460 3480 3500 3520 3540 3560 3580 3600

Magnetic Field (G)
(b)

Figure 6. EPR results for the interaction of SW-Mn with PMS: (a) participation of singlet oxygen;
(b) participation of hydroxyl radical and superoxide.

3.4.2. Role of Manganese in the Processes

In the literature, it is reported that manganese oxides can oxidize organic pollutants [55-57].
As our carbocatalyst contains MnO, it is important to determine the role of Mn species in
the sonocarbocatalytic process. Thus, manganese species before and after treatment were
analyzed using XPS (Figure 7 and Table 1) [58,59]. The deconvolution of the Mn 2p3/?
orbital indicated the presence of MnO in SW-Mn even after treatment corresponding to the
third cycle of reuse.
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Figure 7. XPS spectra for SW-Mn before treatment and after the third cycle of treatment in sonocarbo-
catalysis. Red arrow represents a zoom in of the orbital Mn 2p in the SW-Mn material after the 3rd

cycle of reuse.

3.5. Reuse of the Carbocatalyst and Effect of Water Matrix upon Sonocarbocatalysis

The reuse of the catalyst is another important criterion for the practical exploration
of the catalytic performance because this provides information about the deactivation or
poisoning of catalysts [60]. Hence, three reuse cycles for the adsorption, carbocatalysis, and
sonocarbocatalysis processes were evaluated (Figure 8). The material has no significant
adsorption of VAL at any cycle. Moreover, it can be noted that the degradation of the
antihypertensive under the carbocatalytic and sonocarbocatalytic systems is stabilized after

the first reuse cycle.

o
Q
o —€— SW-Mn + PMS + US
0.4 ~@— SW-Mn + PMS
—&— SW-Mn
0.2 1
1st cycle 2nd cycle 3rd cycle
0.0 " " . : : ;

Time (min)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Figure 8. Reuse cycles for pollutant elimination. Conditions: pollutant = 0.0306 mM; PMS = 0.5 mM;
SW-Mn=05g L~1; V=350 mL; matrix = distilled water; frequency = 40 kHz; and initial pH = 5.8.



Water 2023, 15, 3679 10 of 20

Table 1. XPS binding energies for the Mn 2p3/2, C 1s, O 1s, and Si 2p core levels of samples and assignment of photoemission signals corresponding to the chemical
compounds. Elemental composition using the atomic sensitivity factor (ASF) of each orbital used.

Mn 2p3/» Cls O1ls Si2p
Binding Energy (eV)
Sample Mn-C-O CH-CH CH-CH B C-Mn-O B MnO MnO2 C-Mn-O .
(Chem %) * MnO - MnO, Mn-C Sp2 Sp3 o C-OH =0 C-Mn 0-C O=C OH-C sat sat C-Mn S0
C-Mn 64140 - 645.00 283.79 285.00 285.70 287.10 289.08 282.69 532.55 529.65 530.68 530.13 - 528.30 102.70
280.63 531.74 -
% 915 - (8.5) (19.3) (46.2) 11.1) (5.8) (5.2) 8 3)) (67.8) 9.3) (13.6) 6.9) (2.5) (100)
SW-Mn 282.69 530.13 530.78 527.60
before 641.40 642.80 645.00 283.79 285.00 285.64 287.10 289.08 280.20 532.66 529.65 530.55 53174 530 48 505,60 102.70
% 915  (0) (8.5) 81)  (401)  (29.4) 4.1) 3.0) ((2‘2; @72)  (184)  (114)  (144) 0 ((g Z; (100)
SW-Mn 641.40 642.80 645.00 283.79 285.00 285.70 287.10 289.08 282.69 532.45 529.65 530.50 530.13 530.13 528.30 102.70
after - 531.74 531.74 -
% 965)  (0) (3.5) 107)  (331)  (21.0) (.1) (3.5) (6.6) G27)  (140) (158 (107 ©) “.7) (100)
MnO 530.13 530.78
MnO, 64140 542.80 531.74 532.48
S ) Mn C @) Si
ample
P Elemental composition (%) **
C-Mn 4.3 76.1 18.7 1.0
f:ﬁ)ifr) 28 62.7 25.7 18
Sa‘?t]elrv[/“ 8.4 64.7 24.6 2.3

Note: * Chemical percentage of group segments. Percentages of Mn oxides include core level Mn 2p and satellite shake-up peaks. ** Elemental composition used quantified XPS peaks of
ASF at Mn 2p = 1.645, C 1s = 0.314, O 1s = 0.733 and Si 2p = 0.368.
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On the other hand, some investigations have shown that the matrices of water modify
the generation of ROS in the oxidation processes [61]. Additionally, substances such as
nitrate ions (NO;), bicarbonate ions (HCO;, associated with alkalinity), chloride ions (C17),
and natural organic matter (NOM) are very common in real matrices [62]. Therefore, to
obtain information about the matrix effect on VAL degradation in an actual matrix, a
sample of real irrigation crop water spiked with the pollutant (Table 2) was treated by
sonocarbocatalysis.

Table 2. Main characteristics of the irrigation crop water.

Parameters Average Value
pH 7.5
Conductivity (uS cm™1) 770
TOC (mg L) 27.6
COD (mg L) 54.4
Chlorides (mg L) 68.5
Alkalinity (mg L) 84.7

Figure 9 compares the removal rates of VAL in distilled water (DW) and in the real
matrix by the SW-Mn + PMS + US system. The results show that in the complex matrix, the
pollutant degradation was lower compared to DW.

1.0 4 o
Irrigation water

0.8 1
Distilled water
0.6 1

cic,

0.4 1

0.2 1

0.0

0 5 10 15 20 25 30

Tiempo (min)
Figure 9. Elimination of VAL by sonocarbocatalysis in both distilled water and irrigation water.
Conditions: pollutant = 0.0306 mM; catalyst =0.5 g L1, PMS = 0.5 mM; density power = 62.0 W L1

frequency = 40 kHz; V = 350 mL; pH initial of distilled water = 5.8; and pH initial of irrigation
water = 7.5.

4. Discussion
4.1. Adsorption and Carbocatalytic Processes

As mentioned above, the capability of the SW-Mn material to absorb DCF and VAL
was initially tested. Figure 1 shows that SW-Mn resulted in 41.3% and 3.3% removal
rates for DCF and VAL, respectively. According to Table 3, the specific surface area (Sggr)
of the SW-Mn decreased from 103.7 & 5.6 m? g~! to 83.9 m? g~! and 96.8 m? g~ after
the adsorption treatment of DCF and VAL, respectively. The results confirm that DCF
has a higher interaction with the material than VAL. The chemical structures of the two
pharmaceuticals and the characteristics of the SW-Mn material should be considered to
explain the differences in the adsorption results.



Water 2023, 15, 3679

12 of 20

Table 3. Textural characterization of SW-Mn before and after the adsorption, carbocatalysis, and
sonocarbocatalysis processes.

Process SpeT (m? g~ 1) Vup (cm® g-1) Vump (ecm? g—1) Vrp (cm? g—1) Dap (mm)
DCF
Before 103.7 £ 5.6 0.075 0.007 0.082 3.51
Adsorption 839 +4.3 0.064 0.01 0.074 3.53
Carbocatalysis 532+ 82 0.045 0.007 0.052 391
VAL
Before 103.7 £ 5.6 0.075 0.007 0.082 3.51
Adsorption 96.8 + 9.4 0.075 0.007 0.078 3.22
Carbocatalysis 68.9 + 6.6 0.064 0.005 0.070 3.75
Sonocarbocatalysis 55.5+ 8.3 0.060 0.004 0.064 3.00

Note: Specific surface area (Sggr) is calculated from the BET method (calculated in the linear P/P range from 0.05
to 0.22). The volume of the micropores (V,,p) is from the DR method. The total pore volume (Vrp). The volume of
the mesopores (Vyp) is from the difference between (V,p — Vrp). Average pore diameter (Dp).

DCF is a non-steroidal anti-inflammatory drug containing a phenylacetic acid and
(2,6-dichlorophenyl)amino group at the 2-position (Figure Sla in the Supplementary Materials).
Meanwhile, VAL is an antihypertensive that has a biphenyl-tetrazole and a 3-methyl bu-
tanoic acid linked to a pentanamide moiety (Figure S1b). It is relevant to consider that the
zero-charge point (PZC) of the SW-Mn is 7.5. The aqueous samples at the beginning of
the experiment have a pH value of 5.8. Therefore, under the experimental conditions, the
solution pH < PZC, and the catalyst has positive surface charges. DCF has a pK, of 4.0 (this
is linked to the phenylacetic acid structure). Thus, under work conditions, the pollutant
is negatively charged (Table S1, Figure S2a). Consequently, DCF adsorption is favored by
electrostatic interactions. Moreover, the silanol and alcohol groups of SW-Mn could form
hydrogen bonds with the carboxylate group in DCF and also with the N-H group of DCF.
Also, -7t interactions can occur between SW-Mn and the sp? carbons at the aromatic rings
in DCF [63]. In contrast to DCF, VAL (pK,; = 3.9 and pK,, = 4.7) had a double deproto-
nation (both carboxylic acid and tetrazole moieties, Table S1, Figure S2b). Although VAL
is deprotonated and SW-Mn is protonated, and electrostatic interactions are possible, the
adsorption is low. To explain this phenomenon, it is hypothesized that the presence of a
few firstly adsorbed molecules of VAL (which is a big molecule) induces repulsion with
other molecules of the same pollutant, thus hindering an effective adsorption process.

In addition to the adsorption of the pollutants on the carbonaceous material, the
other control experiment (i.e., PMS alone) showed partial degradation of DCF and VAL
(Figure 1). PMS can oxidize the amine or carboxyl acids on DCF, whereas the amide group
on VAL can be cleaved by peroxymonosulfate [64,65]. Additionally, the elimination of the
pollutants by carbocatalysis (i.e., SW-Mn + PMS) was assessed. A higher removal rate of the
pharmaceuticals was found compared to direct PMS oxidation and adsorption by SW-Mn
(Figures 1 and S1). After 20 min of treatment, the synergy values for the carbocatalysis of
DCF and VAL were 2.13 and 3.05, respectively. The synergy can be associated with the
generation of ROS (see Section 4.3), produced by the interaction between the material and
peroxymonosulfate, which accelerates the removal of the pollutants. Also, it is important
to mention that the results of DCF removal by the carbocatalytic process are comparable
to those reported in other studies where catalysts with manganese were used to activate
persulfates. For example, Wang et al. (2023) employed a biogenic manganese oxide to
activate PMS and remove pollutants. The investigators reported that the contaminants
reached high removal percentages (>80%) at 20 min of treatment, particularly for pollutants
such as DCF (100%) [66]. Furthermore, Zhao et al. (2022) prepared and evaluated a material
of MnO,-Biy O3 to activate PMS for DCF removal. Using 3.75 g L~! of the catalyst and
0.125 g L~ of PMS, ~100% pollutant removal was reached [67].

Despite the synergy of the carbocatalytic system to degrade both pharmaceuticals, the
removal rate of DCF was greater than 78%, while the removal rate of VAL reached 27%
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(Figure 1). Therefore, a strategy to improve the elimination of VAL could be the combination
of carbocatalysis with ultrasound waves. This is discussed in the following section.

4.2. Sonocarbocatalysis Process

The effect of the ultrasound frequency during sonocarbocatalysis (SW-Mn + PMS + US)
was tested, showing that the use of 40 kHz is more favorable than 375 kHz for this com-
bination (Figure 2). At high frequency, the ultrasound system alone degraded ~60% of
VAL after 30 min of treatment. This is because, at the higher tested frequency, the produc-
tion of radicals is superior. The acoustic cavitation phenomenon (i.e., generation, growth,
pulsation, and severe collapse of microbubbles) homolyses water molecules to produce
radical species (Equation (3) [68]). Also, ultrasound waves can promote the cleavage of
PMS (Equation (4) [53]). However, the combination of US at high frequency with SW-Mn +
PMS was antagonistic. At 375 kHz, the wavelength of the ultrasound is small (~4 mM, [69]),
and the solid particles of the carbocatalyst can affect the field of waves, thus limiting the
direct action of the ultrasound system (Figure 2b).

H,0+))) — HO® + H*® [symbol of ultrasound )))], 3)

HSO; +))) — SO;~ + HO®, 4)

The removal rate of the pollutant using sonocarbocatalysis at 40 kHz is superior to
carbocatalysis because the low ultrasound frequency predominantly induces physical ef-
fects (e.g., stirring and shock waves). These ultrasound waves promote disaggregation
and break the solid material into smaller particles [70-72]. In fact, the average particle size
decreased from ~800 nm to ~640 nm. Therefore, there is an increase in the number of active
sites available on the catalyst for PMS activation. This phenomenon was also supported by
the increase in the consumption of PMS in the presence of ultrasound (sonocarbocatalysis)
in comparison with the carbocatalysis process. PMS is a hydrophilic molecule, and conse-
quently, as the target pollutant, PMS is placed in the solution bulk [73]. Thus, stirring by
ultrasound can favor the contact of VAL with PMS. Additionally, when the PMS is activated
by ultrasound, the breaking of the O-O bonds can generate HO®, and SO}~ (Equation (4))
in the solution bulk. The generated ROS are able to attack the pollutant, increasing the elim-
ination of the contaminant [74], and leading to the synergistic degradation (S: 3.08) of VAL.
According to these results, to perform the subsequent experiments in the sonocarbocatalytic
system, the low ultrasonic frequency (i.e., 40 kHz) was utilized.

Furthermore, the influence of the peroxide type on VAL degradation by the sonocar-
bocatalytic process was also tested (Figure 3). The results showed that from the direct oxi-
dizing action of HyO,, PDS, and PMS individually, the percentage of pollutant elimination
was lower than ~11%. However, the elimination of the pollutants by the sonocarbocatalysis
system with H,O, was similar to that observed by the adsorption of SW-Mn (Figure 3).
Additionally, VAL elimination kinetics were greater for the sonocarbocatalysis process with
PMS than with PDS (Figure 3). These findings indicate that SW-Mn was able to activate
PMS, and, to a lower extent, PDS. However, HyO, was not activated. The asymmetric
structure of the O-O bond in PMS can be activated more easily by a carbon-based catalyst
than PDS or HyO; [75]. Our results are similar to those reported by Zhang et al., 2022, who
evaluated a carbon-nanofiber-supported bimetallic catalyst (Co/Fe) for the treatment of
ibuprofen. Their catalyst was used to activate PMS and PDS, finding that PMS is activated
more efficiently than PDS [76]. Also, Xu et al., 2020, prepared and tested a nitrogen-doped
biochar for the activation of HyO,, PDS, and PMS to degrade bisphenol A, reporting that
the H,O, was not activated by the biochar, and the removal rate by PMS activation was
higher than using PDS [77].

Once the effect of the oxidant was studied, the pH influence on the sonocarbocatalytic
process was analyzed. As shown in Figure 4, VAL eliminations at pH 3.0, 5.8, and 9.0
were very similar. To interpret these results, we could consider the pKa values of PMS
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and the pharmaceutical, and the PZC of SW-Mn. Since pH can modify the surface charges
on SW-Mn (PZC value of 7.5), when the pH < PZC (e.g., at pH 3.0 or 5.8), the adsorption
of VAL is expected to be lower due to intermolecular repulsion effects (as mentioned in
Section 4.1). At pH 9.0, both VAL and the carbonaceous material are negatively charged,
thus experiencing electrostatic repulsions. Therefore, VAL removal would be associated
with catalytic action. Moreover, the PMS has a pK,; < 0 and pK;, = 9.4. Hence, under alka-
line conditions, PMS deprotonation and transformation into a less oxidative species (SO%‘)
can be induced, and at the same time singlet oxygen can be produced (Equation (5), the
anion SOE* initiates a nucleophilic reaction towards HSOj5) [78]. VAL could also interact
with weak oxidants such as a sulfur pentoxide anion or singlet oxygen. Furthermore, the
pollutant elimination was not influenced by the working pH. These results suggest that the
MnO on the SW-Mn material did not participate in VAL elimination (Figure 7). However,
in further works, complementary analyses (e.g., new theoretical trials and adsorption tests
at different pH values, plus comparisons of FT-IR results for the SW-Mn material before
and after the interaction with VAL) could be performed to better clarify the role of pH in
the VAL treatment.

HSO; +SO0%~ — HSO, +S0% + !0y, ()

4.3. Identification of ROS and Reaction Mechanism during the Carbocatalytic and
Sonocarbocatalytic Treatment

4.3.1. Role of the Reactive Oxygen Species in the Processes

The pollutant removal rates using the carbocatalytic and sonocarbocatalytic processes
decreased when adding BQ (Figure 5a,b). The results suggest that O3~ radical participated
in VAL elimination. However, the limitation of using BQ as a scavenger of O must be
considered as BQ can be absorbed by carbonaceous materials [79-81]. In addition, the
inhibition of VAL degradation by the presence of NaNj3 also suggests the participation of
singlet oxygen in the degradation of the pharmaceutical. However, it must be considered
that sodium azide can also directly react with PMS [82]. Meanwhile, the presence of MeOH
and TBA did not inhibit the elimination of pollutants in the carbocatalysis process (i.e., there
is no participation of radicals in the process). In contrast, only the MeOH slightly inhibited
VAL removal by sonocarbocatalysis (Figure 5b). These results indicate low participation of
the radical species in the sonocarbocatalytic process for degrading VAL.

To confirm the role of ROS on VAL degradation, EPR analyses were carried out
(Figure 6). The interaction of SW-Mn + PMS/TEMP led to bigger signal intensities than
PMS/TEMP (Figure 6a). The results evidenced the formation of singlet oxygen from the
interaction between the carbonaceous material and peroxymonosulfate. Meanwhile, the
trapping essays with DEPMPO exhibited very similar signals and intensities for SW-Mn
+ PMS/DEPMPO and PMS/DEPMPO (Figure 6b). These last results indicate a poor
formation of hydroxyl radical and superoxide radical anions from the interaction between
the carbonaceous material and peroxymonosulfate. Therefore, according to all the results
presented above (using scavengers and EPR), 'O, plays an important role in the degradation
of VAL in the SW-Mn + PMS and SW-Mn + PMS + US systems. Meanwhile, the radicals
have a lower participation during sonocarbocatalysis.

4.3.2. Role of Manganese in the Processes

SW-Mn was subjected to further analysis using X-ray Photoelectron Spectroscopy
(XPS). In Figure 7 and Table 1, two reference materials, MnO and MnO,, were employed for
comparison. Before and after the third cycle of reuse, the binding energy of Mn 2p3/2 was
determined to be 641.3 eV, while the binding energy of Mn 2p1/2 was found to be 654 eV,
corresponding to MnO. Additionally, a MnO satellite feature was observed at 646.2 eV,
before and after three cycles of reuse. This observation indicates that manganese (II) does
not participate in the redox catalytic process actively.
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4.3.3. Understanding the Interaction between SW-Mn and PMS

Theoretical calculations for the interaction of the three peroxides with SW-Mn were
carried out using BIOVIA Material Studio 2017 with universal and Compass II force fields
(Figure 10). The results show that the SW-Mn + PMS system has a lower HOMO and
LUMO pair than SW-Mn + PDS and SW-Mn + H,O,. This suggests that the interaction
of SW-Mn with PMS is more favorable. Moreover, the Mn—O bonds in SW-Mn can form
a new atomic configuration, which may favor the local formation of charged domains at
the material surface (blue, pink, and yellow zones in Figure 10) and increase electrostatic
repulsion between the material surface and anionic species. PDS is double negatively
charged and PMS has a single negative charge, so lower HOMO-LUMO energies are
observed for the SW-Mn + PMS system in Figure 10. For this reason, the interaction
between peroxymonosulfate and the carbonaceous material is more favored.

In addition to the theoretical calculations and to better support the interaction of
SW-Mn with PMS, the integrated intensity ratio of D-band versus G-band (Ip/Ig, obtained
from the Raman spectra) was considered. This analysis provides valuable information
about the defective degrees of the carbocatalyst. Defects are relevant in the activation of
PMS using carbonaceous materials [83,84]. The SW-Mn material presents a high Ip/Ig
value (1.40), with sp? hybridization, which is useful for activating PMS. The structural
defects can promote the generation of 'O, (Equation (6)) [85,86], also explaining the high
capability of SW-Mn to produce singlet oxygen.

Defects +2HSO; — 'O, +2HSO,, (6)

Orbital energy (eV) J X LI LT
01407 (OYYYYY

HOMO
LUMO

-0.145

-0.150 +

-0.155 +

-0.160

-0.165 +

-0.170 +

-0.175

-0.180 ,

SW-Mn + H,0, SW-Mn + PDS SW-Mn + PMS
Oxidant/ Material

Figure 10. The optimized geometries and HOMO and LUMO energies for SW-Mn interacting with
PMS, PDS, and H,O,, which were calculated using BIOVIA Material Studio 2017 with the universal
and Compass II force fields. Red line represents the HOMO orbital energy and black line is the LUMO
orbital energy. In the figure of the SW-Mn + Oxidant interactions, grey balls: carbon atoms white
balls: hydrogen atoms, red balls: oxygen atoms, small yellow balls linked to the red ones: sulfur
atoms; and blue-yellow and violet-blue lobules: the orbital lobules.
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4.4. Applications: Reuse and Effect of Water Matrix upon Sonocarbocatalysis

This section regards the reuse of the SW-Mn material to deal with VAL (Figure 8).
VAL elimination by the SW-Mn + PMS + US and SW-Mn + PMS systems decreased from
61.1% to 39.2% and from 24.0% to 23.5% after the third cycle, respectively. It should be
noted that the sonocarbocatalytic system is less affected than the carbocatalytic one, due
to the effects promoted by the ultrasound. Table 2 shows the decrease in Spgt to 96.8 m?2
g1, 689 m? g7!, and 55.5 m? g! for adsorption, carbocatalysis, and sonocarbocatalysis
after first reuse, respectively. These results suggest that VAL adsorption or its degradation
byproducts, and the SW-Mn modifications by the interaction with PMS during the processes,
affected the material performance in the subsequent reuse cycles [60,87].

Furthermore, when comparing the elimination of VAL in distilled water (DW) and the
real matrix, it was observed that the process is able to partially degrade the pollutant in a
complex matrix. In fact, in DW, 60% of VAL was eliminated at 30 min, while only 15% of
the pollutant was removed in the irrigation crop water (Figure 9). According to Table 2,
natural organic matter is present in the complex matrix, which can interact with the singlet
oxygen [88,89] formed in the sonocarbocatalytic system. Also, chloride or bicarbonate
anions in the matrix can compete with VAL for the few radical species generated in the
process [90-92]. Furthermore, some matrix components could be adsorbed on the SW-Mn
surface, interfering with the PMS activation. As a consequence of all these factors, VAL
elimination in the irrigation crop water is lower than in distilled water.

5. Conclusions

The SW-Mn material was a better adsorbent for DCF than for VAL due to more
favorable interactions with the former contaminant. The carbonaceous material was able
to activate PMS for the degradation of the pharmaceuticals, but PDS and H,O, were not
activated. Indeed, theoretical and experimental analyses showed that the interactions
between SW-Mn and PMS have low energy and promote the generation of degrading
species. VAL degradation (SW-Mn + PMS) was improved by the addition of ultrasound
waves of low frequency (i.e., 40 kHz). This kind of US promoted mechanical effects (e.g., the
carbocatalyst particle disaggregation or better contact between reagents).

In the sonocarbocatalytic process (i.e., SW-Mn + PMS + US), according to the inhibition
by scavengers and EPR analyses, the singlet oxygen was the main degrading agent, with a
small participation of radical species. The sonocarbocatalytic degradation of VAL presented
a good performance at a wide range of initial pH (pH 3-9). However, the SW-Mn exhibited
low reusability in the processes for VAL elimination. Moreover, the pollutant removal rate
by sonocarbocatalysis decreased in irrigation crop water compared to distilled water. This
was because the components of the water matrix affected the degradation pathways during
treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15203679/s1, Figure S1: Chemical structure (a) Diclofenac, and
(b) Valsartan; Figure S2: Structures of (a) Diclofenac and (b) Valsartan, according to their pKa values;
Table S1: Characteristics of the pharmaceuticals; Supplementary references: [93-98].
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