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Abstract: A carbon-based material was synthesized using potato peels (BPP) and banana pseudo-
stems (BPS), both of which were modified with manganese to produce BPP-Mn and BPS-Mn, re-
spectively. These materials were assessed for their ability to activate peroxymonosulfate (PMS) in
the presence of MnCOj; to degrade acetaminophen (ACE), an emerging water contaminant. The
materials underwent characterization using spectroscopic, textural, and electrochemical techniques.
Manganese served a dual function: enhancing adsorption properties and facilitating the breaking of
peroxide bonds. Additionally, carbonate ions played a structural role in the materials, transforming
into CO; at high temperatures and thereby increasing material porosity, which improved adsorption
capabilities. This presents a notable advantage for materials that have not undergone de-lignification.
Among the materials tested, BPS exhibited the highest efficiency in the carbocatalytic degradation
of ACE, achieving a synergy index of 1.31 within just 5 min, with 42% ACE degradation in BPS
compared to BPS-Mn, which achieved 100% ACE removal through adsorption. Reactive oxygen
species such as sulfate, hydroxyl, and superoxide anion radicals were identified as the primary
contributors to pollutant degradation. In contrast, no degradation was observed for BPP and BPP-Mn,
which is likely linked to the lower lignin content in their precursor material. This work addressed the
challenge of revalorizing lignocellulosic waste by highlighting its potential as an oxidant for emerging
pollutants. Furthermore, the study demonstrated the coexistence of various reactive oxygen species,
confirming the capacity of carbon-based matrices to activate PMS.

Keywords: revalorization; wastes; acetaminophen

1. Introduction

Each year, approximately 50 million tons of lignin are generated globally, with 98% to
99% incinerated for the purpose of producing energy and steam in pulp manufacturing
facilities. Only a fraction, primarily, is commercially recovered under a biorefinery concept.
There are significant opportunities to create high-value products from technical lignin,
especially given the versatility of these modified materials in the catalysis industry [1,2].
Generally, when organic matter composed of hemicellulose, cellulose, and lignin is sub-
jected to thermochemical processes such as pyrolysis, carbonaceous materials are generated,
characterized by aromatic structures, and oxygenated groups, including aldehydes, ketones,
esters, and carboxylic acids. These characteristics endow these materials with the capacity
to adsorb molecules classified as emerging contaminants and heavy metals from water
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through electrostatic interactions, van der Waals forces, and 7-stacking, making them an
excellent alternative in addressing current environmental challenges [3-5]. This charac-
teristic allows for the reuse of the carbonaceous material and contributes to addressing
an environmental issue, such as the persistence of organic molecules and heavy metals in
wastewater and drinking water. However, contaminants merely move from one matrix
to another, and measurements must be implemented to prevent their accumulation. An
important strategy is utilizing these pyrolyzed materials as carbon catalysts [6,7].

To address emerging environmental issues of the 21st century, unmarketable potato
peels can be further processed and transformed into value-added materials [8]. Potatoes are
among the most significant agricultural crops for human consumption, following wheat,
rice, and maize, with a production volume of 376 million tons in 2013 [9]. However, the
potato industry generates substantial waste—leftover tubers, peels, and raw materials—
that accumulate and pose environmental challenges. It is estimated that between 12% and
20% of the total volume of potatoes processed results in peelings and other by-products [10].
Similarly, bananas are widely cultivated and nutritionally valuable crops, grown across
more than 130 tropical and subtropical countries. In 2016, India, China, the Philippines,
Brazil, and Ecuador were the leading banana producers, with a global yield of approxi-
mately 144 million metric tons, highlighting its economic relevance [11]. Despite this, a large
portion of the banana plant is discarded as waste, disrupting ecosystems and contributing
to ecological hazards. Banana pseudostems, often seen as low-value waste, can also be
repurposed into valuable materials, further supporting efforts to mitigate contemporary
environmental challenges [12].

Both species represent high-value agroindustrial waste, however, their application
in adsorption and/or biocatalytic processes can be influenced by the generation of new
physicochemical properties from the pyrolysis process and its lignitic composition. The
composition of these residues is shown in Table 1 [13,14].

Table 1. Compositional differences in the cell wall of the potato peel and the banana pseudostem.

Species
Component
Potato Peel (%) Banana Pseudostem (%)
Lignin content 1-5 10-15
Cellulose Content 40-60 30-50
Hemicellulose content 30-20 20-25

The characteristics resulting from the pyrolysis process in both species can result in
the generation of molecules in a greater or lesser proportion, directly influencing their
applications. For example, the greater amount of lignin in banana pseudostem results
in a greater production of phenols and aromatic hydrocarbons, which are byproducts of
lignin decomposition [15]. Currently, several studies have developed similar materials with
environmental applications. An example is the work of Grisales et al. [16], who produced
biochar derived from palm fiber residues, in combination with H,O, and 05572, in the
removal of drugs such as valsartan, acetaminophen, and cephalexin in water. Similarly,
Quimbaya et al. [17] produced a carbonaceous material derived from industrial waste,
specifically sawdust, which was modified with manganese to form an improved biochar.
This material was used to activate PMS by ultrasound (US) at different frequencies, achiev-
ing the degradation of ciprofloxacin in water. Demonstrating that biochars can be optimized
by modifications with transition metals and whose improvement potential depends on
the molecular composition of the species in their cell walls, in addition to these methods,
the transcendental value and carbocatalytic power of the waste are demonstrated even by
incorporating an oxidizing agent in the system.

In this context, it is necessary to add oxidizing agents to the carbonaceous material
that are activated by electron transfer, allowing the decomposition and even elimination
of the contaminant. Thus, various catalytic carbons have been synthesized that activate
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inorganic peroxides (hydrogen peroxide, peroxymonosulfate, and peroxydisulfate), gener-
ating radical species (*HO, *SO4 ™) and non-radical species (10,) after the homolytic bond
dissociation of the peroxide (O-O) bond. These species are capable of degrading persistent
molecules such as antibiotics (3-lactam antimicrobials, sulfa drugs, 4-aminobenzoic acid,
and tetracycline-class compounds) and antipyretics like acetaminophen, among others [18],
Equations (1)—(6).

—COOH + HSO5~ — SO4°~ + H,O + —COO* )

—OH 4 HSO5~ — SO4*~ + H,0 + —O° )
defect + HSO5~ — SO4°*~ + OH ™ + defect™ 3)
HSOs~ 4+ H,O — SO4%” +2°0OH + HT 4)

HSOs5~ + SO52~ — HSOs~ + SO,*~ + 10, (5)
HSOs™ + H,O, — HT + SO,2~ + H,0 + 10, (6)

ACE is classified as an emerging contaminant. These are chemical substances en-
vironmentally poorly regulated, with adverse effects on human health, which are not
fully known. Personal care products, pharmaceutically active compounds, and endocrine-
disrupting chemicals are among the most popular CECs. Many CECs are bio-accumulable
and recalcitrant to conventional processes in wastewater or drinking water. The ACE
can induce adverse physiological effects at low concentrations in humans and animals.
Numerous studies worldwide have reported its presence in various aquatic environments
(200 ng/L), raising concerns about the potential negative impacts on water quality, human
health, and wildlife. The ACE generates intermediates depending on pH. Its degradation
products (hydroquinone and benzoquinone, among others) and intermediates present
significant challenges for effective monitoring, detection, and the development of suit-
able treatment technologies. Membrane separation and third treatments as oxidation
advance the process are options to contribute to this problem [19,20]. Various materials
have been developed from carbon-based substances for the degradation of ACE, frequently
incorporating nitrogen- and phosphorus-doped carbon nitrides activated through photo-
catalysis [21,22]. Furthermore, oxidizing agents like periodate and peroxydisulfate have
also been utilized. Reactive oxygen species have been produced in every instance, resulting
in significant acetaminophen degradation rates. However, there is limited research on
the role of transition metals in cleaving the peroxide bond within a carbonaceous matrix,
particularly when carbonate ions are included in the process. These ions enhance surface
area and generate carbonate radicals, which act as additional active species for the oxidation
of organic compounds, Table 2.

Table 2. Carbocatalyst used to remove Acetaminophen.

Degradation (%)

Dosage on ACE Time

Oxidant Agent Material ACE ROS Generate Removal (min)
- Carbon-doped boron o 10,
103 nitride [23]. 90.8% 0, 30-60 uM 8
SFBCgpp possesses
PMS intrinsic N and P O~ [SFBCggo] =
PDS heteroatoms, SFBC 98.70% *OH 100m 80/°L - 45
(peroxidisulphate)  (Sargassum fusiforme SO4°~ &
biochar carbon) [24].
PMS Fe/HTCN-3/Vis [25]. 51.9% 99.9% 5811 _ 0.2g/L08g/L 60
4
PMS Mn/N co-doped biochar 79.6% COs*- 20 mg/L. 10

(Mn@NBC-X) [26].
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On the other hand, an advantage of the PMS is its ease of forming coordination bonds
with transition metals, which in turn bond with the carbonaceous matrix, facilitating the
cleavage of the double bond. On the other hand, due to its high redox potential, it allows
it to oxidize metal oxides, which in turn performs a direct oxidation to the contaminant.
Equations (7)—(9).

= Mn(IIl) — (0)0SO03~ + H,O —= Mn(IV) — OH + SO, ~* + OH ™ 7)
HSO5 ™~ +M"™ — MM+ 4 50,°~ + OH™ (8)
HSO5 ™ + M — M™ D+ 4 50,2~ + HO® 9)

Considering that PMS can be activated by carbonaceous matrices and transition met-
als, it is expected that the combined effect of these two factors improves performance in
removing recalcitrant molecules from aqueous solutions. In this study, banana pseudo-
stem, and potato peel were used as sources of lignocellulosic materials. These materials
were then thermally exfoliated at 500 °C and subsequently modified with manganese to
create a carbon catalyst capable of completely degrading acetaminophen. The nature of
raw carbonaceous materials was evaluated to comprehend its implications in the synergy
phenomena for the breakdown of organic pollutants. Finally, to demonstrate how lig-
nocellulosic waste can be used to activate PMS. The role of transition metals and their
carbonate salts in the process, as well as the structural implications for degrading ACE via
reactive oxygen species. This is shown using electrochemical techniques to evidence the
degradation and the material’s capacity to transfer electrons.

2. Materials and Methods
2.1. Reagents

Acetaminophen (marca) was obtained from Research Pharmaceuticals. Acetoni-
trile (CoH3N), formic acid (CH,0O,), hydrochloric acid (HCl), hydrogen peroxide (H,O3),
manganese carbonate (MnCQOj3), methanol (C;HgO), sulfuric acid (H,SO4), sodium azide
(NaNj3), sodium hydroxide (NaOH), sulfuric acid (H,SO4), sodium sulfide (Na;SO3), and
p-benzoquinone (C¢H4O,) were supplied by Merck, Rahway, NJ, USA. Oxone (KHSOs - 0.5
KHSOy - 0.5 K»504), serving as the source of potassium peroxymonosulfate (PMS, KHSOs),
was obtained from Sigma-Aldrich, Burlington, MA, USA.

2.2. Methods
2.2.1. Carbonaceous Compound Development

Pseudo stem (PS) was retrieved from a Tumaco Narifio, Colombia. Thirty grams of
sample were subjected to pyrolysis under a nitrogen atmosphere with a constant flow of
124.8 mL per minute at 500 °C in a Mueller & Krempel muffle furnace for 2 h, producing the
carbonaceous material (BPS). The selected temperature allows for the highest degradation
of lignin, with a maximum weight loss rate [27]. This BPS was then reacted with MnCOs
at a mass ratio of 1:1 for 12 h. Subsequently, the reaction product was heated to 800 °C
(O2/N3 (20/80)), and for 1 h, generating a manganese-modified carbonaceous material
(BPS-Mn). Finally, the BPS-Mn was washed with 0.01 M HCl until reaching a pH of 6.5-7.5
and dried at 105 °C for 24 h.

The potato peel (PP) waste was sourced from the municipality of Pasto Narifio, Colom-
bia’s main potato-producing region. The treatment followed the same conditions previously
described for the pseudostem to obtain BPP and BPP-Mn.

To determine the lignin content in the raw materials of banana pseudostem and potato
peel, a delignification process was carried out using an alkali solution (0.01 M NaOH) for
24 h, followed by drying and characterization with SEM/EDS spectroscopy.
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2.2.2. Reaction Mechanisms

Carbocatalysis was performed in a batch flocculation reaction system with a 500 mL
sample capacity. The reaction setup was based on previously published results by our
group, which define the optimal proportions of catalyst and PMS. Accordingly, 30.6 uM
of ACE, 0.5 mM peroxide, and 0.2 g/L of the catalyst (BPS-Mn and BPP-Mn) were added.
Finally, adsorption measurements and temperature-induced exfoliation were conducted as
control assessments for the carbocatalysts.

Apart from testing the initial and final pH, irrigation water was spiked as a real
matrix with the contaminants described above to evaluate the system’s reusability over
three consecutive cycles and its overall viability. To identify ROS production, scavengers
like tert-butanol and methanol were employed to detect species such as HO® and SO4°*~,
respectively. Additionally, sodium azide and p-benzoquinone were used to identify O,°~
and 'O,. The percentage removal (%R) was calculated for each system, allowing for the
final calculation of the synergy index (SI) of the materials in the process. Equation (10):

SI = %Rcarbocatalysis/(%RPMS + %RM) (10)

%RPMS = Degradation using PMS, %RM = Remotion with adsorption, %Rcarbocataly-
sis = Remotion using carbocatalysis (PMS + material).

2.3. Analyses
2.3.1. Chromatography-Based Analysis

The analysis of pollutant evolution was conducted on a UHPLC Thermo-Scientific
(Waltham, MA, USA) Dionex UltiMate 3000, fitted with an Acclaim™ 120 RP C18 column
(5 um, 4.6 x 150 mm). For ACE chromatographic analysis, a solvent mixture of acetonitrile
and formic acid in a 30:70 (% v/v) ratio was maintained at a flow rate of 0.5 mL/min, with
a detection wavelength set at 230 nm.

2.3.2. Spectroscopic and Electrochemical Characterization for BPS, BPP, BPS-Mn,
BPP-Mn Materials

To determine the surface area and pore characteristics, BET analysis was conducted
using a Quatachrome NOVA 1200e surface area and pore size analyzer (Boynton Beach,
FL, USA). The textural properties of the carbonaceous material will be determined by
nitrogen adsorption at —196 °C using an ASAP 2020 Micrometry instrument. The specific
surface area (SBET) shall be determined by applying the Brunauer-Emmett-Teller (BET)
equation to the isotherm. In addition, the total pore volume (VTP) will be determined,
which will correspond to the volume of liquid nitrogen adsorbed at relative pressure (P/Po)
of 0.98. Micropore volume (VuP) and external surface area (SEXT) shall be determined
using the t-Plot method. The external volume (VEXT) will be calculated using the differ-
ence between VTP and VuP. The average pore diameter (DAP) will be calculated using
the 4VTP/SBET ratio. The surface morphology of the materials will be examined using
scanning electron microscopy (SEM), using a JEOL JSM-6490LV model, along with an
energy dispersive spectrometer COXEM (Daejeon, Republic of Korea) (EDS detector EDAX)
from Oxford Instruments (Abingdon, UK) to identify the relative content of the elements.
Structural defects were evaluated with a Horiba Yvon Jobin dispersive micro-Raman spec-
trophotometer, Horiba, Ltd., Kyoto, Japan. Dynamic light scattering (DLS) analyses were
performed with a Malvern Zetasizer Pro analyzer (Malvern, UK) to assess particle size.
Crystal structure patterns were acquired on an XRD-AERIS Diffractometer packed with
a High score software Plus version 4.8 (Malvern Panalytical, Almelo, The Netherlands),
(COXEM, Daejeon, Republic of Korea) with EDAX from Oxford Instruments, England.
X-ray diffraction was used to determine the characteristic diffraction planes of crystalline
phases, including both graphite and those corresponding to manganese carbonate and
metal oxides. Electrochemical Impedance Spectroscopy (EIS). Cyclic voltammetry (CV)
was carried out using a PalmSens4 electrochemical station coupled with a conventional
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three-electrode system consisting of a working electrode with the material, an Ir counter
electrode, and an Ag/AgCl/KCl reference electrode. Each working electrode was prepared
by an impregnation method on FTO-coated glass slides (30 mm x 20 mm X 2 mm), sup-
plied by TechInstro (New Delhi, India). Before each experiment, FTO sheets were soaked in
an HOCly solution (1 x 1073 M) for 1 h. Each material (0.2 g) was suspended in 10 mL of
water, and the FTO sheet was immersed in each suspension for 30 s and then dried using
a spin-coater. This process was repeated five times to achieve a complete FTO coating.
Finally, the FTO-coated sheets were heated in a gas-controlled oven at 500 °C for 60 min
repeating the procedure twice to ensure thorough material deposition on the FTO sheets.

3. Results
3.1. Spectroscopic and Textural Characterization

Table 3 lists the textural properties of raw materials and their modified materials. Raw
materials exhibited the less porous structure as the lowest total volume, but PS showed a
major micropore structure and a larger specific surface area (23.3 m?/g). The carbonization
process at 500 °C acted mainly on the cellulose and hemicellulose units depolymerizing
them into smaller units resulting in a large carbon-rich mass, mesopore structure, and wider
micropore width. Conversely, PS with a larger lignin content upon pyrolysis rendered a
more micropore structure although not reflected on the specific surface area. This result
was confirmed by performing the material delignification process with NaOH. The lignin
content was PS = 59.48% and PP = 20.06%. It was also evidenced in the SEM micrographs of
the raw materials without lignin, showing how the raw potato presents an orderly arranged
cell wall with a structure surrounded by starch granules. In contrast, the pseudo exhibited
rod structure with a relatively smooth, clean, compact surface without lignin, Figure 1a,b.

Table 3. Textural properties of materials.

Pore Volume (cm?) Pore Quantity (%) Pore Dimension (A) Yield Especific
. ie
Material Micro- Meso- Micro- Meso- Micro- Meso- (Yowlw) Surface %rea
Sized Pore  Sized Pore  Sized Pore Sized Pore Sized Pore Sized Pore (SpET, m*/g)
PP 0.002 0.006 77 23 9.5 25.8 1.95 8.9
BPP 0.003 0.014 14.6 84.4 18.3 22.3 6.19 17.3
BPP-Mn 0.115 0.029 87.0 13.0 8.3 23.3 3.53 264.9
PS 0.002 0.002 89.0 11.0 9.2 20.3 3.24 23.3
BPS 0.005 0.008 38.5 61.5 17.3 22.3 3.87 17.0
BPS-Mn 0.111 0.028 79.8 20.2 9.3 23.3 3.64 252.1

Biomase delignin pseudo- stem
5[KV] SP=12 WD=11.9 x400

Biomase delignin Potato
5[KV] SP=12 WD=11.9 _x400

(a)
Figure 1. (a). PP and (b). PP without lignin using alkali treatment.

Interestingly, the manganese-modified materials showed the largest pore volume,
micropore amount, and specific surface area irrespective of the raw material source. This
phenomenon is explained by the interaction of manganese metal with the planar aromatic
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structures of the biochar which become stronger upon treatment at 800C. This temperature
might generate CO, microbubbles which destroy the heterogeneous surface of the carbono-
ceus material forming a prevalent reticulate micropore structure of smaller pore width.

To further study the effect of manganese cation on the microstructure of the BPP
and BPS, nitrogen-adsorption-desorption experiments were conducted and the results
are displayed in Figure 2a—d along with the respective pore size distribution plots. The
hysteresis loop analysis rendered a wedge-shaped pore or H3 isotherm for the manganese-
modified materials. This pore shape is formed by the loose stacking of flaky particles.
Irrespective of whether the parent carbon material is graphitized or non-graphitized, the
confined spaces between the graphene stacks tend to be wedge-shaped. The steep increase
in the amount adsorbed at very low pressure (P/Py < 0.05) is mainly due to the filling of the
micropores. After this initial sharp rise, adsorption continues in mesopores and macropores
and the amount adsorbed increases gradually as pressure approaches saturation vapor
pressure. There is a parallel hysteresis branch over the reduced pressure range between 0.4
and 1, which is different from the vertical hysteresis branch observed in mesoporous solids
with cylindrical pores. This phenomenon is typical of the majority of adsorption isotherms
reported in the literature for other adsorbates on activated carbon and activated carbon
fibre [28].

Further, manganese-modified materials showed a more left-skwewed distribution
indicating a more prevalent micropore structure from 8 to 9 nm in pore width having a pre-
dominant wedge shape as described above. On the other hand, at a fisrt glance, the sorption
isotherms of carbonized materials resemble a type Il isotherm where at low relative pres-
sures have a steady increase reaching an infleccion point where the monolayer is completed
and a multilayer sorption get started. However, the desorption region depicts a disticnt
behavior where at high relative pressures some pore shrinking occurs followed by pore
cavitation in the micropore region. This behavior is more common in generalized sigmoidal
isotherms. Thus, hysteresis is caused by the geometries of the vapor-liquid interface of the
partially filled pores. Two different geometries are possible for the same vapor pressure
only depending on the history of their formation. The change of geometry, which can be
generally interpreted as a relaxation process, is irreversible but after all a thermodynamical
equilibrium is achieved both in the adsorption and desorption branch [29].

Figure 3a—d Shows the microstructure and morphology of the raw materials and
modified materials. The particle size becomes smaller as it is thermally exfoliated and
modified with manganese. The metal salt used in the synthesis plays an important role
because the carbonate moiety can oxidize to CO,, and in turn, these gas molecules affect the
grain size and, consequently, the porosity of the material. Additionally, the water adsorbed
on the material surface could be influenced by the acid-base equilibrium of carbonate vs.
bicarbonate, enhancing the effect of thermal exfoliation. From that point on, the materials
with the largest surface area (BPP, BPP-Mn, BPS, and BPS-Mn) were chosen to establish the
role of the starting material on the stabilization and properties of the pyrolyzed material, as
well as its modification with manganese. Manganese materials seem to have more coating
on the surface of the raw materials since it is not visible in the deep valleys of the surface.

In Figure 4, additionally, the XRD patterns for the carbonaceous materials were char-
acterized. A peak is detected at approximately 29° in 26, associated with the graphite
structure (graphite 002). This peak indicates an arrangement of aromatic layers, and the
broadening is due to the small size of the crystallites that are perpendicular to these layers.
Meanwhile, the XRD patterns peak at ~35°, ~41°, ~59°, ~70°, and ~74° about the (111),
(200), (220), (311), and (222) crystal planes of the MnO phase [29], as well as carbonate
manganese (011) 21°, (110) 33° and (112) 36° [30] which observed for BPS-Mn. However,
the BPP-Mn material presented high a ratio for MnO phase.
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—e— BPS-Mn (Ads)
— o BPS-Mn (Des) I BPS-Mn
105
0.7
100
95 0.6
5 ] 05
c = 054
S &5 B
= < 04
o 80 g
o E
o 751 g 0.3
E o
A € 02
65 -
0.1
60
55 T T T T T T 00 T
0.0 0.2 04 0.6 0.8 1.0 50
Relative Pressure (P/Po) Half pore width (A)
(d)
Figure 2. BET adsorption-desorption and size pore distribution for (a). BPP, (b). BPP-Mn, (c). BPS,

(d). BPS-Mn.

Potato

S[Kv] SP=12 WD=11.9 x200 Pseudo stem

Potato Biochar Pseudo stem Biochar
5Kv] SP=12 WD=11.8 x400 v S S5[KV] SP=12 WD=12.6 x200

PS- MnCO
5[Kv] SP=12 WD=12.0 x400

Figure 3. SEM- images of raw materials, carbonaceous materials, exfoliated and modified with
manganese. (a). PP, (b). BPP, (c). BPP-Mn, (d) PS, (e). BPS, (f). BPS-Mn.
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Figure 4. XRD patterns for (a). BPS-Mn, (b). BPS, (c). BPP-Mn, (d). BPP. The green dotted line
represents Graphitic phase.

In the Table 4 presents the Charge Capability (CC) measured for the dynamic scattering
of light on biochars and manganese-modified materials. The contact with the surface is
opposite for precursors, which can be associated with nature. The result is negative for BPS
and positive for BPP. These conditions might influence the material properties as adsorbents
or carbocatalysts. The manganese-modified materials present a high manganese content,
which could be in the form of carbonate and oxide manganese for BPS-Mn or manganese
species present in the raw material.

Table 4. Surface properties and and % Mn (EDS detection).

Material Mn (%) Charge Capability (mV)
BPS 5.55 -29

BPS-Mn 95.79 —18.3

BPP 0.17 21.4

BPP-Mn 92.62 —11.0

3.2. Adsorption and Carbocatalytic Processes

Figure 5 depicts the adsorption and carbocatalytic process for pyrolyzed and manganese-
modified materials. The molecule used for this study was acetaminophen, an emergent
contaminant found in hospital wastewaters. The PMS representing an oxidant molecule
showed a degradation percentage of 17%. However, the BPP and BPP-Mn behavior suggest
these materials had a high adsorption properties. The role of manganese in BPP increases
the interaction with the ACE (BPP-Mn remotion of 72%, t = 50 min), Figure 4a. On the
other hand, in Figure 4b the pyrolyzed material of pseudo-steam enhances the adsorption
vs. peel potato in a special case for BPS-Mn. For the BPS-Mn, the adsorption capacity was
~100% within 10 min of treatment. Further, the chromatographic profile for BPS-Mn was
analyzed, finding the presence of degradation products at short treatment times and a high
adsorption capacity, Figure S1. This is attributed to competition between processes. Finally,
an interesting synergistic effect was appreciated, the BPS material might be activating PMS
and degrading the contaminant, increasing the remotion to ~40%. The S-index describes the
mathematical additive effect of two independent processes (adsorption and degradation
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using PMS), being ~1.2, at t = 5 min. Both materials (BPS and BPP) were synthesized under
the same experimental conditions. It suggests that the substrate or the liglignocellulosic
material defined their adsorbent or carbocatalytic properties. As observed in Figure 1 and
the reported lignin content, the presence of lignin in the banana pseudostem enhances
the surface area obtained after the pyrolysis process. In contrast, the starch structure
in the potato hinders drug adsorption for ACE, a molecule charged negatively to pH
circumneutral.
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Figure 5. Remotion of ACE with carbonaceous material, (a). BPP and BPP-Mn, (b). BPS and BPS-Mn.

Table 5 illustrates the variations in pH before and after treatment with all materials.
The pH parameter plays a significant role in assessing the responsiveness of PMS. In the case
of BPS, the basicity is maintained after treatment, indicating a potential negative surface
charge during the reaction in the solution. Acetaminophen can undergo deprotonation
after treatment, enabling it to coexist in solution with its degradation product. Also, under
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these conditions PMS can be deprotonated, which may enhance its activation, as it will be
analyzed in the proposed subsequent mechanism.

Table 5. Monitoring pH before and after treatment for BPS, BPS-Mn, BPP, and BPP-Mn against
ACE degradation.

Material pH Initial pH Final 50 min
BPS 6.1 10.8
BPS-Mn 6.1 7.9
BPP 6.1 55
BPP-Mn 6.1 52

3.3. Electrochemical Study on Carbocatalysis Performance

In Figure 6a—h the voltammograms for the materials were recorded under the influence
of the oxidizing agent PMS and their exposure as a system to acetaminophen. Oxidation
peaks are found at around ~1.2 V in the presence of PMS and the absence of ACE. The
anodic peak (Ia) observed for BPP, Figure 6a indicates differences like the easily oxidizable
compounds in the presence of PMS at t = 0 min. The Ia peak can be attributed to vanillin
(a lignin degradation product detected around 500 °C) identified in BPP [31] and BPS,
Figure 6e. In this case, the intensity peak is major (1018 pnA), suggesting more concentration
of lignin as a precursor in BPS. For systems with manganese without ACE, the peak
(Ia) shifts to higher potential values (1.4 V), highlighting the presence of degradation
products formed between 500 °C and 800 °C, Figure 6¢,g. The increase in temperature
during synthesis and the role of manganese alters the surface properties and consequently
impacts the electrochemical oxidation. In the case of the voltammograms corresponding to
the systems with the contaminant (ACE) Figure 6f, only an additional oxidation peak is
observed for the BPS material, which is consistent with the oxidation of acetaminophen
and carbocatalysis for this system about the others, Figure 6b,d,h. The new oxidation
peaks are observed for BPS-Mn, which is expected for carbonate and manganese oxide
oxidation products. However, these species would be coordinated to ACE, blocking
its oxidation for ACE or competition for adsorption places in BPP. It is interesting to
note that ACE degradation is also observed for BPS-Mn, as evidenced electrochemically.
This is consistent with the reported degradation and its competition with adsorption
processes. It is demonstrated that the material, in the presence of manganese, can activate
PMS, which in turn interacts with the ACE molecule, facilitating its degradation. To
understand this process, absorption spectra were obtained at the characteristic wavelength
of acetaminophen, showing an increase in intensity upon interaction with PMS, confirming
their interaction, Figure 7. Similarly, experiments were conducted with the carbonaceous
material BPS-Mn, with the addition of PMS and ACE, resulting in an increased absorption
intensity, which suggests an interaction among these three molecules. The absorption was
following since t = 0 min until t = 2 min, observing degradation ACE, as is observed in the
electrochemical studies previosly.
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Figure 6. Voltammetry cycles for material activation and carbocatalytic process with and without
PMS, scanning rate of 20 mV sl —20V and+2.0V as support electrolyte: [Nap;SOy4] = 0.1 M,
(a). BPP + PMS, (b). BPP + PMS + ACE, (c). BPP- Mn+ PMS, (d). BPP- Mn + PMS + ACE,
(e). BPS + PMS, (f). BPS + PMS + ACE, (g). BPS- Mn + PMS + ACE and (h). BPS -Mn + PMS + ACE.
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Figure 7. Electronic spectra corresponding to the interaction between ACE-PMS-BPS-Mn for
t = 0 min-2 min.

3.4. Mechanism Elucidation of ACE Degradation with Carbocatalyst BPS

The molecules that scavenge hydroxyl, sulfate, and anion radical superoxide were
tested in the degradation of acetaminophen. They were blocking the degradation kinetics by
competition with the scavenger allowed for identifying the species responsible for removing
acetaminophen, as shown in Figure 8a. On the other hand, the electrochemical impedance
study of the BPS material was conducted to demonstrate its capacitive capabilities, which
allow for better electronic transfer in this type of carbonaceous material, with a value of
227 F/g, placing it within the range for materials with a high degree of lignin, as shown in
Figure 8b. Finally, RAMAN analyses were performed before and after using the material,
finding a relationship between the exposed surface functional groups and their role in the
degradation process, Figure 8c.
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Figure 8. Mechanism elucidation for BPS material (a) using scavengers for hydroxyl radical, sulfate
radical, and singlet oxygen, (b) Electrochemical impedance for BPS, (c) and RAMAN shift for BPS
after /before treatment. The blue dotted line represents Graphitic phase. The red dotted line represents
Graphitic phaseGraphitic structure Diamond structure.

4. Discussion

In Figure 2a—d the morphological change of the raw material compared to the modified
material is observed. The mesoporosity increases due to temperature. The gases generated
during the pyrolysis process promote thermal exfoliation. However, it is notable that the
metal decreases mesoporosity due to an increase in its width and volume (Table 3). This
may be related to the ease with which the carbonate in the metal salt generates CO; and its
effect on the system’s exfoliation. The CO, generated from the carbonate stabilizes metal
oxides, which increases the surface area (Equation (11)), but also fragments the particle and



Polymers 2024, 16, 3316

16 of 21

contributes to the stability of metal oxides. The surface manganese content is displayed,
highlighting its effect on increased nucleation in the carbon matrix. The manganese is
homogeneously distributed in both functionalized materials for BPP-Mn and BPS-Mn.
Figure 3a—d, Table 4 [32].

MCO3(501) - CO2(gas) + Mo(gas) (11)

In Figure 4, two amorphous halo patterns of the cellulose are observed with a wide
band around 20 = 25°, characteristic of activated carbon. For BPS, a peak at 29.5° is
observed, which can be related to the existence of inorganic components including SiO,.
The presence of manganese carbonate and surface Mn oxide is evidenced in the diffraction
patterns, confirming the thermal effect on the formation of oxides and crystallization of
the excess metal salt on the surface for BPS-Mn. Alternatively, in the presence of adsorbed
surface water, these systems can promote hydroxide formation on the material’s surface
(Equation (12)) due to the influence of carbonate in the structure. This leads to the negative
surface charge residual, as indicated in Table 4.

MCO3s01) + HaO(gas) -~ COx(gas) + M(OH) (12)

Figure 5a,b shows the adsorption and degradation processes of all materials concerning
ACE. The pyrolyzed BPS material exhibited a synergistic effect, functioning as a carbocata-
lyst. However, the incorporation of metal ions into the system enhanced the adsorption
of ACE. The electrochemical behavior, represented by the oxidation peak associated with
manganese, was inhibited by ACE, suggesting the formation of a stabilized coordination
compound, which in turn reduced the carbocatalytic activity. Lignin is the strongest com-
ponent due to its highly aromatic structure of phenylpropane units in BPS concerning BPP
as reported in the literature and observed in electrochemical analyses, evidencing vanillin.
When lignin is pyrolyzed, the 3-O-4 bonds break, forming a series of free radicals, which
repolymerize to produce bio-oil, syngas, and biochar. To 500 °C phenolic compounds such
as vanillin favor the coordination bonds between carbonaceous material-Mn:PMS: ACE, in
high grade concerning materials with low lignin content as potato peel [33] Figure 6a—c,e-g.
On the other hand, the carbonate/bicarbonate ions are strong scavengers of both hydroxyl
and sulfate radicals, with high reaction rate constants, which may explain this effect, low
carbocatalysis in the presence of metal carbonate (Equations (13) and (14)) [34] as depicted
in Figure 6d,h.

eOH + CO3%>~ — CO5*~ + OH™ (13)

SO4*~ + CO32~ — CO3° + S04~ (14)

Table 5 shows that only the treatment carried out with the most active material (BPS) for
degradation exhibits an increase in pH after treatment. This behavior suggests heterolytic
cleavage of peroxide bond in PMS, activated by transfer electronic since carbonaceous
material, Equation (15) [25].

HSOs5™ +2e™ — OH™ +SO,°*~ (15)

On the other hand, Figure 8a confirms the formation of sulfate or hydroxyl radicals
during the carbocatalytic process for BPS when methanol is employed as a scavenger.
However, O]~ radicals also contribute to in breaking down ACE. It is suggested that
BPS is reduced through interaction with PMS, as shown in Equation (16). This happens
because PMS is activated by the carbon-based material in BPS, due to its ability to transfer
energy. The impedance study, shown in Figure 8b, supports this by highlighting the role
of oxidation products of lignin [35]. The RAMAN spectra (Figure 6¢) show the use of sp2
hybridized active sites, which aid the breakdown process after treatment.

BPS + 2HSOs ™~ + le~ — BPS (reduced) + O,*~ + 2HSO4 ™ (16)
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As illustrated in Scheme 1, the proposed mechanism for ACE removal involves three
key contributions: (1) the role of manganese in BPS, which aids in removal through
adsorption, and (2) removal via degradation. The manganese, in forms like MnO or MnCO3,
is supported by the carbon matrix, facilitating the adsorption of acetaminophen by forming
a coordination complex between the carbon matrix, Mn, PMS, and ACE. This reduces the
carbocatalytic process in BPS and minimizes the contribution to peroxo bond cleavage,
while carbonate ions act as radical scavengers. In contrast, pyrolyzed BPS materials without
manganese (3) show that the carbon matrix itself significantly affects drug removal, possibly
due to the presence of phenolic groups (lignin derivates) that persist at 500 °C, enabling
the electron transfer process to PMS. It also shows a blockage in the carbocatalysis process
due to the cleavage of the peroxo bond in PMS assisted by the transition metal. This is
mainly because the electrochemical profile lacks oxidation peaks of new manganese species
that would confirm this degradation pathway. However, it is highlighted that BPS with
manganese reduces its carbocatalytic capacity, possibly due to the presence of carbonate
ions acting as scavengers of hydroxyl and sulfate radicals [36-38].

ACE + HSO5 —3 ACE--—"(
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|
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Scheme 1. Mechanism proposed BPS and its modification with manganese.

On other hand, previous studies have reported that the incorporation of transition met-
als, such as manganese and iron, onto carbonaceous materials enables the development of
adsorbent and catalysts enhanced activity [39,40]. The metal oxide has also been employed
to improve the adsorption characteristics of biochar. The biochar enriched with MnO,
displayed significantly greater adsorption capacity for methylene blue dye compared to the
unmodified biochar. The maximum reported adsorption capacity was 248.96 mg/g, with a
removal rate of 99.73%, in contrast to 234.65 mg/g and 94.0% for the unaltered biochar [41].
For catalytic systems, the metal enables additional active sites for redox reactions and the
promotion of electron transfer between the catalyst and reactants, which facilitates the effi-
cient activation of PMS and the generation of ROS for oxidation reactions [42]. Researches
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evaluated reduced graphene with Mn and Fe,O; in increased degradation of pollutants
and PMS activation (process-denominated carbocatalysis). Furthermore, the adsorption
process with MnFe;O4 and MnFey;O4-graphene reached ~10% of orange Il removal. The
transition metal oxides as the manganese (Mn) can activate oxidants [43,44]. However,
Mn is not found as a metal but as oxides, silicates, and carbonates [45]. Among them,
the manganese oxides (MnOx) have attracted great interest because low toxicity, various
forms with various oxidation states (II, III, IV, and VII), and their capacity for PMS or PDS
activation in a heterogeneous system [46,47]. The literature has reported that MnO, [48],
Mn,03 [49,50], and Mn3Oy can activate PMS and PDS due to redox properties between
different valence states of Mn. Among the mentioned oxides MnO; is the manganese
oxide most studied including those amorphous and crystalline structures (o, v-, 3-, and
8-MnO,). Mn-containing catalysts include direct oxidation of compounds, electron transfer,
pollutants oxidation by free radicals (SO4°*~, HO®, O,°7) [46], and non-radical by singlet
oxygen (10,) oxidation. As reported, there are few cases where manganese is incorporated
into the structure as carbonate. Likewise, the implications of using the carbonaceous matrix
as a support or as a source of oxygenated groups available for coordination and activation
of the peroxide bond are not widely explored.

5. Conclusions

Manganese metal salts interact differently with carbonaceous matrices. The role
of manganese in carbocatalytic processes was evaluated using two raw materials with
differing lignin content. It was determined that the transition metal can facilitate the
adsorption of the drug targeted for degradation. Also combined with its counterion, acts as
a radical scavenger, thereby hindering the degradation process. In materials with higher
lignin content exposed to 500 °C, phenolic groups are more likely to coordinate with
the metal center, enabling interactions with PMS and ACE that enhance adsorption. In
such cases, a balance exists between adsorption and the metal center’s ability to transfer
electrons to PMS for activation, as seen with the banana pseudostem. Conversely, in
materials with lower lignin content, manganese shows limited adsorption capacity and
no carbocatalytic activity. While electron-donating oxygenated groups formed from the
oxidation of cellulose and hemicellulose can stabilize coordination compounds, their impact
is peripheral and significantly less effective compared to the phenolic groups derived from
lignin. In consequence, pyrolyzed material derived from banana pseudostem demonstrated
superior carbocatalytic performance. This compared to its counterpart from potato peel, a
difference attributed to their distinct structural properties. This study demonstrates how
lignocellulosic materials can be repurposed for the degradation of emerging contaminants
and provides insight into the carbocatalysis process in the presence of peroxymonosulfate.
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