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Abstract

Sewage sludge-based catalysts have been used for the first time for the catalytic wet-
air oxidation (CWAOQ) of prednisone, a glucocorticoid pharmaceutical pollutant present in
various aquatic environmental matrices. This research focuses on transforming dry sludge
into carbonaceous catalysts through pyrolysis and post-treatment. Various parameters
have been considered for the synthesis, finding that pyrolysis temperature and acid washing
are determinant for specific surface area development. The sewage sludge derived catalysts
exhibit high catalytic activity in the CWAO of prednisone (Deay= 0.3 g-Lt, T= 100 °C,
P= 15 bar). The development of porosity enhances their catalytic properties, the C-750-N
catalysts demonstrated the highest activity for prednisone with 66% TOC reduction, initial
reaction rate 0.0092 mg-s' and 66% COs selectivity. The study provides valuable insights
into the synthesis, characterization, and application of sewage sludge-derived catalysts,
offering a sustainable solution for wastewater treatment and pharmaceutical pollutant
removal. Our present study indicates that catalysts with unique reforming properties may
be potentially applicable for prednisone treatment and industrial applications.

Keywords— Sewage sludge derived catalyst, Prednisone, Catalytic wet air oxidation, Degradation mecha-
nism

1. Introduction

Sewage sludge is a byproduct of water treatment which receives significant attention. Over 9.8 million tons
are produced annually in Europe [1], and it has been predicted that its generation will increase up to 2% by
volume annually. Many countries have restricted the disposal of sewage sludge by landfilling, fertilising, com-
posting or incineration due to environmental concerns, so new proposals are needed to valorise this residue [2].
Both landfilling and composting have the potential to disperse undesired pathogens. The use of sewage sludge as
a fertilizer is limited due to its high metal content. In relation to incineration, this technique can be challenging
due to the high amount of sludge with high volatile content [3]. Recently, biomass materials have become the
preferred raw materials for producing activated carbons thanks to their favourable qualities, such as a wealth
of functional groups, a well-developed pore structure and the existence of abundant reserves [4]. Thanks to
the high proportion of carbon, iron, silicon and other metals, sewage sludge can be used as precursor for the
production of efficient carbonaceous catalysts. For example it has been used for removal of phenolic compounds
[5, 6].
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Different methods can be used for the synthesis of Sewage Based Catalysts (SBCs), specifically pyrolysis,
microwave digestion and hydrothermal treatment, being pyrolysis the most commonly used method [7]. Various
parameters in the pyrolysis can change the quality attributes of the produced biochar, nevertheless pyrolysis
temperature is the most influential on biochar properties like specific surface area or acid-base properties of the
surface [8]. Elevated pyrolysis temperatures lead to reduced biochar yield, diminished total nitrogen content,
decreased water sorption capacity, and cation exchange capacity (CEC). Conversely, it raises the biochar’s pH,
specific surface area, carbon content, available nutrients, and stability of the heavy metals. Thus, the ideal
pyrolysis temperature must be modulated depending on the future application of the SBC [9].

On the other hand, Emerging Pollutants (EPs) include a diverse variety of synthetic chemicals (such as
cosmetics, pesticides, personal and household care products, pharmaceuticals, among others) that are globally
utilized [10]. Pharmaceutical active compounds are some of the most critical emerging pollutants nowadays.
Their appearance in the aquatic environment followed by a chronic exposure can cause significant damage to
the aquatic ecosystem [11]. Between the different types of pharmaceutical emerging pollutants, there is a recent
focus on anticancer drugs. The International Agency for Research on Cancer estimated that in the year 2020,
approximately 18.1 million new cases of cancer were diagnosed worldwide. It is projected that the number of
new cases will increase in the next two decades to 28 million new cases per year by 2040. The growing use
of anticancer treatments joined to the high excretion rate, has led to the presence of cytostatic drugs in the
environment [12]. These compounds have been detected in wastewaters at extremely low concentrations ranging
from mg-L! in hospital wastewaters to ng-L™! in urban wastewaters [13].

Among these compounds, prednisone is a glucocorticoid pollutant highly used due to its anti-inflammatory
effect [14]. It has been shown to have an endocrine disrupting effect in aquatic media [15], and the continuous ex-
posure to this compound has negative effects on crustacean life [14]. In addition, it is considered as an anticancer
drug with a higher predicted environmental concentration (PEC) than others in Spain [16]. Glucocorticoids have
also been detected in surface water, wastewater and hospital wastewater in China, Spain, Japan, and France [17].

In the context of treating pollutants in aqueous effluents, a non-destructive technique like adsorption, fil-
tration or extraction is usually used as a preliminary concentration step before the chemical destruction of
the pollutant. Adsorption is a highly efficient technique for a wide spectrum of organic pollutants. It is widely
recognized that activated carbon possesses a substantial surface area and can adsorb considerable amounts of
pollutants [18]. Membrane filtration involves the use of a membrane to separate the solute from the water as it
flows through [19]. Solvent extraction is another technique which is based on using the distribution coefficient
between two immiscible liquid phases [20].

Alternatively, among the destructive methods, the predominant strategy for waters typically involves a
traditional biological treatment. Nevertheless, it becomes unfeasible to employ this approach for streams cha-
racterized by elevated levels of organic matter and/or bio-toxic substances [21]. In these cases, where conven-
tional treatments are ineffectives, numerous alternative options exists. Incineration can provide nearly complete
pollutant removal, but with significantly high energy expenses and an organic load exceeding 25 % to ensure
self-sustaining oxidation [21]. Another option is the supercritical wet air oxidation (SWAOQ), a technique that
works above the critical point of water, at operating conditions of 500-650 °C and 250-300 bar, with reactor resi-
dence times under a minute [22]. Compared to the incineration and the supercritical wet air oxidation, catalytic
wet air oxidation (CWAO) might further be considered as an energy-saving catalytic method. Temperature
and pressure parameters in CWAO process oscillate between 100-200 °C and 5-30 bar. CWAO generates highly
reactive hydroxyl radicals through the decomposition of oxygen, enabling the efficient degradation of resilient
organic pollutant molecules [23]. Nevertheless, the primary drawback is the ongoing challenge of developing
cost-effective, active, selective, and stable catalytic materials, particularly for applications requiring substantial
treatment capacity [24].

In CWAO technology, heterogeneous catalysts are employed, and the selection of supports holds significant
importance. Typical supports include metal oxides like Al,O3 and TiO,, activated carbon, and molecular sieves
[25]. Among these options, activated carbon stands out as a frequently chosen catalyst support due to its exten-
sive surface area [26]. Despite the wide range of synthesis methods, SBCs have proven to be effective in CWAO.
Chemical activation with FeCls-6 HoO was employed to prepare a SBC used to remove ciprofloxacin [27], while
activation with FeSO4 was used for the synthesis of a catalyst used for the oxidation of 2-chlorophenol [28]. In ad-
dition, a physical activation synthesis with CO2 and HoO was tested for the treatment of phenolic waters [29, 30].

The present work aims the upgrading of urban sewage sludge into a catalyst for the removal of prednisone
by CWAQO. Different pyrolysis conditions and atmospheres were tested in the catalysts synthesis. Furthermore,
a post-treatment with nitric and hydrochloric acid at different temperatures and potassium permanganate was



made to improve the catalytic properties of the obtained material. The post-treatment was conducted to develop
the specific surface area or increase functional activity groups on the surface of the catalyst. To our knowledge,
the removal by CWAO of this emerging micro-pollutant has not been previously reported in the literature. The-
refore, there is a significant knowledge gap in the application of cheaper based catalysts sewage sludge-derived
carbon materials for the removal of emerging pharmaceutical compounds from wastewater efluents by CWAO.

2. Materials and Methods

2.1. DMaterials

Prednisone (>98 %) was obtained by Sigma Aldrich. High pressure liquid chromatography (HPLC) analysis
were performed with acetonitrile (>98 %) for HPLC analysis supplied by Sigma Aldrich and acetic acid with
a purity of 99.7% provided by Panreac. For the catalyst synthesis, Labkern provided nitric acid (65 %) and
hydrochloric acid (37 %), while Probus supplied potassium permanganate (>99 %). All gases used in the studies
were of 3X purity supplied by Nippon Gases. Synthetic air was used for the oxidation experiments, while carbon
dioxide and nitrogen were used for the catalyst synthesis.

2.2. Catalyst preparation

2.2.1. Pyrolysis

The sewage sludge was obtained from an urban waste water treatment plant (WWTP) located in Segovia,
Spain. The sewage sludge was dried at 105 °C and grounded to powder. The pyrolysis was carried out in a
horizontal quartz furnace. A ramp temperature of 5 “C-min"! was applied to all the synthesis with an isotherm
of 2 hours and 30 minutes. Atmospheres of COy or Ny have been tested, in addition to different pyrolysis
temperatures (600-850 °C). As for the nomenclature of the samples, the first letter indicates the atmosphere
used, 'C’ for CO5 and N’ for Ng, and the following number indicates the temperature of the pyrolysis process.

2.2.2. Post-treatment

A post-treatment was done with different agents under different conditions to observe the effects on the
catalytic properties. Nitric acid at 80 °C , nitric acid and hydrochloric acid at room temperature, potassium
permanganate at 80 °C and room temperature were used in addition to the no-treated material. Nitric acid
was used at 7TM concentration, hydrochloric acid at 1M and permanganate at the solubility limit of the salt
in water. All the agents were used in a solid solution ratio of 1 g-10 mL'. Finally, the obtained material was
filtered and rinsed with distilled water to constant pH. The samples washed with nitric acid were labelled with
an "N’ at the end of their name, while the sample washed with hydrochloric acid were labelled with '’ClI’ and
potassium permanganate with 'P’. If post-treatment involved temperature, the specific temperature applied was
also introduced. Figure 1 show a detailed diagram of the synthesis steps, and Table 1 provides a summary of
the synthesised catalysts.
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Figure 1: Experimental procedure for the synthesis of the diferent catalysts from sewage sluge.



Table 1: Summary of catalysts synthesised using different agents and conditions.

Catalyst  Preparation

N-600 Pyrolysis conducted in a No atmosphere at 600 °C.

C-600 Pyrolysis conducted in a CO2 atmosphere at 600 °C.

N-750 Pyrolysis conducted in a No atmosphere at 750 °C.

C-750 Pyrolysis conducted in a CO2 atmosphere at 750 °C.
C-750-N-80 P.yrf)lysi?. conducoted in a CO2 atmosphere at 750 °C. Post-treatment with
nitric acid at 80 °C.
Pyrolysis conducted in a COo atmosphere at 750 °C. Post-treatment with

C-750-Cl hydrochloric acid.
Pyrolysis conducted in a COo atmosphere at 750 °C. Post-treatment with
C-750-P-80 . .
potassium permanganate at 80 °C.
C-750-P Pyrolysis conducted in a COy atmosphere at 750 °C. Post-treatment with
potassium permanganate.
C-600-N Pyrolysis conducted in a COg atmosphere at 600 °C. Post-treatment with
nitric acid.
C-750-N Pyrolysis conducted in a COg atmosphere at 750 °C. Post-treatment with
nitric acid.
C-850-N Pyrolysis conducted in a COg atmosphere at 850 °C. Post-treatment with

nitric acid.

2.3. Catalyst Characterization

The catalysts were analysed by different spectroscopic and analytical techniques to determine their physical
and chemical properties. X-ray fluorescence (XRF) and elemental analysis were used to determine the material’s
chemical composition using the equipments AXIOS from Phillips and LECO CHNS-932 analyzer, respectively.
The specific surface area of the materials was determined by the Brunauer-Emmett-Teller (BET) method using
the Micromeritics ASAP 2020 instrument. The surface chemistry was analysed by Fourier transformed infrared
spectroscopy (FTIR) using a Thermo Nicolet Nexus 670. In addition, electron transmission micrographs (TEM)
were taken in a JEOL JEM 2100 microscope (80-200 kV, 0.23 mm), joined to an XEDS analysis system (Oxford
Inca).

2.4. Prednisone removal experiment

Figure 2 shows the diagram of the experimental setup used for the CWAO and adsorption tests. The reactor
used is a Parker Autoclave Engineers 100 mL capacity complete mix mini reactor, jacketed for temperature
control and agitated by magnetic stirring with a paddle stirrer. The stirring speed was set at 700 rpm to not
limit mass transfer. All catalyst experiments were performed at 15 bar pressure with an initial concentration
of 20 mg-L! of prednisone in distilled water. The temperature, catalyst dosage and pH were varied to study
their effect on the process. The catalysis experiments were carried out at 100 or 170 °C, while the adsorption
kinetics experiments were performed at 30 °C. A catalyst dosage of 0.3 g-L'* or 1.5 g-L'* were used to observe
the impact of this variable on the reduction of total organic carbon (TOC). To evaluate the influence of the
medium acidity, different initial pH were tested: 3, 5 and 6 (this last correspongds to the natural pH of the
dissolution). The adjust of pH was done with HCL

2.5. Analytical methods

Samples were analysed by high-performance chromatography (HPLC, Agilent 1260 series) to follow the
concentration of prednisone in each experiment. Each sample was filtered with filters of PTFE of 0.45 pm. The
column used was a poroshell 120 of 4.6x150 mm. A mobile phase of 35 % acetonitrile and 65 % water-acetic (17
mM) was used, and the flow rate was 0.7 mL-min!. It was measured at 30 °C and the wavelength was selected at
245 nm. For these conditions, the retention time of prednisone was 4.9 min. The samples’ total organic carbon
(TOC) was measured in a Shimadzu TOC-VCSH analyzer. The reaction intermediates were determined in by
LC-QTOF-MS in a Bruker Impact 2 spectrophotometer. Finally, leached iron was measured by ICP with an
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Figure 2: Experimental setup of CWAO and adsorption experiments

SPECTRO Arcos equipment.

3. Results and discussion

3.1. Characterization results of the catalysts

3.1.1. Characterization of the sewage sludge

The sewage sludge used initially was thoroughly characterized in a previous study [31], which revealed a
high concentration of iron in the sludge. The level of iron in this sample is 14.27 % which is a result of the
chemicals used in the sedimentation process of water treatment.

3.1.2. Elemental analysis and XRF

The elemental analysis and XRF results of the synthesized materials are presented in Table 2. The effects of
pyrolysis atmosphere, temperature and post-treatments on the chemical composition of the catalysts are shown
in Table 2.

Table 2 shows that materials synthesised in a CO2 atmosphere at temperatures above 600 °C have a lower
percentage of carbon, while nitrogen atmosphere does not change the carbon percentage.Furthermore, the
increase in carbon content in the samples treated with different acids is noteworthy. Similar values of carbon
composition have been found in literature, where Tu et al. [6] report a carbon percentage of 25.4% for the
sewage sludge after the pyrolysis process, and 43.9 % after an acid treatment. This effect is due to the leaching
of the metals present in the ashes of the pyrolysed material. Table 2 also shows the reduction in the percentage
of Fe, K or P.
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3.1.3. Porosity properties

Table 3 shows the specific surface area (Spgr), total volume, micropore volume and mesopore volume of
the samples synthesised.

Table 3: Textural properties of the prepared catalysts.

Carbon SBET (m2.g!) Vr (ecm?g1) Vo (em3.g1) Vieso (em3.g1)  Viiero/Vr

N-600 2 0.012 0.000 0.011 0.016
C-600 1 0.012 0.000 0.012 0.016
N-750 11 0.021 0.000 0.021 0.022
C-750 131 0.144 0.030 0.144 0.207
C-750-N-80 387 0.455 0.089 0.367 0.194
C-750-C1 300 0.401 0.062 0.339 0.154
C-750-P-80 147 0.126 0.034 0.092 0.267
C-750-P 133 0.124 0.032 0.092 0.258
C-600-N 168 0.200 0.033 0.168 0.164
C-750-N 372 0.430 0.087 0.344 0.202
C-850-N 420 0.650 0.091 0.566 0.139

The role of the pyrolysis atmosphere becomes significant in the material surface development at temperatu-
res exceeding 600 °C. Table 3 shows that C-600 and N-600, materials synthesized in CO5 and Ny atmospheres
respectively, have a similar specific surface area. However, as the temperature increases to 750°C, the difference
becomes substantial, 11 to 131 m2-g'! for N-750 and C-750, respectively. The increase in porosity is primarily
reflected in the increase in mesoporosity, which is almost seven times greater for C-750 compared to N-750.

It is appreciable in Table 3 a positive correlation with temperature pyrolysis and specific surface area. For
samples C-700-N, C-750-N and C-850-N it is shown that the pyrolysis temperature significantly increases the
surface development of the samples from 168 to 372 to 420 m2-g"t. We observed that longer times of reaction,
higher temperature or more gas flow in the pyrolysis process are essential to control the specific surface area
of the materials obtained [32]. Above 750 °C, the ratio of micropores to the total pore volume of the material
decreases with increasing temperature, although the volume of mesopores and micropores increases.

The post-treatment is crucial for the development of the specific surface area. Acid washing has a significant
positive effect on this parameter. This effect can be attributed to the leaching of metals from the ash contained
in the material, as shown in Table 2. This lends to support that the inorganic part of the material is non-porous
and does not allow the development of this parameter [33]. The treatments that implies permanganate do not
change the specific surface area.

3.1.4. Surface chemistry analysis

To analyse the effect of COy on the carbon surface, the surface chemistry of the material is examined at
different temperatures. Figure 3 show the FTIR analysis of each material synthesised at 600 and 750 °C in CO4
and Ny atmospheres.

All samples exhibit the same functional groups, but the intensity is significantly higher at 750 °C in a CO4
atmosphere. Analysing the bands, the peak at 3048 cm™ corresponds to the vibration of the -OH bonds, while
the 1541 cm™ band is associated with the -CO-NH groups [1]. The peak at 1080 cm™ is related to the silicon
coupling in the material’s structure, corresponding to the vibration of the Si-O-C bonds. Many authors identify
this band as carbon associated with silicon [34, 35].

As can be seen in Figure 3, the increase in pyrolysis temperature causes an increased proportion of O-based
functional groups on the char surface. These results support that above 600 °C, CO4 (the activating agent) is
crucial for the development of the specific surface area and the surface chemistry [34].

Figure 3 shows an increase in oxygenated groups on the catalyst surface as the pyrolysis temperature
increases. This effect is attributed to the reaction of CO5 with the carbonaceous component of the sewage
sludge. The COs activation involved partial gasification reaction between carbon (C) and carbon dioxide (COs3),
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Figure 3: FTIR spectra of the carbonaceous materials synthesised under different atmospheres and
temperatures.

resulting in an endothermic reaction represented by reaction 1, which presents an activation energy of 173
KJ-mol! [36]:
CO2 +C — 2CO (1)

When pyrolyzing at 600 °C, the temperature is insufficient to initiate the reaction. Consequently, the po-
rosity, composotion (by elemental analysis) and FTIR spectra for N-600 and C-600 catalysts. However, 750 °C
is sufficient to enhance the porosity of the solid material due to the reaction 1, resulting in a reduction in the
proportion of carbon in C-750 compared to the catalysts prepared at lower pyrolysis temperature or with a
different atmosphere, C-600, N-600 and N-750 (Table 2). The increase in porosity is also a consequence of this
reaction, with higher values for samples C-750, C-750-N and C-850-N compared to those synthesised at 600°C
and/or N atmosphere.

Macro-level analysis of COq activation indicated that the CO9 activation proceeds through: hole-throughing,
hole-making, and hole-enlargement [37]. At 600 °C, the active sites on the surface of the raw material were li-
mited to a small percentage of the specific surface area, therefore, the activation proceeds slowly [36]. Finally,
the effects of the post-treatments on the surface chemistry of the material are shown in Figure 4.

Figure 4 show the changes in the surface chemistry of the treated catalysts with a post-treatment. The
increase of -OH bonds after treatments with HNO3 and KMnOy4 at 80 °C is noteworthy. Both processes (HNOjg
and KMnOy) greatly favour the formation of these groups on the catalyst surface. Treatments with the same
agents at room temperature generate these radicals at a lower rate. The peak at 1541 cm™! is favoured by acid
treatments, as also observed by Yu et al. [38] in the synthesis of their catalysts. However, the permanganate
treatment does not modify this peak, possibly because the inorganic fraction is not leached. Furthermore, the
peak at 1080 cm™! becomes more prominent with each acid wash. This could be attributed to the rise in carbon
content in the material, resulting in an increase in Si-O-C single bonds. Finally, the 675 cm™ peak corresponds
to the Si-O-Fe vibration [1], and interestingly this band disappears after the acid-washes.

3.1.5. TEM characterization

TEM analysis was performed to investigate the morphological properties of catalysts after each post-
treatment. Several micrographs were taken at different magnifications, in different areas of each catalyst. Despite
the presence of metals evidenced by XRF (Table 2), only a few metallic particles were found, suggesting that the
metals must be integrated in the catalysts’ structure or as very small metallic particles. Figure 5 shows TEM
images obtained for each material. XEDS analysis of the solid particles and their composition can be consulted
on the Supplementary material (Figures S1-S6, Tables S2-S6).
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Figure 4: FTIR spectra of the carbonaceous materials synthesised with different post-treatments.

Figures 5a and 5b shows the catalyst C-750 at different magnifications. An important amount of Fe is
detected by XEDS, in good agreement with XRF results, where a high concentration of silicon, aluminum and
iron were found.

Figures 5c¢ to 5j show the catalysts after post-treatment. The application of acid treatments (HCl, HNOj3 or
HNO3 at 80 °C) impact on the morphology of the solid and its composition (Figures S3, S4 and S5, Tables S4,
S5 and S6). The solid particles seem to exhibit a homogeneous structure, resulting from the creation of voids
previously occupied by the inorganic metallic fraction. Figure 5c, 5e and 5g show a solid particle of C-750-N-80,
C-750-N and C-750-Cl catalyst, and a closer view can be seen in figure 5d, 5f and 5h, were no metallic particles
are observed, pointing to the more homogeneously and better distributed inorganic fraction in the catalysts.
XEDS spectra show significantly lower peaks related to all the major metallic components. However, iron still
represents a notable percentage of this fraction, as detailed in tables S4, S5 and S6.

On the other hand, permanganate treatment with or without temperature do not change the chemical and
textural properties of the material. Figures 5i and 5j show TEM images of these materials. XEDS analysis are
presented in Figures S6 and S7, were a good correlation with XRF results is observed.

Finally, Figure S8 illustrate a specific type of particle observed in all the samples, which is mainly based on
silicon and aluminium, indicating that they are impurities introduced during the wastewater treatment process.

3.2. Catalytic activity
3.2.1. Effect of pyrolysis atmosphere

To determine the effect of the pyrolysis atmosphere at 600 and 750 C on prednisone removal, a set of
catalysis experiments were carried out. Figure 6 shows the evolution of prednisone concentration over time,
comparing the catalyst (CWAQ) and non-catalyst (WAQO) experiments.

Figure 6 shows a clear difference between the experiment with (CWAQO) and without catalyst (WAO),
indicating that these materials promote -OH radicals which enhance the conversion of prednisone. Increasing
the pyrolysis temperature also improves the catalysis, with N-750 and C-750 showing faster conversions than
N-600 and C-600. The observed increase in the kinetics of the process may be attributed to the increase in
mesoporosity in the materials obtained with a pyrolysis temperature of 750 °C. This increase in mesoporosity
facilitates the entry of prednisone molecules into the active centres of the catalyst. In addition, CO2 atmosphere
during pyrolysis gave a better performance on the catalysis. The high catalytic activity of C-750 is attributed
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Figure 6: Evolution of prednisone concentration with time during CWAQO with the SDC’s synthetised
at different atmospheres and temperatures: De,;=0.3 g-L'!, T=100 °C, P=15 bar.

to its higher specific surface area, resulting from the CO4 reaction during pyrolysis, as shown in Figure 3. Based
on these results, further experiments were carried out with materials synthesised in a COs atmosphere. The
influence of the pyrolysis temperature and different post-treatments on the catalysis were studied.

3.2.2. Effect of pyrolysis temperature
Figure 7 displays the influence of the pyrolysis temperature on the removal of prednisone through CWAO.
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Figure 7: Evolution of prednisone concentration with time during CWAQO with SDC’s synthetised at
different pyrolysis temperatures: Doy =0.3 g-Lt, T = 100 °C, P = 15 bar.

Figure 7 illustrates the catalytic effect of SBCs synthetised at CO5 atmosphere and different pyrolysis tem-
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peratures. There is a significant positive correlation with temperature pyrolysis and the adsorption properties,
effect observed on the high removal of the pollutant at time zero. At temperatures higher than 800 °C, CO4
opens the material’s pores, improving the contaminants’ adsorption [32, 35, 37]. Other authors have also re-
ported increase porosity with pyrolysis temperature. Sierra et al. [35] present data on carbonaceous adsorbents
produced by pyrolysis at temperatures of 600 and 900 °C, with subsequent acid post-treatment, showing poro-
sity values of 260 to 600 m2-g™!, respectively.

The porosity of the material plays an essential role in the process. A notable enhancement in the kinetic
of prednisone degradation over time is observed for the C-750-N (94.2 % for 30 mins) catalyst compared to the
C-600-N (52.7 % for 30 mins) catalyst. This increase is associated with the BET surface area of both catalysts,
372 m2-g! and 168 m?2-g!, respectively (Table 3), illustrating the significance of the pyrolysis temperature in
both, catalysic and/or adsorption processes.

Further tests were carried out with a pyrolysis temperature of 750 °C because treatment at 600 °C did
not result in significant improvement, even with a post-pyrolysis step. At a time of 30 minutes, the catalyst
synthesised at 600 °C showed a 57.3 % conversion of the compound, which is considerably lower than the
conversions achieved by catalysts C-750-N and C-850-N. Conversely, the increase of the adsorption capacity is
of not interest.

3.2.3. Effect of post-treatment

The degradation of prednisone by CWAO with the sewage sludge derived catalysts with different post-
treatments is shown in Figure 8.

C-750-N-80 —=—
C-750-Cl1

C-750-P-80
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Figure 8: Evolution of prednisone concentration with time during CWAQO with the SDC: D¢,+=0.3
g-L't, T=100 °C, P=15 bar.

These results highlight the importance of specific surface area development for the CWAO process, corro-
borated by Marques et al. [29]. The material with no post-treatment C-750 (Figure 6) exhibits good removal
of the pollutant. A comparable method of synthesis has previously been tested for the treatment of phenolic
waters [39]. In this study, SBCs were obtained using CO5 and had a specific surface area of 169.1 m?.g™*, re-
sulting in a 60 % phenol conversion rate. All post-treatments that imply an acid wash favoured the pollutants’s
removal, due to the porosity development as shown in Table 3. Figure 8 show a faster removal of prednisone
with C-750-N-80, C-750-N and C-750-Cl, obtaining values of conversion of 95.6 %, 94.24 % and 86.15% at 30
minutes of the process, respectively. Similarly, the materials experienced a significant increase in specific surface
area, as shown in Table 3. On the other hand, permanganate treatments, disfavour the catalytic activity of the
synthesised char. This treatment only promote the addition of -OH groups as we can see in Figure 4 where the
band which correspond to -OH bonds has a remarkable increase. This hindered of catalysis may be due to the
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repulsion of prednisone and its by-products to the active centers of the material.

The results indicate that the characteristics of the solid, specifically the functional groups and porosity, have
a significant influence on the oxidation of prednisone. The increase in specific surface area is attributed to the
leaching of metals. In addition, the increase in porosity favours the catalysis process by facilitating the access
of the prednisone molecules to the active sites. Nevertheless, despite the leaching of metals by acid treatment,
a significant proportion of metals remains in the structure of the material (Table 2). On the other hand, it
is important to note that the carbonaceous matrix can generate electrons, supporting the oxidation-reduction
reactions. Numerous metal-free catalysts have been used in CWAO processes, with graphene being a particularly
noteworthy example [40].

3.2.4. Effect of pH

In order to evaluate the influence of pH on the performance of the process a set of experiments was con-
ducted at various pH levels using no post-treatment catalyst (C-750). The experiments were conducted under
acidic conditions to investigate the impact of acidification on catalysis. This is because, as shown in Figure 8,
acid washing enhances the catalytic properties of the material. Therefore, it would be worthwhile to compare
the effects of acidification on the medium. The results are shown in Figure 9.
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Figure 9: Evolution of prednisone concentration with time during pH experiments for C-750 catalyst:
Deat=0.3 g-L'!, T=100 °C, P=15 bar.

The initial pH value is an important factor to consider. According to Figure 9, decreasing pH to 3 and 5
disfavour the catalytic process compared to the natural pH medium (pH 6). Several authors have observed this
effect with different systems, catalysts and pollutants. For example for degradation of p-nitrophenol over a Ru or
Pt catalysts [41], showing an increase in the reaction rate as the pH increases from 9 to 22 molpyp -molg,t-ht.
This effect can be explained by differentiating between azo and non-azo compounds. The oxidation of non-azo
compounds increases with higher values of pH, effect observed for prednisone. The opposite effect would occur
for azo compounds [42]. The oxidation of prednisone is associated with the adsorption of the pollutant on the
surface of the catalyst. In the case of azo compounds, there exists an opposite charge between the catalyst
surface and the intermediates, leading to more effective adsorption of pollutants [42].

3.2.5. Adsorption-Catalyst experiments

Figure 10 compare prednisone removal by adsorption and CWAOQO. These graphs allow for the evaluation of
the relationship between the adsorptive and catalytic properties of each material. In addition, Figure 11 displays
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the comparative results for the TOC reduction.
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Figure 10: Prednisone removal for the adsorption (T= 30 °C, D¢at= 0.3 g-L!, P= atm) and CWAO
(T= 100 °C, Dear= 0.3 g-L'!, P= 15 bar) experiments.

The material with the best adsorption properties is C-750-N, followed by C-750-Cl, C-750-N-80 and C-750.
The sequence is ordered not only by the specific surface area but also by the influence of the surface chemistry
of the sample on prednisone. An increase in -OH groups in the material disfavours the performance of the
adsorption process. This is evident in the case of C-750-N-80, with a higher amount of -OH groups (Figure 4).
In addition, this effect is also reflected in Figure 11, where the reduction of TOC by the C-750-N-80 catalyst
is lower than the reduction by the C-750-N and C-750-Cl catalysts. Despite having the highest specific surface
area, this material does not possess good adsorption properties. Finally, although the unwashed material (C-750)

is a poor adsorbent, it exhibits good catalytic properties.
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Figure 11: TOC reduction for the adsorption (T= 30 °C, Deay= 0.3 g-L'!, P= atm) and CWAO (T=
100 °C, Deag= 0.3 g-L!, P= 15 bar) experiments.

The C-750-CIl and C-750 catalysts exhibit a higher TOC reduction value for the adsorption experiment
compared to the catalysis experiment. Conversely, the nitric-treated catalysts show the opposite effect. This
can be attributed to the disfavoured effect of temperature in the adsorption. Furthermore, since these values
are very similar, it can be concluded that at the experimental temperature of 100 °C, the compound has barely

mineralised, despite the complete conversion of the pollutant.



3.2.6. Effect of temperature and dosage of catalyst

Figures 12 and 13 show, respectively, the elimination of TOC by CWAO and the values of inorganic carbon
(IC) obtained after three hours. The CWAO experiments were performed under different temperature and do-
sage of catalyst, presenting the results obtained when intensifying the operating conditions. Figure 13 illustrate
the capacity of each catalyst to mineralize prednisone, demonstrating that the increase of catalyst dosage, a
higher degree of mineralization is obtained.
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Figure 12: Reduction of prednisone TOC at higher temperature and dosage of catalyst.
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Figure 13: IC values of the treated efluent at higher temperature and higher dosage of catalyst.

In the analysis of the results, it is noteworthy that the experiments carried out with a catalyst dosage of
0.3 g-L! and a temperature of 170 °C resulted in a decrease of the total organic carbon for all the catalysts in
comparison with the adsorption experiment. This effect demonstrate the influence of temperature in adsorption
of prednisone and its byproducts. However, 0.3 g-L™! of catalyst is not enough for a high mineralization of the
pollutant. The most remarkable decrease is for the sample C-750-N-80. For this catalyst the percentage of TOC
reduction decreased from 28.46 % to 2.78 % (Figure 12). A comparison between C-750-N-80 and C-750 shows
that TOC reduction and IC are similar. This finding supports the significance of surface chemistry. Despite
having three times the specific surface area, sample C-750-N-80 did not yield the expected results as the other
samples washed with acid. It is important to have strategies to introduce functional groups that favour cataly-
sis, such as strongly acidic groups or electron-giving groups like amines or carboxylic groups [43]. The process
can be significantly improved by increasing the catalyst dosage. This leads to higher TOC reduction values
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and increased IC generation in all experiments. The catalyst C-750-N produces the highest value, followed by
C-750-Cl. Increasing the catalyst dosage improves the oxidation of pollutants by providing more active sites
and surface area for organic compounds to react with oxygen [44].

3.2.7. Leaching of Fe

The stability of the iron contained in the catalysts was analysed. The concentration of iron in the efluent
from the experiments carried out at 170 °C and 1.5 g-L-! was measured by ICP. The results obtained are shown
in Table 4.

Table 4: Metal leaching measured after 3 h of reaction: P = 15 bar, T=170 °C, D¢yt = 1.5 gL,

Carbon Fe (mg-L1)
C-750-N-80  0.081 £ 0.009

C-750-N < 0.015
C-750-Cl1 < 0.015
C-750 < 0.015

Table 4 shows that there was no detectable iron leaching in any of the tests performed, except for C-750-N-80
which showed some iron leaching above the instrumentation limit. The reason for the high leaching resistance
was that the small iron particles interacted with the carbonaceous support, greatly improving catalyst stability
and leaching resistance (See EDS spectrums in Figures S2-S8). Other authors have obtained similar results. For
example Marques et al. [29] obtained with a SBC synthesized by pyrolysis under CO2 atmosphere the lowest
iron leachate in the process of CWAQO. Additionally, Mohedano et al. [45] did not observe any leachate from his
SBC, even when working at 80 °C and pH 3 in a CWPO process.

3.2.8. Catalyst stability and reusability

The lifetime of the catalyst is an important factor in CWAQ process.Several consecutive catalystic cycles
were carried out with the C-750-N catalyst to observe its stabiity and reusability. The experiments were con-
ducted at 100°C, 15 bar and a catalyst dose of 0.3 g-L'. The reactor was cooled at the end of the reaction
time, and a new 20 mg-L ! solution of prednisone was added with the same catalyst already used. Figure 14
shows the time evolution of the prednisone concentration for three consecutive runs.

The results demonstrate the reusability of the catalyst for the degradation of prednisone. After 120 min,
almost complete removal of the initial prednisone was obtained in the first and second runs. And about 90 %
was removed after the third run. The difference could be due to the loss of catalyst during the sample taken.
Nevertheless, the highly oxidizing environment during the reaction could be modifying the catalyst surface
chemistry, being necessary to perform additional studies to identify possible reasons for catalyst deactivation.

4. Degradation by-products of prednisone. Reaction mechanism

With the aim of identifying the intermediate compounds formed during the CWAQO reaction, samples at 90
min and 180 min were analyzed by (4)-ESI-LC-MS, comparing the results with a pattern prednisone solution
of 20 mg-L!. Positive-mode operation allowed us to see the prednisone ion in the pattern solution with a re-
tention time of 1.80 min, where the highest intensity was obtained ((+)-ESI m/z = 359.1862; see Figure S1 in
the Supporting Information). According to the molecular formula calculated from the accurate mass and MS
fragmentation, the structural formulas of the main degradation products were proposed. The retention times
and compositions of molecular ions TP1-TP6 are shown in Table S1.

The -OH reacted with organic pollutants by H-abstraction, addition and electron-transfer. The single elec-
tron transfer of -OH was commonly in electron-rich organic compounds, such as phenol, toluene, aniline, and
hexamethylbenzene. In the prednisone degradation mechanism depicted in Figure 15, three degradation path-
ways have been proposed. Pathway A is the simultaneous oxidation of prednisolone molecule from both sides.
Pathway B can be initiated by electrophilic reactions attacking the electron-rich parts of organic compounds.
In the case of prednisone, this leads to the cleavage of the double bond. In addition, the compound (m/z =
311.1875) originates from the loss of the alcohol group preferentially due to dehydration that often occurs in
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Figure 14: Reusability of C-750-N catalyst for prednisone degradation after three consecutive cycles.

AOP processes [46]. Dealkylation of the alcohol chain can also occur, which, together with oxidation of the alkyl
chains, is the predominant pathway when AOPs are applied [47]. In addition, the compound (m/z = 290.9062)
has also reduced the ketone group, as occurred in the degradation route proposed by Pérez-Estrada et al. [48],
who degraded 4-methylamino antipyrine under solar AOPs. The demethylation of the previous compound gene-
rates the compound (m/z = 274.2762). Dealkylation is common in AOPs; in fact, Frontistis et al. [49] reported
dealkylation as the main oxidation mechanism in the 17a-ethyl estradiol degradation pathway under UV /H204
process. Finally, pathway C begins with the oxidation of cyclopentanic part of the molecule, leading to the
formation of products with m/z 345, depending on whether the cyclohexanic part of the molecule adjacent to
cyclopentanic is cleaved or remains intact; subsequent oxidation of both fragments leads to the formation of
other products.

5. Conclusions

Sewage sludge-based carbons can be used as catalysts for the removal of prednisone in CWAQO processes.
Synthesis at 750 ‘C and COs atmosphere offers a material with good catalytic properties. Treatments with
different acids have been tested, improving the catalytic activity due to porosity development in all cases.
Treatments involving nitric acid at 80 "C, nitric acid at ambient temperature and hydrochloric acid at ambient
temperature have increased the specific surface area from 131 m?-g’! to 387 (C-750-N-80), 372 (C-750-N) and
300 m2-g"1(C-750-Cl1). In addition, pyrolysis temperature can also enhance specific surface area to 420 m?-g*
(C-850-N). The effect of the surface chemistry have also been studied, finding that the introduction of -OH
groups on the catalyst surface disfavors the compound’s degradation and its mineralization. The catalyst C-
750-N have shown the best performance, exhibiting a full conversion of prednisone by CWAOQO, and achieving
an adsorption value of 52.7 %. The increase of temperature favours the oxidation process, reaching a maximum
TOC reduction of 66 % after 3 hours of the process. In addition, no iron leaching occurred throughout the
process. Therefore, our catalysts developed in the present study not only outperform in terms of performance,
but can also demonstrate such catalytic activity at operating conditions and feedstock costs in the removal of
emerging pollutants such as prednisone.
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