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A B S T R A C T

In this paper, we explore the application of powdered carbon and 3D-printed carbon monoliths prepared by 
carbonization of a tailored photopolymer. We demonstrate the efficiency of the developed carbonaceous samples 
in removing paracetamol (PCM) and sulfamethoxazole (SMX), used as model contaminants. Our results 
demonstrate that carbon samples are active in CWPO, and their catalytic activity is significantly improved by 
applying nitric acid and urea functionalization methods. The characterization results showed the pure carbon 
nature of the material (no ashes), their unique structure defects proven by Raman (D/G > 1.8), textural prop
erties (SBET = 291–884 m2/g) and their surface chemistry, which was addressed by pHPZC (2.5–7.5), acidity 
(312–2375 µ mol gcat

− 1) and basicity (117–653 µ mol gcat
− 1) determination and XPS of highlighted materials (N1s =

0–3.51 at.%, O1s = 7.1–15.3 at.%). Using desorption assays, our study reveals the adsorption role for pollutant 
degradation by CWPO using carbon monolithic samples. At last, we demonstrated the ability of functionalized 
3D-printed carbon monoliths to keep degradation of PCM and total organic carbon (TOC) above 85 % and 80 %, 
respectively, during 48 h in a continuous flow CWPO system. Sulfamethoxazole degradation in continuous 
system was also studied to validate the catalyst versatility, achieving 81 % and 79 % pollutant degradation and 
TOC abatement, respectively, during 48 h on stream. The characterization of the recovered catalyst provides 
further insights into the absence of structural modifications after the reaction, reinforcing the stability and 
reusability characteristic of the 3D-printed carbon catalyst.

1. Introduction

The escalating challenges posed by rapid population growth, ur
banization, and industrialization have intensified environmental con
cerns, particularly regarding the discharge of toxic compounds into 
water bodies [1–3]. Of particular concern are pharmaceutically active 
compounds (PhACs), such as acetaminophen (PCM) and sulfamethoxa
zole (SMX), which pose risks to aquatic life and human health [4,5]. The 

imperative for research in PhAC removal has spurred investigations into 
alternative wastewater treatment solutions, notably focusing on 
adsorption, membrane technologies, and advanced oxidation processes 
(AOPs) [6–10].

Catalytic wet peroxide oxidation (CWPO), or heterogeneous Fenton, 
using metal-free materials as catalysts offer promising solutions to the 
challenges faced by conventional Fenton and Fenton-like processes and 
other wastewater treatment technologies like adsorption, membrane 
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filtration, and biological treatments [11–16]. Adsorption and membrane 
filtration primarily transfer pollutants from one phase to another 
without degrading them. In contrast, biological treatments, although 
effective, require extended operational times to achieve satisfactory 
pollutant conversion and fail for biological refractory compounds [17]. 
Fenton and Fenton-like reactions using metal-based materials suffer 
from several issues, such as leaching and formation of iron sludge, or it 
may require excess dose of H2O2 (e.g. copper-based catalysts) [18,19]. In 
addition, other Fenton-like processes such as photo-Fenton, sono-Fen
ton, and electro-Fenton reactions require additional infrastructure/cost 
to operate [20]. Hence, heterogeneous Fenton using metal-free mate
rials can address these limitations by providing more efficient and 
effective pollutant degradation in wastewater treatment. However, 
challenges persist, particularly regarding catalyst activity and scalability 
for full-scale applications [21,22].

Materials with electron-donating groups available for H2O2 decom
position into oxidation radicals are often preferred for CWPO process 
[23]. Traditional catalysts used for this purpose are based on active 
phases supported on polymeric films [24,25], clays [26,27], zeolites 
[28], and carbon materials. Traditional carbon materials (e.g., pyrochar, 
carbon black, among others) often lack heteroatoms on their surface, 
which makes them inert [23]. However, the presence of structural de
fects and/or functional groups (including oxygenated and nitrogenated 
groups) play a significant role in increasing the catalytic activity towards 
Fenton-like reactions [29,30]. Nevertheless, most carbon materials have 
residual metals, originating either from the precursor (i.e., biomass [31]) 
or from the synthesis procedure (i.e., chemical vapor deposition [32]), 
that may affect their activity in CWPO reaction. For this reason, it is 
rather difficult to understand the role of each phase (residual metal, 
carbon, and heteroatoms) in the activity of the carbon material. 
Polymer-derived activated carbons, synthesized from photopolymers, 
present a promising avenue for generating inorganic-free carbon mate
rials with controlled properties [8,33]. Furthermore, most synthesis 
routes yield carbon materials in powder form, which would require 
additional steps to immobilize those particles for full-scale processes. 
Additive manufacturing, specifically 3D printing, arises as a suitable 
alternative to obtain three-dimensional rationally designed structures, 
enabling precise control over material structure and facilitating the 
obtention of architectures optimized for catalytic and adsorption ap
plications [34]. Its application in water treatment is gaining attention 
for producing efficient catalytic structures [35], since structured cata
lysts are printed to minimize mass transfer limitations, improving radial 
and axial diffusion with low pressure drops under continuous flow 
operations.

For instance, 3D-printed metal–organic framework (MOF) coatings 
have shown high Rhodamine B degradation efficiency, and MOF- 
decorated ceramics have proven to be durable H2O2 activators, effi
ciently removing dyes and maintaining stability over multiple cycles 
[36]. Additionally, 3D printing can produce carbon structures with hi
erarchical porosity and precise morphological control, crucial for 
optimal catalytic performance. It allows for easier separation and re
covery of catalysts from aqueous environments compared to traditional 
methods. In a previous work, a carbon monolithic structure synthesized 
by stereolithography (SLA) 3D printing demonstrated its potential 
application for the separation of alkane isomers [34]. Other works have 
also demonstrated the applicability of 3D-printed carbon materials for 
CO2 adsorption [37], and ozonation [38]. However, the application of 
SLA 3D-printed metal-free carbon monoliths remains unexplored and 
represents one strategy to upgrade the feasibility of larger-scale qua
ternary wastewater treatment.

In this study, we propose the use of 3D-printed metal-free carbon 
monoliths as catalysts for CWPO, targeting the removal of PCM. The 
work involved a set of batch experiments with powdered carbon derived 
from these monoliths to assess the suitability of the materials, followed 
by functionalization studies to explore surface chemistry effects. 
Notably, our approach uses true photopolymer-derived metal-free 

carbon-based materials in CWPO, highlighting the intrinsic contribution 
of carbon in oxidation processes. Additionally, we delve into the role of 
adsorption in liquid-phase oxidation reactions and into the role of their 
surface chemistry changed by nitric acid and urea functionalization to 
elucidate their significance in CWPO processes. Furthermore, we present 
experimental findings from a continuous flow CWPO system, demon
strating the feasibility of employing functionalized 3D-printed carbon 
monoliths in dead-end mode operation, thus paving the way for scalable 
applications in wastewater treatment. The catalyst performance in 
removing organic pollutants was validated upon experiments for sulfa
methoxazole (SMX) degradation in continuous mode, in a similar setup 
and experimental conditions as the PCM experiment.

2. Methodology

2.1. Reagents

Pentaerythritol tetraacrylate (PETA, containing 10–40 % triacrylate, 
350 ppm hydroquinone) and divinylbenzene (DVB, containing 20 % 
ethylstyrene, 1000 ppm p-tert-butylcatechol), used as monomers in 
resin, were purchased from Sigma Aldrich and used without extracting 
the stabilizer. The dye agent Sudan 1 (≥95 %) and the initiator 
phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO, 97 %) were 
also purchased from Sigma Aldrich. The reagent used as porogen, bis(2- 
ethylhexyl) phthalate (≥98 %), was bought from Alfa Aesar. Nitric acid 
(65 wt%) and urea (65 wt%) used to modify the carbon samples were 
obtained from Riedel–de-Haën. Paracetamol (98 wt%, Alfa Aesar), sul
famethoxazole (>98 wt%, Supelco), hydrogen peroxide (30 % w/v, 
Fischer Chemical), titanium (IV) oxysulfate (99.99 % w/v, Sigma 
Aldrich), sulfuric acid (98 % v/v, Labkem), sodium sulfite (98 wt%, 
Panreac), acetonitrile (99.9 % v/v, Fisher Scientific), formic acid (98 %, 
Labkem), and orthophosphoric acid (85 % v/v, Fisher Chemical) were 
used in CWPO runs and in analytical techniques. Ethanol (99.8 % v/v, 
Fischer) and sodium hydroxide (98 %, Labkem) were used for desorp
tion experiments. All compounds were used as received, i.e., without 
further purification, and ultrapure water was employed in the solutions 
along the work.

2.2. Synthesis of monoliths

The synthesis involved 3D-printing a photoresin using stereo
lithography technology and subsequent carbonization following opti
mized conditions established in a previous work [33]. The photoresin 
comprised monomers (pentaerythritol tetraacrylate and divinylben
zene), a porogen agent (bis(2-ethylhexyl) phthalate), a dye (Sudan-I), 
and a photoinitiator (BAPO). The structure chosen for the 3D printing is 
the tetragonal piece shown in Fig. 1. The monolith (length = 70 mm, 
diameter = 13.85 mm) is a reticular structure with tetragonal unit cells 
(5.7 × 5.7 mm) which consist of four crossed rods (r = 0.7 mm) tracing 
the diagonals of the cube unit cell (ca. 70.6 % and 69.3 % of void fraction 
for unit cell and for monolithic structure, respectively), as in a previous 
work [34]. Printing was conducted on a Kudo Titan 2HR 3D-printer 
under specified conditions (see Table S1). The printed part 
(Figure S1a) underwent Soxhlet extraction with acetone for 24 h to 
remove the dye, followed by overnight drying at 60 ◦C (Figure S1b). 
Subsequently, oxidative stabilization was performed in air at 300 ◦C for 
6 h (544 mL h− 1) with a heating rate of 10 ◦C min− 1, followed by thermal 
treatment under inert atmosphere at 900 ◦C for 0.3 h (10 NL h− 1) with a 
heating rate of 3.3 ◦C min− 1. The resulting material was named M1. 
Activation with CO2 at 860 ◦C for 6 h (30 NL h− 1) with a heating rate of 
10 ◦C min− 1, yielded material M2. Figure S2 brings an overview of the 
printed carbon monoliths.
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2.3. Sample conditioning, surface modification and characterization 
techniques

To ensure accurate assessment of catalytic activity, batch oxidation 
experiments of the target pollutant were conducted using carbon sam
ples in powder form to mitigate internal and external diffusion limita
tions. For this purpose, the 3D printed samples (M1 and M2) were 
ground into powder and separated by particle size into different frac
tions (<53 µm, 53 < D < 106 µm, 106 < D < 160 µm, and > 160 µm). 
The ground and separated fractions were named according to particle 
size, with samples within the range 53 < D < 106 µm designated as 
M1_53:106 and M2_53:106, and those with particle size D > 160 µm 
named M1_160 and M2_160. Other particle size fractions were not used 
in this study.

Surface modification treatments were performed to evaluate changes 
in catalytic activity for removal of the organic pollutant by CWPO, 
following methodologies described elsewhere [39]. Acid treatment was 
conducted to enhance hydrophilicity by introducing surface oxygen 
groups. Ground carbon monoliths with granulometry 53 < D < 106 µm 
(M1_53-106 and M2_53-106) underwent boiling in a 5 M nitric acid 
solution at 120 ◦C for 3 h. The resulting materials, washed with distilled 
water and dried, were named M1A and M2A, respectively.

Another surface modification involved hydrothermal treatment of 
M1A and M2A samples with urea to introduce nitrogen groups and 
reduce acidity. The materials resulting from the acid treatment (M1A or 
M2A) were contacted with a 1 M urea solution at 200 ◦C for 2 h in a 
digestion vessel equipped with a removable PTFE cup (Model 4748 large 
capacity acid digestion vessel, Parr Instrument Company). The recov
ered solids, washed with distilled water and dried, were named M1AU 
and M2AU, respectively. The summary of material names, sizes, and 
surface modifications is provided in Table 1.

Characterization techniques were carried out following the meth
odology reported in previous works [40–42]. In summary, we conducted 
various analyses, including physisorption, thermogravimetric analysis 
(TGA) in air and nitrogen atmosphere, proximate and ultimate analysis, 
pH-drift method to determine pHPZC, a simplified Boehm titration to 

assess acidity and basicity, Fourier-transform infrared (FTIR) spectros
copy and Raman spectroscopy for all samples. M2 materials were further 
characterized by X-ray photoelectron spectroscopy (XPS) [43]. The 
detailed description can be found in Text S1 on the Supplementary 
Materials.

2.4. Pollutants removal experiments

2.4.1. Batch runs of PCM degradation
CWPO experiments were conducted in a two-necked round bottom 

flask with 100 mL of model pollutant solution adjusted to pH 3.5 using 
H2SO4 (0.5 M). The solution contained a model pollutant concentration 
of 100 µg mL− 1 and was heated to 80 ◦C, chosen based on previous 
studies [26]. After adding the stoichiometric amount of H2O2 (472 µg 
mL− 1), calculated based on Equation (1), the system was stirred for 5 
min. At t = 0, 0.25 g of powdered carbon catalyst (Ccat = 2.5 g/L) was 
added. Samples were withdrawn periodically (15, 30, 60, 120, 240, 360, 
480, and 1440 min) to monitor H2O2, TOC, and PCM concentrations. 
Samples for PCM and TOC analysis were stored with Na2SO3 to halt the 
reaction. The catalyst was recovered by filtration, dried overnight at 
60 ◦C, and stored in case of future reutilization experiments. 

C8H9NO2 +21H2O2→8CO2 +HNO3 +25H2O (1) 

H2O2 decomposition tests were conducted for 8 h under the same con
ditions as oxidation runs, without the pollutant present. Adsorption 
experiments were carried out with all materials for 24 h under the same 
conditions as oxidation, without H2O2. Desorption assays were per
formed using carbon samples recovered from adsorption and oxidation 
runs. The procedure followed optimized conditions and solvents for 
PCM desorption from carbonaceous materials [44]. In brief, the recov
ered carbon samples were washed with 2 mL of distilled water to remove 
unadsorbed PCM. Then, 30 mg of recovered samples were stirred in 20 
mL of an aqueous solution (0.1 M NaOH + 20 v/v% absolute ethanol) for 
4 h at room temperature. The liquid phase was filtered and stored for 
further analysis. The amount of PCM desorbed from the materials was 
determined using Equation (2), 

PCMdes =
[PCM]⋅V

mads
(2) 

in which [PCM] represents the PCM concentration (mg/L) determined 
using HPLC, V the volume (L) of the aqueous extractant solution used for 
the experiment, and mads the mass (g) of material used in the experi
ment. The percentage of PCM desorbed was calculated considering the 
amount of PCM adsorbed into the material during pure adsorption ex
periments. To validate desorption experiments, samples recovered from 
reaction media were analyzed by FTIR and TGA (in N2 atmosphere) to 
identify possible pollutant grafting during oxidation reactions or even 
the possibility of oxygen groups being formed at the carbon’s surface 
due to their oxidation. XPS was also performed in the best catalyst after 
three reutilization cycles to assess surface modification.

All batch experiments, namely CWPO, catalytic H2O2 decomposi
tion, adsorption and desorption, were performed in triplicate. The re
ported values are the average value, calculated according to Equation 

Fig. 1. Tetragonal unit monolith STL file used for printing carbon materials as 
view in OpensCAD software. Orthogonal projections for (a) diagonal view of the 
unit cell, (b) front view of the unit cell, (c) superior view of the monolith, (d) 
front view of the monolith, and (e) diagonal view of the monolith.

Table 1 
Sample names, particle sizes, and surface modifications.

Nomenclature Size Surface modification

M1_53:106 53 µm < D < 106 µm No
M2_53:106 53 µm < D < 106 µm No
M1_160 D > 160 µm No
M2_160 D > 160 µm No
M1A 53 µm < D < 106 µm Nitric acid
M2A 53 µm < D < 106 µm Nitric acid
M1AU 53 µm < D < 106 µm Nitric acid and urea
M2AU 53 µm < D < 106 µm Nitric acid and urea
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(3), 

Ct =

∑n
j=1Cj

n
(3) 

where‾Ct is the average relative concentration of the parameter of in
terest (PCM, H2O2 or TOC concentration) at time t, Cj is the concentra
tion in run j for time t, and n is the total number of experimental runs (n 
= 3). The standard deviation (st) was calculated according to Equation 
(4), 

st =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1

(Cj− Ct)
2

n − 1

√
√
√
√ (4) 

in which Cj is the relative concentration in time t for each run j,‾Ct the 
average concentration in time t (calculated by Equation (3), and n the 
total number of experimental runs. The standard deviation was below 5 
% for all experiments. Hydrogen peroxide consumption efficiency 
(ηH2O2) was calculated according to reported in previous studies [32], as 
shown in Equation (5), 

ηH2O2
=

XTOCt=8h

XH2O2 t=8h

⋅100 (5) 

where XTOCt=8h is the conversion of TOC after 8 h of reaction and 
XH2O2t=8h is the conversion of hydrogen peroxide after 8 h of reaction.

2.4.2. Continuous flow mode CWPO experiments
After evaluating the effects of functionalization on PCM removal in 

batch experiments, the most effective functionalization method was 
applied to a 3D-printed carbon monolith. Following previous protocols, 
the monolith was used to assess PCM degradation capacity in a contin
uous flow mode CWPO system, as shown in Figure S3 [45]. The system 
consisted of an HPLC pump, a recirculation bath, a condenser tube (used 
as a jacketed reactor), and a stirrer plate. Operating conditions mirrored 
those of batch experiments: a solution of 100 µg mL− 1 PCM with pH 
adjusted to 3.5 and a stoichiometric amount of H2O2 for mineralization 
([H2O2]0 = 473 µg mL− 1) of PCM were used as the inlet solution. The 
recirculation bath temperature was set to 82 ◦C to achieve the desired 
temperature of 80 ◦C for the pollutant/oxidant mixture.

The monolith was packed using glass wool and beads, and a volu
metric flow rate (Q) was set to 0.75 mL min− 1, resulting in a residence 
time of approximately 6 min. Sampling occurred at regular intervals 
over 48 h to assess degradation of PCM. Additionally, samples were 
withdrawn from the influent solution to monitor concentration changes. 
After the reaction, the monolith was recovered, washed, and dried. 
Possible desorption of PCM was studied using the recovered material 
and the same extractant solution used in batch experiments, with a 
desorption assay conducted for 6 h. The same operating conditions were 
used to evaluate the catalyst capacity to degrade SMX, including CWPO 
(pH = 3.5, T = 80 ◦C, [SMX] = 100 µg mL− 1, [H2O2]0 = 443 µg mL− 1), 
adsorption, H2O2 decomposition, and desorption assays.

The conversions of PCM, SMX, H2O2, and TOC, were calculated ac
cording to Eq. (7), 

X =

(

1 −
Fc,outlet

Fc,inlet

)

⋅100% (7) 

Fc,outlet is the mass flow of the compound c in the reactor outlet, and Fc,inlet 
is the mass flow of the compound c in the reactor inlet. The non-catalytic 
experiment was performed without the carbon monolith under the same 
operating conditions and bed voidage as the material used. The space 
time (τ) was calculated according to Equation (8), as described else
where [46], 

τ =
W(gcat)

Fc,inlet
(
μmolc⋅h− 1

) (8) 

in which W is the mass of catalyst and F is the inlet molar flow rate of the 
micropollutant. Adsorption experiments and H2O2 decomposition ex
periments were performed using a solution without H2O2 and pollutants, 
respectively.

The analytical techniques used to quantify PCM, SMX, H2O2, TOC, 
and iron species in treated water are explained in Text S2 and Figure S4.

3. Results and discussion

3.1. Characterization of carbon materials

3.1.1. Textural properties
The results obtained for monolithic piece dimension and weight 

during the synthesis procedure and surface modifications are shown in 
Table S2. The N2 adsorption–desorption isotherms obtained for the 
carbonaceous catalysts are shown in Figure S5. The isotherms revealed a 
similar curve for all samples, with a hysteresis loop typical of H4-type 
materials according to the current IUPAC classification [47] a compos
ite of types I and II. The pronounced adsorption observed at low relative 
pressures is related to the filling of micropores. The textural properties 
determined for the carbonaceous samples are shown in Table 2.

The results for materials with distinct particle sizes (i.e., between 53 
and 106 μm, or bigger than 160 μ m) revealed that both carbonaceous 
samples, M1 and M2, have uniform pore size distribution and textural 
properties. Nonetheless, samples from pristine M2 appear to have better 
uniformity in pore size distribution since the properties differ by about 
3.3 % for the different particle sizes. In contrast, samples from M1 have 
an absolute difference of 8.3 %. Both values were calculated based on 
the average decrease/increase in the sample with particle sizes higher 
than 160 μ m, when compared to the sample with smaller particle sizes.

The acid functionalization significantly decreased the surface area 
(SBET) for both materials (22.2 % for M1A and 11.5 % for M2A prepared 
from M1 and M2, respectively). The results obtained for the micropore 
surface area (Smic) revealed the same behavior as the observed for SBET, 
indicating that acid functionalization had the same effect over the 
carbonaceous material. The observed decrease in these textural prop
erties appear to be associated with the potential formation of oxygen- 
containing functional groups at the pore opening region, obstructing 
the entry of N2 molecules [48] or the modification of the pore structure 
upon acid attack [49]. The highest decrease in micropore surface area 
obtained for sample M1A (ca. 30 %) compared to M2A (ca. 12 %) can be 
related to the stronger oxidation achieved in this sample due to the 
lower micropore volume [50]. In both materials, the urea functionali
zation was responsible for increasing the surface area compared to the 
previous sample (M1A and M2A), which is related to the development of 
mesopores [39]. The behavior is confirmed by an increase in the 
external surface area (Sext) observed for M2AU and M1AU compared to 
the previous sample and even to the pristine materials (M1_53:106 and 
M2_53:106).

3.1.2. Thermogravimetric characterization and chemical composition
All samples underwent TGA analysis under air and N2 atmospheres. 

Table 2 
Textural properties of all carbonaceous materials.

Sample SBET 

(m2/ 
g)

Sext 

(m2/ 
g)

Smic 

(m2/ 
g)

Vmic 

(mm3 

g− 1)

VTotal 

(mm3 

g− 1)

Vmic/ 
VTotal 

(%)

Wmic 

(nm)

M1_53:106 374 33 341 185 303 61 3.55
M1_160 409 38 371 202 338 60 3.64
M1A 291 37 254 138 257 54 2.17
M1AU 418 31 387 211 332 64 2.18
M2_53:106 884 51 833 452 615 73 2.17
M2_160 869 45 824 448 592 76 2.17
M2A 782 48 734 399 547 73 2.17
M2AU 790 50 740 401 544 74 2.17
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The results shown in Fig. 2 indicate consistent modifications across 
material groups, with similar mass loss profiles. Carbon samples 
exhibited three major mass loss centers under airflow, with tempera
tures detailed in Table S3: removal of adsorbed water (86–89 ◦C), 
desorption of oxygen surface groups (289–295 ◦C), and carbon com
bustion (580–640 ◦C) [51]. Above 700 ◦C, only ash remains, confirming 
the whole carbon structure due to the synthesis procedure. Under N2 
flow, parent samples displayed similar mass profiles regardless of par
ticle size, indicating uniform chemical composition. Acid-modified 
samples exhibited higher mass loss and water adsorption, with addi
tional peaks attributed to removing weak oxygen functional groups 
[39]. Urea functionalization reduced mass loss in the range 100–600 ◦C, 
suggesting removal of oxygen groups introduced during acid treatment 
and restoration of temperature values closer to the original samples 
[30].

The chemical composition of carbonaceous samples was analyzed 
through proximate and ultimate (CHNS organic elemental determina
tion) analysis, as shown in Table 3. Proximate analysis from TGA results 
in inert and air atmospheres (cf. Fig. 2) revealed similar results for the 
pristine samples M1 and M2, supporting sample homogeneity. Acid and 
urea modifications led to increased moisture content, likely due to an 
increase in hydrophilic characteristics of the materials. Treatments with 
acid and urea also increase the content of volatile matter (VM) observed 
in modified samples that can be associated to the surface functional 
groups (ca. 46.7 and 24.1 wt% of increment for samples prepared from 
M1 and ca. 22.4 and 23.8 wt% of increment for samples prepared from 
M2 monolith after acid and urea modifications, respectively). Treatment 
with urea reduced VM content compared to acid treatment (ca. 60.8 and 
43.4 wt% for samples M1A and M2A vs.38.2 and 33.8 wt% for M1AU 
and M2AU samples), aligning with previous studies [30]. Content of 
fixed carbon (FC) decreased in acid-modified samples (ca. 81.4 and 87.3 
wt% for samples M1 and M2 vs. 28.7 and 38.1 wt% for samples M1A and 
M2A), but increased with urea treatment (ca. 28.7 and 38.1 wt% for 
samples M1A and M2A vs. 48.4 and 51.2 wt% for samples M1AU and 
M2AU) due to removal of surface functional groups. Results of ultimate 
analysis agreed with proximate analysis, showing similar trends in 
carbon content and FC. Acid modification increased nitrogen content 
(0.6 and 0.5 wt% of difference for M1A and M2A respect to the 
respective pristine materials), while treatment with urea further 
increased nitrogen (2.6 wt% of nitrogen difference between M1AU and 
M1A; and 2.1 wt% of nitrogen difference between M2AU and M2A) and 
decreased oxygen content. Sulfur content remained null. The results of 
acidity/basicity properties of the carbon material surfaces are shown in 
Table 4 (pHPZC curves exhibited in Figure S6). Samples from M1 showed 
balanced acidity/basicity, and samples from M2 exhibited more acidic 
characteristics. This behavior is consistent with findings from the liter
ature on the effect of CO2 activation on carbon materials [52]. Acid 
modification increased acidity significantly, while urea treatment 
reduced acidity, aligning with previous studies [39].

3.1.3. Surface chemistry
FT-IR and Raman spectra were used to study the surface chemistry of 

all materials. Fig. 3 shows the identification of D and G bands in the 
Raman spectra of all materials, which are characteristic of carbon-based 
materials [53]. All samples presented the bands in the same region, the 
D-band located in the range 1269–1286 cm− 1 and the G-band in the 
range 1518–1603 cm− 1 (detailed information reported in Table S4). The 
D-band is located between 1300–1350 cm− 1 in most carbon materials. 
The shift towards smaller wavenumber has been associated with the 
highly disordered characteristic of carbon materials, indicating that all 
materials used in this work possess many defects in their structure [54]. 
The G band is associated with the presence of graphitic carbon (sp2) and 
crystallinity and is present in all samples with a signal weaker than the D 
band. The spectra were used to determine peak areas of D and G bands 
by deconvolution, and the peak area ratio between D/G bands was 
calculated for all samples (Table S4). The values were all higher than 1.8 

for all materials, which is characteristic of samples with a high degree of 
disorganization. The intensity of the 2D (G’) band is low or absent for all 
materials.

The results obtained on FT-IR analysis are shown in Figure S7. The 
results revealed the presence of bands at 3450 and 1384 cm− 1, attrib
uted to the OH stretching vibration and bending from the adsorbed 
water [32,55]. The weak band at 1620 cm− 1 present in all materials is 
ascribed to the vibrations of the C = C bond, and the band at 2926 cm− 1 

is related to the stretching vibration of C-H bonds in CH2 groups [32]. 
The results obtained in XPS analysis of M2 materials are shown in 
Fig. 4a. As observed, oxygen content significantly increase as conse
quence of acid attack from 7.1 at.% of M2_53:106 sample to 15.3 at.% of 
M2A. Furthermore, the functionalization with nitrogen-containing 
groups is evidence because of the content between samples M2A and 
M2AU (0.8 and 3.5 at.%, respectively). The detailed information on 
atomic percentages and peaks deconvolutions of O1s and N1s is shown 
in Table S5 and Figs. S8-S9. The results confirmed the increase in ni
trogen content due to surface modification with urea, totalizing 3.51 % 
content in M2AU. The deconvolution of oxygen peak revealed about the 
same amount of carbonyl and C-O in esters and anhydrides groups. On 
the other hand, a significant increase in hydroxyl groups after acid 
treatment was observed (44 % in M2_53:106 to 63 % in M2A). The N1s 
peak deconvolution in M2AU catalyst revealed a predominance of pyr
idinic (32 %) and pyridonic or pyrrolic (41 %) groups.

3.2. Adsorption and pure H2O2 decomposition experiments

The results of pure adsorption experiment (Figure S10) reveal 
varying PCM removal efficiencies over time for all materials. Samples 
derived from M1 exhibited removals ranging from 10.3 to 30.2 % after 8 
h of contact time, while samples from M2 achieved complete removal 
within just 30 min, irrespective of particle size or functionalization 
treatment. This disparity in performance can be attributed to differences 
in textural properties and surface chemistry between M1- and M2- 
derived samples. Notably, CO2 activation of M1 resulted in M2 mate
rials with enhanced surface areas due to the development of micropores 
in the carbonaceous structure, as confirmed in textural properties results 
(Table 2). The higher surface area of M2 materials (782–884 m2/g, 
whereas 291–418 m2/g was obtained for M1 samples) leads to signifi
cantly higher adsorption capacities (100 % for M2 vs. 10.7–30.2 % for 
M1). Although a direct comparison based solely on surface areas sug
gests M1 samples may reach roughly half the adsorption capacities of 
M2 samples, pore size distribution and surface chemistry play crucial 
roles in influencing adsorption capacity. The correlation between 
adsorption capacities and SBET is discussed in more detail in Text S3 and 
Figure S11.

Pure H2O2 decomposition experiment results are discussed in Text S4 
and Figure S12 [32,56,57].

3.3. Catalytic wet peroxide oxidation of paracetamol

The PCM, H2O2, and TOC concentration profiles during CWPO runs 
are depicted in Fig. 5 for all carbonaceous materials investigated. 
Notably, all materials demonstrated high catalytic activity towards 
removal of PCM, achieving over 90 % pollutant removal after 24 h of 
reaction. In terms of H2O2 decomposition, all catalysts exhibited 
decomposition rates exceeding 80 % after 24 h, surpassing results ob
tained in non-catalytic runs (XH2O2 = 10 %). Compared to non-catalytic 
conditions (XPCM = 13 %), carbonaceous catalysts enhanced pollutant 
removal by at least 82 % by the end of the CWPO test. The observed 
removal of PCM in the absence of a catalyst was attributed to H2O2 
oxidant activity, degrading 13 % of PCM in 24 h. Additionally, TOC 
removal exceeded 62 % for all materials, contrasting with the TOC 
removal of 7 % achieved under non-catalytic conditions. The high cat
alytic activity of all carbonaceous samples is justified due to the presence 
of structure defects on the carbon surface, which is confirmed by Raman 
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Fig. 2. TGA under air and nitrogen flow for (a-b) samples ground within 51–106 µm, (c-d) samples with particle size higher than 160 µm, (e-f) acid-treated samples, 
and (g-h) urea-thermal hydrotreated samples prepared from M1 and M2, respectively.
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results [58].
Comparison of pure H2O2 decomposition profiles with oxidant 

decomposition during CWPO experiments revealed similar trends for 
M1 materials. Acid functionalization facilitated a more controlled H2O2 
decomposition profile, while urea functionalization improved oxidant 
decomposition. Conversely, materials M2 exhibited less pronounced 
H2O2 decomposition profiles, likely due to adsorption–desorption phe
nomena during oxidation reactions, partially hindering H2O2 access to 
active sites. Experiments with different particle sizes of M1 and M2 
revealed varying catalytic performance. Despite diffusional limitations 
in larger particle sizes, both materials achieved similar PCM removal 
and H2O2 decomposition efficiencies. Notably, surface chemistry, rather 
than pore distribution, influenced catalytic performance. The influence 
of remaining content can be observed analyzing the materials before 

Table 3 
Results of proximate and elemental analysis for all carbonaceous samples.

Sample Proximate analysis* Elemental analysis (dry basis) Remaining** 
(wt.%)

Moisture (wt.%) VM (wt.%) FC (wt.%) Ash (wt.%) C (wt.%) H (wt.%) N (wt.%) S (wt.%)

M1_53:106 3.9 14.1 81.4 0.6 86.9 0.7 <0.1 <0.1 11.8
M1_160 2.8 12.9 84.0 0.3 88.9 0.5 <0.1 <0.1 10.3
M1A 9.9 60.8 28.7 0.5 57.4 1.8 0.6 <0.1 39.7
M1AU 12.8 38.2 48.4 0.6 69.5 1.7 3.2 <0.1 25.0
M2_53:106 1.4 10.0 87.3 1.2 88.0 0.4 <0.1 <0.1 10.4
M2_160 2.0 10.3 86.9 0.8 87.7 0.4 <0.1 <0.1 11.1
M2A 17.9 43.4 38.1 0.6 63.5 1.7 0.5 <0.1 33.8
M2AU 13.8 33.8 51.2 1.2 64.8 0.7 2.6 <0.1 30.7

*Obtained from TGA under N2 and air atmosphere as detailed in methodology; **Calculated as 100 – C (wt.%) – H (wt.%) – S (wt.%) – N (wt.%) – ashes (wt.%).

Table 4 
pHPZC, acidity and basicity of carbon materials.

Material pHPZC Acidity (µmol gcat
− 1) Basicity (µmol gcat

− 1)

M1_53:106 7.4 337 309
M1_160 7.5 312 296
M1A 2.7 2362 181
M1AU 6.5 1087 653
M2_53:106 6.9 425 143
M2_160 6.9 475 169
M2A 2.5 2375 117
M2AU 6.3 1112 576

Fig. 3. Raman spectra for (a) samples prepared with M1 and (b) samples 
prepared with M2.

Fig. 4. XPS results obtained for (a) M2 materials and (b) comparison between 
fresh and reused M2AU catalyst.
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urea functionalization. Figure S13 shows that H2O2 decomposition 
highly correlate (r2 = 0.90) with the remaining content determined by 
elemental analysis (mostly oxygen) shown in Table 3.

Acid-functionalized samples exhibited diminished catalytic activity 
compared to pristine samples, attributed to decreased H2O2 decompo
sition rates and higher amount of acidic groups, as shown by acid/basic 
and pHPZC characterization results (Table 4). However, acid- 
functionalized catalysts demonstrated more controlled H2O2 decompo
sition. Urea-functionalized catalysts showed improved activity, attrib
uted to enhanced selectivity for hydroxyl radical generation. The result 
can be explained by the higher pHPZC and amount of basic groups of 
urea-treated samples compared to acid functionalized and pristine 
samples [26]. The H2O2 decomposition after 24 h of reaction suggests a 
linear correlation between pHPZC and amount of H2O2 decomposed (r2 

= 0.94), as shown in Figure S14. A comprehensive comparison of all 
materials is presented in Figure S15, considering parameters such as 
H2O2 decomposition efficiency and removal of PCM by adsorption and 
CWPO. Urea-functionalized carbon catalysts (M1AU and M2AU) 
exhibited the highest efficiency in H2O2 consumption, making them the 
most promising materials for the removal of PCM by CWPO. Previous 
works have shown that pyridinic nitrogen is associated with improved 
H2O2 decomposition [32], which is confirmed here with XPS results for 
M2AU (Fig. 4a and Table S5).

Furthermore, differences on PCM removal and H2O2 decomposition 
between samples M1 and M2 were attributed to increased microporosity 
in materials M2. Notably, samples M2 exhibited a unique TOC removal 
profile, with an initial decrease followed by an increase, suggesting the 
influence of adsorption–desorption phenomena and onsite oxidation of 

Fig. 5. Normalized concentration of PCM using catalysts prepared from materials (a) M1 and (b) M2; normalized concentration of H2O2 using (c) M1- and (d) M2- 
derived samples; and normalized concentration of TOC using catalysts prepared from samples (e) M1 and (f) M2 in CWPO experiments. Reaction conditions (batch): 
T = 80 ◦C, pH = 3.5, Ccatalyst = 2.5 g/L, [PCM]0 = 100 μg mL− 1, [H2O2]0 = 474 μg mL− 1. Lines are only intended to guide the eye.
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adsorbed pollutants. This behavior is related with the saturation of the 
carbon surface at the beginning of the reaction due to strong adsorption 
effect. The high concentration of pollutant on the active site enables 
higher catalytic activity, considering that the materials M2 still had 
active sites available for H2O2 conversion. The TOC increased again due 
to the intermediates release in the middle reaction times (120–360 min). 
While AOP studies typically prioritize oxidation over adsorption, the 
evaluation of adsorption’s role in catalytic removal of the pollutant re
mains crucial for understanding overall process contributions.

3.3.1. Unravelling the role of adsorption in the removal of PCM by CWPO
While adsorption is often evaluated to highlight role of oxidation in 

AOPs [8,26], it is crucial to not overlook highly adsorptive materials for 
oxidation processes. Adsorptive interactions facilitate contact between 
the pollutant and the hydroxyl radicals at the catalyst surface. To 
ascertain whether removal of pollutant is primarily driven by adsorption 
or oxidation, additional experiments like the desorption of physically 
adsorbed molecules are necessary [45]. Recent literature suggests that 
pollutants might be grafted onto the catalyst surfaces after applying an 
AOP [59]. For this reason, the catalyst after CWPO was also character
ized to confirm whether the pollutant remains on the surface at the end 
of process. The FT-IR obtained for samples recovered from the CWPO 
reaction showed no difference compared to the fresh one, confirming 
that PCM was not grafted onto the surface of the materials. The results 
are shown in Fig. 6. The TGA results under nitrogen atmosphere for 
recovered samples is shown in Figure S16. Pure carbon samples 
(M1_53:106 and M2_53:106) resulted in a slightly higher mass loss after 
CWPO than pristine samples, which could be related to moisture con
tent. The absence of mass loss ascribed to PCM desorbed in samples is 
related to the low amount (1.8 mgPCM/gcat was the maximum recovered) 
adsorbed in materials’ surface. It is also possible to conclude that no 
significant amounts of oxidized intermediates or products were adsor
bed on catalysts.

Desorption experiments were conducted on samples recovered from 
pure adsorption experiments to validate the methodology. The results, 

depicted in Fig. 7b, show the percentage of PCM recovered from 
carbonaceous samples. Approximately 64 % of PCM was recovered from 
M1 materials, while M2 samples yielded around 78 % recovery. The 
higher efficiency in PCM recovery in M1 materials may be attributed to 
mass transfer mechanisms. Overall, the method proved effective in 
desorbing PCM from carbonaceous materials, indicating that phys
isorption is the main adsorption mechanism for PCM removal by 
adsorption using these samples.

Desorption experiments using catalysts recovered from CWPO re
actions (Fig. 7a) showed significantly less PCM compared to pure 
adsorption runs, indicating post-adsorption oxidation for all materials. 
This highlights the importance of desorption studies in understanding 
the role of adsorption in oxidation reactions. Comparison with pure 
adsorption trends revealed higher release of pollutant from pure 
carbonaceous samples, emphasizing the impact of adsorption capacities. 
Remarkably, catalysts M2 exhibited lower PCM release during desorp
tion, suggesting onsite degradation and challenging assumptions about 
high adsorptive materials’ suitability for CWPO.

Without desorption studies, conclusions on catalyst performance 
may be misleading. For example, despite higher adsorption capacities, 
materials M2 outperformed M1, confirmed by absent desorption of PCM 
in M2AU samples, indicating complete pollutant degradation during the 
reaction.

One of the main advantages of heterogeneous Fenton (or CWPO) 
reactions compared to the traditional homogeneous alternative is the 
possibility to recover the catalysts at the end of the reactions and reuse 
them. In some cases, the first use might be responsible for partial 
oxidation of the catalysts’ surface, which can significantly impact the 
activity towards H2O2 decomposition and, consequently, the perfor
mance in pollutant removal. The results obtained for the reutilization 
runs after recovered and reused the best catalyst (M2AU) are shown in 
Fig. 8. The catalyst recovered after three cycles was analyzed by XPS, 
and the result is shown in Fig. 4b. As observed, oxygen content slightly 
increase from 10.6 to 11.3 at.% and nitrogen decreased from 3.5 to 3 at. 
%. The deconvolution results are shown in Figures S17-S18. The XPS 
result revealed a partial oxidation of the catalyst surface (carbonyl, 
hydroxyl, C-O, and carboxylic groups increased 11 %, 15 %, 8 %, and 7 
%, respectively). On the other hand, the distribution of nitrogenated 
groups was not affected significantly. The results demonstrate that the 
catalyst maintained about the same activity in the second and third runs 
compared to the first run, confirming the potential application of this 
material in the studied process. The comparison with the literature 
dealing with batch PCM removal is available on Text S5 [8,26,60,61].

3.3.2. Proof of concept: Continuous flow mode CWPO experiments
The best catalyst, M2AU, was employed in a continuous flow mode 

CWPO experiment (dead-end) to assess PCM degradation capacity using 
the setup represented in Figure S3 (Figure S19 shows the reactor in 
operation). The mass and dimension of the printed monolith change 
during carbonization and functionalization processes as shown in 
Table S2. The resultant M2AU monolith has a weight, diameter and 
length of 0.40 g, 7.3 mm and 33 mm, respectively (82 % and 86 % of 
volume decrease from printed structure to carbonized and functional
ized monolith, respectively). As the inlet stream was set at 0.75 
mL⋅min− 1, the space–time (τ) used for these experiments was 1.03 gcat 
min µmolPCM 

− 1, respectively.
Fig. 9a displays conversions of PCM, H2O2, and TOC. At the first 

collection point (1 h of time on stream), PCM removal reached 95.3 %, 
with an H2O2 conversion of 66 % and TOC removal of 24 %. Strong PCM 
adsorption likely contributed to this high removal, while low TOC 
conversion suggests possible on-site degradation of PCM and interme
diate release. Hydroquinone, an identified intermediate, is quantified in 
Fig. 9b. After an initial period of reaction, a decline in H2O2 decompo
sition occurred at 2, 4, and 6 h on stream, attributed to pore blocking by 
oxidized organic intermediates. Competition for active sites among 
PCM, intermediates, and H2O2 ensued until reaching a steady state. 

Fig. 6. Comparison between fresh and recovered materials from CWPO for 
catalysts (a) M1 and (b) M2 by FT-IR.
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Nevertheless, hydroxyl radicals decomposed sufficiently, elevating on- 
stream TOC conversion from 34.2 to 52.1 % from 4 to 6 h, respectively.

After 4 h on stream, H2O2 conversion increased, leading to more 
intermediates and decreased hydroquinone concentration, suggesting a 
possible TOC reduction. The continuous rise in TOC abatement over 
time may result from enhanced catalytic activity of the carbon materials, 
as observed previously with carbon black [62], or from oxidized in
termediates acting as redox initiators to promote H2O2 decomposition 
and oxidation [63]. By 24 h, the reaction reached a steady state, 
achieving PCM degradation rates exceeding 93 %, TOC abatement up to 
85 %, and over 96 % H2O2 decomposition over 48 h, with a space–time 
of 1.03 gcat min µmolPCM 

− 1. Notably, there are no reports in literature 
evaluating pure carbon materials as catalysts for degradation of organic 
pollutants using a similar technology. Previous studies achieved com
plete decomposition of H2O2 within 20 min, enabling full pollutant 
removal, albeit only for 3 h [45]. However, the catalysts used, 
magnetite-based, risk deactivation due to iron-phase composition. 
Another study explored activated carbon for metronidazole degradation 
using persulfate radicals, achieving up to 90 % degradation over 1.5 h 
but experiencing deactivation after 7 h [64]. Additionally, CNT- 
composite membranes demonstrated a removal of 70 % venlafaxine 
over 24 h in another study [65], although fouling can occur over time. 
The carbon monolith recovered from the reaction showed no significant 
alteration in mass (0.41 before reaction and 0.40 after reaction).

The H2O2 decomposition and adsorption experiments were per
formed to analyze the capacity of the best material, M2AU, to decom
pose H2O2 and evaluate the adsorption capacity. The results obtained 
are shown in Fig. 10a. The H2O2 decomposition experiments revealed a 
trend similar to the one observed in CWPO in all three cycles using the 
same monolith. The first cycle revealed slightly higher conversions than 
CWPO (>3%), which can be associated with the active site dispute be
tween pollutant and oxidant over the reaction. The conversion of H2O2 
obtained in the second and third experiments had about the same result 
as in the first experiment, which is different from what is commonly 
observed in the literature. In most cases, there is a higher loss of activity 
upon using the same material in cycles related to the oxidation of the 
material surface due to the contact with H2O2.

The result obtained for the pure adsorption experiment is shown in 
Fig. 10b. In the first 2 h of the experiment, the removal of pollutant by 
adsorption remained above 95 %, similar to the result obtained for 
CWPO in continuous mode. However, the adsorption of PCM dropped 
significantly to 7 % after 24 h and 0 % after 48 h. The result obtained for 
longer times of experiment is related to the PCM saturation at the ma
terial surface, hindering further adsorption of the pollutant. This result 
confirms the CWPO as the main removal mechanism during CWPO re
actions, in which the PCM conversion was recorded above 85 % during 
the 48 h of experiment. The analysis of iron leached revealed that no 
iron was present in the aliquot recovered after 48 h of experiment.

Fig. 7. (a) Desorbed PCM from catalysts recovered from CWPO experiments and (b) desorbed PCM from materials recovered from pure adsorption experiments.
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The catalyst universal adaptability was assessed by performing a 
similar degradation experiment with another organic micropollutant, 
SMX in this case. The result obtained for H2O2 decomposition, SMX 
degradation, and TOC abatement are shown in Figure S20a. The results 
confirmed the catalytic performance of the material since SMX degra
dation, H2O2 decomposition, and TOC abatement achieved the steady 
state 24 h on with 81 % SMX degradation, 78 % H2O2 decomposition, 
and 80 % TOC abatement. The lower H2O2 conversion observed here 
compared to the results obtained with PCM is related to the higher SMX 
adsorption capacity of the monolith, increasing the competitiveness of 
the active sites. Still, the system kept high SMX degradation and TOC 
abatement once steady state was achieved. The adsorption experiment 
revealed the material was saturated with 24 h (Figure S20b), proving the 
catalytic removal over adsorption.

4. Conclusions

The carbon material samples obtained from crushing carbon mono
lith synthesized via stereolithography 3D printing demonstrated high 
catalytic activity in the degradation of PCM by CWPO. The functional
ization changed the chemical and textural properties of the original 
carbon materials, increasing the catalytic activity of the carbonaceous 
materials upon urea functionalization. The traditional route for 
comparing the activity of different catalysts generally considers that 
materials with very strong adsorption capacities would not be so good 
for catalytic purposes. In the present study, the desorption experiments 
performed with materials recovered from both pure adsorption runs and 
CWPO reactions were fundamental for judging the most efficient ma
terial. For instance, if only pure adsorption results were considered, M2 
materials (CO2 activated) would be considered unsuitable for CWPO 
reactions since they possess high adsorption capacities due to their high 
surface area. In contrast, the desorption experiments revealed that M2 
materials released less PCM during the desorption experiments 
compared to M1 materials, indicating that more pollutant was oxidized 
in-situ.

The results obtained for the removal of PCM in continuous CWPO 
experiments with 3D-printed carbon monolith functionalized with nitric 
acid and urea treatments revealed high stability and pollutant removal 
over the 48 h of experiment. In addition, the SMX degradation experi
ment in continuous mode confirmed the adaptability of the catalyst with 
another organic micropollutant. The result opens a variety of future 

Fig. 8. CWPO reutilization experiments for catalyst M2AU. T = 80 ◦C, pH =
3.5, Cmaterial = 2.5 g/L, [PCM]0 = 100 μg mL− 1, [H2O2]0 = 474 mg/L. Lines are 
only intended to guide the eye.

Fig. 9. (a) Results of continuous CWPO. T = 80 ◦C, pH = 3.5, [PCM]0 = 100 μg 
mL− 1, [H2O2]0 = 474 mg/L, Q = 0.75 mL min− 1. Dot lines represent non- 
catalytic results. (b) Normalized concentration of hydroquinone (HQ) over 
continuous CWPO experiment. Lines are only intended to guide the eye. (Not 
identified during non-catalytic run). Lines are only intended to guide the eye.
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works to explore different monolithic shapes to evaluate improvements 
in catalytic degradation of pollutants or fluid circulation. Furthermore, 
the resin here presented could be further explored as template for the 
dispersion of metal-based materials, with applicability for environ
mental and energy purposes.
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