W) Check for updates .
Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202500438

www.chemcatchem.org

Growth of Carbon Nanotubes on Co(x)-Ni(1-x) Ferrites by
Chemical Vapor Deposition and Performance on Catalytic Wet

Peroxide Oxidation

Adriano S. Silva,* P < dl Fernanda F. Roman,® ¢ 9 Jose L. de Diaz de Tuesta,® ]
Lola G. Olias,'! Ihsan Caha,!9! Ana P. Ferreira,?! Renata P. de Souza,!"
Francis Leonard Deepak,[9! Ana I. Pereira,’®! Adrian M. T. Silva,“ 91 and Helder T. Gomes*!!

Upcycling plastic solid wastes (PSWs) into high-value carbon
nanotubes (CNTs) offers a promising approach to sustainable
material development. This study explores the synthesis of CNTs
via chemical vapor deposition (CVD) using mixed cobalt-nickel-
iron oxide catalysts supported on alumina and PSW represen-
tative polyolefins as carbon sources. The impact of catalyst
composition on the yield, morphology, and textural properties of
CNTs was systematically evaluated. Characterization techniques,
such as textural properties, transmission electron microscopy
(TEM), Raman spectroscopy, and thermogravimetric analysis
(TGA), revealed that increasing cobalt content in the catalyst
resulted in thicker CNT walls (9.2-23.6 nm) and different textu-
ral properties (Sger = 47-87 m? g~'). The synthesized CNTs were

1. Introduction

Plastic upcycling via the synthesis of nanostructured materi-
als, such as carbon nanotubes (CNTs), has been explored in
the literature!” Some works have already investigated different
aspects of the synthesis procedure, such as the acid washing
effect on CNTs!'"! and the use of different polymeric sources such
as low-density polyethylene (LDPE), high-density polyethylene
(HDPE), and polypropylene (PP), the most representative poly-
mers in PSW.2! The successful synthesis of CNTs using a single
polymeric composition has already been demonstrated,'®! con-

then tested in catalytic wet peroxide oxidation (CWPO) for the
degradation of sulfamethoxazole (SMX) and bisphenol A (BPA) in
both single- and multi-component systems. The results indicated
that a higher cobalt content in the CNT catalysts enhanced cat-
alytic activity, particularly for BPA degradation, due to improved
H,0, decomposition. However, a higher leaching of Co and Fe
was also observed. The CNTs synthesized with a Co/Ni cata-
lyst composition ratio of 7/3 (CNT@Co,Niy3) exhibited the best
balance among the tested materials in terms of CNTs yield,
catalytic activity, and stability. These findings provide valuable
insights to optimize CNT catalysts derived from waste plastics for
environmental remediation applications.

sidering a one-chamber reactor and iron oxide supported on
alumina as a catalyst; the obtained CNTs showed uncontrolled
sizes and shapes, yielding approximately 20 wt.%.!°! Since the
catalyst plays a crucial role in the growth of CNTs via chemical
vapor deposition (CVD), optimizing its composition, dispersion,
and substrate interactions is essential.’”-°! Transition metals (Ni,
Fe, Co, Mo, Cu) are commonly used, with bimetallic catalysts
often enhancing yield."""'?! Additionally, the choice of substrate,
commonly Al,O; affects CNT growth mechanisms, which can fol-
low tip growth (weak metal-support interaction) or base growth
(strong interaction).l*"!
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The CNTs synthesized via this route have demonstrated
potential applicability in wastewater treatment, especially cat-
alytic wet peroxide oxidation (CWPO, or heterogeneous Fenton),
a well-known advanced oxidation process (AOP).[®} Batch exper-
iments with paracetamol (PCM) and continuous-mode exper-
iments with sulfamethoxazole (SMX) demonstrated promising
results. For instance, Diaz de Tuesta et al. reported CNTs achiev-
ing complete PCM removal within 8 h of reaction.!’ In another
study, Santos Silva et al. showed that polymeric composite mem-
branes loaded with CNTs removed more than 85% of SMX during
8 h of CWPO-enhanced filtration, reinforcing the efficiency of
CNTs for degradation of micropollutants by CWPO.?!

CWPO is based on the interaction between a suitable catalyst
and H,0, to generate hydroxyl radicals (HO", E°> = 2.5-3.1 V),
which is recognized as a highly oxidizing and non-selective
reactive species. The most commonly reported CWPO catalysts
comprise a support, such as pillared clays,?®! carbon xerogels,!?*!
and zeolites™ impregnated with metals. Recent reports also
demonstrated the effective degradation of pollutants using
carbon-based metal-free catalysts subjected to suitable surface
modifications.!”””) However, the synthesis of metal-free carbon
materials can be complicated if one is genuinely aiming for
completely metal-free materials involving expensive technolo-
gies (e.g., stereolithography 3D-printing!®!). Even reaching high
carbon purity levels using traditional carbon materials requires
additional steps for purification, in which acid solutions are
employed most of the time.[22*2%] Despite its effectiveness in
removing the metal phase, acid-washing is not considered an
environmentally friendly technique.

The so-called traditional metal-based catalysts in CWPO are
often comprised of transition metals as active phases, such as
Co,'! Ni,1?8! and Fe,””! among others.'”8?°! The main reason for
the migration to catalysts with less metal in the structure is
the loss of the active phase due to metal leaching and pol-
lution of the treated water with metals.>°! However, several
reports presented alternatives to metal-supported catalysts with
metal-encapsulated structures, protecting the metal from leach-
ing. For instance, Santos Silva et al. reported multi-core shell
magnetic nanoparticles for the degradation of PCM by CWPO,
achieving complete removal after 6 h of reaction with the best
formulation.® In another work, Ribeiro et al. discussed the
catalytic activity of bimetallic carbon-coated materials, achiev-
ing complete degradation of 4-nitrophenol in less than 2 h of
reaction.® In general, bimetallic catalysts are recognized as
more active toward pollutant degradation in CWPO reactions, for
instance, due to the (i) improved access to active Fe species at
the catalyst surface due to Co incorporation, (ii) metallic Co cat-
alyzing H,0, decomposition via HO" radical formation, and (iii)
enhanced Fe3* reduction to Fe?* facilitated by surface metallic
Co'[az]

Therefore, this work explores the optimized synthesis of CNTs
using, as catalysts, mixed Co and Ni phases supported on alu-
mina. The metals were chosen due to the recognized activity of
Co in CWPO reactions and the higher yield reported in the syn-
thesis of CNTs by CVD using Ni-based catalysts. The recovered
CNTs were washed with water and used to degrade SMX and
bisphenol A (BPA) in single- and multi-component experiments.

ChemCatChem 2025, 17, €00438 (2 of 13)

Table 1. Co and Ni content in CVD catalysts.

CVD Catalyst Ni Content (wt.%) Co Content (wt.%)

CooNijFe/Al,03 15.42 <LoD?
Coo1NogiFe/Al,03 13.52 212
Coo3NigsFe/Al,03 1073 4.61
CoosNigsFe/Al,03 8.13 8.18
Coo7NigsFe/Al,03 5.32 11.55
CoogNig;Fe/Al,05 2.67 13.63
CoyNigFe/Al, 05 <LoD? 15.61

a) Below the limit of detection.

The effect of CVD catalyst composition and characterization
results was discussed in detail, as well as the catalytic activity
toward the degradation of the selected pollutants in single- and
multi-component systems. The best catalyst was later defined
regarding synthesis yields, catalytic activity, and metal leaching.
Pseudo-first-order and pseudo-second-order kinetic modelling
was also performed for all pollutants and H,0O, in single- and
multi-component systems.

2. Results and Discussion
2.1. Characterization of the CVD Catalysts

The results obtained for the X-ray diffraction (XRD) analy-
sis of selected samples (Co;NigFe/Al,Os, CogsNigsFe/Al,0s, and
CooNii/Aly03) are shown in Figure S1. The analysis revealed that
all samples contain alumina, as expected, according to the COD
card number 96-100-0060. Sample Co;NiyFe/Al,0; showed a
composition of 87% Al,Os; and 13% CoFe, 0, (reference card 96—
591-0064 from COD). In contrast, sample CogNi;Fe/Al,Os revealed
a composition of 83% Al,Oz; and 17% NiFe,0, (reference card 96—
591-0065 from COD). The results of the sample CogsNigsFe/Al,0;
in semi-quantitative analysis showed 84% Al,O;, 8% CoFe,0, and
8% NiFe,0,. The identification of both ferrite phases in the mate-
rial is important to confirm that the procedure can successfully
yield ferrites supported on alumina. The differences between
samples are hardly observed in the diffractograms due to the
high amount of Al,Os in all samples and the similarity between
CoFe,0, and NiFe,0, signals, as can be seen in reference cards
(Figure Sic,d, respectively). The semi-quantitative analysis also
confirmed the same percentage of Ni and Co as desired accord-
ing to the synthesis procedure, keeping the percentage of Al,O3
close to 85% in all catalysts analyzed. The results obtained for
Co and Ni composition (determined by digestion and atomic
absorption) in CVD catalysts are shown in Table 1.

Ni and Co content were determined considering the forma-
tion of CoFe,0, and NiFe,04 phases in all materials observed
in the XRD. The results obtained for Co and Ni contents deter-
mination via digestion and atomic absorption revealed that the
synthesis procedure can successfully achieve cobalt and nickel
ferrite phases supported on alumina with different percentages.
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Table 2. Textural properties of the CNTs and final yield in CNTs synthesis.
Material Seer (m? g7") Vr (em® g7") Yield (wt.%)
CNT@CooNiy 87 028 40.19
CNT@COUJ N ig,g 67 0.21 3434
CNT@Coo3Nio7 54 0.13 30.84
CNT@Coo5Nis 54 0.18 2837
CNT@Coo7Nio3 51 0.12 23.60
CNT@Coq.sNio; 50 0.13 2149
CNT@CoNig 47 0.13 19.63

In all materials, the metal phase yielded a ca. 15% metal phase,
which was the aim of the stoichiometric plan for the synthesis
procedure.

2.2. Characterization of the CNTs

The N, adsorption-desorption isotherms recorded for the CNTs
are shown in Figure S2. All materials presented similar isotherms,
with Sger and Viga Shown in Table 2. The surface area values var-
ied from 47 to 87 m? g, with total pore volumes in the range
0.13-0.28 cm?® g~ . The values found for these materials are lower
than those previously reported (ca. 70-100 m? g~"¢)), which is
related to the alumina used in the synthesis procedure of the
CVD catalyst, that is, with a lower surface area than the D10-10
catalyst used in other works.[®!

The results indicated a dependency between the amount of
Ni used in the CVD catalyst formulation and the textural proper-
ties. Figure S3 shows that Sger and Vi generally increase with
the Ni content. The Ni amount in the CVD catalyst formulation
also resulted in higher yields of CNTs (Table 2), in agreement
with other reports."3334 Ni catalysts yield more CNTs in CVD due
to their ability to decompose hydrocarbons, sustaining continu-
ous nanotube growth.*! The linear correlation for the Ni content
and the CNTs yield (* = 0.97) was higher than the correlation
between Ni content and textural properties (> = 0.71 with Sger
and r2 = 0.76 with V).

TEM images were recorded for selected samples
(CNT@CogNi;, CNT@Cog3Nig; CNT@Cog7Nip3, and CNT@Co;Nip)
to understand if there was a significant difference in the confor-
mation of the CNTs upon using different percentages of Ni and
Co in the CVD catalyst (Figure 1). The results obtained revealed
that CNT samples show a dependency between the number
of walls and composition of the CVD catalyst, with ca. 15 walls
for CNT@CogNi;, ca. 19 walls for CNT@Cog.3Nip7, ca. 21 walls
for CNT@Coy.7Nip3, and ca. 26 walls for CNT@Co;Niy. The walls
of the CNTs can be seen with better resolution in Figures 1b
(CNT@CogNiy), 1e (CNT@Coq.3Nip7), T h (CNT@Co,.7Nip3), and 1k
(CNT@Co;NigFe). A number of walls in the same range (14 to 37)
was determined for CNT samples in a previous work,'®! but in
that case there was no control over the synthesis procedure.

The CNTs had average diameters of 92 + 35 nm for
CNT@CogNi; (Figure S4a), 128 £ 42 nm for CNT@Cog;sNig;
(Figure S4b), 20.3 £+ 1.5 nm for CNT@Cog;Niy3 (Figure S4c), and

ChemCatChem 2025, 17, 00438 (3 of 13)

Figure 1. Results obtained for HR-TEM, higher magnification HR-TEM, and
HAADF-STEM for samples: (a—c) CNT@CogNij, (d—f) CNT@Cog3Nig7, (9-i)
CNT@Cop7Nig3, and (j-I) CNT@Co;Nip.

236 £ 6.2 nm for CNT@Co;Niy (Figure S4d). The diameter val-
ues obtained for these samples are smaller than those reported
in previous works (28-33 nm).[®! The most likely cause of this
difference is related to the CVD catalyst used in the synthesis
procedure. In a previous study, I0/Al,0; (I0 = iron oxide) was
a catalyst prepared following the sol-gel method in an oxida-
tive atmosphere.l®! In these conditions, there is less control over
the inorganic structures formed in the sol-gel process since the
iron can undergo side reactions, resulting in a mixture of differ-
ent iron phases over the Al,O; support.!®! In contrast, the same
methodology used to synthesize mixed cobalt and nickel oxides
supported on Al,O; will not be hindered by the oxidative atmo-
sphere, ensuring a higher purity and nanoparticles with a narrow
particle size distribution.

The increase in particle size and number of walls for higher
contents of Co is related to the formation of cobalt and nickel
oxides during the sol-gel process and the behavior of the
nanoparticles during thermal treatment. Whereas NiFe,0, is a
soft magnetic material with lower coercivity,>®! CoFe,0, is a
hard magnetic material with higher anisotropy and a greater
tendency for particle agglomeration,™! reducing the effective
surface area. In fact, NiFe,O, nanoparticles tend to remain
smaller and more thermally stable under CVD conditions,
promoting the growth of narrower CNTs with fewer walls.
Additionally, Ni** ions limit carbon solubility, resulting in more
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reported before. However, it is known that such characteristics
of the CVD catalyst can influence the growth of CNTs in other
aspects as well (e.g., CNT curvature).'"! Figure S5 shows the
correlation between Co amount and diameter, revealing that
the average diameter of the CNTs will increase upon using more
Co and less Ni in the CVD catalyst (* = 0.98). The correlation
was confirmed by comparing the average number of walls in
CNT samples with the average diameter, as shown in Figure S6
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Figure 2. TGA and DTG results for samples: (a) CNT@CooNis, (b)
CNT@Co,.1Nigg, (c) CNT@Cog3Nig7, (d) CNT@CogsNigs, (e) CNT@CogsNig3, (f)
CNT@CoggNigy, and (g) CNT@Co;Nip.

controlled, layer-by-layer’®l |In contrast, CoFe,0, particles are
more prone to sintering, leading to larger catalytic sites and the
formation of multi-walled CNTs with higher diameters.3%*°! Fur-
thermore, it should also be noted that Ni** has a smaller ionic
radius (0.63 A) compared to Co** (0.74 A), which can influence
the nanoparticle size distribution on alumina and the mecha-
nism of CNT growth during CVD.“%! Thus, increasing amounts
of Co in the CVD catalyst will lead to average thicker CNTs.
The correlation between the diameter of the CNTs obtained by
CVD and Co and Ni contents in the CVD catalyst has not been

The results obtained by TGA revealed no significant differ-
ences between the samples, as shown in Figure 2 (ML = mass
loss).

The materials presented a similar TGA profile, with ash con-
tent varying from 51.3 to 56.5 wt.%. The high ash content from
the material was expected due to the presence of the CVD metal
catalyst from the synthesis procedure. No correlation between Ni
and Co content in CVD catalysts and ash content was observed.
Mass loss peaks at ca. 600 °C correspond to carbon material
degradation, typically observed for CNTs."%#3-%] The high oxi-
dation resistance characteristic of ordered structured carbon
materials was also observed for the samples of CNTs discussed
in a previous study.!® The deviation observed in DTG for sample
CNT@Cog;Nig3 is not concerning, considering the sensitivity of
the analysis and the fact that despite widening, the peak center
still coincides with other CNT samples. The results obtained from
the elemental analysis are shown in Table 3 (nitrogen and sulfur
contents were negligible).

The carbon content was above 53% in all materials evalu-
ated, and no N or S were found, which was already expected.
The C/H mass ratio was also similar for the different materials,
with no influence from the CVD catalyst being observed. All
materials had high C/H values, surpassing 2000 unities. This char-
acteristic was not discussed in the previous report, but those
CNT samples have C/H ratios in the range 480-920,%! values con-
siderably lower than when the CNTs are obtained with mixed
cobalt ferrites CVD catalysts. According to the literature, higher
C/H values can influence several properties of the CNTs, such
as thermal and electrical conductivity, purity (fewer hydrogen-
containing impurities or defects), and better-defined walls.[¥-°!
The results obtained for Ni and Co content revealed the pres-
ence of these metals in the CNTs, most likely encapsulated in
CNT walls. The percentages are significantly lower than observed
in the CVD catalyst, suggesting that washing the materials with

Table 3. Elemental analysis results for the CNTs and Co and Ni contents.

Material C (wt.%) H (wt.%) C/H Mass Ratio Co Content? (wt.%) Ni Content? (wt.%)
CNT@CopNiy 571 £ 0.1 0.02 £+ 0.00 3246 0 1.9

CNT@Cop1Nigo 56.2 + 0.6 0.02 &+ 0.00 2466 0.2 1.88

CNT@Cog3Nigy 572 £ 0.1 0.02 £+ 0.00 2988 0.6 1.51

CNT@Cog;5Nigs 541 £ 0.9 0.01 £ 0.00 7821 0.9 0.98
CNT@CogNig3 543 + 0.4 0.00 + 0.00 9053 14 0.6

CNT@CogNig; 578 + 1.1 0.03 + 0.00 2080 1.9 02

CNT@CoNig 53.8 £ 1.6 0.02 + 0.00 2471 23 0

a) Determined based on CVD crystalline phase equivalents.
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Figure 3. Raman spectra for all samples of CNTs.

water removed most of the Co and Ni contents that were not
active during the growh of CNTs.

Figure 3 shows the results obtained for the Raman spec-
troscopy of the materials. The spectra have three evident peaks
located at 1344 cm™ (D band), 1603 cm™' (G band), and 2677 cm™'
(G’ band). The D peak is ascribed to structure defects in the car-
bon material, and the G peak is related to the in-plane stretching
of sp? carbon atoms, indicating a graphitic nature. The third peak
found in all samples is characteristic of CNTs and is associated
with the 7 band in the electronic structure.

The values calculated for Ap/Ag from the deconvolution indi-
cate how ordered the material is. For instance, higher values
represent materials with more structural defects than graphitic
carbon, and the inverse is characteristic of materials with high
graphitic carbon content. There is no correlation between the
CVD catalyst used and the Ap/Ag observed, and the values agree
with other works reporting Raman results for CNTs prepared
from polymers.["505"]

3. Performance in CWPO Batch Experiments

The experiments were carried out in three different systems: S1
was performed to evaluate the degradation efficiency of SMX,
S2 assessed the degradation of BPA, and the third system (S3)
comprised both pollutants with the same concentration used in
single-component studies.

Kinetic modelling results for all systems will be briefly intro-
duced before a more in-depth discussion of the experimental
findings. The results for kinetic modelling using pseudo-first-
order (PFO) and pseudo-second-order (PSO) models (Table S4)
across all systems are presented in Tables S1 (SMX only, sys-
tem S1), S2 (BPA only, system S2), and S3 (SMX and BPA, system
S3). The PSO model provided a better fit across the three dif-
ferent systems, as indicated by the r? values in the tables
and the parity plots in Figures S7-59. However, differences in
model performance were observed between single- and multi-
component systems. The results showed that in system S1 (SMX
only), the PSO model better described H,0, decomposition,
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Figure 4. Adsorption results obtained after 8 h for systems S1 (SMX), S2
(BPA), and S3 (SMX and BPA). Operating conditions: T = 80 °C, pHy = 3.5,
Caps = 2.5 g Lq, CSMX,O =10 mg L71, CBPA,O =10 mg L.

whereas in system S2 (BPA only), PFO was the best fit. In the
multi-component system (S3), the PSO model again provided
the best fit for H,0, decomposition. For pollutant degradation,
the PSO model better described experimental concentration
profiles in single-component experiments. However, in the multi-
component system, PFO better represented SMX degradation,
contrasting with the single-component results. Meanwhile, the
PSO model continued to provide the best fit for BPA degradation
in the multi-component system, consistent with its performance
in the single-component system. The shift in SMX degrada-
tion kinetics from PSO in the single-component system to PFO
in the multi-component system suggests potential interactions
or competition between pollutants,affecting their degradation
mechanisms. In contrast, the consistency of BPA degradation
kinetics across single- and multi-component systems implies that
the presence of other pollutants less influences its degradation
mechanism.

Pure adsorption experiments were also performed under
similar operating conditions to evaluate the pure removal of
pollutants via this mechanism, and the results are shown in
Figure 4.

The results obtained in pure adsorption experiments
revealed that SMX has a higher affinity with the CNTs than BPA.
SMX adsorption ranged from 3.3% to 13.5% in single-component
adsorption (S1) and from 2.8% to 10.8% in multi-component
adsorption (S3). BPA had about the same adsorption values in
single-component (52) and multi-component experiments (S3),
ranging from 1.4% to 2.2% in S2 and from 1.2% to 1.8% in S3. The
higher adsorption of SMX compared to BPA is attributed to the
pollutant being in its cationic form at the acidic pH used in the
experiment (BPA is mostly neutral since its pK, is in the range
9.8-10.4%%). In the cationic form, SMX has a higher interaction
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Figure 5. (a) SMX and (b) H,O, normalized concentration during CWPO
(system ST). Operating conditions: T = 80 °C, pHyp = 3.5, Ccar =25 g L7,
Cswxo = 10 mg L™, Cipopo = 443 mg L. Lines were obtained with PSO
kinetic modelling. N. C.: noncatalytic.

with the material surface, favoring the adsorption process.>>>4
Specifically, SMX can engage in m-7 interactions with the aro-
matic structure of the CNTs. In addition, the SMX molecule is
smaller than BPA, allowing the compound to access the porosity
of the carbon material more efficiently. The SMX adsorption
also revealed a strong dependency on the surface area of the
materials, the coefficient of determination (r?) being 0.8 in single
and 0.6 in multi-component experiments (linear regression).
The lower adsorption observed for both pollutants in the multi-
component experiment is related to the competition for the
active sites.

The results obtained in the CWPO experiments will be dis-
cussed in each system separately, starting with the results
obtained in system S1 for the degradation of SMX shown in
Figure 5.

The results demonstrated that all materials tested had high
catalytic activity toward the degradation of SMX in batch exper-
iments since all materials were able to degrade SMX completely
within 6 h of reaction (360 min). H,O, decomposition was not
complete after 8 h (480 min), which can be related to a pos-
sible complex interaction between the oxidant source and the
catalyst surface due to SMX adsorption. As shown in Figure 4,
CNTs adsorb SMX, which can interfere with H,0, decomposi-
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Figure 6. (a) BPA and (b) H,0, normalized concentration during CWPO
(system S2). Operating conditions: T = 80 °C, pHy = 3.5, Ccar =25 g L,
Capao = 10 mg L™, Cipopo = 53.6 mg L. Lines were obtained with PSO
kinetic modelling. N.C.: noncatalytic.

tion into hydroxyl radicals. On the other hand, the presence of
SMX at the catalyst’s surface can speed up its degradation when
hydroxyl radicals are formed, which can explain the complete
degradation of the pollutant with all materials in 6 h of reac-
tion. The contribution of the adsorption in the process will also
be accounted for in a later discussion of the results obtained in
desorption experiments to evaluate if the pollutants adsorbed
are being degraded. Regarding the different performances of the
CNTs, the results indicate a tendency of increased activity with a
higher content of cobalt in their structure, which can be related
to the higher activity of this metal toward H,0, decomposi-
tion compared to nickel.>>*®1 In this context, the best catalyst,
CNT@Co;Niy, achieved complete degradation of SMX within 2 h
of reaction, whereas its counterpart, CNT@CooNi;, was able to
degrade completely the pollutant within 6 h (360 min).

The results obtained for BPA degradation in S2 (only BPA) are
shown in Figure 6.

The materials also demonstrated high catalytic activity for
the degradation of BPA, achieving complete abatement of the
pollutant within 4-8 h (240-480 min), depending on the cata-
lyst. The decomposition of H,0, was more pronounced in these
experiments than in S1 (experiment with only SMX). Consider-
ing the lower adsorption capacity of the CNTs toward BPA, the
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Figure 7. Linear regression obtained comparing the amount of Co in the
CNTs with the cumulative area below the BPA decay curve in the system
S2 (CWPO of BPA only) in times (a) 15, (b) 30, (c) 60, (d) 120, (e) 240, (f) 360,
and (g) 480 min.

catalyst surface was more available for interactions with H,0,,
enabling a higher decomposition of the oxidant source. The
dependency between the Co amount in the catalyst and activity
is more pronounced in this system than in S1, with the same ten-
dency observed before (CNT@CosNij is the best and CNT@CogNi;
is the worst). For instance, considering the pollutant abatement
over time, the area below the curve can be calculated to com-
pare the different catalysts used in the process. The best catalyst
will be the one with the smallest area below the curve, con-
sidering that the material was faster in the degradation of the
model pollutant. For instance, it is also possible to go beyond
and compare the different amounts of Co in the materials with
the area below the curve in different reaction times to under-
stand if, indeed, the different amounts of metals in the CNTs are
making any difference in the process. Figure 7 shows the result
obtained upon comparing the amount of Co and the integration
results of the curve C(t) versus t.

The results reveal a strong correlation between the amount
of Co and the area below the curve, proving what could already
be observed in Figure 6. The higher amount of Co, leading to
the smallest area below the curve, indicates that more Co in the
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catalysts results in a higher efficiency since, in those cases, the
decay of the pollutant concentration is more accentuated.

System S2 is ideal for this comparison due to the negligi-
ble BPA adsorption, showing that the sharpening concentration
decrease is probably coming from degradation by CWPO and
not from the adsorption process. In the early reaction stage
(t < 30 min), pollutant, oxidant source, and catalyst interactions
are not yet stable. This explains the weaker correlation between
the amount of Co in the catalysts and the reaction performance.
After this period, the correlations remained higher than 0.9 for all
reaction times. The same process performed in system S1 yields
lower coefficients of determination, precisely 0.02, 0.17, 0.53, 0.72,
0.82, 0.86, and 0.86 for reaction times of 15, 30, 60, 120, 240, 360,
and 480 min, respectively. Despite being smaller, the values are
still representative of the correlation between Co amount and
catalytic efficiency after the initial reaction period (t < 30 min).

Finally, the results obtained for the multi-component system
(S3) are shown in Figure 8. The noncatalytic experiment in a
multi-component system was similar to single-component sys-
tems. All catalysts demonstrated higher degradation in the multi-
component system, surpassing the BPA and SMX degradation
and H,0, decomposition compared to the single-component
system. Both pollutants were removed within smaller time inter-
vals, comparing the multi-component system with the single-
component ones. For instance, in S1, complete degradation of
SMX within 2-6 h of reaction was verified, whereas in S3, the pol-
lutant was completely degraded within 0.5-4 h of reaction. The
same behavior was observed for BPA, degraded within 4-8 h in
S2 and 2-6 h in S3.

The faster removal of both pollutants in S3 under condi-
tions similar to those of the single-component systems can be
related to the higher proximity between molecules in the S3
system due to the higher concentration of molecules than in
the single-component systems. This higher proximity increases
the interaction between pollutants and the hydroxyl radi-
cals (in excess) formed during the reaction. Previous reported
works discuss improved degradation efficiencies in heteroge-
neous Fenton reactions when comparing single-component and
multi-component systems.’”*8 This improvement is primarily
attributed to synergistic effects among pollutants and catalysts,
such as enhanced reactive oxygen species (ROS) generation and
diverse reaction pathways.®! However, while competition for
active sites plays a role, it does not always lead to synergy and
can sometimes hinder efficiency depending on pollutant reac-
tivity and adsorption dynamics.®! The tendency of increased
degradation of the pollutants with increasing Co in the cata-
lyst was also verified in this system. One difference that can be
observed in terms of H,O, decomposition, comparing the multi-
component system with the single SXM one (S1), is the higher
H,0, decomposition in S3 than in S1. Considering the results
obtained for adsorption in S3, it is possible to observe that SMX
adsorption in this system was lower than in S1, which can lead
to more active sites available for H,0, decomposition.

The correlation between BPA degradation efficiency and the
amount of Co in the catalyst is weak in the multi-component
system. Specifically, the coefficients of determination are 0.56,
0.01, 0.46, 0.41, 0.45, 0.55, and 0.56 for times of 15, 30, 60,
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Figure 8. (a) SMX, (b) BPA, and (c) H,0, normalized concentration during
CWPO (system S3). Operating conditions: T = 80 °C, pHy = 3.5,

Cear =259 |_71, CSMX,O =10 mg L71, Cgpao = 10 mg L71, CH202,0 = 98.01 mg
L~". Lines were obtained with PSO kinetic modelling. N.C.: noncatalytic.

120, 240, 360, and 480 min, respectively. On the other hand,
the results obtained for SMX are surprisingly better than in a
single-component system, as can be observed in Figure 9.

The results obtained with this analysis suggest that in the
single-component system, SMX degradation is governed by the
adsorption of the pollutant in the CNTs, which complicates the
access of the active sites to H,O, molecules. In this situation,
the amount of Co in the material will not significantly impact
the process due to the hindered interaction between the cata-
lyst and H,0,. In system S2, with BPA, the catalyst surface plays
an important role, with degradations correlating once again with
the amount of Co in the catalyst. Finally, in the last system (S3),
the presence of both pollutants competing for active sites with
H,0, complicates the adsorption process, which was already
demonstrated in Figure 4. However, due to the stronger affin-
ity between SMX and the CNTs, the pollutant is more likely to
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360, and (g) 480 min.

be closer to the catalyst surface than
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BPA, which explains the

higher dependency between the catalyst activity measured in
terms of the presence of Co and the degradation of SMX in S3.
Since SMX is closer to the surface and degraded more easily, BPA
degradation in this scenario will be more stochastic than in a
single-component system. Comparing the catalyst surface with
H,0, decomposition would not result in significant results due
to the interaction between H,0, and all the components in the

system, not only with the catalyst.

After evaluating the performance of the catalysts in the sys-
tems studied here, it is also essential to consider the metal
leaching during the reactions and the desorption experiment
results to understand which catalyst has the highest potential
for the degradation of organic pollutants via CWPO. The results
obtained for the desorption essays and metal leaching during
the experiments are shown in Figure 10a,b, respectively.

The results shown in Figure 10a refer to the desorption exper-
iments performed on materials recovered after the adsorption
process, which were performed to validate the experimental pro-
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Figure 10. Results obtained on (a) pollutant desorption experiments using
materials recovered from pure adsorption and CWPO experiments and (b)
metal leaching measured at the end of CWPO.

cedure and evaluate the recovery efficiency. It was possible to
recover at least 50% SMX in all cases. No BPA was recovered
from S2 or S3 from the materials after the adsorption pro-
cess, and no pollutant was recovered after the CWPO process.
The lack of pollutant recovery after CWPO, at least in the case
of SMX, could indicate that some adsorbed pollutants might
have been degraded. Moreover, the results of metal leaching
(Figure 10b) revealed that no Ni leaching was identified from
all materials, and Co and Fe leaching occurred at different lev-
els. No Co leaching was identified in materials prepared using
a CVD catalyst with less than 50 wt.% of Co phase in the
active phase (CNT@CogNi;, CNT@Cog;Nigy, and CNT@Cog3Nip7).
All other materials had leaching that increased with increasing
Co amount. Iron leaching was observed for all materials, but
the leaching increased significantly when Co leaching was also
identified.

Considering the results obtained in the synthesis procedure
(CNTs yield), the catalytic activity of the CNTs, and the results
related to leaching, the material performing better would be
CNT@CogNip3. This material has a balanced yield in the syn-
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All catalysts were recovered at the end of the experiments,
and the best-performing material (CNT@Cog7Niq3) was reused in
the multi-component system. The results shown in Figure S10
revealed that the CNT lost some catalytic activity from the first to
the second use, with about 5% less H,0O, conversion and ca. 10%
BPA and SMX degradation after 8 h of reaction. The loss of activ-
ity after the first use can be a consequence of the partial surface
oxidation of the carbon phase due to interaction with H,0,
and metal leaching, detected in the first use. Previous reports
have observed changes in the catalytic activity of carbon-based
materials during reutilization runs related to surface oxidation.™"
However, the third use revealed the same results obtained in
the second cycle, confirming that the catalyst was stable from
the second to the third runs. No metal leaching was observed
in the second and third reuse experiments, which suggests that
the main contribution to the catalytic activity comes from the
heterogeneous catalyst and not from a homogeneous Fenton
reaction due to metal leaching. The role of the solid catalyst
in pollutant degradation was confirmed through an additional
experiment using a fresh catalyst. In this test, the catalyst was
removed from the reaction medium by filtration after 30 min,
and the reaction was allowed to proceed without it. As shown in
Figure ST1, the conversion of H,0, and the degradation of SMX
and BPA ceased immediately after the catalyst was removed.

The catalytic and structural performance of the Co—Ni-
based CNTs prepared in the present work can be meaningfully
compared with other materials reported in the literature. For
instance, Alamro et al.[®! prepared NiFe,0,/CNT electrocatalysts
via sol-gel for electrooxidation of ethylene glycol, showing high
catalytic activity due to synergistic interaction between CNTs
and spinel oxides, although the application was electrochemi-
cal rather than oxidative degradation of pollutants in aqueous
media. Shokrgozar et al® synthesized NiCo,0,/multi-walled
CNTs nanocomposites and demonstrated improved photocat-
alytic degradation of Reactive Red 120 dye under UV radiation, in
which CNTs enhanced both stability and catalytic performance.
Similarly, Lu et al.!®?! developed Co,Ni;. Fe,04/multi-walled CNT
composites for photocatalytic degradation of methylene blue,
showing the benefit of combining ferrites with CNTs for reusable
and efficient H,0,-activated degradation systems. Compared
to these studies, our materials uniquely combine controlled
cobalt-nickel ferrite ratios, CNTs synthesized directly from plastic
waste, and application in CWPO, allowing both enhanced H,0,
activation and a sustainable synthesis route.

4, Conclusion

This study successfully demonstrates the synthesis of CNTs from
model PSWs using mixed cobalt-nickel-iron oxide catalysts via
CVD and their application in CWPO for pollutant degradation.
The findings underscore the significant influence of catalyst com-
position on the yield, morphology, and catalytic performance of
the CNTs. Higher cobalt content led to thicker CNT walls and
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improved catalytic activity, particularly in BPA degradation, but
was also associated with increased metal leaching. The most
effective catalyst, CNT@Cog;Nip3, achieved an optimal balance
between CNT yield, catalytic efficiency, and stability. Beyond
these immediate findings, the study provides critical insights into
future research. One key consideration is the long-term stability
and reusability of CNT-based catalysts in continuous wastewater
treatment systems. While cobalt-enriched CNTs demonstrated
superior activity, further efforts should focus on mitigating
metal leaching to ensure sustained performance and minimize
environmental impact.

Another important avenue for exploration is the scalability
of this process. While the synthesis of CVD-based CNTs from
PSWs has been demonstrated at the laboratory scale, industrial
implementation requires further feedstock processing, reactor
design, and energy efficiency optimization. Additionally, the
potential applications of these CNTs in broader catalytic pro-
cesses, such as electrochemical oxidation or hybrid advanced
oxidation techniques, remain largely unexplored.

Overall, this study highlights the feasibility of converting
polymers into functional CNT catalysts with significant environ-
mental benefits. This approach can contribute to sustainable
wastewater management and pollution control strategies with
further refinement and industrial adaptation.

5. Experimental Section

5.1. Reagents and Materials

The precursors used in the preparation of the CNTs, HDPE (melt
index 2.2 g (10 min)~"), LDPE (average Mw ~ 35000 g mol~', aver-
age Mn ~7700), and PP (average Mw ~250000 g mol~', average
Mn ~67,000), were supplied by Sigma-Aldrich. For the preparation
of the Ni/Co ferrites CVD catalysts, iron (lll) chloride hexahydrate
(97 wt.%), nickel (Il) chloride hexahydrate (97 wt.%), and cobalt (Il)
chloride (98 wt.%) supplied by Fisher Chemicals were used. Alumina
was supplied by Alfa Aesar.

The CWPO batch experiments performed with the materials pre-
pared using different CVD metal catalysts were carried out using
SMX (98 wt.%) and BPA (98 wt.%), supplied by Supelco. Hydro-
gen peroxide (30 w/v%) was supplied by Alfa Aesar. For analytical
measurements, formic acid (95 v/v%), sodium sulfite anhydrous
(98 wt.%), and titanium (IV) oxysulfate (99.99 wt.% metal basis, ca.
15 wt.% solution in dilute sulfuric acid) were provided by Fisher
Chemical. All chemicals were used as received. Ultrapure and dis-
tilled water have been used during this work for the preparation of
solutions and washing procedures.

5.2. Synthesis of the CVD Catalysts

The Ni/Co based CVD catalysts were prepared following a method-
ology similar to that reported in the previous works.!®! In brief,
the materials were all prepared to achieve 15% of the metal
phase supported on alumina. The Co/Ni mixed ferrites were named
CoxNiyxFe/Al, 03, depending on the relative molar amount of Co and
Ni in their formulation.

For the synthesis procedure, M?* salts (e.g., Ni** and Co?™) were
dissolved in ethanol, while M37 salts (e.g., Fe*) were dissolved in
ethanediol. In this case, the same ratio should be used in all experi-
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Table 4. CVD catalysts names and molar amounts used in the synthesis
procedure.

CVD Catalyst Ni%* (mmol) Co?* (mmol) Fe3* (mmol)
CogNiFe/Al;,05 4 0 8
CooiNooiFe/Al,O;  3.96 04 8
CoosNiosFe/ALO; 2.8 12 8
CogsNigsFe/ALO; 2 2 8
CoosNigsFe/ALO; 12 28 8
CoosNigiFe/ALO; 0.4 3.96 8

CoNigFe/Al,0, 0 4 8

ments, M3*/M2* = 2, The M?** solution is heated to its boiling point,
and the M3* solution is heated to 60 °C for 5 min, then cooled in
an ice bath to control the reaction between anions and the solvent.
Once the M3 solution reaches the room temperature, the two solu-
tions are combined with alumina (5.67 g) and stirred at 60 °C for 2 h.
Subsequently, the temperature is increased to 120 °C, continuously
stirring for 4 h, until a dark-yellow gel forms. Finally, the tempera-
ture is raised to the boiling point of ethanediol (189 °C) to produce
a dark-brown magnetic solid. The resulting precursor of ferrites is
further processed in a vertical tubular furnace (ROS 50/250/12, Ther-
moconcept) for thermal treatment at 300 °C for 6 h and 600 °C for
3 h to remove organic residues from the synthesis. Table 4 brings
all the materials prepared in this step, along with molar amounts of
the reagents.

5.3. Synthesis of the Carbon Nanotubes (CNTs)

The CNTs were synthesized by chemical vapor deposition (CVD),
following a methodology similar to that reported in a previous
work,!®! and using the one-chamber reactor illustrated in Figure
S12. For the synthesis, the upper crucible (polymer cracking zone)
was loaded with 5 g of MIX (2 g PP, 1.25 g HDPE, and 175 g LDPE),
and the lower crucible (CVD zone) was loaded with 1 g of a Ni/Co
CVD catalyst. The polymeric amounts used in MIX were calculated
from the real percentage of polymers per type found in PSW.[63!
The CVD zone of the reactor was set to 850 °C, and the polymer
cracking zone was set to 450 °C. The synthesis procedure was per-
formed for 90 min under an N, flow of 50 mL min~". The recovered
material was washed with distilled water at room temperature to
remove CVD metal catalyst phases that were deactivated during
the synthesis and are not within the CNT structure. The materi-
als were named as CNT@CogNi, CNT@CoqNige, CNT@Cog3Nig7,
CNT@COo'sNio's, CNT@C00‘7Nio‘3, CNT@COolgNioj, and CNT@CONlo,
prepared with COoNiFe/A|203, COOJNiO.gFE/AIzO?,, COQgNio]FE/AIQO:),,
COO'sNiglsFE/Alzoy COQ]Nio3FE/A|203, COoAgNio‘1FE/A|203, and
CoNigFe/Al, O3, respectively.

The synthesis yield was determined considering the total carbon
content from model MIX (average 85.6 wt% content determined
theoretically). Considering the total carbon in MIX, the yield was
determined according to Equation (1),

Yield = Tree ZMAO0 469 Q)
mc

in which myec is the mass of material recovered from the oven, mcyp
is the mass of CVD catalyst used in the synthesis procedure, and mc
is the mass of carbon in MIX, considering the theoretical amount of
carbon.
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5.4. Characterization Techniques

The materials were characterized based on the methodologies
described in previous works.!#6>! The metal content in the CVD cat-
alyst was determined by digesting 100 mg of sample in 5 mL of
aqua regia for 72 h at 105 °C in a digesting block (Hanna Instru-
ments, HI839800 COD reactor). For the CNTs, the samples were
previously burnt in a muffle furnace for 24 h at 800 °C to elimi-
nate the organic content. The ashes were digested following the
same procedure reported for the CVD catalysts. The resulting lig-
uid was analyzed by atomic absorption to determine the metal
content. The correlation between Co and Ni metals detected in lig-
uid samples and Co and Ni contents was determined based on
the XRD semi-quantitative analysis for CVD catalysts. For the CNTs,
the values calculated are based on the sole Co and Ni content
from the materials. Selected CVD catalyst samples (CooNi;Fe/Al,O3,
CopsNigsFe/Al,03, and CoiNigFe/Al,05) were characterized by X-
Ray diffraction (XRD) to perform crystalline phase identification. A
PANalytical X'Pert Pro diffractometer equipped with an X'Celerator
detector and secondary monochromator in 6/20 Bragg-Brentano
geometry was used in the analysis, at room temperature. The mea-
surements were carried out using 40 kV and 30 mA, a CuKa radiation
(ha; = 154060 A and Ao, = 154443 A), 0.017°/ step, 100 s/step, in
a 10-80° 26 angular range. Data processing was performed using
the software X'Pert HighScore Plus with reference cards from the
Crystallography Open Database.

Briefly, textural properties of all samples were characterized by
analysis of N, adsorption-desorption isotherms at —196 °C obtained
in a Quantachrome NOVATOUCH LX* adsorption analyzer equipped
with long cells with a bulb and outer diameter of 9 mm. The specific
surface area was determined using the BET method (Sgg7) available
in the Quantachrome TouchWin Software (version 1.21) in the range
of p/p® = 0.05-0.35, and the total pore volume (V1) was considered
at p/p° = 0.98.1%! Before analysis, all samples were degasified at 120
°C for 6 h, as recommended by IUPAC.

Thermogravimetric analysis (TGA) was performed on a simul-
taneous TGA-DSC thermobalance (TGA-DCS1, Mettler-Toledo, S.A.E.)
using a flow rate of 100 mL min~' of air and a heating rate of
10 °C min~'. The elemental analysis (CHNS) was carried out in a
Flash 2000 analyzer (Thermo Fisher Scientific, Massachusetts, USA),
which was provided with a thermal conductivity detector (TCD).
The Raman spectra were directly measured on the carbon materi-
als using an apparatus Alpha 300 from WiTec, Germany, equipped
with a monochromatic laser of 635 nm wavelength. This instrument
is outfitted with a high-resolution germanium array detector and
operates with an Nd-YAG laser source at 632 nm.

The transmission electron microscopy (TEM) images were
obtained using a double-corrected FEI Titan G3 Cubed Themis,
operated at 200 kV. The images recorded by TEM were processed
with ImagelJ. The images recorded by TEM were processed in
Image), if applicable. Wall counting was performed using the Plot
Profile tool from Imagel, enabling pixel intensity visualization in
a straight line. This tool ensures proper counting of the walls of
the CNTs, which can be a complicated task. The diameter was
measured by counting as many CNTs as possible in a single image,
repeating the process with 3 images for each sample to ensure
reproducibility.

5.5. CWPO Batch Experiments

The CNTs were tested as catalysts (25 g L' of catalyst load) in the
CWPO under the same operating conditions selected in previous
studies.! In brief, the catalyst concentration was set to 2.5 g L™,
the temperature was kept at 80 °C, and the initial pH was adjusted
to 3.5. Those conditions ensure the efficient decomposition of H,0,
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into hydroxyl radicals.! The tests were performed in three differ-
ent systems: the first contained only SMX (Cswxo = 10 mg L),
the second system contained only BPA (Cgpao = 10 mg L"), and
the last was a multi-component system containing both pollutants,
each at 10 mg L' concentration. The stoichiometric concentration
of H,0, for complete mineralization was used in all experiments,
and calculated based on Equation (2) (SMX) and Equation (3) (BPA),

CioH11N303S + 33H,0, — 10CO; + 36H,0 + H,SO4 + 3HNO;  (2)

C15H1602 + 36H202 — 15C02 + 44H20 (3)

The experimental procedure was the same in all experiments.
Once the pollutant and oxidant source were homogenized in a
two-necked round-bottom flask equipped with a condenser, the
catalyst was poured into the liquid to reach the desired concen-
tration. The first sampling was performed moments before adding
the catalyst to the reaction media. Samples were periodically col-
lected at selected reaction times of 15, 30, 60, 120, 240, 360, and
480 min to monitor pollutants and H,0, concentrations throughout
time. The samples collected for H,O, concentration analysis were
soon processed, and other samples used for pollutant concentra-
tion determination were stored in a fridge with added Na,SO;, to
consume the H,0, remaining in the sample and stop the reaction.
Adsorption was conducted in the absence of the oxidant under the
same operating conditions as considered in the CWPO experiments.
In addition, a noncatalytic experiment was conducted without a cat-
alyst (N.C.). All the materials were recovered, washed with distilled
water to remove possible reagents, and dried overnight after the
end of the reaction. The best catalyst recovered from the multi-
component system was used in the other 2 cycles to confirm the
stability of the catalyst. In addition, an additional experiment was
carried out to confirm that the catalytic activity originated from the
solid catalyst. The procedure involved removing the catalyst by fil-
tration through 0.45 um PTFE syringe filter, after which the filtrate
was transferred to a clean reaction vessel. The reaction was allowed
to proceed under identical conditions, with hydrogen peroxide and
pollutant concentrations monitored at the same time intervals as in
the original catalytic experiments. This control was performed using
the catalyst (fresh) that exhibited the highest catalytic activity.

Desorption assays were conducted using the materials recov-
ered from adsorption and oxidation experiments. The procedure
followed optimized conditions and solvents for micropollutant des-
orption from carbonaceous materials.”! Specifically, the recovered
samples of CNTs were washed with 2 mL of distilled water to remove
unadsorbed pollutants. Then, 30 mg of the washed samples were
stirred in 20 mL of an aqueous solution containing 0.1 M NaOH and
20 v/v% absolute ethanol for 6 h at room temperature. After desorp-
tion, the liquid phase was filtered and stored for further analysis. The
amount of pollutants desorbed from the materials was calculated
using Equation (4),

Coo -V
Mads

4)

Cpol.des =

in which G, represents the SMX or BPA concentration (mg L),
determined using HPLC, V the volume (L) of the aqueous extrac-
tant solution used for the experiment, and m,q4s the mass (g) of
material used in the experiment. The recovery efficiency was deter-
mined based on the maximum amount of pollutant adsorbed in the
adsorption experiments.
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5.6. Analytical Techniques and Statistical Treatment

The concentration of H,0, and pollutants was followed in all exper-
iments. H,0, concentration was measured by adding 0.5 mL of
sample into a 5 mL flask loaded with 0.1 mL TiOSO4 and 1 mL H,SO4
(0.5 M). The resultant mixture was analyzed at 405 nm using a spec-
trophotometer T70 from PG Instruments Ltd. (Lutterworth, United
Kingdom). The same procedure is reported in previous works from
the group.l"63"

The concentration of the pollutants (SMX and BPA) was mea-
sured using a Jasco HPLC system supplied with a UV-vis detector
(UV-2075 Plus detector). For this determination, a BiPhenyl column
(BPH 5 um 150 x 2.1 mm) and an A: B mixture of acetonitrile (A) and
ultrapure water acidified with 0.1 wt.% formic acid (B) were used.
SMX and BPA were measured at the wavelength of 280 nm at a flow
rate of 0.3 mL min~' (PU-2089 Plus) using an isocratic composition
of mobile phase A: B (10:90). Metal leaching at the end of the exper-
iments was measured using atomic absorption spectroscopy (Varian
SpectrAA 220).

All experiments, namely CWPO and adsorption, were performed
in triplicate. The reported values are the average value, calculated
according to Equation (5),

n
_ G
Ct _ ij‘l )

)

in which C; is the average relative concentration of the parameter of
interest (SMX, BPA, or H,0,) at time t, Gj is the concentration in run
j for time t, and n is the total number of experimental runs (n = 3).
The standard deviation (s;) was calculated according to Equation (6),

in which G is the relative concentration in time t for each run j, C is
the average concentration in time t (calculated by Equation 3), and
n is the total number of experimental runs. The standard deviation
was below ca. 5% for all experiments.

5.7. Kinetic Modelling

The kinetic modelling of the degradation of pollutants and decom-
position of H,O, during the reaction was performed considering
previous works dealing with reaction kinetics related to hetero-
geneous Fenton studies.!’”) In brief, pseudo-first-order (PFO) and
pseudo-second-order (PSO) models were evaluated for pollutants
(SMX and BPA) and H,0, over the reactions in the three systems
studied. Table S4 presents the detailed models and equations. For
the kinetic modelling, all concentrations were used in mM, and reac-
tion times in minutes. Initial conditions to solve the equations were
Csmx = 39.5 umol L7, Cgpa = 43.8 pmol L7 in single- and multi-
component systems, and G0, = 1381.89 pumol L' in system SI,
Cipo2 = 2120.87 pmol L7 in system S2, and Cpo; = 2736.88 pmol
L~" in system S3. The numerical integration was solved using the
SciPy (v. 1.10.1) Python package to minimize the sum of the squared
errors based on the experimental concentration of the compounds
of interest, according to Equation S1. The coefficient of determina-
tion was also calculated for all models studied according to Equation
S2.
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