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a b s t r a c t

Nowadays, sorted organic fraction of municipal solid waste is typically treated by
anaerobic digestion processes, resulting therein a solid stream, further processed to
obtain compost, whose production is higher than the existing demand as fertilizer.
The current work proposes an alternative strategy for the recovering of compost
through the production of low-cost catalysts by calcination (1073 K) and sulfuric acid
treatments, followed by sequential functionalization with tetraethyl orthosilicate (TEOS)
and ethylenediamine tetraacetic acid (EDTA). Activity and stability of the catalysts are
assessed in the wet peroxide oxidation of synthetic wastewater effluents contaminated
with caffeine, a model micro-pollutant, achieving its complete removal after 6 h at 353–
383 K and catalyst loads of 0.5–2.5 g L−1. The increase of the catalytic activity of the
materials upon functionalization with TEOS and EDTA is demonstrated and a kinetic
modeling of caffeine degradation and hydrogen peroxide consumption with the best
catalyst is assessed by pseudo-first power-law rate equations.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, waste management through mechanical biological treatment (MBT) systems consists in the use of the
rganic fraction separated from undifferentiated municipal solid waste (MSW) to feed anaerobic digestion processes,
esulting therein a biogas and a solid stream, further processed to compost. In 2018, the amount of municipal solid waste
sed for composting in the EU-27 reached 37 million tonnes (16.9% of MSW generated per capita) (Eurostat, 2021). The
ompost produced is used as fertilizer, but the available amount largely exceeds the demand required for agriculture
pplications and it is accumulated on landfill sites (Diaz de Tuesta et al., 2020a).
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Nowadays, the use of low-cost sources, such as biomass (Diaz de Tuesta et al., 2021; Juhola et al., 2019), sludge (Wang
t al., 2020), metal slags (Cheng et al., 2017), furnace ashes (Ramirez et al., 2019), to produce catalysts, has become
opular. Wastes are inexpensive and the process allows converting the undesirable waste into value-added materials
nd catalysts. In recent works, our group developed methods to produce successfully catalysts from matured compost
btained from mechanical biological treatment plants of municipal solid waste. One of the methods considered the
reparation of hydrochars by hydrothermal carbonization upon 1–5 h under different operating conditions (423–503 K and
ompost:water = 30–130 g L−1), optimizing the catalytic performance of hydrochars in the decomposition of hydrogen
eroxide (Roman et al., 2021). Another approach considered the recovery of compost by activation and thermal treatments
t 673–1023 K to prepare active catalysts for the treatment of oily wastewater and for the removal of lipophilic substances
y catalytic wet peroxide oxidation (CWPO) (Diaz de Tuesta et al., 2020a).
CWPO is a promising advanced oxidation technology running at moderate operating conditions (T = 298–403 K, P = 1–

bar) that allows to degrade organic pollutants in water bodies through the action of hydroxyl and hydroperoxyl radicals
roduced from the decomposition of hydrogen peroxide over an appropriate catalyst. The technology shows a great
otential for the degradation of many micro-pollutants (e.g. pharmaceuticals, personal care products, steroid hormones,
mong other emerging compounds) (Van et al., 2020), as previously demonstrated (Huaccallo-Aguilar et al., 2021;
antos Silva et al., 2019). Among those compounds, caffeine has gained increased attention, due to its consumption in
everages, dietary supplements and medications, and to its persistence in aquatic environment, since caffeine degradation
hrough biodegradation and/or photolysis is poor (Keerthanan et al., 2020; Paiga et al., 2019; Richardson and Kimura,
017; Korekar et al., 2020). For these reasons, increasing efforts have been devoted to the removal of caffeine by several
echniques, such as adsorption (Alvarez-Torrellas et al., 2016; Álvarez et al., 2015; Álvarez Torrellas et al., 2015), filtration
Ojajuni et al., 2016), biological treatments (Chtourou et al., 2018; Froehner et al., 2010) and advanced oxidation processes,
s for example Fenton (Oliveira et al., 2014), photocatalysis (Elhalil et al., 2018, 2017) and photo-Fenton (Klamerth et al.,
010; Trovo et al., 2013). However, CWPO has been scarcely studied in the removal of caffeine, in spite of showing great
otential for the removal of other micro-pollutants (Huaccallo et al., 2019; Mirzaei et al., 2017; Munoz et al., 2017;
antos Silva et al., 2019).
Aiming to increase catalytic performance in CWPO, modification of catalytic materials have been widely explored by

unctionalization (Ribeiro et al., 2013) and doping with heteroatoms (Diaz de Tuesta et al., 2020b; Martin-Martínez et al.,
016) and metals, mainly iron (Anis and Haydar, 2018; Motuzas et al., 2018). These strategies introduces additional
lectron donating abilities to the materials, improving its efficiency for the decomposition of hydrogen peroxide into
ydroxyl radicals (Zhu et al., 2019). In this sense, ethylenediamine tetraacetic acid (EDTA) has been widely explored as
lectron donor in photocatalytic processes to enhance the electron transfer or charge-transfer at the catalyst surface of
hese systems (Kim and Choi, 2010; Mori et al., 2012; Pastrana-Martínez et al., 2013). In Fenton-like systems, EDTA has
een studied as chelating agent for ferric ions (Fe-EDTA complex) to increase the degradation of organic contaminants at
eutral pH (Lu et al., 2010; Messele et al., 2019; Tachiev et al., 2000). However, the efficiency of EDTA to promote the
lectron transfer and to improve the performance of heterogeneous catalysts in CWPO has not yet been explored.
The present work aims to evaluate the catalytic activity of EDTA functionalized materials prepared from matured

ompost generated in mechanical biological treatment plants of municipal solid waste for wet peroxide oxidation of
affeine, used as model micro-pollutant. The catalytic activity and stability of the EDTA-functionalized catalyst is explored
t different operating conditions of temperature and catalyst loads and a suitable kinetic model is proposed for the CWPO
f caffeine at those conditions.

. Materials and methods

This section contains: (1) the reagents used for the materials preparation and CWPO experiments; (2) the methods
ollowed in the preparation of the catalysts; (3) analytical techniques used for their characterization; (4) methods applied
o assess their catalytic activity in the CWPO of caffeine; and (5) the mathematical development followed for the kinetic
odeling in the CWPO of caffeine with the catalysts prepared.

.1. Reagents

The matured compost was supplied by a waste management company (Resíduos do Nordeste, EIM), as obtained after
naerobic digestion and composting of the organic fraction of MSW. It is rich in several metals, such as Si (8.2%), Ca
4.9%), Fe (1%), K (1%), Mg (0.8%), Na (0.6%) among other in less percentage (Cd, Cr, Cu, Hg, Ni, Pb, Zn, Ti <0.1%) (wet basis
oisture of 29.6%) (additional characterization of the compost is summarized in previous works (Diaz de Tuesta et al.,
020a; Roman et al., 2021)). For the preparation of the materials, sulfuric acid (96–98 wt%), tetraethyl orthosilicate (TEOS,
8 wt%), EDTA (≥ 99%), absolute ethanol (99.8 wt%) and ammonium hydroxide (ammonia solution 25 wt.%), obtained from
rom Riedel–de-Haën, Fluka, Labkem, Fisher Chemical and Panreac, respectively, were used. Nitrogen gas (99.9995%) from
inde was used for calcination. The reactants involved in the CWPO runs were caffeine (> 99%) and hydrogen peroxide
30%, w/v), provided by VWR chemicals and Fluka, respectively. Titanium (IV) oxysulfate (15 wt% in dilute sulfuric acid
9.99%) and sodium sulfite (98 wt%), used in analytical methods, were purchased from Sigma-Aldrich. The mobile phase
sed in chromatography analyses was composed of acetonitrile (99.99%) and a solution of orthophosphoric acid (H PO
3 4
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85%) available from Fisher Chemical. The reagents used for the digestion and atomic absorption spectroscopy of samples
were: HNO3 (65%) and CuCl2·2H2O supplied from Fisher Chemical; HCl (37%), CaCO3 (99.9%), NaCl (98%), Al(NO3)3·9H2O
98.8%), FeCl2·4H2O (98%) obtained from VWR chemicals; and SrCl2·6H2O (99%) KNO3 (>99%), and Mg(NO3)2·6H2O (98%)
ere purchased from Acros Organics, Panreac and Sigma-Aldrich), respectively. All reagents were used as received from
uppliers.

.2. Preparation of catalysts

The matured compost was first washed with water to remove suspended solids, dried overnight at 378 K and sieved
o obtain a particle size ranging from 53 to 106 µm (no grinding was needed), resulting in sample CC. The resultant
aterial was pyrolyzed under nitrogen atmosphere at 1073 K for 4 h, resulting in a pyrochar (sample PC). Then, the
ashed compost (CC) and PC were treated with H2SO4 5 M at 353 K during 3 h, resulting in samples C-SA and PC-SA,
espectively. In addition, the functionalization of PC-SA with TEOS and EDTA was also explored, adapting the methodology
escribed elsewhere (Lv et al., 2018). Briefly, 0.5 g (± 0.1 mg) of PC-SA was suspended in 150 mL (± 1 mL) of absolute
thanol and 25 mL (± 1 mL) of distilled water and dispersed in ultrasounds during 15 min. Then 3 mL of NH3 25% and
.5 mL (± 1 µL) of TEOS were added at 303 K, the resulting mixture kept under stirring. After 45 min, 0.05 g (± 0.1 mg) of
DTA was added and the suspension was stirred at 303 K for 4 h. Afterwards, the solid was centrifuged at 6000 rpm and
horoughly washed with distilled water until neutrality of the waters (pH and TOC values equal to those of the distilled
ater). Finally, the samples were dried overnight in oven at 333 K, resulting in the functionalized char, sample PC-SA-TE.

.3. Characterization techniques

The CHNS-elemental composition of the materials was quantified employing a Carlo Erba Instrument EA 1108
lemental Analyzer. For determination of the ash content, 0.2 g (± 0.1 mg) of sample was calcined in a muffle furnace at
73 K for 4 h. Then, the sample was cooled down until room temperature inside a desiccator and the mass was measured
the process was repeated until constant mass was obtained and in triplicate for each sample). Selected metals (iron,
opper, sodium, calcium, magnesium, and aluminum) were quantified by digesting catalysts with HNO3/HCl during 24
at 473 K and subsequent analysis by atomic absorption spectroscopy Varian SpectrAA 220 as described in a previous
ork (Cardoso et al., 2019). Iron, copper, aluminum, calcium and magnesium were analyzed using a selected lamp and
sing strontium chloride (for Ca and Mg determination) and nitrate potassium (for Na and Al quantification) to avoid
nterferences among the metals. CHNS-elemental analysis, ashes determination, catalyst digestion and atomic absorption
pectroscopy were done in triplicate.
Fourier Transform Infrared (FT-IR) spectroscopy was performed with a Perkin Elmer FT-IR spectrophotometer UATR

wo with a resolution of 1 cm−1 and scan range of 4000 to 500 cm−1 using the sample in powder solid state without
urther preparation. The acidity and basicity of the materials were determined following the methodology described in
revious works (Roman et al., 2021; Santos Silva et al., 2019).
N2 adsorption was studied at 77 K using a Quantachrome NOVA TOUCH LX4 analyzer. Samples were degasified at 473
under vacuum during 16 h. The BET specific surface area (SBET ) was calculated by the method of Brunauer, Emmett and
eller.

.4. CWPO of caffeine

The experiments were carried out in a stoppered 1 L glass batch reactor (Parr Instruments 5100 reactor) equipped with
tirring and temperature controllers. The reactor was loaded with 400 mL (± 5 mL) of caffeine aqueous solution with a
oncentration of 100 µg mL−1, considered as a model wastewater containing pharmaceutical compounds. The solution
as adjusted to the initial pH (pH0) of 3.00 (± 0.01), using H2SO4 1 M, and heated until the pre-selected temperature
323–383 K). Upon stabilization of the temperature, H2O2 was added in the adequate stoichiometric dosage needed for the
heoretical mineralization of caffeine (CH2O2,0 = 508 µg mL−1 if the maximal oxidation state is considered: C8H10N4O2 +

9H2O2 → 8CO2 + 34H2O + 2N2O5). Finally, the selected quantity of catalyst (0.125–2.5 g L−1
± 0.1 mg L−1) was loaded

nd different samples were taken from the reactor for further analysis during 24 h. The catalyst was immediately separated
y centrifugation and Na2SO3 was added into the aliquots taken for caffeine determination in order to consume H2O2. The
oncentration of caffeine was analyzed in duplicate with a Jasco high performance liquid chromatography system at the
avelength of 277 nm (UV-2075 Plus detector) with a Nucleosil 100-5 C18 column, using as mobile phase 0.65 mL min−1

PU-2089 Plus) of an A:B (10:90) mixture of acetonitrile (A) and H3PO4 (pH = 3) aqueous solution (B). H2O2 concentration
as determined by colorimetry using TiOSO4 and a T70 spectrometer (PG Instruments Ltd.) at 405 nm, as described in
revious works (Santos Silva et al., 2019). The calibration curves (R2

≥ 0.998) were obtained using ten standard solutions.
Total Organic Carbon (TOC) was determined by Shimadzu Equipment TOC L CSH/CSN. Leached metals were quantified

n triplicate only for the last sample taken from the reaction media, by atomic absorption spectroscopy (Varian SpectrAA
20), followed the method described previously.
3



J.L. Diaz de Tuesta, F.V.M. de Almeida, J.R.P. Oliveira et al. Environmental Technology & Innovation 24 (2021) 101984

(

o
k

m

2.5. Kinetic modeling

The kinetic study of the oxidation was carried out following the methodology considered in a previous work
Quintanilla et al., 2019). The disappearance rate of each specie i (−ri, in mmol h−1 g−1) inside the batch-reactor was
expressed considering constant volume as given in Eq. (1).

−ri =
1

Wcatal.
·
dNi

dt
=

1
Ccatal.

·
dCi

dt
(1)

where Ni and Wcatal. are the moles of compound i (mmol) and the catalyst load (g) in the reactor, respectively; Ci and
Ccatal. are the concentrations of compound i (mM) and catalyst (g L−1), respectively; and t is the time of reaction (h).

A preliminary kinetic analysis was performed by curve-fitting method, i.e., the linear regression of the pseudo-first
rder power-law rate equations for the disappearance of caffeine and of hydrogen peroxide to determine the apparent
inetic constant (k′) according to Eqs. (2) and (3).

ln
(

CCaffeine

CCaffeine,0

)
= −k′

Caf . · t (2)

ln
(

CH2O2

CH2O2,0

)
= −k′

H2O2
· t (3)

Then, the rate equations proposed in this work were solved using direct-computation methods (analytical methods)
inimizing the sum of squared errors (SSEmodel) of the relative concentration of each compound i (rc i = Ci/Ci,0) between

the experimental (exp) and the predicted (model) values, as given in Eq. (4).

SSEmodel =

N∑
n=1

(
rcexpi,n − rcmodeli,n

)2 (4)

Dimensionless rc i was used to take into account the differences in the order of magnitude of the concentrations among
the compounds considered (Ccaffeine = 0–0.515 mM and CH2O2 = 0-14.9 mM, whereas Ci/Ci,0 = 0–1 for each compound i)
(Diaz de Tuesta et al., 2020b).

3. Results and discussion

The results found by the methods described previously are presented and discussed in the following sections related
to: (1) characterization of the catalyst prepared from compost; (2) their application in the CWPO of caffeine; (3) the
performance of a selected catalyst at different operating conditions; and (4) the development of a kinetic model for the
CWPO of caffeine.

3.1. Characterization of catalysts

After removing suspended solids, washing and homogenize the mature compost, it was observed a wide distribution
of particle sizes (35.8%, 8.3%, 11%, 40.1% and 4.8% for particle size ranges of > 250 µm, 250-160 µm, 160-106 µm, 106-53
µm and <53 µm, respectively). As the resultant material show a high percentage (40.1%) of small particles sizes ranging
from 53 to 106 µm, it was sieved in that range resulting in sample CC (not significant changes of particle size were
observed in the successive treatments to produce PC-SA and PC-SA-TE).

Table 1 summarizes the mass loss and the CHNS-elemental composition of each sample. The mass losses were
estimated between the mature compost and each sample. The washing and homogenizing procedure of compost to
produce sample CC results in the lowest mass loss (11.8%, not including sieving). Successive acid and thermal treatments
yielded to 44.9% and 67.9%, to obtain C-SA and PC, respectively. A lower yield was obtained for PC-SA (30.2%), due to the
higher mass loss observed in the successive thermal and acid treatments (69.8%.) compared to C-SA and PC. The mass
loss value of sample PC-SA-TE means that the mass was increased after the functionalization of the PC-SA sample with
TEOS and EDTA. As observed, carbonization was achieved by pyrolysis of the sample, since the C/H mass ratio of C (9.3)
increased when pyrolyzed, obtaining sample PC (44.0). The decrease of the C/H mass ratio from the PC sample to PC-SA
(C/H = 37.2) and to PC-SA-TE (C/H = 27.4) is a consequence of the treatment with sulfuric acid (H2SO4), TEOS (SiC8H20O4)
and EDTA (C10H16N2O8). The attack with sulfuric acid is evidenced by the leaching of inorganic material (ashes, Ca, Fe, Mg,
Na decreases) and by the increment of the non-identified fraction, which may be associated to the oxygen content, in the
samples C-SA and PC-SA prepared from CC and PC, respectively. The elemental composition of the samples was strongly
affected, as observed in the S-content (6.8% for C-SA and 8.1% for PC-SA samples, whereas 0.6% and 0.5% were found for
C and PC samples, respectively) and in the metals content. The elemental composition of PC-SA-TE was also affected as a
consequence of the functionalization with TEOS and EDTA that results in the incorporation of Si, C, H, N and O. However,
the elemental composition was not affected as expected, since the total effective incorporation of 5 mL of TEOS and 0.1
g of EDTA should result theoretically in 19.9, 0.9, 7.7, 0.1, 66.6 and 4.8% of C, H, S, N, ashes and non-identified species,
respectively. Thus, according to the mass balance, the efficiency on the incorporation of TEOS and EDTA is ca. 42%–51%. The
4
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Fig. 1. FT-IR spectra of the PC, PC-SA and PC-SA-TE catalysts compared to the TEOS and EDTA spectra.

Table 1
Elemental analysis and remaining residua (ashes) of the materials, obtained by thermogravimetric
analysis.
Sample CC C-SA PC PC-SA PC-SA-TE

Mass loss (%) 11.8 55.1 42.1 69.8 40.9

C (%)a 21.3 20.1 17.6 18.6 19.2
H (%)a 2.3 1.7 0.4 0.5 0.7
S (%)a 0.6 6.8 0.5 8.1 7.8
N (%)a 1.7 1.0 0.0 0.0 0.2

C/H 9.3 11.8 44.0 37.2 27.4

Ashes (%) 55.5 34.3 81.5 69.2 67.9

Ca (%)b – <0.2 9.35 <0.2 <0.2
Al (%)b – 1.24 3.07 3.05 2.93
Fe (%)b – <0.2 2.01 0.33 0.24
Mg (%)b – 0.2 1.76 0.42 0.37
Na (%)b – <0.1 0.57 0.19 0.12
Cu (%)b – <0.1 <0.1 <0.1 <0.1

Non-identifiedc (%) 18.6 41.0 0.0 3.6 4.2

aObtained by CHNS-elemental analyzer (maximum deviation for C of ±0.4 and lower than ±0.1 for other
elements).
bObtained by digestion of the catalyst and atomic absorption spectroscopy (maximum deviation of ±0.1)
cNon-identified composition is obtained by the subtraction of C, H, S, N and ashes content from 100%.

uccessful functionalization with TEOS and EDTA is evidenced by the FT-IR spectra of the catalysts (Fig. 1). The differences
bserved in the samples PC and PC-SA are due to the acid attack undergone by sample PC-SA that results in the leaching
f metals and in the generation of surface oxygen and sulfur groups (Diaz de Tuesta et al., 2020c). The incorporation of
EOS on the sample PC-SA-TE is evident if the corresponding FT-IR spectra is compared to that of TEOS, since significant
ands are observed at 1071, 946 and 793 cm−1, in line with other reports (Gui-Long et al., 2011; Wencel et al., 2013).
he presence of EDTA is not so evident as the presence of TEOS, but some bands at 1690, 1412, 1387 and 712 cm−1 are
bserved in the FT-IR spectra of PC-SA-TE, similar to the FT-IR spectra of EDTA observed by other authors (Lin et al., 2011;
illiams et al., 2019).
As a consequence of the calcination, acid treatment and EDTA-functionalization, the acidity and basicity of the samples

hanged. Acidity reached values of 1.03, 1.66 and 1.78 mmol g−1 for PC, PC-SA and PC-SA-TE samples, respectively;
hereas 2.31, 1.45 and 1.55 mmol g−1 of basicity were found for PC, PC-SA and PC-SA-TE samples, respectively.
Fig. S1 shows the N2 adsorption–desorption isotherms of the samples PC-SA, PC-SA-TE, PC and C-SA. As observed, the

amples prepared from compost are mainly non-porous or macroporous materials. The highest specific surface area was
ound for the sample PC (SBET = 91 m2 g−1). The treatment of this sample with sulfuric acid (PC-SA) resulted in a decrease
f the BET surface area (41 m2 g−1). The subsequent functionalization with TEOS and EDTA (PC-SA-TE) does not affect
ignificantly the specific surface area (S = 38 m2 g−1).
BET

5
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Fig. 2. Evolution of concentration against time of (a) caffeine and (b) H2O2 in the wet peroxide oxidation of caffeine in catalytic and non-catalytic
uns. Operating conditions: 353 K, pH0 = 3, Ccatal. = 0.5 g L−1 , Ccaffeine,0 = 0.515 mM and stoichiometric quantity of H2O2 needed for the total
ineralization of caffeine.

.2. Catalyst screening

Fig. 2 shows the degradation of caffeine and the decomposition of hydrogen peroxide in the CWPO process with
amples PC, C-SA and PC-SA-TE as catalysts. As observed, the sequential treatment of the pyrochar with H2SO4, TEOS
nd EDTA (PC-SA-TE) resulted in the material with the highest catalytic activity, 98.6% of caffeine being degraded; likely
ue to the highest acidity of this material. The pyrochar (PC), prior to the treatments with H2SO4, TEOS and EDTA,
hows the lowest catalytic activity (the removal of caffeine reaches only 15.7% after 24 h). Curiously, PC sample lead
o obtain the highest conversion of hydrogen peroxide. The complete consumption of the oxidant after 8 h reveals that
ts decomposition is not effective for the degradation of caffeine, which is maintained constant from 4 to 24 h, likely due
o the fast consumption of H2O2 up to 4 h of reaction. The material resultant from the oxidation of the matured compost
ith sulfuric acid (C-SA) shows intermediate catalytic activity leading to obtain a caffeine conversion of 61.1% after 24 h.
Klamerth et al. were able to obtain the complete removal of caffeine by photo-Fenton (homogeneous process) after
h (pH 3, 5 mg L−1 of catalyst and 50 mg L−1 of H O for an initial caffeine concentration of 100 µg L−1) (Klamerth
2 2

6



J.L. Diaz de Tuesta, F.V.M. de Almeida, J.R.P. Oliveira et al. Environmental Technology & Innovation 24 (2021) 101984

C

e
w
9
a
1
p

s
c
a
m

3

a
s
b
P
o
u
a

c
T
f
(
o
o

3

k
a

Fig. 3. Removal of caffeine by CWPO with catalyst PC-SA-TE used in three consecutive runs (Operating conditions: 353 K, pH0 = 3, Ccatal. = 0.5 g L−1 ,
caffeine,0 = 0.515 mM and stoichiometric quantity of H2O2 needed for the total mineralization of caffeine).

t al., 2010). However, the homogeneous process requires additional processing to recover the iron or to treat iron-sludge
aste from the final effluents. When comparing the results obtained in this work with those of Motuzas et al. in which
8% removal of caffeine was achieved by CWPO with Fe into silicalite-1 (mordenite framework inverted structure zeolite)
fter 24 h (at the conditions of pH 3, 0.33 g L−1 of catalyst and 22 mM of H2O2 for an initial caffeine concentration of
0 ppm) (Motuzas et al., 2018), it can be concluded that the catalysts developed in this work allow faster removal of the
ollutant.
The leaching of some selected metals (Ca, Al, Fe, Mg, Na, Cu) from catalyst was assessed by atomic absorption

pectroscopy. No significant quantities was observed of any of those metals (<0.1 mg L−1) from the PC-SA and PC-SA-TE
atalyst, while Ca (113 mg L−1) and Fe (32 mg L−1) were observed in the reaction media using PC catalyst (Al, Mg, Na,
nd Cu were not identified). Accordingly, 64% and 48% of Fe and Ca contained in PC sample were leached into the reaction
edia, but PC-SA and PC-SA-TE show stability due to the previous acid treatment of these catalysts.

.3. Study of stability and of operating conditions

The stability of the EDTA-anchoring at the catalyst surface was assessed in a H2O2 decomposition run performed
t the operating conditions previously considered (353 K, pH0 = 3, Ccatal. = 0.5 g L−1, Ccaffeine,0 = 0.515 mM and the
toichiometric quantity of H2O2 needed for the total mineralization of caffeine) to observe the leaching of TEOS or EDTA
y TOC analysis. The results obtained (TOC of the reaction medium < 0.2 mg L−1) evidenced the stability of the material
C-SA-TE. Additionally, the catalyst was used in three consecutive runs to assess its stability, as represented in Fig. 3. As
bserved, the removal of caffeine in the reaction runs conducted under the same operating conditions show similar values
pon reaction time, confirming the stability of the catalyst prepared from matured compost and functionalized with TEOS
nd EDTA (PC-SA-TE).
The efficiency of caffeine removal with PC-SA-TE was further assessed at different temperatures (323–383 K) and

atalyst concentrations (0.125–2.5 g L−1), as shown in Fig. 4. As observed, the highest conversion of caffeine (> 99.9%) and
OC removal (40.1%) after 6 h were obtained at 383 K and 0.5 g L−1 of catalyst. The increase in the catalyst concentration
rom 0.5 to 2.5 g L−1 at 353 K allow to obtain higher conversions of caffeine (from 38.3 to 89.8%) and removals of TOC
from 5.2 to 23.2%). However, the contribution of the removal of caffeine by adsorption is more significant at high loads
f catalyst, as observed in pure adsorption runs (removals of caffeine from 3 to 14% at concentrations of 0.5 and 2.5 g L−1

f PC-SA-TE, respectively).

.4. Kinetic insights on caffeine degradation

The decrease of caffeine and hydrogen peroxide concentrations as function of time may be modeled by power-law
inetic equations of order 1 at the tested operating conditions (Fig. S2). As observed, the linear regression lead to obtain
pparent kinetic constants (k′) for the degradation of caffeine between 0.03 and 4.34 h−1 (at the more severe conditions,
7
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m
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Fig. 4. Removal of caffeine and TOC by CWPO and by adsorption with sample PC-SA-TE after 6 h. Operating conditions: pH0 = 3, Ccaffeine,0 = 0.515
M and stoichiometric quantity of H2O2 needed for the total mineralization of caffeine.

Fig. 5. Schematic representation of caffeine adsorption (R1), hydrogen peroxide reduction (R2) and oxidation (R3) at the catalyst surface; and
xidation of caffeine to oxidized intermediates, o.i., (R4) and of oxidized intermediates to final products (R5).

83 K and 2.5 g L−1 of catalyst), whereas the apparent kinetic constants for H2O2 range from 0.02 to 0.46 h−1. Lower
ate constants (0.05–0.2 h−1) were published previously for the degradation of caffeine by CWPO with Fe into silicalite-1
catalysts (Motuzas et al., 2018).

For the peroxide oxidation with non-metal carbon-based catalysts, it is usually accepted that the decomposition of
hydrogen peroxide occurs at active sites (surface functional groups able to exchange electrons) to produce hydroxyl and
hydroperoxyl radicals (HO• and HOO•, respectively), which oxidize the organic matter adsorbed on the catalyst vicinity
(Domínguez et al., 2013; Oliveira et al., 2004). The reaction rate of these radicals is higher than its diffusion rate in aqueous
solutions (2.10−5 cm2 s−1) (Sun and Lemley, 2011), hence it may be considered that radicals oxidize the organic matter
contained in wastewater only by reactions at the surface, as represented in Fig. 5. Therefore, it may be assumed that
the degradation of caffeine occurs at the surface of the functionalized PC-SA-TE catalyst by the oxidation attack with the
radicals produced from the decomposition of hydrogen peroxide (R1)–(R5).

Caf + S
kads
⇄
kdes

Cafs (R1)

H2O2 + (SAS)
kH2O2
−−−→ OH−

+ HO•
+ (SAS)+ (R2)

H2O2 + (SAS)+ → H+
+ HOO•

+ (SAS) (R3)

Cafs + HO• kox
−→ o.i. (R4)

o.i. + HO•
kox,o.i.
−−−→ Products (R5)
8
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Accordingly, the kinetic equations for the adsorption of caffeine (R1) and for the decomposition of hydrogen peroxide
(R2) may be expressed as Eqs. (5) and (6), respectively.

dCcaf

dt
= −kads · Ccaf · Ccatal. + kdes · Ccaf ,s (5)

dCH2O2

dt
= −kH2O2 · CH2O2 · Ccatal. (6)

where kads. and kdes. are the rate constants of the adsorption and desorption of caffeine, respectively, kH2O2 is the rate
onstant of hydrogen peroxide decomposition; and Ccaf , Ccaf .,s and CH2O2 are the concentrations of caffeine in the bulk
of the liquid, caffeine at the surface of the catalyst and of hydrogen peroxide, respectively. The kinetic equation of the
caffeine concentration at the surface may be expressed as in Eq. (7).

dCcaf ,s

dt
= kads · Ccaf · Ccatal − kdes · Ccaf ,s − kox · Ccaf ,s · CHO• (7)

where kox is the kinetic rate constant of the reaction between caffeine and hydroxyl radicals (R4).
Assuming the steady-state caffeine concentration at the surface (rcaf .,s = 0 mM h−1), Eq. (8) is obtained.

Ccaf ,s =
kads · Ccaf · Ccatal

kdes + kox · CHO•

(8)

Eq. (8) can then be inserted into Eq. (7) to obtain Eq. (9).

dCcaf

dt
= −kads · Ccaf · Ccatal

(
1

kdes
kox·CHO•

+ 1

)
(9)

Accordingly, the degradation of caffeine is directly proportional to its rate constant of adsorption on PC-SA-TE and to
the concentration of caffeine and of catalyst. Furthermore, the rate of disappearance of caffeine depends on its desorption
rate from the catalyst (kdes) and on its oxidation with hydroxyl radicals (kox · CHO• ). On one hand, when the desorption
ate of caffeine from the catalyst is considerably higher than the oxidation rate (kdes ≫ kox · CHO• ), the oxidation may
ot occur (1/(kdes/kox · CHO•+1) ≈ 0), since caffeine is desorbed prior to oxidize. On the other hand, when the desorption
ate is much lower than the oxidation rate (kdes ≪ kox · CHO• ), the rate of disappearance of caffeine is controlled by its
dsorption at the surface of PC-SA-TE (1/(kdes/kox. · CHO• ) ≈ 0).
The kinetic equation for the evolution of hydroxyl radicals concentration may be expressed taking into account its

roduction from the decomposition of hydrogen peroxide (R2) and its consumption to oxidize caffeine (R4) and oxidized
ntermediates (R5)), as given in Eq. (10).

dCHO•

dt
= kH2O2 · CH2O2 · Ccatal − kox · Ccaf ,s · CHO• −

pdts∑
o.i.

kox,o.i. · Co.i.,s · CHO• (10)

As the consumption of hydroxyl radicals is faster (high oxidation potential) than its production, typically it is considered
the steady-state of hydroxyl radicals concentration (rHO• = 0 mM h−1) (Sun and Lemley, 2011), obtaining Eq. (11).

CHO• =
kH2O2 · CH2O2 · Ccatal

kox · Ccaf ,s +
∑pdts

o.i. kox,o.i. · Co.i.,s
(11)

herefore, the presence of hydroxyl radicals depends on the decomposition rate of hydrogen peroxide and its immediate
onsumption for the oxidation of caffeine and their oxidized intermediates.
If Eq. (11) is substituted into Eq. (9), Eq (12) is obtained.

dCcaf

dt
= −kads · Ccaf · Ccatal

⎛⎜⎜⎝ 1
kdes·

(
kox·Ccaf ,s+

∑pdts
o.i. kox,o.i.·Co.i.,s

)
kox·kH2O2 ·CH2O2 ·Ccatal

+ 1

⎞⎟⎟⎠ (12)

At an equimolar consumption rate of the organic matter (caffeine + o.i.) contained in the reaction media and of hydrogen
peroxide, it is expected that the sum of the organic compounds per molar concentration of hydrogen peroxide would be
approximately constant along the reaction (at least, until refractory compounds are obtained), as expressed in Eq. (13):

Ccaf ,s +
∑pdts

o.i. Co.i.,s

CH2O2

≃ constant (13)

Accordingly, the degradation of caffeine should be modeled by a pseudo-first power-law kinetic model, whenever its
constant oxidation rate would be similar to the constant oxidation rate of the oxidized intermediates (kox ≃ kox,o.i.), as
given by Eq. (14).

dCcaf
≃ −kcaf · Ccaf · Ccatal (14)
dt
9
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Fig. 6. Evolution of concentration against time of (a) caffeine and (b) H2O2 in the CWPO of caffeine with PC-SA-TE at different temperatures and
uantities of catalyst. Operating conditions: pH0 = 3, Ccaffeine,0 = 0.515 mM and stoichiometric quantity of H2O2 needed for the total mineralization

of caffeine.

Accordingly, degradation of caffeine and consumption of hydrogen peroxide may be modeled by pseudo-first power-law
models (Eq.’s (6) and (14)), as supported by Fig. S2. The fitting results considering the Arrhenius equation are summarized
in Table 2. As observed, the rate constant for the degradation of caffeine take values in a wide range from 7.0 · 10−4 to 13
g−1 h−1 when compared to the rate constant of hydrogen peroxide (1.1 · 10−2–0.99 L g−1 h−1). This may ascribed to the
ighest effect of temperature in the degradation of caffeine, as evidenced by the value of the activation energy (Ea = 169
J mol−1). In a previous study related with the CWPO of 4-nitrophenol, similar values of activation energy were obtained
102 and 103 kJ mol−1 for the constant rate of 4-nitrophenol and hydrogen peroxide disappearances, respectively) (Diaz
e Tuesta et al., 2020b).
The fitness of caffeine degradation and hydrogen peroxide rate equations (Eqs. (6) and (14)) was found suitable

ccording to the SEE and R2 values and their representation in Fig. 6.
10
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Table 2
Kinetic model for the CWPO of caffeine with the catalyst PC-SA-TE.
Model k323−−383 K (L g−1 h−1) k0 (L g−1 h−1) Ea (kJ mol−1) SEE R2

dCcaf
dt = −kcaf · Ccaf · Ccatal. 7.0 · 10−4–13 (1.3 ± 0.1) · 1024 169 ± 3 0.064 0.988

dCH2O2
dt = −kH2O2 · CH2O2 · Ccatal. 1.1 · 10−2–0.99 (3.9 ±0.2) · 1010 78 ± 4 0.089 0.983

4. Conclusions

In this work it was demonstrated the suitability to prepare catalysts from matured compost obtained from mechanical
nd biological units of municipal solid waste. The highest catalytic activity can be obtained upon sequential thermal (1073
) and sulfuric acid treatments and functionalization with TEOS and EDTA. Furthermore, the catalysts prepared from the
atured compost allows the complete removal of caffeine at low concentrations (≤ 0.515 mM) by CWPO at 353–383 K
nd catalyst loads of 0.5–2.5 g L−1, after 6 h (1 h at 383 K). Under these operating conditions caffeine degradation and

hydrogen peroxide consumption can be modeled by pseudo-first power-law rate equations.
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