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Abstract

Single- and bimetallic carbon xerogels were prepared by incorporating iron and iron-cobalt precursors during their synthe-
sis, respectively, and tested in the catalytic wet peroxide oxidation (CWPO) of ibuprofen spiked into a simulated matrix in
batch mode. The bimetallic catalyst outperformed single and non-metallic catalyst by 25 and 85% after 360 min of reaction,
at mild temperature (30 °C). The best-performing catalyst was further used to treat hospital wastewater in a CWPO system
operating in full continuous mode. Process optimization was carried out considering different catalyst loads, temperatures,
and pH. The results obtained showed that the best conditions are initial pH 3, 7=80 °C, and a catalyst load of 35.4 mg cm™>.
Having maintained values of chemical oxygen demand (COD) removals as high as 80% after 24 h of continuous operation,
the results herein reported revealed the high potential of the bimetallic carbon xerogel for CWPO of hospital wastewater
beyond conventional applications in batch mode. Despite some catalytic deactivation, the bimetallic carbon xerogel still
delivered a mineralization degree as high as 55% of the initial total organic carbon (TOC) content of the hospital wastewater
in the third 24-h cycle of CWPO in continuous mode of operation with successive catalyst reuse, as opposed to a 73% TOC
removal in the first cycle. Therefore, our results open prospects for the implementation of CWPO for hospital wastewater
treatment in continuous mode of operation.
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Introduction

The analytical techniques available for water quality moni-
toring have improved substantially, allowing the detec-
tion of a significant number of organic pollutants at lower
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concentrations (pg L™! to ug L™!) in various aquatic com-
partments such as groundwater, surface water, and water
reservoirs (Liu et al. 2020; Chakraborty et al. 2021; Rathi
et al. 2021; Pot et al. 2022). These compounds come from
several sources, namely, industrial wastewater, municipal
wastewater, hospital wastewater, agriculture, and animal
husbandry (Morin-Crini et al. 2022). Some of these com-
pounds are usually known as contaminants of emerging
concern (CECs) (Shah et al. 2020). These pollutants are not
commonly monitored in the environment but have the poten-
tial to cause adverse effects on the ecosystem and human
health (Noguera-Oviedo and Aga 2016). In some cases, their
actual effect on the environment and health is not completely
established (Sousa et al. 2018). Consequently, public con-
cern on potential environmental and human health impacts
of water pollution has also been increasing (Felis et al. 2020;
Atugoda et al. 2021).

Hospital wastewaters are especially problematic, as they
frequently carry significative concentrations of several CECs
(Verlicchi 2021), up to 150 times higher than those typically
found in municipal wastewater (Lofrano et al. 2021), with
concentrations as high as 15 mg L™! being reported (Vieira
et al. 2021). Ibuprofen (IBU) is an example of a commonly
found contaminants in hospital wastewaters (Vieira et al.
2021), also occurring in concerning concentrations in the
environment worldwide (Zapata and Pefiuela 1951; Gallego-
Rios and Pefiuela 2021; Zhang et al. 2021). IBU is consumed
in large amounts (ca. 15,000 Mg per year worldwide), being
currently ranked among the 50 drugs that carry the highest
environmental threats (Nawaz et al. 2020). Even at low con-
centrations, IBU presence in water severely impacts aquatic
life reproduction (Gong et al. 2021; Mello et al. 2022).

Many CECs are refractory to conventional wastewater
treatments such as coagulation, filtration, sedimentation,
and biological processes (Starling et al. 2019; Nawaz et al.
2020). In this sense, special attention has been given to
catalytic wet peroxide oxidation (CWPO) — also known
as heterogeneous Fenton, as it is one technology operat-
ing in mild conditions and that can reach high organic
pollutants degradation rates (Ribeiro et al. 2016b). The
CWPO technology is based on the interaction of the oxi-
dant source, hydrogen peroxide, with a suitable catalyst
to promote its decomposition into reactive oxygen spe-
cies (ROS) (Marquez et al. 2018). Among ROS, hydroxyl
radicals (HO®), superoxide (O,e7), and singlet oxygen
('0,) are examples of radicals with activity in organic pol-
lutant degradation by AOPs (Rayaroth et al. 2023). For
CWPO, HO' are the main responsible for pollutant deg-
radation (Inchaurrondo et al. 2012). The technology has
been extensively explored to degrade organic pollutants,
and its performance has been validated considering differ-
ent matrices (Huaccallo-Aguilar et al. 2021a; Silva et al.
2023, 2024), including hospital wastewater (del Alamo

et al. 2020; Silva et al. 2023). In the study published by
Silva et al., 100% paracetamol degradation was achieved
in a spiked solution using hospital wastewater as matrix
in batch mode (Silva et al. 2023). Other studies reported
hospital wastewater treatment technologies in batch mode,
but the evaluation of CWPO and other advanced technolo-
gies for the continuous treatment of hospital wastewaters
remains largely unexplored (del Alamo et al. 2020; Li
et al. 2022).

Typical CWPO catalysts are based on transition met-
als, mainly iron. Nevertheless, leaching may be an issue in
pure metal-phases. Over the years, some works have even
reported that carbon materials possess, by themselves, cata-
lytic activity for hydrogen peroxide decomposition/reduction
via hydroxyl radical formation mostly due to their electron-
donor ability (Liu et al. 2018; Santos Silva et al. 2024).
Some works reported the synthesis of carbon-encapsulated
metal nanoparticles as a solution to decrease iron leaching
(Silva et al. 2023). However, the synthesis procedures often
lead to low yields (in the milligram range) and are not scal-
able to prepare large amounts of catalysts. An easier alterna-
tive is to support a metal phase on carbon xerogels (CX). In
fact, our group already optimized a synthesis methodology
leading to metal-containing CXs with high effectiveness for
the CWPO of organic pollutants in simulated water matrices,
when operating in batch mode (Ribeiro et al. 2016a, 2017b).
However, our previous studies were mostly focused on
understanding the role of the different synthesis precursors
and used pre-established reaction parameters for the deg-
radation of organic pollutants. The optimization of pH and
temperature in batch mode has been already reported (Zazo
et al. 2006; Bautista et al. 2011; Diaz de Tuesta et al. 2020),
with pH in the range of 2—4 and temperature of 25-80 °C.
Typical catalyst concentration in batch systems often range
from1to25¢g Lt (Santos Silva et al. 2019; Huaccallo-
Aguilar et al. 2021a; Guari et al. 2022). However, the impact
of these parameters in a continuous operation system using
carbon xerogels as catalysts remains to be explored.

Therefore, the main goal of the current study is to evalu-
ate the catalytic activity of the CXs previously developed by
our group (Ribeiro et al. 2016a, 2017b) when employed in a
CWPO system operating in continuous mode. For that pur-
pose, batch experiments with IBU spiked into distilled water
were first carried out to select the most promising catalyst
among those considered, namely, bare CX, iron-doped CX
(Fe/CX), and iron-cobalt-doped CX (CoFe/CX). The best-
performing catalyst (i.e., the bimetallic CoFe/CX) was then
used in CWPO experiments (in a packed bed) designed for
the treatment of hospital wastewater in continuous mode of
operation. The catalyst load in the packed bed, pH of the
effluent, and reaction temperature were the operating param-
eters evaluated. To the best of our knowledge, only a few
reports have been made on CWPO of hospital wastewaters
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in continuous mode of operation (del Alamo et al. 2020;
Huaccallo-Aguilar et al. 2021b, c), thus highlighting the
relevance of our study.

Methodology
Reagents

Resorcinol (99 wt.%) and cobalt(Il) chloride hexahydrate (99
wt.%) were obtained from Fisher Chemical. Formaldehyde
solution (37 wt.% in water, stabilized with 15 wt.% metha-
nol) and iron(IIT) chloride hexahydrate (97 wt.%) were pur-
chased from Panreac. 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 Scien-
tific), and ibuprofen (IBU, 99%, Tokyo Chemical Industry)
were used in CWPO runs and analytical techniques.

Carbon xerogels

The CXs employed in this study were prepared as described
in our previous publication (Ribeiro et al. 2016a). Please
refer to Text S1 in Supplementary Information for additional
details on synthesis and characterization performed.

CWPO experiments in batch mode

The liquid-phase oxidation reactions were carried out
in a 250-mL two-necked round-bottom flask equipped
with a reflux condenser. The pH of the pollutant solution
([IBU],=30 mg L") was adjusted to 3.0 before each exper-
iment, by means of H,SO, (0.5 mol L™!) addition. Once
the pH was adjusted, the flask loaded with pollutant solu-
tion was submerged into an oil bath with stirring until the
desired temperature was reached (30 °C). Next, the solution
remained under stirring at 30 °C, and the stoichiometric
amount of H,O, for complete mineralization of IBU was
added ([H,0,],=165 mg LY. The stoichiometric amount
of H,0, for complete mineralization of IBU was calculated
based on Eq. (1):

C,3H,40, + 33H,0, — 13CO, + 42H,0 (1)

Prior to the addition of the catalyst, samples were with-
drawn from the mixture to measure initial concentration of
IBU and hydrogen peroxide. Then, 0.2 g of catalyst was
loaded into the system ([cat] =2 g L™!). The addition of the
catalyst into the reaction medium marks the beginning of the
reaction and is the reference point for the initial time (%;).
The catalyst concentration, temperature, and pH were chosen
based on previous studies that reported these values to be in
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the range for optimized H,0, decomposition into hydroxyl
radicals (Bautista et al. 2011; Diaz de Tuesta et al. 2020).
The low, near room temperature used for catalyst screening
(30 °C) was chosen to evidence the catalytic activity of the
distinct materials. Samples were withdrawn from the reac-
tion media in periodic times of 15, 30, 60, 120, 240, 360,
480, and 1440 min. The samples used to measure H,O, con-
centration were immediately analyzed following a procedure
described in our previous work (Santos Silva et al. 2019).
The samples used to measure IBU concentration were stored
along with ca. 10 mg of Na,SO;(s), which was used as a
reaction inhibitor to stop the reaction. The pure adsorption
experiments and non-catalytic runs were performed under
the same operating conditions, but in the absence of hydro-
gen peroxide and catalyst, respectively.

An additional experiment was carried out to evaluate the
stability of the catalyst. For that, the reaction was initiated as
described above. Upon reaching 1 h of reaction, the catalyst
CoFe/CX was removed from the reaction vessel by filtration.
The supernatant was poured into a new reaction vessel, and
the reaction was allowed to continue until the completion of
the 24 h of reaction. Samples were withdrawn and analyzed
as described above.

Hospital wastewater

The hospital wastewater employed in this study was col-
lected from a hospital located in Madrid, Spain. The effluent
was characterized following the procedures reported in pre-
vious studies (Silva et al. 2023) and reported in Table 1. The
pH and conductivity at room temperature were determined
using WTW InoLab Cond Level 1, PHS-3BW Bench TOP
pH/mV/°C meter (Bante Instruments, Shanghai, China). The
total organic carbon (TOC) and total nitrogen (TN) were
measured using TOC-L equipment with a nitrogen measur-
ing unit (Shimadzu). Iron concentration was determined via

Table 1 Main characteristics of the hospital effluent used in this work

Parameters Value
pH 8.5
TOC (mg L™ 286
TN (mg L™ 90.1
CO,* (mgL7™h 365.5°
Conductivity at 20°C (S cm™) 2360
Aromaticity (A5, nm) 0.5
COD (mg L™ 332
TDS? (mg L™ 0.5
Cl~ (mgL™h 121.42
Fe (mg L") 4.6

2Total dissolved solids

bCalculated from total inorganic carbon (TIC) measurement
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atomic absorption spectroscopy (Varian SpectrAA 220) by
diluting the samples with 5 wt.% HNO;. Chlorides were
determined using the Mohr titration method. Briefly, 20 mL
of the sample was titrated against 0.1 M AgNO; solution
using K,CrO, as the indicator.

CWPO experiments in continuous mode
of operation

The hospital wastewater described in “Hospital wastewa-
ter” was used as matrix in all the CWPO experiments per-
formed in continuous mode of operation using the system
illustrated in Figure S1. To evaluate the optimal conditions
for TOC and COD removals, the effect of catalyst load in
the packed-bed (200400 mg), temperature (30-50 °C),
and initial pH (3-7.6) were studied. The values used for the
parameters were based on the literature for batch CWPO
experiments (Diaz de Tuesta et al. 2020). The reactor dimen-
sions are 10 cm (length) with inner diameter of 1.2 cm. The
bed height during the experiments depended on the amount
of catalyst loaded, being 1 cm for 200 mg (17.7 mg cm™),
1.5 cm for 300 mg (26.5 mg cm™), and 2 cm for 400 mg
(35.4 mg cm™). The complete description of the param-
eters in each run is shown in Table S1. Hydrogen peroxide
([H,0,]o=706 mg L1 was dosed in slight excess to that
theoretically needed to meet the COD of the hospital waste-
water (COD =332 mg L™!). The mixture of hospital waste-
water and hydrogen peroxide was fed to the reaction system
at a flow rate of 1 mL min~!, similar to the flow used in
previous continuous CWPO experiments (Silva et al. 2024).
Liquid samples recovered from the reaction were analyzed
by inductively coupled plasma-optical emission spectrom-
etry (ICP-OES) to evaluate possible metal leaching.

Analytical techniques

IBU concentration was determined by high-performance
liquid chromatography (HPLC), using a Jasco HPLC sys-
tem equipped with a UV/Vis detector (UV-2075 Plus), a
quaternary gradient pump (PU-2089 Plus), and a Kromasil
100-5-C18 column (15 cm X 4.6 mm; 5 m particle size). The
separation of the reaction products was achieved using a
mobile phase composed by acetonitrile—water modified with
0.1 wt.% of H;PO, in a volumetric ratio of 80:20. Hydrogen
peroxide (H,0,) concentration was determined by a colori-
metric method, as previously described (Ribeiro et al. 2015).
Total organic carbon (TOC) was determined with a TOC-L
CSN analyzer of Shimadzu (Kyoto, Japan). Chemical oxygen
demand (COD) was determined by the colorimetric method
previously reported, which takes into account the effect of
residual H,O, on COD as shown in Figure S2 (Ribeiro et al.

2017a; Freitas et al. 2022). The presence of aromatics was
estimated as the absorbance obtained at 254 nm (A,s,).

Results and discussion
Characterization

The properties of the CXs used in this study were already
thoroughly characterized in our previous publications
(Ribeiro et al. 2016a, 2017b). The results obtained for tex-
tural properties are shown in Table S2. All the carbon xero-
gels have developed surface areas ranging from 510 to 650
m? g~!. Comparing the pure carbon xerogel with the modi-
fied samples, it is possible to observe that both modifications
lead to surface area decrease. For instance, modification with
iron led to a 21% decrease in surface area, whereas surface
area decreased by ca. 11% in CoFe/CX. The pristine carbon
xerogel sample is mainly a mesoporous material, with a pore
diameter of 6.7 nm and V,; /V,, of 0.17. The modifica-
tions have significantly influenced the pore distribution of
the carbon xerogels, as can be seen with a dramatic reduc-
tion in mesoporous surface area and consequent increase in
Viie! Viota Values. Another consequence of the modification
with metal was observed with pHp, values dropping from
9.2 in the pristine sample to 6.6 (Fe/CX) and 7.7 (CoFe/CX).

SEM analysis was conducted on carbon xerogel mate-
rials to examine their morphology. Figure S5 illustrates
the morphological differences between carbon xerogels
with and without embedded metal species. The material
CX is depicted in Figure S5a, a standard carbon xerogel
with large carbon particles (153 +51 mm). The large car-
bon xerogel observed in this figure is a result of the sol-gel
polycondensation of resorcinol and formaldehyde (R/F
resin). The carbon xerogel clusters are formed as a conse-
quence of the condensation product aggregation. The main
parameters controlling the carbon xerogel formation are the
concentration of resorcinol and formaldehyde and the pH,
as previously discussed elsewhere (Moreno-Castilla and
Maldonado-Hédar 2005). On contrast, the modified carbon
xerogels are composed of interconnected carbon micro-
spheres aggregated, with metals embedded in their structure.
The SEM images suggest that the embedded metals hinder
the cluster aggregation, leading to the formation of smaller
particles than pure carbon xerogel. The results suggest that
metals’ presence in the synthetic procedure is responsible
for alterations on the morphology of carbon xerogels. Other
studies already reported that negatively charged functional
groups of the R/F gel tend to bond with metal cations, which
can act as catalysts for the polymerization reaction and influ-
ence the structure of carbon xerogels.

The XPS spectra obtained for the metal modified carbon
xerogels is exhibited in Figure S6, and atomic concentrations
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of C1s,0 1 s, Fe2p, and Co 2p are shown in Table S3.
The spectra for CX/CoFe revealed that Fe 2p regions are
qualitatively similar to those observed in CX/Fe. Neverthe-
less, the bimetallic modification in carbon xerogel led to an
improved metal distribution in the surface of the resultant
material, which is in agreement with previous SEM results.
The simultaneous incorporation of Fe and Co results in an
enhanced metal distribution on the surface of the bimetallic
CX/CoFe (cf. Table S3). Additionally, comparing the sur-
face weight concentrations in Table S3 to the total Fe and
Co contents in Table S2 suggests that metal particles are
encapsulated by the organic phase during the synthesis of
monometallic CX/Fe catalyst, making them less accessible.
Conversely, when Co and Fe are simultaneously incorpo-
rated into the bimetallic CX/CoFe, the metals are preferen-
tially located on the catalyst’s surface.

Preliminary CWPO experiments in batch mode

Pollutant removal by pure adsorption was assessed, and the
results are reported in Fig. 1a. The adsorption capacity of
the materials is relatively low. The Sppr seems to be slightly
correlated to the adsorption capacity (+*=0.82, Figure S7a),
whereas the pHp,- seems to have a much more significant
influence on the adsorption process, with an 72 of 0.98 (Fig-
ure S7b). The highest adsorption capacity (21%) was found
for the slightly acidic Fe/CX (pHp,-=6.6). CoFe/CX, with
a slightly basic character (pHp,-="7.7), resulted in interme-
diate adsorption (14%). Finally, CX resulted in the worst
adsorption capacity (8%) and has a marked basic character
(pHp,c=9.2).

In any case, removal of IBU by adsorption (Fig. la)
was considerably lower compared to that obtained by
CWPO (Fig. 1b), suggesting that all the materials are able

to promote CWPO. In order to confirm this hypothesis,
additional experiments were carried out in the absence of
catalyst. The resulting non-catalytic removal curves reveal
a negligible pollutant removal (Fig. 1b). The catalyst with
the best performance is the bimetallic CoFe/CX (Ribeiro
et al. 2017b) which enables >90% of pollutant removal
after only 120 min of reaction. Extending the reaction (for
up to 6 h) increases pollutant abatement by 5%. The mate-
rial composed by iron only (Fe/CX) promotes a lower IBU
removal (57% and 72% after 2 and 6 h of reaction). These
results agree with our previous findings on the synergis-
tic effects arising from the simultaneous incorporation of
iron and cobalt within CXs (Ribeiro et al. 2017b), allow-
ing concluding that the better performance of CoFe/CX
can be explained by the enhanced metal distribution at
the surface of this bimetallic catalyst. Bare CX reveals the
worst performance (Fig. 1b). This behavior is related to the
higher capacity of metal-based materials to catalyze H,O,
decomposition into hydroxyl radicals (Sun et al. 2019).
Still, comparing the removal of IBU obtained with CX
with that obtained in the non-catalytic run confirms the
catalytic features of the metal-free CX, which are mainly
ascribed to the electron-donor centers (Silva et al. 2023).

Several processes for IBU removal or degradation are
reported in the literature. For instance, a biological treat-
ment with using the algae Chlorella vulgaris resulted in
ca. 67% removal efficiency in 10 days of treatment (Zhou
et al. 2024). Another study reported IBU adsorption up to
90% in continuous operation mode by adsorption using
geopolymers (Paparo et al. 2024). Both studies are impor-
tant to advance towards the removal of IBU and other pol-
lutants from contaminated waters. However, biological
treatments take considerable amount of time to present
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N e—— |
s % ——— =& ¢
084 — = -
- Non-catalytic
= 06 ——CX
E 09 7 Fe/CX
S —M— CoFe/CX
= - -
=2 0.4
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0.0 — 7T T T T T T T T T 1 ° — T T T T T T T T T T T
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Fig. 1 Normalized concentration of IBU during (a) adsorption experiments and (b) CWPO runs performed in batch mode. Conditions:
T=30 °C, pHy=3.0, [[BU],=30 mg L™, [cat] =2 g L™, [H,0,],=165 mg L.™"!
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Fig.2 Stability test for CoFe/CX in batch mode. Conditions:
T=30 °C, pHy,=3.0, [IBU],=30 mg L~!, [CoFe/CX]=2 g L7\,
[H,0,],=165 mg L.™!

mild efficiencies, and adsorption processes are merely a
transference from one phase to another.

The results of the stability assay of CoFe/CX are shown
in Fig. 2. No further IBU degradation is observed after
removing CoFe/CX (Fig. 2), stabilizing at 65% removal of
IBU up to 6 h of reaction. For comparison, the presence of
CoFe/CX until the end of the reaction resulted in a removal
of IBU of 95%. This indicates that CoFe/CX is indeed a het-
erogeneous catalyst and not a source of homogeneous metal
species that are leached into the solution and then catalyze
the reaction. CoFe/CX was accordingly selected for CWPO
experiments performed in continuous mode.

CWPO of hospital wastewater in continuous mode

CWPO of the hospital wastewater described in “Hospital
wastewater” was carried in full continuous mode of opera-
tion. The main properties of that wastewater are given in
Table 1, confirming its representative and challenging
nature. Special attention should be given to the scaveng-
ing effect of CO32_ anions in reactions carried out with pH
above 6.35, which was found to be the region where the
anion has a stronger scavenging effect (Ribeiro et al. 2017a).

The results obtained for TOC, COD, and aromatics (A,s,)
abatement after 24 h of continuous operation are given in
Fig. 3. As with previous experiments performed in batch
mode using IBU as model pollutant, negligible non-catalytic
removals (of both COD, TOC, and A,s,) are obtained in
the CWPO of hospital wastewater performed in continuous
mode (Fig. 3). The adsorption run reveals that CoFe/CX can
adsorb about 6.3% and 10.5% of the TOC and COD, respec-
tively, present in the hospital wastewater. The highest COD
removal (10.5%) in comparison to the TOC (6.3%) is likely

n.c. - non catalytic
p-a. - pure adsorption

100
= TOC
= B cop
g g0 M A,
=
g
2
< 60
<t
&
<
E
S 40
~
)
. 204
0 T -
O
& ; & & &
3 Y & &5 &8
™ & » L o L
S & &
N e s
~ ~ ~
Experiment

Fig.3 TOC, COD and A,s, removals considering different cata-
lyst loads after 24 h of continuous operation. Conditions: 7=30 °C,
pHy=3.0, COD,=332 mg L™}, [H,0,],=706 mg L', m_ =17.7-
354 mgem™, Q=1 mL min.™!

related to the oxidation of other chemical species during
CWPO that contribute to the oxygen demand (such as inor-
ganic ions (Munoz et al. 2017) found in the hospital waste-
water, Table 1) but do not necessarily consist of carbon.
The low removals obtained in both scenarios illustrate that
the system is extremely dependent on the presence of both
catalyst and H,O, to achieve higher abatement of TOC and
COD. The results obtained by ICP-OES analysis revealed
that no significant Fe and Co leaching were obtained in all
runs, confirming the stability of the catalysts.

Effect of the catalyst load

Experiments were performed with different catalyst loads
(17.7, 26.5, and 35.4 mg cm™Y) inside the packed bed.
As expected, increasing the amount of catalyst leads to
increased removal of both TOC and COD (Fig. 3). The
higher COD abatement compared to TOC removal is related
to the oxidation of other chemical species rather than car-
bon-containing compounds, as previously reported in other
studies dealing with real effluents (Freitas et al. 2022). The
correlation between removal percentages and catalyst load
can be described as a linear function, as seen in Figure S8a-
¢, with correlation coefficients (+*) of 0.98, 0.99, and 0.99
for COD, TOC, and A,s, abatement, respectively. Similar
results have been previously reported. Huang et al. have
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also found a positive correlation between phenol and TOC
removals when increasing bed height (and, consequently,
catalyst mass load) (Huang et al. 2021).

A closer look reveals that the removal of COD with a
35.4 mg cm~? catalyst load is not only higher but it also
achieves a steady state much faster (Fig. 4a). From 4 h
of continuous operation and onwards, a catalyst load of
35.4 mg cm™* allowed achieving > 80% COD abatement,
such activity being maintained up to 24 h. On the other
hand, neither 17.7 mg cm™ nor 26.5 mg cm™ catalyst
loads allowed to achieve a steady state in the 24-h opera-
tion. This result is very much related to the decomposition
of hydrogen peroxide (Fig. 4b), where a 35.4 mg cm™ cata-
lyst load allowed maintaining a steady H,0, consumption
of approximately 40% from 2 h of continuous operation
onwards, and under the same timeframe, a 26.5 mg cm™
and 17.7 mg cm ™ catalyst load had only allowed a 25% and
10% H,0, consumption, respectively.

The UV spectra in the 200-450-nm range for the raw
and treated wastewater was also recorded (Figure S9). As
expected, based on the results discussed above, the absorb-
ance of the wastewater treated using 35.4 mg cm™ cata-
lyst load is considerably lower than the raw wastewater and
lower than non-catalytic run (N.C.), adsorption run, and runs
carried out with other catalyst loads.

The comparison between the results obtained under
continuous and batch operation is not the main goal of the
present work. Batch operation was indeed used as a tool
to select the best-performing catalyst. In fact, given the
different conditions used (i.e., IBU in distilled water in
batch mode versus real wastewater in continuous mode),
the direct comparison is rather complicated. Nevertheless,
the operation under continuous flow with a catalyst load of

(a)
1.0 ik
\ —@— Non-catalytic
- 0.814 ADS
I e
mg

g 0.6 1 " 400 mg
a
=}
© 04+

0.2 1

0.0 T T T T

0 6 12 18 24

Time on stream (h)

35.4 mg cm™ allowed a removal rate of COD in an average
of 16.8 mgg, h™! (from 4 to 24 h of operation, when a steady
state had been reached). If we calculate the theoretical COD
(ThOD) removed when operating at batch mode using IBU
as the model pollutant, the removal reached was 1.2 mg,
h~! during the 6 h of operation. While batch reactors may
be easier to operate (Al Azri et al. 2022), continuous reac-
tors offer some advantages related to better mass and heat
transfer, reduced operational cost, and no accumulation
of intermediates or by-products that could lead to catalyst
deactivation (Bukhtiyarova et al. 2023). These advantages
increase the efficiency obtained under continuous processes
(Al Azri et al. 2022).

Effect of the initial pH

The effect of the initial pH of the hospital wastewater was
then studied considering the highest catalyst load in the
packed bed (35.4 mg cm™>). The acidic pH was chosen due
to the expected higher rate of hydrogen peroxide decompo-
sition into hydroxyl radical conversion efficiency in mild
acidic media (Fischbacher et al. 2017). The results are shown
in Fig. 5. The pH strongly affected TOC and COD abate-
ment, with an inverse correlation between the parameters.
Higher TOC and COD abatements (48% and 88%, respec-
tively) are achieved with the lowest initial pH, whereas the
worst performance is obtained with the highest pH. Previous
literature already reported that H,O, conversion is improved
in mild acidic conditions (Fischbacher et al. 2017), which is
consistent with the results found in the present study. There
is a strong inverse correlation between pH and COD removal
(r2=0.99, Figure S10a), but for TOC and A,s, removals,
the correlation was not so evident (r2 =0.79 and 0.76,
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Fig.4 (a) COD evolution and (b) H,0, normalized concentration considering different catalyst loads on the packed bed. Conditions: 7=30 °C,
pHy=3.0, COD,=332 mg L', [H,0,],=706 mg L', m_, =17.7-35.4 mg cm~>, 0=1 mL min~!
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Fig.5 COD, TOC, and A,s, removals considering different pH after
24 h of continuous operation. Conditions: 7=30 °C, COD;=332 mg
L7, [H,0,],=706 mg L', m ., =35.4 mg cm™>, Q=1 mL min.™!

respectively, Figure S10b,c). Higher COD removal at acidic
pH has been previously reported for simulated continuous
reactors (Lu et al. 2015) as well as for batch CWPO for real
wastewater (Freitas et al. 2022).

The COD profile evidences the effect of the initial waste-
water pH on the COD removal (Fig. 6a). At the natural pH
of the wastewater (7.6), the COD removal is very low, sta-
bilizing at about 25% removal after 2 h of continuous opera-
tion. An initial pH of 5 improves performance, stabilizing at
around 65% COD removal after 2 h of continuous operation.
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An initial pH of 3 results in around 80% COD removal after
4 h of continuous operation. Similar behavior has been pre-
viously reported for real wastewater treatments regarding
COD removal profile and pH (Freitas et al. 2022). An inverse
trend was observed for the H,0, decomposition (Fig. 6b),
where higher pH (7.6 and 5) resulted in slightly higher con-
sumption of the oxidant source compared to an initial pH
of 3. In fact, pure decomposition of H,0, is not an accu-
rate measure of the efficiency of the catalysts, as the H,0,
can be decomposed into other non-desirable species (Yu
et al. 2020). The pH greatly affects the interaction between
hydroxyl radicals and the naturally occurring radical scav-
engers. It has been reported that pH above 6.35 would favor
the scavenging effect of hydroxyl radicals by carbonate ions
(Ribeiro et al. 2017a). As the effluent under study contains
carbonate ions, the lower COD removal observed for a pH
of 7.6 can be attributed to their presence. Another important
consideration is that the selective decomposition of H,0,
into the hydroxyl radicals is maximized in the pH range of
2—-4 (Fischbacher et al. 2017). Therefore, the lower COD
removal obtained for a working pH of 5 can be attributed to
the formation of non-oxidizing species, such as water and
oxygen.

The UV spectra of the wastewater after treatment are dis-
played in Figure S11. An initial pH of 3 resulted in a lower
absorbance compared to pH of 7.6 or 5. Color reduction was
also achieved as seen in the inset figure.

Effect of the temperature

CWPO can be carried out at mild temperatures. Neverthe-
less, temperature also affects the performance of the CWPO
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Fig.6 (a) COD evolution and (b) H,0, normalized concentration considering different initial pH. Conditions: 7=30 °C, COD;=332 mg LY

[H,0,],=706 mg L™}, m_,,=35.4 mg cm~3; Q=1 mL min.™!
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treatment. Therefore, the effect of the temperature of the
reaction medium was explored, and the results are depicted
in Fig. 7. Despite COD removal being already significant
at 30 °C (> 85%), the results revealed that COD abatement
increases with temperature (+*=0.99, Figure S12a). TOC
removal is also affected by temperature (+*=0.93, Fig-
ure S12b), with a temperature increase from 30 to 50 °C
resulting in a 1.5-fold increase in TOC removal (from ca.
50% to 75%, respectively). The removal of A,s, was not
affected by the temperature, with removals in the range
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Fig.7 COD, TOC, and A,s, removals considering different tem-
peratures after 24 h of continuous operation. Conditions: pH,=3.0,
COD,=332 mg L7}, [H,0,],=706 mg L', m., =354 mg cm™>,
Q=1 mL min.”!
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72-75% being obtained regardless of the temperature. Previ-
ous reports on the increased removal of TOC and COD with
increased temperature in continuous reaction systems have
been reported (Lu et al. 2015; Huang et al. 2021).

The COD profile (Fig. 8) is very similar in the first 4 h of
continuous operation regardless of the temperature. After
4 h of continuous operation, it is possible to see the COD
removal converging towards stabilization for the reactions
carried out at 30 °C at around 85-87% removal. On the other
hand, the reactions carried out at 40 and 50 °C only start to
stabilize after 6 h of continuous operation, reaching conver-
sions higher than 90%.

The UV spectra of the effluent are given in Figure S13. A
similar absorbance at wavelengths superior to 230 nm can
be observed regardless of the temperature, as expected due
to similar removals of A,s,. However, at wavelengths lower
than 230 nm, an increased absorption effluents coming from
reactions at 40 and 50 °C can be seen. The absorbance at
230 nm is sensitive to the conformation of proteins that may
exist in pharmaceutical wastewater. With increasing tem-
perature, most proteins undergo denaturation when heated,
explaining the different absorption spectra seen (Liu et al.
2009).

Stability of CoFe/CX

The CoFe/CX sample was used in subsequent runs to eval-
uate its stability. After the initial reaction was terminated,
the catalyst was slightly washed with distilled water and
dried in the oven at 110 °C and reused in the following
reaction. The results are shown in Fig. 9. As observed,
there was a slight reduction of TOC removal from the fresh
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Fig.8 (a) COD evolution and (b) H,O, normalized concentration considering different initial temperatures. Conditions: pH,=3.0,
COD,=332 mg L7}, [H,0,],=706 mg L', m., =35.4 mg cm™>, Q=1 mL min.™!
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Fig.9 TOC removal after reutilization runs. Conditions: pH,=3.0,
COD,=332 mg L7}, [H,0,],=706 mg L}, m.,=354 mg cm~,
T=50°C, Q=1 mL min.”!

catalyst to the first reuse (from 73 to 68%) and a more
significant reduction in the second reutilization run (from
68 to 55%). The absorption of the wastewater (Figure S14)
also changed for different runs, with the run using fresh
catalyst resulting in the lowest absorption and the second
reutilization run resulting in the highest absorption (but
still lower than the raw wastewater). The loss of activity
may be ascribed to a partial oxidation of the carbon sur-
face (Diaz De Tuesta et al. 2021), poisoning of the cata-
lyst surface (Diaz de Tuesta et al. 2023) by organic matter
or other components from the wastewater, or leaching of
active species (Lopez-Arago et al. 2024). More studies
are required to understand the reason behind the loss of
activity upon each cycle.

Conclusions

The screening results demonstrated that the bimetallic
material significantly outperformed single-phase catalysts.
The stability tests confirmed that the best catalyst, CoFe/
CX, maintained its performance over time. This catalyst
was subsequently used to treat actual hospital wastewater
under continuous operation. The optimal conditions for
this process were determined to be an initial pH of 3.0,
a catalyst load of 35.4 mg cm™ in the packed bed, and a
temperature of 50 °C. Under these conditions, maximum
removals of total organic carbon (TOC) and chemical
oxygen demand (COD) were 73% and 96%, respectively.
Overall, the results suggest that continuous CWPO has
significant potential for application in treating hospital
wastewater, providing an effective alternative to conven-
tional methods.
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