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Abstract: MCM-41 based catalysts (molar ratio Si/Al = 40) were prepared by a hydrothermal
route, modified by ionic exchange with different metals (Cu, Cr, Fe and Zn) and finally calcined
at 550 ◦C. The catalysts were fully characterized by different techniques that confirmed the for-
mation of oxides of the different metals on the surfaces of all materials. Low-angle X-ray diffrac-
tion (XRD) analyses showed that calcination resulted in the incorporation of metallic Zn, Fe and
Cr in the framework of MCM-41, while in the case of Cu, thin layers of CuO were formed on
the surface of MCM-41. The solids obtained were tested in the catalytic wet peroxide oxidation
(CWPO) of acetaminophen at different temperatures (25–55 ◦C). The activity followed the order:
Cr/MCM-41 ≥ Fe/MCM-41 > Cu/MCM-41 > Zn/MCM-41. The increase of the reaction temper-
ature improved the performance and activity of Cr/MCM-41 and Fe/MCM-41 catalysts, which
achieved complete conversion of acetaminophen in short reaction times (15 min in the case of
Cr/MCM-41). Fe/MCM-41 and Cr/MCM-41 were submitted to long-term experiments, being the
Fe/MCM-41 catalyst the most stable with a very low metal leaching. The leaching results were better
than those previously reported in the literature, confirming the high stability of Fe/MCM-41 catalysts
synthesized in this study.

Keywords: mesoporous materials; Al-MCM-41; metal loaded; CWPO; acetaminophen; stability

1. Introduction

In recent years, global concern about the presence of pharmaceutical compounds in
water has significantly increased. A wide variety of pharmaceutical compounds, such
as analgesics, anti-inflammatory, antibiotics, contrast or antiepileptic agents, has recently
been detected in many water resources [1]. The pharmaceutical compounds found in the
environment come mainly from the elimination of these molecules and their metabolites
by humans or animals under therapeutic treatment and/or and inadequate treatment of
manufacturing effluents [2]. Because of their stabilities and sometimes recalcitrant behav-
ior, they are not completely removed/degraded by conventional wastewater treatment
techniques [3–5]. Their concentrations in water, although depending on the specific site
and compound, are generally low, in the range of micrograms to nanograms per liter [3–5],
although in the case of wastewaters coming from manufacturing plant effluents they could
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be found at higher concentrations. Acetaminophen (ACE) is one of the most used phar-
maceutical compounds at global scale. It has very few adverse effects especially at the
gastrointestinal level compared to other analgesics and/or antipyretics. The occurrence of
pharmaceuticals in water bodies has raised a concern due to their negative effects on both
environment and human health. Pharmaceutical pollutants can result in increasing aquatic
toxicity, the development of resistance in pathogenic bacteria, endocrine disruption and/or
genotoxicity [6,7]. Therefore, the development of effective treatments to remove this con-
taminant in aquatic environments is an important environmental goal. Adsorption and
advanced oxidation processes (AOPs), including photocatalysis and catalytic wet peroxide
oxidation (CWPO), are among the most used methods for the removal of acetaminophen
from water [8–12].

AOPs have proven to be capable and effective to completely degrade pharmaceutical
compounds from aqueous solutions. For this purpose, different catalysts have been tested,
such as metal oxides [13–16], oxide metal containing mesoporous silica Santa Barbara
Amorphous-15 (SBA-15) [17], metal nanoparticles (NPs) supported on organic-inorganic
matrix [18], metal containing zeolite [19], metal–carbon xerogels [20] or clays [21,22], among
many others. In all cases, the catalysts used for this type of reactions require the presence
of active transition metals in the form of oxides, nanoparticles or zero-charge metallic
species. The choice of the nature of the metal and the support plays a very important role
on the catalytic activity, selectivity and stability of the reaction. A priori, the use of well-
dispersed transition metals on supports with high specific surface area and high thermal
and hydrothermal stabilities can be considered a good option to achieve the reaction
requirements. In this sense, mesoporous silicas have focused much interest [23–25]. These
solids have high surface areas and well-developed mesoporous structure with adjustable
and high pore size compared to zeolites [26–28]. They can be used without calcination as
basic catalysts in several reactions due to the presence of siloxy (≡SiO−) as basic sites [29,30].
Their catalytic oxidation/reduction properties differ according to the nature and the form
of the supported metal, as well as the method used for the dispersion of the metal on the
surface of the mesoporous silica [31–33]. The most widely used methods are post-synthesis
methods or direct methods [30–33]. Post-synthesis methods provide a great potential for
loading metal into the pore channels, and excellent mesoporous structure compared to
the direct method, which has a limited percentage of metal to avoid the collapse of the
structure of the mesoporous silica [31]. Usually, the synthesis of mesoporous silica finishes
with a calcination step devoted to the removal of the organic template and the condensation
of the silanol groups. To date, the calcined form of mesoporous silica is widely used for the
dispersion of metals or metal oxide on their surfaces [31–33]. In contrast, the non-calcined
form has been scarcely described in the literature. In this study, we have selected a non-
calcined mesoporous Mobil Composition of Matter-41(MCM-41) due to its hexagonal 2D
structure and adjustable pore diameter, with the aim of increasing the amount of metal
loaded in the subsequent ionic exchange. The catalysts were subsequently submitted to
calcination, after metal loading. According to our knowledge this approach has never been
studied in the oxidation of acetaminophen.

Among the different AOPs, the CWPO process has been widely analyzed [13,34].
This technology is characterized by low investment and operating costs and a relatively
high efficiency. CWPO, also known as heterogeneous Fenton, reduces the generation of
Fe hydroxide sludges when compared to conventional homogeneous Fenton processes.
However, CWPO suffers from stability problems produced by deactivation of the catalysts
due to the surface complexation of metal ions (usually iron ions) with short-chain acids and
lixiviation [35]. This problem can result in an incomplete mineralization (degradation to
CO2 and H2O2) of the organic matter present in the water. Moreover, the high consumption
of H2O2, which constitutes the main cost of the process, limits the practical application of
this technology. The search of active and stable CWPO catalysts is crucial for the implement
of this technology.



Catalysts 2021, 11, 219 3 of 17

The main objective of this work is the preparation of different mesoporous materials
containing different transition metals (Cu, Cr, Fe and Zn) using the non-calcined form of
MCM-41 in order to increase the metal loading of the final catalysts. The catalysts were
tested in the CWPO of acetaminophen and the proper structure-performance relationships
were detailed and discussed.

2. Results
2.1. Characterization of the Catalyst

Figure 1 represents the X-ray diffraction (XRD) patterns at low and large angles of
MCM-41 and the different catalysts. The XRD pattern of the original MCM-41 sample
shows the presence of an intense peak at a 2θ value close to 2.5◦, besides to lower intensity
peaks at 2θ values around to 3.7 and 4.3◦, characteristic of the reflection of (100), (110)
and (200) planes of this mesoporous solid aluminosilicate. The absence of peaks at higher
angles is because MCM-41 consists of amorphous silica, and thus it has no crystallinity
at the atomic level [36] but only a high pore ordering. The different catalysts show clear
differences in the XRD patterns. Cu/MCM-41 catalyst retains a high intensity (100) peak,
besides two lower intensity peaks (110) and (200) at 2θ ≈ 3.72 and 4.30◦, respectively.
This confirms that this sample maintains the hexagonal structures of the MCM-41 with
a high degree of structural ordering [37]. The XRD patterns of the rest of the catalysts,
Cr/MCM-41, Fe/MCM-41 and Zn/MCM-41, show much lower intensity of (100) peak
and are displaced to lower diffraction angles. This can be explained by the swelling of
the hexagonal mesh due to the incorporation of the metal in the MCM-41 framework (see
Table 1) in agreement with previous observations [30,38]. The modification of the mesh
parameters confirms that the calcination at 550 ◦C leads to the incorporation of the metal
in the inner of the MCM-41 framework. The incorporation of a metal into the framework
of the MCM-41 causes an increase in the mesh parameter depending on the size of the
radius of the metal introduced in its structure [30,39]. According to the calculated values of
a0, it is shown that all the modified materials have higher values compared to the parent
MCM-41, except Cu/MCM-41 catalyst, which has an almost similar value compared to the
parent MCM-41. In the large angles, all the catalysts presented new phases corresponding
to the oxides of the metals added in the ion exchange process on the surface of MCM-41.
Hence, the peaks at 2θ values of 35.5, 38.7, 42.3, 48,7 and 52.4◦ correspond to the (–111),
(111), (200), (–202) and (211) reflection phases of CuO respectively [38,40]. In the case of
Fe/MCM-41 catalyst, new peaks show up at 2θ values around 33.1, 35.6, 40.0, 43.0, 50.0
and 53.1◦ characteristic of the (104), (110), (113), (202), (024) and (116) reflection phases
of Fe2O3, respectively [41,42]. Finally, Cr/MCM-41 catalyst shows diffraction peaks at 2θ
close to 33.6, 36.2, 41.4, 50.2 and 54.8◦ characteristic of the (104), (110), (113), (023) and
(116) diffraction planes of Cr2O3, respectively [43,44]. This confirms that the calcination
does not only lead to the incorporation of the metal into the MCM-41 framework but also
forms metal oxides phases on its surface. Cu/MCM-41 catalyst has the higher intensity
peaks in the region 30–60◦ probably due to the formation of higher crystalline CuO outside
the MCM-41 framework. This result, besides the low significant modification of the ao
parameter, suggests than in the case of Cu, most of the metal was not incorporated into the
Al-MCM-41 framework but deposited on the surface in CuO form. In the case of the Zn
exchange, no ZnO phase was observed for the Zn/MCM-41 sample, suggesting this metal
was deposited in the form of well-dispersed species with small size [36].
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Figure 1. X-ray diffraction (XRD) patterns of calcined Al-MCM-41 and its modified counterparts.

Table 1. Structural and textural properties of MCM-41 and its modified counterparts.

Metal a

(%)
d100
(nm)

a0
b

(nm)
SBET

(m2/g)
Pore Volume

(cm3/g)
Pore Size c

(nm)

MCM-41 // 4.085 4.716 1100 1.031 3.670
Zn/MCM-41 0.97 4.524 5.224 650 0.643 4.038
Fe/MCM-41 4.36 4.570 5.277 640 0.738 4.416
Cu/MCM-41 0.94 4.109 4.745 950 0.727 3.570
Cr/MCM-41 1.91 4.555 5.259 780 0.694 3.856

a Metal content determined by X-ray fluorescence (XRF) analysis. b a0 means lattice parameter: a0 = 2d100/
√

3. c Pore diameter determined
by the BJH method.

The ion metal exchanged with Cetyltrimethylammonium(CTA+) in MCM-41 before
calcination increases the incorporation inside the material [45–47] which means more
metal oxide, the amount of the metal in each catalyst was quantified by X-ray fluorescence
(XRF) being summarized in Table 1. Fe/MCM-41 and Cr/MCM-41 showed the highest
percentage of metal compared to those of Cu/MCM-41 and Zn/MCM-41.

The nitrogen adsorption-desorption isotherms at 77 K of the different catalysts and the
pattern MCM-41 are represented in Figure S1. All isotherms are of type IV characteristic of
mesoporous materials with also a significant presence of microporosity [29,30,48]. These
isotherms are characterized by three steps; the first step is carried out at low relative pres-
sures (P/P0 < 0.25) which are characteristic of monolayer adsorption of nitrogen on the mi-
cropore walls. The second step takes place at relative pressures between 0.25 < P/P0 < 0.4
which is characterized by a sharp increase in nitrogen adsorption. This adsorption behavior
is due to capillary condensation within the uniform micropores. The third step starts from
P/P0 > 0.4 which corresponds to the gradual increase in volume, due to the multilayer
adsorption on the outer surface of the mesoporous materials. Table 1 shows the textural
properties of obtained materials. It can be seen that the exchange of MCM-41 with the
different metals resulted in a reduction of the porosity of the resulting catalysts [29,30].
This is strongly related to the particle blocking of the internal porosity by the incorporation
of the metallic species. The increase of the pore diameter compared to the parent material
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is due to the incorporation of the incorporation of the metals to the structure during the
heat treatment. Fe/MCM-41 exhibited the highest pore diameter suggesting a significant
incorporation of this metal into the framework of the MCM-41, while Cr/MCM-41 exhib-
ited a slight modification (in agreement with the amount of metal quantified by XRF). The
catalyst Cu/MCM-41 has the higher surface area compared to the other modified samples
probably due to its low metal content (see Table 1). This result confirms that CuO was
deposited in the wider mesopores of MCM-41, which is in agreement with previously
published works [48].

The study of the thermal behavior of the materials obtained makes it possible to
determine the mass loss of each sample with increasing temperature, but also provides
information about the formation mechanism of metal-loaded-MCM-41. Figure S2 shows the
thermogravimetric analysis (TGA) curves under nitrogen atmosphere (inert atmosphere to
avoid weight gaining caused by the presence of oxygen in air atmosphere) of as-synthesized
MCM-41 (parent material) and its counterparts modified by Cr, Fe, Zn and Cu, prior to
calcination. All materials presented two masses losses, the first mass loss occurs between
25 and 120 ◦C and it is associated to the loss of physiosorbed water. The second mass loss
takes place at temperatures between 120 and 700 ◦C and corresponds to different stages of
degradation of the surfactant CTA+.

Infrared spectroscopy was used in order to determine qualitatively the different
groups of the catalysts before and after calcination (Figure S3). After calcination at 550 ◦C a
wide band was formed at 3387 cm−1 and another band appears at 1635 cm−1 (Figure S3b).
These bands are due to the presence of the silanol groups and also to the vibrations of
physiosorbed water. This also confirms that calcination not only removes the surfactant
inside the pores of MCM-41, as indicates the disappearance of the bands at 2919 and
2848 cm−1, but also leads to the formation of higher amounts of silanol groups compared
to non-calcined materials. The bands at 1221, 1032 and 786 cm−1 for the non-calcined
materials have been moved to 1238, 1048 and 794 cm−1 at the higher wavenumbers,
respectively. This behavior is strongly linked to the incorporation of transition metals into
the framework of MCM-41 due to the calcination treatment [49].

Ultraviolet–visible (UV–vis) spectroscopy was used in order to determine the coordi-
nation nature of the metallic species supported on the surface of MCM-41. As shown in
Figure S4, the bare mesoporous silica only shows peaks at wavelengths in the 200–350 nm
range corresponding to UV absorption of SiO2 [50]. The introduction of Cu, Zn, Fe and Cr
in MCM-41 results in significant changes in the corresponding UV–Vis spectra (Figure 2).
The catalyst Cu/MCM-41 displays two clear bands, an intense band at 219 nm and a wide
band between 300–800 nm that are mainly due to the presence of Cu2+ in form of CuO
NPs [51,52]. Zn/MCM-41 catalyst is characterized by two bands, the first is located at
257 nm and the second and wide band located at 305 nm, which can be assigned to encap-
sulated ZnO NPs [53,54]. In general, the band below 220 nm confirms the incorporation of
Zn into the framework of MCM-41 and is associated with the charge transfer transitions of
the zinc species with the oxygen of the framework [55]. The UV spectrum of the catalyst
Cr/MCM-41 is very similar to that obtained in the literature in which it clearly shows
the existence of Cr2O3 [56]. The catalyst Fe/MCM-41 presents a strong band at 215 nm
associated with another band at 268 nm, which is assigned to the charge transfer between
the Fe3+ and O2− atoms (Fe–O–Si) in the framework of MCM-41 [57]. In addition to these
bands, a shoulder appeared around 330 and 500 nm, indicating the presence of either
extra-framework iron or iron oxide particles [58].
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Figure 2. Ultraviolet–visible (UV–vis) spectra of the calcined M/MCM-41 catalysts.

The investigation of the electronic states of MCM-41 doped by different metals was
carried out by X-ray photoelectron spectroscopy (XPS). Figure 3 represents the Cr, Cu, Zn
and Fe 2p XPS signal of the correspondent catalysts. XPS spectra of Cr 2p showed the Cr
2p1/2 and Cr 2p3/2 peaks on Cr/MCM-41 were located at 586.3 and 576.7 eV, which are
characteristic of Cr2O3 species [59,60]. The O1s XPS peak (Figure S5 of the Supplementary
DATA) has a peak at 532 eV, which corresponds to the oxygen of the Cr2O3 network [53]
and also to the Si-O bond and explains a close interaction between oxygen and silicon [61].
The XPS spectra of Cu 2p of the catalyst Cu/MCM-41 have two Cu peaks, belonging
respectively to Cu 2p3/2 at around 933 eV and Cu 2p1/2 at 953 eV, suggesting the presence
of Cu2+ species in form of CuO [62,63]. The Zn 2p peaks for the catalyst Zn/MCM-41
show the Zn 2p1/2 and Zn 2p3/2, contributions, with peaks at 1045.8 eV and 1022.6 eV
ascribed to Zn2+ species [64]. The value of Zn 2p1/2 –Zn 2p3/2 is approximately 23.12 eV
corresponding to the typical splitting value of ZnO [65,66]. The Fe 2p XPS spectra of
Fe/MCM-41 exhibited a strong peak at 711.0 eV with a lower intensity satellite peak
at 719.2 eV assigned to Fe 2p3/2 signal. The weak satellite peak of around 719.52 eV is
characteristic of Fe3+ in Fe2O3 [67]. The binding energy of Fe 2p1/2 is around 724.84 eV
associated with other satellite peak at 732.01 eV [68]. The peaks at around 711.01 eV and
724.84 eV, indicating Fe components were mainly in trivalent status in Fe-MCM-41 [69].
The XPS O1s peak of all the catalysts is very similar (see Figure S5). A first peak, between
533.0–533.2 eV, corresponds to the oxygen of SiO2 [70]. The other peak, located at around
532.0–530.0 eV, is attributed to T–OH (T = Si, Al or Metal), T–O–Si (T = Metal) and T–O
(T = Metal) [70–72]. These peaks were almost masked by the intense and wide oxygen
signal from SiO2 [73].
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corresponding calcined catalysts.

2.2. Catalytic Test

Figure 4a,b represent the ACE concentration and H2O2 conversion upon reaction
time when using the different catalysts. It should be remarked that the ACE adsorption
(see Figure S6) was negligible in all th siloxy e cases. Despite the well-developed sur-
face area of the MCM-41 sample, it shows an almost negligible adsorption capacity of
acetaminophen. This is mainly due to the hydrophilic nature of MCM-41, and it is in
agreement with previous studies [74]. All the tests were performed at pH = 3, which is
generally accepted as the optimal pH to perform CWPO reactions. At lower pH values
the formation of hydrated metal complexes results in a lower production of hydroxyl
radicals. Furthermore, at very acidic conditions a higher number of protons is free in
the medium to react with hydroxyl radicals, which decreases the overall efficiency of
the process. On the other hand, pH > 4 favors the formation of metal oxyhydroxides
on the catalyst’s surface, which inhibits both the production of hydroxyl radicals and
the regeneration of the metal ions. ACE conversion varies in the following sequence
Cr/MCM-41 >> Fe/MCM-41 > Cu/MCM-41 >> Zn/MCM-41. The ACE conversion was
completed in less than 60 min using Cr/MCM-41 while the Fe/MCM-41 catalyst needs
four times higher reaction time to achieve complete ACE conversion. The low initial
acetaminophen concentration (5 mg·L−1) makes difficult the identification and accurate
quantification of the reaction intermediates. No additional aromatic compounds were
observed in HPLC chromatograms. However, short-chain organic acids, such as, oxalic,
acetic and formic acids, were detected using ionic chromatography. The difference between
the ACE and H2O2 final conversions (at 4 h) when using Fe/MCM-41 catalyst should
be ascribed to the presence of intermediate oxidation byproducts, suggesting an incom-
plete mineralization of ACE. In contrast, Zn/MCM-41 catalysts showed very little ACE
conversion, hardly 10% after 240 min of reaction. This activity can be linked to several
factors such as the nature of the metal oxides, their crystallinity, their metal particle sizes
and/or their specific surface [75,76]. The results illustrated in Figure 4 are not in agreement
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with the trend observed for the microporosity of the samples, suggesting that the catalytic
activity of the catalysts is not strongly affected by the surface, as previously reported in
other studies [20].
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The low activity of Cu/MCM-41 and Zn/MCM-41 catalysts was probably linked
to their lower metal content (Table 1). Moreover, these samples have not been able to
decompose H2O2, which justifies their lower activity in CWPO reaction. Fe/MCM-41 and
Cr/MCM-41 catalysts have higher metal contents. Several studies have shown that the
various oxide metals including magnetite [34,77,78] are effective heterogeneous Fenton
catalysts which are in agreement with our results.

The best catalysts, Fe/MCM-41 and Cr/MCM-41, were used in the rest of the work.
Figure 5 represents the evolution of ACE concentration and H2O2 conversion with reaction
time when using different loads of Fe/MCM-41 and Cr/MCM-41 catalysts. The mass
of catalyst was varied between 0.5 and 2 g/L while keeping the temperature (25 ◦C)
and pH ≈ 3 of solution constant. The load of catalyst plays a very important role on the
conversion of ACE that increases rapidly with increasing mass of the catalyst. A total
conversion of ACE was obtained with Cr/MCM-41 catalyst at reaction time lower than
30 min when using catalyst loads of 1 or 2 g/L. This is a consequence of the presence of
more active sites when using higher loads of catalyst. Another explanation also linked to
the size of the chromium oxides which probably have a smaller size compared to the iron
oxides, Cr/MCM-41 has a larger surface area than Fe/MCM-41, which may be due to the
presence of large particles of iron oxide inside the pores subsequently leading to a decrease
in the number of sites, and thus a tortuous diffusion of reagents.

Figure 5c,d shows H2O2 conversion using both catalysts. In the case of Cr/MCM-41,
higher conversions of H2O2 lead to higher and faster degradation of ACE. It should be
noted that the reaction between H2O2 and ACE without catalyst does not lead to any
degradation which has been confirmed by Carrasco-Díaz et al. [20]. It has been shown that
the total degradation of ACE requires approximately 45–55% of H2O2 conversion for the
case of Cr/MCM-41 catalyst. While for the Fe/MCM-41 catalyst, approximately 20–30%
of H2O2 conversion was recorded to have a total degradation of ACE. It has already been
shown in the literature that the use of a solution pH in the range 2.8–3.2 generates at the
same time the coexistence of three active species Fe2+, Fe3+ and [Fe(OH)]2+ [79], which are
considered as Fenton-active sites for the degradation of ACE. The H2O2 decomposition



Catalysts 2021, 11, 219 9 of 17

mechanism has already been described in the literature confirming the intervention of
these three species in the degradation of pollutants [78,79].
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Figure 5. Effect of catalyst concentration: time-course of acetaminophen evolution using as catalysts Fe/MCM-41 (a) and
Cr/MCM-41 (b); H2O2 conversion using as catalysts Fe/MCM-41 (c) and Cr/MCM-41 (d) (ACE initial concentration:
5 mg/L; reaction temperature: 25 ◦C, H2O2: stoichiometric amount, pHi: 3).

Figure 6 summarizes the effect of reaction temperature (25–55 ◦C) using Fe/MCM-41
and Cr/MCM-41 catalysts. Higher reaction temperatures favor the reaction rate of ACE
and the H2O2 decomposition. The decomposition of H2O2 increases significantly when the
temperature increases from 25 to 55 ◦C, which can be explained by a higher conversion
of ACE, as previously reported with other pollutants as phenol [80]. Concerning the
Cr/MCM-41 catalyst, only a slight increase in the ACE removal was observed (Figure 6b)
although the conversion of H2O2 was higher at higher reaction temperature (Figure 6d)
due to its higher catalytic activity, with room temperature enough to achieve a total
degradation of ACE. However, Fe/MCM-41 exhibited a lower catalytic activity and a
higher temperature of 55 ◦C was necessary to reach similar results than those obtained
with Cr/MCM-41. When using Fe/MCM-41 catalysts the reaction rate increases with the
reaction temperature. Using the Arrhenius equation (Equation (1)) the activation energy for
the acetaminophen degradation is 86 kJ·mol−1 (see Figure S7). In the case of Cr/MCM-41
the degradation is very fast at the reaction temperatures analyzed and no accurate value of
the activation energy can be obtained. The Turnover Frequency (TOF) (Equation (2)) has
been calculated as the mols of acetaminophen converted per mol of metal in the catalysts
and per unit of time. At 25 ◦C, Fe/MCM-41 and Cr/MCM-41 catalysts show TOF values
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for the acetaminophen degradation of c.a. 1.7·10−4 and 5.4·10−3 min−1, respectively, which
confirms the higher activity of Cr than Fe.

dlnK
dT

=
Ea

RT2 (1)

TOFACE =
Acetaminophen converted (mol)

Metal in solid (mol)· Reaction time (min)
(2)

1 
 

 
Figure 6. Effect of reaction temperature: time-course of acetaminophen evolution using as catalysts Fe/MCM-41 (a) and
Cr/MCM-41 (b); H2O2 conversion using as catalysts Fe/MCM-41 (c) and Cr/MCM-41 (d) (ACE initial concentration:
5 mg/L; catalyst concentration: 1 g/L; H2O2: stoichiometric amount, pHi: 3).

The stability of the catalysts was tested in continuous tests for seven days. Figure 7
shows the evolution of ACE concentration and H2O2 conversion in those long-run tests.
The two catalysts are very stable under the reaction conditions for seven consecutive days.
The catalytic activity of each material was stable without losing their performance. The
conversion of H2O2 was constant during the seven days of treatment, which results in a
total degradation of ACE. To completely assess that the catalyst does not suffer significant
modification after long reaction times, additional characterization of the used catalyst is
necessary. However, the results shown here allow us to state that the catalyst is capable to
maintain the high acetaminophen conversion at those extremely long reaction times. Metal
leaching has been studied in order to confirm the possible contribution of homogeneous
Fenton to the degradation of ACE. These results confirm the stability of the Cr/MCM-41
and Fe/MCM-41 catalysts prepared by a simple process which consists in a partial exchange
between metal and CTA+ followed by calcination.
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- Figure 7:  

It must be replaced by the next one where “H2O2” has been replaced by “H2O2“ with 
subscripts in Y axys of figure 7b and in the legends of figures 7a and 7b. 

 

 

 Figure 7. Long-term experiments with Fe/MCM-41 (a) and Cr/MCM-41 (b) catalysts (ACE initial concentration: 5 mg/L;
catalyst load: 0.1 g; ACE solution flow: 0.243 mL/min; H2O2: stoichiometric amount, pHi: 3).

The mechanism of the oxidation of acetaminophen has been extensively studied in the
literature (Figure 8). In the case of CWPO of acetaminophen, the reaction pathway begins
with the formation of benzoquinone, which result upon further oxidation in the generation
of benzaldehyde and benzoic acid [81–83]. These by-products further decompose in
smaller aliphatic organic acids such as maleic, oxalic, acetic and formic acids, which are
non-toxic products [82,83]. The last step involves the complete mineralization to CO2, H2O
and NO3

−.
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3. Materials and Methods
3.1. Materials

Cetyltrimethylammonium bromide (CTABr, 98%, Alfa Aesar), tetraethyl orthosicilicate
(TEOS, 98%, Sigma-Aldrich), aluminium isopropoxide (98%, Acros Organics), NaOH (98%,
Biochem Chemopharma), CuNO3·4H2O (95%, Biochem Chemopharma), CrNO3·9H2O,
(99%, Sigma Aldrich), FeCl3·6H2O (97%, Sigma Aldrich) and ZnNO3·6H2O (98%, Sigma
Aldrich) were employed in the study. All reagents were used without further purification.
The aqueous solutions were prepared with deionized water.

3.2. Catalyst Preparation

Mesoporous MCM-41 support was synthesized by a hydrothermal method as reported
elsewhere [29,30,84]. The molar composition used in the formulation was Si/Al = 40,
0.12 CTAB, 0.25 NaOH, 1.5 EtOH and 100 H2O. Briefly, an aqueous solution with CTABr
surfactant and ethanol was prepared at a temperature of 35 ◦C. After homogenization
of the mixture, TEOS was added dropwise at the same time with a solution containing
distilled water, sodium aluminate and NaOH in the solution containing the surfactant. The
reaction mixture was placed under constant stirring for 3 h at 35 ◦C, after the product was
hydrothermally treated at 100 ◦C for two days. The final product was filtered, washed
several times with distilled water and then dried at 60 ◦C. Different transition metals (Cu,
Cr, Fe and Zn) were exchanged on the MCM surface in order to obtain the CWPO catalysts.
About 2 g of as-synthesized MCM-41 was dispersed in 100 mL of 0.1 M solutions of the
different metal salts and stirred for 2 h at room temperature. Then the mixture was filtered,
washed several times with distilled water and dried overnight at 60 ◦C. For the release of
the porosity of the obtained materials through the removal of the organic template and
the condensation of the silanol groups, the product was calcined for 6 h at 550 ◦C in an air
atmosphere (to improve the formation of metal oxides in air oxygen). The catalysts were
named as M/MCM-41 being M the metal exchanged (Cr, Fe, Cu and Zn) [49,85].

3.3. Catalysts Characterization

XRD powder diffraction patterns of calcined samples were obtained with a Bruker AXS
D-8 diffractometer using Cu-Kα radiation at 2θ = 1–60◦. Nitrogen adsorption-desorption
isotherms were obtained at −196 ◦C using ASAP 2020 Micromeritics apparatus. The
samples were previously outgassed at 100 ◦C for 10 h prior to the sorption measurements.
The thermal properties and mass losses were followed by means of a thermobalance (TGA
DISCOVERY SDT-650) under nitrogen flow. The functional groups of the metal-modified
MCM-41 before and after calcination were analyzed by Fourier transform infrared (FTIR)
spectra in the range of 500–4000 cm−1 using a BRUKER ALPHA Platinum-ATR instrument.
The metal coordination state with the mesoporous silica was analyzed by ultraviolet visible
(UV–vis) absorbance spectra using SHIMADZU UV-2700 spectrometer. The amount of
metal in each sample was determined by X-ray fluorescence using a XEPOS spectrometer
(Spectro Ametek). The XPS measurements were carried out on a Kratos Axis Ultra using
AlKα (1486.6 eV) radiation. High-resolution spectra were acquired at 20 eV pass energy
with energy resolution of 0.9 eV, the C1s line of 284.5 eV was used as a reference to correct
the binding energies for charge energy shift.

3.4. Adsorption Tests

The adsorption tests were performed in batch reactor at 25, 40 and 55 ◦C. Briefly, 1 g
of catalyst was added to a 5 mg/L of ACE solution (1000 mL) at a fixed pH close to 3 using
a 1 M HCl solution. The samples were taken at different times in maximum 2 h and they
were analyzed by high-performance liquid chromatography (HPCL) in order to obtain
the adsorption capacities of catalysts. The results show that adsorption equilibrium was
obtained after 1 h with very low adsorption capacities.
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3.5. Catalytic Tests

CWPO tests were carried out in batch reactor at controlled temperature. A catalyst
concentration of 1 g/L was used while the ACE initial concentration was fixed at 5 mg/L.
The pH was adjusted to 3 using a 1 M HCl solution. The mixture was stirred for 1 h in
order to achieve adsorption equilibrium and then the stochiometric amount of H2O2 was
added to the solution to initiate the reaction. The conversion of ACE was followed by
HPLC (Shimadzu Prominence-I LC-2030C with a diode array detector) at a wavelength
of 246 nm using a reverse phase C18 column. A mixture of acetonitrile/acetic acid 0.1%
v/v was used as mobile phase (0.7 mL/min). The effects of the metal active phase, catalyst
mass (0.5, 1.0 and 2.0 g/L), and reaction temperature (25, 40 and 55 ◦C) were analyzed.

The stability of catalysts was investigated using a continuous reaction test for one
week. An ACE solution was continuously fed to the reactor (0.243 mL/min) using the
best catalysts (100 mg) at a reaction temperature of 25 ◦C. The same volume of solution
was extracted and analyzed to follow the ACE conversion with time on stream. The H2O2
concentration in the reaction medium was quantified by colorimetric methods with a
Cary 60 UV–Vis (Agilent Technologies) spectrophotometer, using the titanium oxisulphate
method [86].

4. Conclusions

The mesoporous material MCM-41 with a Si/Al ratio = 40 was prepared by a hy-
drothermal method. The as-synthesized MCM-41 was ionic exchanged with several tran-
sition metals such as Fe, Cr, Cu and Zn and then calcined at 550 ◦C. The results (XRD,
XPS, UV–vis, FTIR) showed that Fe, Cr, Cu and Zn were incorporated into the MCM-41
framework, which was confirmed by the inflation of the mesh parameter (a0 of the modified
materials was higher compared to the parent material), and a part of the metals were trans-
formed in their corresponding oxides form (Fe2O3, ZnO, CuO and Cr2O3). The nitrogen
adsorption at 77K showed that the surface area was reduced due to the pores blockage by
metal oxides. However, different behavior was observed for the catalyst Cu/MCM-41 in
which the formation of CuO thin layers slightly decreased the surface area.

Application of these solids in the oxidation of ACE showed that the ACE conversion
varies in the following sequence Cr/MCM-41 > Fe/MCM-41 > Cu/MCM-41 > Zn/MCM-41.
The effect of the initial concentration of ACE, reaction temperature and the catalyst mass
were studied in which the Cr/MCM-41 and Fe/MCM-41 catalysts were judged as the
best catalysts for this kind of reaction. The use of both these catalysts in long-time tests
showed that ACE conversion was higher and stable, which confirms the high stability of
the synthesized catalysts.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-434
4/11/2/219/s1, Figure S1: Nitrogen adsorption-desorption isotherms of obtained calcined catalysts.
Figure S2: TGA analysis curves of obtained catalysts. Figure S3: Fourier transform infrared (FTIR)
spectra of non-calcined (a) and calcined (b) catalysts. Figure S4: UV–Vis spectra of the calcined
MCM-41. Figure S5: Typical XPS O1s spectra of the calcined catalysts Cr/MCM-41, Cu/MCM-41,
Zn/MCM-41 and Fe/MCM-41. Figure S6: Adsorption tests. Figure S7: Arrhenius plot Log K versus
1/T acetaminophen oxidation by Fe/MCM-41.
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