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c Institute of Organic Chemistry with Centre of Phytochemistry, Bulgarian Academy of Sciences, BG-1000 Sofia, Bulgaria 
d Environmental Engineering and Science Program, Department of Chemical and Environmental Engineering, University of Cincinnati, Cincinnati, OH 45221, USA 
e Chemistry Department, Faculty of Science, Sohag University, Sohag 82524, Egypt 
f Institute of Mathematics, Physics and Mechanics & Faculty of Civil and Geodetic Engineering, University of Ljubljana, SI-1001 Ljubljana, Slovenia 
g University of Nova Gorica, SI-5000 Nova Gorica, Slovenia 
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A B S T R A C T   

Removal of contaminants of emerging concern (CEC) from water is a serious problem. Using sunlight to assist in 
this process is one of the most sustainable methods for water treatment. In this study, we demonstrate that 
tailoring the morphology and optimizing the metal concentration in the multicomponent catalysts through an 
appropriate synthetic strategy leads to Fenton-like and photo-Fenton-like systems capable of effectively 
degrading bisphenol A and coumarin as model endocrine disruptors and coumarin as a probe for •OH detection. 
Multicomponent Cu-Mn-Fe silica supported catalysts were prepared via direct synthesis by incorporating mag-
netic Fe3O4 nanoparticles, Mn and Cu during the formation of silica nanoparticles with interparticle meso-
porosity. Comprehensive characterization by advanced microscopic and spectroscopic techniques revealed 
qualitatively and quantitatively the presence of magnetic Fe oxides covered with the silica support, isolated Mn 
cations/oxo species into silica framework and CuO particles attached to the silica framework. The Fenton-like 
activities of the catalysts are due to the catalytic disproportionation of H2O2 by Cu2+ species and isolated Mn 
species in the silica support. The investigated catalysts are efficient concerning the homolytic cleavage of H2O2 to 
hydroxyl radicals, with a further positive effect of hydroxyl radical formation observed under visible-light 
illumination thus acting as photo-Fenton-like catalysts. Fe oxides with magnetic properties are used for easy 
separation of the catalyst/photocatalyst after the reaction and do not contribute to the catalytic/photocatalytic 
performance.   

1. Introduction 

During the last decades, water pollution with organic contaminants 
of emerging concern (CECs) has become a severe issue [1,2]. Among the 
various possible treatment approaches, advanced oxidation processes 
(AOPs) that involve the generation of highly reactive oxygen species 
capable of decomposing organic pollutants unselectively and efficiently 
into environmentally friendly products (e.g., H2O, CO2, and inorganic 
minerals) are highly prominent. Fenton reaction [3] in which iron salts 

(Fenton reagent) are used as homogeneous catalysts in the presence of 
hydrogen peroxide (oxidant) is being highly researched due to its effi-
ciency, eco-friendliness, and economic viability. The application of 
classical Fenton processes (homogeneous catalysis) is limited mainly 
due to three reasons: (i) the need for narrow acidic working conditions 
(optimal pH is 2.8–3.5), (ii) the generation of large amounts of iron 
sludge, and (iii) the post-treatment of effluents with excess iron ions to 
meet their regulatory levels in water [4–6]. Thus, utilizing Fenton-like 
reaction at neutral pH, using heterogeneous catalytic systems is 
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suggested to overcome these limitations. Additionally, photo-Fenton 
approach can bring the advantage of the photocatalytic reaction as 
well, by producing •OH via above-bandgap excitation of certain pho-
tocatalysts [3,7,8]. 

Different Fenton-like catalysts can be used to circumvent problems 
(i) and (ii), such as transition metals (e.g., Al, Ce, Cr, Co, Mn, and Cu), 
and polyoxometalates (POMs), which show activity via similar reaction 
mechanisms, however, at near natural pH values [7,9,10]. Manganese, 
for instance, shows considerable activity under circumneutral pH [11, 
12], but its leaching in the system leaves problem (iii) open. In the last 
years, our work has been aimed at a better understanding of the syn-
thesis, functionality and catalytic performance of the transition metal 
oxide nanoparticles supported on mesoporous silicas in oxidation re-
actions. Namely, mesoporous silicas are promising supports for indus-
trial applications because of their excellent stability and durability, if 
compared to other supports. Our group recently reported a solution to 
manganese leaching in the system in which Mn was incorporated into 
mesoporous silica nanostructures and additional Cu was added, which 
inhibited Mn dissolution by over 50%.[13] Copper, although having a 
stabilizing effect and showing Fenton-like activity toward CECs via •OH 
generation by framework –––Cu(I) [14,15], did not convey any synergism 
in photo-Fenton reaction.[13] Last but not least, incorporating 
magnetic-type iron oxide (e.g., magnetite or γ-phase) into porous silica 
would allow an easy collection and separation of catalyst for further 
reuse [16–19]. 

In this article, trimetallic Cu-Mn-Fe catalysts on silica supports were 
developed for photo-Fenton-like advanced oxidation process (AOP) 
wastewater treatment under visible light at neutral pH. They were 
prepared by direct solvothermal synthesis followed by calcination or 
extraction-calcination. To confirm and complement the characterization 
results obtained by advanced microscopic and spectroscopic techniques, 
we performed Mn, Fe and Cu K-edge XANES (X-ray absorption near edge 
structure) analysis to quantify the valence state and local symmetry of 
all three metal sites. The catalysts were screened for Fenton-like and 
photo-Fenton-like degradation of bisphenol A and coumarin as model 
endocrine disruptors and coumarin as a probe for •OH detection. 

2. Experimental 

2.1. Preparation of catalysts 

Magnetic iron oxide nanoparticles were synthesized by co- 
precipitation procedure of iron salts in the presence of a strong base. 
[20] Thus, Fe3O4 was prepared by mixing 0.01 mol FeCl2•4 H2O and 
0.02 mol FeCl3⋅6 H2O in a 250 mL three-neck flask, i.e., the final volume 
is 100 mL solution. Then, a 100 mL of NaOH solution (0.8 M) was added 
to the iron salt solution in a dropwise manner until a final pH of 12 was 
attained. The reaction mixture was then stirred at 500 rpm for 3 h under 
N2 flow. The obtained solid product was isolated by centrifugation, 
washed with ultrapure grade water until chloride-free washout is 
attained. Finally, the precipitate was dried at room temperature and 
stored in amber vials. 

The prepared magnetic iron oxide nanoparticles (25 mg) were 
dispersed in 25 g silica source (TEOS Aldrich, 98%, Fe/Si=0.01) by 
ultrasonication for 30 min, then manganese acetate tetrahydrate (Mn 
(CH3COO)2⋅4 H2O, Fluka) and copper acetate monohydrate (Cu 
(CH3COO)2⋅H2O, Aldrich) with theoretical molar ratios of Mn/Si and 
Cu/Si = 0.01 were added to the previous solution and stirred for 10 min. 
Triethanolamine (8.86 g, 99%, Sigma Aldrich) as a structure directing 
agent (directs the polycondensation of silicate species) and distilled 
water (16.4 g) were then added to the mixture under continuous stirring 
at room temperature. After 30 min, tetraethylammonium hydroxide 
(8.66 g, 20%, Acros) was added as a pH moderator. The formed gel was 
aged overnight at room temperature and then dried in a furnace for 24 h 
at 50 ◦C. The obtained product was solvothermally treated in a Teflon- 
lined stainless-steel autoclave (50 mL) at 150 ◦C for 48 h in ethanol. 

The solid product was separated by decantation and washed with 
ethanol, water and finally dried at ambient room temperature overnight. 
The pores are freed from the organic compounds (structure directing 
agent triethanolamine and pH moderator tetraethylammonium hy-
droxide) via two different procedures: 1) extraction-calcination: 
extraction with ethanol at 80 ◦C overnight, followed by calcination at 
450 ◦C for 6 h using a ramp rate of 1 ◦C/min under continuous flow of 
air, and 2) calcination: direct calcination at 450 ◦C for 6 h using a ramp 
rate of 1 ◦C/min under continuous air flow. The synthesized materials 
were denoted as CuMnFeMS-ExC (extraction-calcination procedure) and 
CuMnFeMS-C (calcination-only procedure), where MS stands for mes-
oporous silica. 

2.2. Characterization 

X-ray powder diffraction (XRD) was used to investigate the structural 
characteristics of the new materials. The diffractograms were recorded 
on a PANalytical X′Pert PRO high-resolution diffractometer using Cu 
Kα1 radiation (λ = 0.15406 nm) with an accelerating voltage of 40 kV, 
and an emission current of 30 mA. 

Textural properties of the obtained catalysts were studied by nitro-
gen physisorption isotherms measured on a Micromeritics Tristar 3020 
apparatus recording at − 196 ◦C. The samples were outgassed at 200 ◦C 
for 2 h. The BET-specific surface area was calculated from adsorption 
data in the relative pressure range from 0.06 to 0.165.[21] The total 
pore volume was estimated based on the amount adsorbed at a relative 
pressure of 0.98.[22] The pore size distributions (PSDs) were calculated 
from nitrogen adsorption data using an algorithm by Barrett, Joyner, 
and Halenda (BJH) method.[23] The mesopore diameters were deter-
mined as the maxima on the PSD for given samples. The surface mor-
phologies of samples were examined by Zeiss Supra™ 35VP (Carl Zeiss) 
field-emission scanning electron microscope (FE-SEM) operating at 1 kV 
and using a 10 µm aperture. The elemental compositions of the surface 
of the catalysts were studied by energy dispersive X-ray analysis (EDX) 
with an INCA Energy system attached to the microscope. 

The surface charge of the materials was measured in the pH range of 
1–12 by Zetasizer nano ZS instrument (Malvern) using electrophoretic 
light scattering technology. To adjust the pH, 0.1 M NaOH or 0.1 M HCl 
were used. 

High-Resolution Scanning Transmission Electron Microscopy (HR- 
STEM) was used to investigate the morphology, particle size of the ob-
tained materials and the presence of iron, copper, and manganese, and 
oxide clusters in the silica matrix. The analysis was performed on Cs 
probe corrected scanning transmission electron microscope ARM 200 CF 
(JEOL) with the cold-FEG cathode. The microscope was equipped with a 
dual-EELS system Quantum ER from Gatan and Centurio EDXS system 
with a 100 mm2 SDD detector. For HR-STEM studies a drop of sample 
suspension in ethanol was placed on a lacey-carbon coated nickel grid 
and dried at room temperature. To minimize the electron beam-induced 
damage 80 kV accelerating voltage was used for analysis. 

Raman spectra were recorded in the spectral range from 100 to 1400 
cm− 1 using a Witec Alpha 300 confocal microscope that employed a 
green laser with an excitation wavelength of 532 nm, an accumulation 
time of 50 s, and a resolution of 4 cm− 1. For each sample, three different 
locations were analyzed to verify the spectra. 

UV–VIS diffuse reflectance absorption spectra of powders were 
recorded on a Lambda 650 (Perkin Elmer) UV–VIS spectrophotometer, 
equipped with a Harrick Praying Mantis accessory at the scan speed 266 
nm/min, and the slit width set to 3 nm. Spectralon® was used for 
background correction. 

Residual and leached metals (i.e., Cu, Mn, and Fe) were monitored in 
the degradation system by inductively coupled plasma-optical emission 
spectrometry (ICP-OES, model 715-ES, Varian). 

Cu, Mn, and Fe K-edge X-ray absorption spectra (XAS) were collected 
at BM23 beamline at the European synchrotron radiation facility (ESRF, 
Grenoble, France). The measurements were performed in transmission 
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mode using ionization chambers as detectors. For Cu K-edge measure-
ments, the first chamber was filled with 300 mbar Ar, whereas the 
second and third chambers were filled with 1400 mbar pure N2 to obtain 
15% and 70% absorption at 9.0 keV in the first and in both the second 
and the third chamber, respectively. For the Fe and Mn K-edge mea-
surements, the first chamber was filled with 220 mbar Ar, and the sec-
ond and the third chambers were filled with 50% N2/He mixture, with 
total pressure being 2.0 bar. A Si(111) double-crystal monochromator 
with energy resolution of 1 eV at 9 keV was used for energy scanning. 
Flat Si mirrors positioned at a grazing angle of 3 mrad were employed 
for harmonic rejection. The sample catalysts and reference compounds 
were prepared as homogeneous self-supporting pellets with a total ab-
sorption thickness (μd) of about 2.5 above the corresponding K-edges. 
The absorption spectra of the samples were measured within the interval 
[–150 eV, 1000 eV] relative to the K-edges. In the XANES region equi-
distant energy steps of 0.2 eV were used, while in the EXAFS region 
equidistant k-steps (k = 0.035 Å− 1) were adopted. The integration time 
was set to 2 s/step. Two or three scans of each spectrum were collected 
to improve signal-to-noise ratio. Exact energy calibration was estab-
lished with the simultaneous absorption measurements on correspond-
ing metal (Cu, Mn, Fe) foil inserted between the second and third 
ionization cell. The analysis of XANES spectra was performed with the 
Athena (Demeter) program package [24]. 

The magnetization was measured with a Quantum Design MPMS-XL- 
5 SQUID magnetometer. 

2.3. Catalytic and photocatalytic removal of bisphenol A (BPA) and 
coumarin 

The tests were conducted in a cylindrical 100 mL double-walled glass 
reactor (height 30 mm, diameter 60 mm). The temperature was regu-
lated to 25 ◦C (F25/ME, Julabo). 100 mL of BPA solution (10 mg/L) was 
introduced into the reactor and 40 mg of catalyst was added and mixed 
for 60 min to establish adsorption-desorption equilibrium. Then, H2O2 
(final concentration 20 mM, or varied in some reactions) was added and, 
in the case of photocatalytic tests, an LED lamp (KL 2500 LED, Schott) 
was switched on. Samples (1 mL) were taken at desired time intervals 
and 500 μL of methanol was added to scavenge the remaining peroxide. 
The samples were immediately centrifuged (6000 rpm, 3 min) to remove 
the solid particles. Samples were analyzed by a HPLC instrument (Shi-
madzu) using a C-18 column (Phenomenex) in isocratic mode with 30% 
methanol and 70% water, at a flow rate of 0.7 mL/min. In cases where 
pH was controlled, the acidity was monitored with 827 pH lab instru-
ment (Metrohm) and actively controlled within ± 0.1 pH units by using 
0.01 M HCl. The continuous catalytic tests were performed in the same 
manner, only decreasing the initial concentration of BPA to 5 mg/L, and 
upon reaching its total degradation, spiking the reaction mixture again 
with BPA to regain its initial concentration. 

The formation of hydroxyl radicals in the presence of investigated 
solids was measured by using photoluminescence method with 
coumarin (COUM, 98%, p.a., Alfa Aesar, USA) as a probe compound. 
The measurements were conducted in a glass double-wall batch slurry 
reactor (Lenz Laborglas). A photocatalyst (20 mg) was suspended in 100 
mL of an aqueous solution containing 1.4 mM COUM that was ther-
mostated (F25/ME, Julabo) at T = 25 ◦C. The suspension was stirred 
(400 rpm) in the dark for 20 min before the addition of 30% H2O2 (c0 =

20 mM) and illumination with a visible lamp (KL 2500 LED, SCHOTT). 
Aqueous-phase samples were withdrawn during the illumination period 
in different time intervals and immediately filtered through a 0.2 µm 
membrane filter (regenerated cellulose). The samples were then 
analyzed by recording the photoluminescence signal of the generated 7- 
hydroxycoumarin using a UV/Vis photoluminescence spectrometer (LS 
55, Perkin Elmer). The scanning speed was 200 nm/min, and the 
wavelength of the excitation light was set to 315 nm. The excitation and 
the emission slits in the instrument were both set to the width of 5 nm. 

3. Results and discussion 

3.1. Physicochemical characterization 

Catalysts were first examined with solid state characterization 
techniques to elucidate their morphology, structure and optoelectronic 
properties. XRD reflections of the obtained catalysts (Fig. 1) indicate the 
obtained materials were in the nanosize range. Iron-oxide particle size 
calculated by the Scherrer equation applying the profile fitting method 
was 10 nm, which was consistent with previously reported results for 
iron-oxide nanoparticles prepared by the same procedure [20,25]. 
Superparamagnetic magnetite (Fe3O4) nanoparticles were reported to 
oxidize into maghemite (γ-Fe2O3) and possibly into superparamagnetic 
material with considerable saturation magnetization when exposed to 
air and humidity [25]. Maghemite was previously observed to form as a 
shell layer on the surface of magnetite nanoparticles of the same size and 
resulted in the stabilization of the core particles against further oxida-
tion [26]. Magnetite and maghemite cannot be distinguished by X-ray 
diffraction due to the overlapping of widened reflections typical of small 
nanoparticles (see Fig. 1 and references for magnetite and maghemite). 
The XRD pattern of the CuMnFeMS-C material confirmed the amor-
phous, mesoporous structure of silica and shows the presence of nano-
sized magnetite and/or maghemite with the low intensity of their 
corresponding peak (due to the low content of iron oxides particles in 
the catalysts). The pattern of CuMnFeMS-C catalyst contains typical 
reflections for CuO particles with 25 nm size as calculated by the 
Scherrer equation, but no reflections for MnOx. The template removal 
procedure of extraction-calcination affected the structure of the pre-
pared CuMnFeMS-ExC and diffraction peaks with low intensity are 
observed only for iron oxides. This means that both, CuO and MnOx 
nanoparticles, are too small (< 5 nm) to be detected by XRD, however, 
they were detected by other characterization techniques (TEM, Raman, 
XANES, see discussion below). The difference in the size of the oxide 
particles for both samples could be explained by sintering of the 
not-well-attached metal species during the high temperature calcination 
for CuMnFeMS-C, while for sample CuMnFeMS-ExC these species are 
already removed during the extraction procedure, and formation of 
bigger crystallites is less probable. 

Fig. 1. XRD patterns of synthesized Fe3O4 nanoparticles, CuMnFeMS-C, 
CuMnFeMS-ExC and reference patterns of CuO, hematite (α-Fe2O3), maghe-
mite (γ- Fe2O3) and magnetite (Fe3O4). The marked reflections in samples 
denote the CuO (*) and Fe3O4 (◦) phases. 
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The additional extraction procedure aids to remove the not-well- 
attached particles of metal species from the silica support. Although 
SEM imaging (Fig. S1) did not convey clear differences in morphologies 
among the samples and they both show formation of porous structure 
with interparticle porosity, the elemental composition, derived from the 
EDXS analysis of powders (Table 1), shows a decrease in metal content 
upon extraction procedure only for copper. 

Uniform amorphous, mesoporous structures of the catalysts are seen 
in TEM images (Fig. 2) with the presence of oxide nanoparticles of the 
catalysts as observed from the dark spots. EDXS mapping (Figs. S2–S4, 
Supporting information) has confirmed the existence of CuO and FexOy 
nanoparticles in both samples. Moreover, Fe, Cu, and Mn were uni-
formly distributed at the atomic scale inside the silica matrix of the 
catalysts. However, the designation of iron oxide to a particular phase 
was not possible. 

We were, however, able to assess the “average” valence state of iron 
via quantification of Fe L2,3-edge in EELS spectrum. This method de-
termines the valence state of Fe (and consequently the stoichiometry of 
iron oxide). For sample CuMnFeMS-C (Fig. 3g) the ratio of Fe L3/L2 lines 
equals to 4.3. If compared to our previous study [28] we can conclude 
that the “average” valence state of Fe in those nanoparticles is around 
2.8 indicating the mixture of Fe3O4 and Fe2O3. 

Further investigation of the oxide components in the samples was 
conducted using Raman spectroscopy (Fig. 3a). A relatively broad range 
of bands was covered by the spectra; therefore, overlapping bands made 
it difficult to resolve between them. Off note, pure iron oxide nano-
particles were prepared separately for comparison purposes. Consis-
tently with XRD and TEM results, the Raman spectrum of iron oxide 
nanoparticles revealed three broad bands in the regions 250–430 cm− 1, 
430–560 cm− 1, and 560–800 cm− 1, corresponding to magnetite (Fe3O4) 
and maghemite (γ-Fe2O3) phases of iron oxide. Magnetite was previ-
ously shown to exhibit strong bands at 680 and 293 cm− 1, broad bands 
at 447–470 cm− 1, and weak bands at 580 and 324 cm− 1 [29–32]. In the 
current study, the three bands at 355, 497, and 710 cm− 1 agreed with 
those reported for maghemite [30,33]. Additionally, the band observed 
at 378 cm− 1 and the shoulder peak above 710 cm− 1 were explained by 
the transformation of magnetite into maghemite due to either heating of 
the sample by laser light during the measurements or due to sample 
exposure to air after the preparation. Fe3O4 nanoparticles are well re-
ported to be relatively unstable and sensitive to oxidation [34]. 

The Raman spectrum of the CuMnFeMS-C sample reveals the pres-
ence of different crystalline phases, i.e., hematite, magnetite, and 
maghemite. Hematite was obtained during calcination at 450 ◦C.[35] 
The iron oxide α-Fe2O3 exhibits bands at 293, 410, 497 and 618 cm− 1 

[32]. The intense band at 293 cm− 1 can be attributed to CuO as well as 
to magnetite (Fe3O4). The bands at 818, 490, and 410 cm− 1 belonged to 
the symmetric Si–O–Si stretching mode, 4- and 5- or 6-member siloxane 
rings, respectively [36]. Additionally, several bands (293, 342, and 
618 cm− 1) can be attributed to CuO [37] nanoparticles as well as 
shoulders (324, 380, 580, and 650 cm− 1) dedicated to manganese oxides 
nanoparticles [38]. The intense bands centered at 293 and 620 cm− 1 

indicates the presence of large nanoparticles of CuO in the CuMnFeMS-C 
sample. 

The Raman spectrum of the CuMnFeMS-ExC catalyst encompasses 
bands at 812, 611, 501, and 411 cm− 1 corresponding to Si-O-Si siloxane 
bridges and 3-, 4-, 5- or 6- member siloxane rings, respectively. The 
bands at 687, 532, 470, and 447 cm− 1 were assigned to magnetite, while 
bands centered at 710, 501 and 360 cm− 1 are dedicated to γ-Fe2O3 

(maghemite). The presence of hematite (α-Fe2O3) in the catalyst was 
evident by the observed bands at 611, 411, 501, and 290 cm− 1. In 
addition, the bands observed at 266, 316, 360, 562, and 666 cm− 1 show 
the presence of the nanoparticles of manganese oxides (Mn3O4 and 
Mn2O3), which are not detected by XRD. In agreement with EDX results, 
only shoulders (620, 340, and 290 cm− 1) of CuO can be observed due to 
the smaller size of these nanoparticles in the catalyst [37]. 

UV–VIS absorption properties of the materials are shown in 
Fig. 3b–c. Panel (b) presents catalysts prepared via the two procedures 
that involve single metals for better understanding of the light response 
of single metal-incorporated catalysts, especially in the > 400 nm range 
where the photo-Fenton-like tests were conducted (see below). In single 
metal samples, the highest absorption in 400–800 nm range was 
observed with CuMS-C and MnMS-ExC samples. We note that in CuMS- 
ExC sample absorption was low in the 400–800 nm range but exhibited a 
hump ~750 nm, assigned to the d–d transition of Cu2+ in the distorted 
octahedral field of oxygen ligands [13], hence still showing the presence 
of these species. The high energy part of the plot (200–300 nm) can be 
assigned to M⟵O charge-transfer (CT) of the isolated metal centers of 
Mn3+, Fe3+ and Cu2+ ions [39–41]. For iron, in general, d− d transitions 
of Fe3+ are expected between 350 and 550 nm, and are weak since they 
are symmetry and spin forbidden [41]. These can clearly be seen in both 
Fe samples; FeMS-ExC and FeMS-C, while isolated Fe3+ species at 
230 nm are visible only in FeMS-ExC. The data here are consistent with 
Raman results showing iron environment typical for magnetite (Fe3O4) 
and maghemite (γ-Fe2O3) phases. For copper, the data suggest on the 
presence of a mixture of different-sized CuO particles on the surface of 
Cu-modified catalysts, by the appearance of band at ~240 nm 
(Cu2+⟵O2– transitions) and the absorption at 620–800 nm (d–d tran-
sitions of Cu2+ in the distorted octahedral field of oxygen ligands) [13]. 
The latter transition is greatly reduced upon extraction procedure, 
suggesting lower number or smaller of CuO NPs, which agrees with 
Raman, TEM and XRD data. As regards manganese, these spectra are 
also complex indicating on manganese present in multiple coordination 
environments. The broad band between at 400–540 nm can be assigned 
to the presence of different octahedrally coordinated Mn3+ and Mn2+ in 
manganese oxides, respectively [42]. The band centered at 260 nm is 
commonly referred to the framework tetrahedrally coordinated Mn3+

[43]. The intensity of both bands is reduced in sample with extraction 
procedure (Fig. 3b). 

The spectra with all tree metals (Fig. 3c) show highly complex pic-
ture. It should be noted that features assigned in single metal samples 
above do not necessarily hold for the multi-metal sample. Upon adding 
the extraction procedure to multi-metal sample there appears an in-
crease in high energy band at ~255 nm and a concurrent decrease in 
absorbance of wavelengths longer than 300 nm. The increase originates 
from the rise in absorbance from isolated metal species (see discussion 
above) while the decrease stems from lower amounts of larger CuO 
particles and lower portion of manganese oxides [13]. This corroborates 
the results from Raman which suggested on decreased amount of Cu- 
and Mn-oxides in the extracted sample. 

Specific surface area, total pore volume, and average pore sizes of 
CuMnFeMS-ExC and CuMnFeMS-C catalysts were estimated from 
adsorption–desorption isotherms (Fig. 3d–e) and the results are sum-
marized in Table 2. Both samples show sorption isotherms typical for 
silica with interparticle mesoporosity [12] with a relatively narrow type 
IV isotherms. The hysteresis loop resembles an H3 type, hinting on 
interparticle porosity in non-rigid aggregates. The samples show a bit of 
deviation from our previous results, where the extraction procedure 
increased the specific surface area (~30%) and decreased the average 
pore size (~15%) [44]. The reasons might lie in the presence of an iron 
oxide core, which could stabilize the surrounding silica pore structure 
during the extraction procedure. The elucidation of exact reasons for 
this difference is still unknown and beyond the scope of this report. 

Measurements of surface charge according to pH (Fig. 4) show that at 
a nearly neutral pH (6− 7), both catalysts exhibit a negatively charged 

Table 1 
Elemental composition and molar ratios of the obtained samples from SEM EDX 
analysis.  

Catalyst Mn/Si Cu/Si Fe/Si 

CuMnFeMS-ExC  0.005  0.01  0.03 
CuMnFeMS-C  0.005  0.02  0.03  
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Fig. 2. TEM micrographs of CuMnFeMS-ExC (a, b) and CuMnFeMS-C (c, d) samples with uniform mesoporous amorphous structure with visible darker areas, (e) 
HAADF-STEM image of CuMnFeMS-C sample, and (f) EELS spectrum from labelled area in (e). Facet (g) shows determination of Fe valence state from L3/L2 lines 
ratio using double arctangent method, and (h) depicts the calibration curve from our previous work [27]. 

A. Šuligoj et al.                                                                                                                                                                                                                                  



Journal of Environmental Chemical Engineering 11 (2023) 110369

6

surface, i.e., − 25 mV for CuMnFeMS-C and − 15 mV for CuMnFeMS- 
ExC. The catalysts exhibit acidic surface with IEP of 3.2 showing a 
typical quasi-sigmoidal curve. A slight basic shift can be seen in the 
sample prepared by extraction. One should not ignore the influence of 
the potential dissolution of the metal ions in the suspension, as this 

increases the zeta potential of the suspension [45]. However, the 
measured leached amounts of metal ions were too low for such an effect 
(see below, Table 4) and were lower in the sample prepared by extrac-
tion, so this reasoning can be ruled out. 

Cu, Mn, and Fe K-edge XANES (X-ray absorption near edge structure) 
analysis was used to determine valence states and local symmetries of 
the metal cations in the CuMnFeMS-ExC and CuMnFeMS-C catalysts. 
The relative amounts of metal cations with different valence and local 
symmetry can be determined by the linear combination fit (LCF) [24] of 
the XANES spectra with XANES spectra of adequate reference com-
pounds. A more detailed description of the method can be found in the 
Supplementary information file. 

The LCF analysis of the Cu K-edge XANES spectra of CuMnFeMS-ExC 
and CuMnFeMS-C (Fig. S6 in Supporting information), shows that all the 
Cu cations are in divalent form. A mixture of nano and micro size CuO 
particles is identified. The spectrum of CuMnFeMS-ExC is identical to 
the XANES spectrum of the reference CuO nanoparticles with 2 nm 
diameter. The spectrum of the calcined catalyst (CuMnFeMS-C) can be 
completely described by a linear combination of two reference XANES 
spectra: 52% of the 10 nm CuO nanoparticles, and 48% of the crystalline 
CuO [46]. LCF results are listed in Table 3 and the quality of the fits are 

Fig. 3. Spectroscopic analyses of samples. Raman spectra of iron oxide nanoparticles, and samples CuMnFeMS-C and CuMnFeMS-ExC (a), UV–VIS diffuse reflectance 
absorption spectra of powders of single metal (b) and tri-metal catalysts (c). Nitrogen sorption isotherms (d) and the derived adsorption pore size distributions using 
according to BJH algorithm (e). 

Table 2 
Textural properties of the obtained catalysts.   

CuMnFeMS-ExC CuMnFeMS-C 

SBET (m2/g) 731 781 
Vp at P/P0 = 0.98 (cm3/g) 2.227 2.287 
Average pore size (nm) 13.5, 19.6 13.8, 19. 3  

Fig. 4. Zeta potential versus pH showing the position of the isoelectric point 
(dashed line) for the two catalysts. 

Table 3 
Relative amount (%) obtained by LCF of reference XANES profiles in the 
CuMnFeMS-ExC and CuMnFeMS-C samples. Uncertainties in relative amounts 
are given in parentheses.  

Cu K-edge Crystal CuO 10 nm CuO 2 nm CuO 

CuMnFeMS-ExC 0 0 100 
CuMnFeMS-C 48(1) 52(1) 0 
Mn K-edge 01MnKIL Mn2O3  

CuMnFeMS-ExC 92(1) 8(1)  
CuMnFeMS-C 80(1) 20(1)  
Fe K-edge Fe3O4 γ-Fe2O3 FePO4 

CuMnFeMS-ExC 0 72(2) 28(2) 
CuMnFeMS-C 6(8) 56(8) 38(3)  
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shown in Fig. S5 in the Supporting information. The Cu K-edge XANES 
results are consistent with the results from XRD and TEM, where larger 
CuO particles were observed in the case of the calcined catalyst. 

The LCF analysis of Mn K-edge XANES spectra of the CuMnFeMS-ExC 
and CuMnFeMS-C catalysts show that the average oxidation state of Mn 
is between 2 + and 3 + (Fig. S8, Supporting information). Both spectra 
can be described by a linear combination of the reference sample 
01MnKIL, which is used as a reference for manganese cations incorpo-
rated into the mesoporous silica framework with Mn/Si= 0.01 and 
contains Mn2+ and Mn3+ cations in the ratio of 30%/70% [12], and 
reference crystalline Mn2O3 spectrum. The goodness of linear combi-
nation fits is shown in Fig. S8 in the Supporting information. The relative 
amount of the two reference XANES profiles (01MnKIL and Mn2O3) 
obtained by LCF (Table 3) indicate that the relative amount of Mn3+ in 
both samples is high: 72% in CuMnFeMS-ExC and 76% in CuMnFeMS-C, 
the rest are Mn2+ cations. The obtained molar ratios of Mn2+ and Mn3+

in the samples are consistent with the Raman and UV–VIS spectroscopy 
results in this study, as well as with previous studies on the incorpora-
tion of Mn cations into porous silicates [12,44]. The high relative ratio of 
the reference compound 01MnKIL obtained in the LCF fits of the catalyst 
spectra indicates that in both catalyst samples large majority of Mn 
cations are incorporated into the silicate framework, which is in good 
agreement with the EDXS studies, which shows that manganese is ho-
mogeneously distributed in the catalysts, and the XRD results, where no 
diffraction peaks of crystalline Mn-oxides were detected in the catalysts. 

The Fe K-edge edge profile of all catalysts are similar (Fig. S9 in 
Supporting information) and their energy position indicates that the 
majority of Fe cations are in Fe3+ valence state. The pre-edge resonance 
at 7114 eV in the XANES spectra shows that tetrahedrally coordinated 
Fe cations are present in the catalysts (Fig. S8 in Supporting informa-
tion). To analyze the spectra by linear combination fit (LCF), we choose 
three suitable references to completely describe all XANES profiles: 

(i)Fe3O4 (magnetite), with Fe2+ and Fe3+ cations in the inverse spinel 
structure, in which the Fe2+ cations occupy octahedral sites and the Fe3+

cations are divided between the octahedral and tetrahedral sites. The 
ratio of Fe3+/Fe2+ and the ratio of tetrahedral/octahedral sites is 2:1 
[47–49]. 

(ii)γ-Fe2O3, maghemite, which contains only Fe3+ cations at octa-
hedral and tetrahedral coordinated sites in the inverse spinel structure, 
in which the ratio of occupied octahedral to tetrahedral sites is 2:1 
[47–49]. 

(iii)FePO4 is used as a reference for the tetrahedrally coordinated 
Fe3+ cations [48,49]. 

The relative amount of each Fe XANES spectrum of reference Fe 
compounds as determined by LCF analysis is given in Table 3. Examples 
of LCF analyses are shown in Fig. S10 in Supporting information. From 
the results obtained by LCF analysis of Fe XANES spectra of both catalyst 
samples, the relative amount of Fe2+/Fe3+ ions and relative Fe occu-
pancy of tetrahedral and octahedral sites were determined (Table S3 and 
S4). The information was used to calculate the unpaired spins that 
contribute to magnetic properties of the catalysts. A detailed description 
of the procedure is given in Supplementary information (Table S4 un-
paired Fe2+ and Fe3+). The results based on the Fe K-edge XANES data 
indicate that the total magnetic moment in calcined tri-metal CuMn-
FeMS-C is expected to be approximately 3-times larger compared to 
CuMnFeMS-ExC sample. 

Magnetization curves, M(H), of the CuMnFeMS-C, CuMnFeMS-ExC 
and reference Fe3O4 nanoparticles were measured at room temperature 
between -5 T and 5 T. The results are shown in Fig. S10 in the Sup-
porting information. The curves have a steep increase already in a small 
magnetic field with no hysteresis, which is typical for materials that can 
be easily magnetized and attracted by the external magnetic field (a 
demonstration of the magnetic force of an external magnet acting on 
catalyst dispersed in a water solution is shown in Fig. S11). The mag-
netic properties (magnetic moments of a single nanoparticle and satu-
ration magnetization) of the catalysts and reference Fe3O4 were 

determined by fitting the magnetization curves. The results and a 
detailed description of the analysis are given in Table S5 in Supple-
mentary information. By comparing the saturation magnetization of the 
catalysts to the reference Fe3O4 nanoparticles, a mass ratio of magnetic 
nanoparticles was determined. The estimation shows there was 5.6% 
and 1.9% mass ratio of magnetic nanoparticles in the CuMnFeMS-C and 
CuMnFeMS-ExC catalysts, respectively. The obtained total magnetic 
signal was almost 3-times larger in the calcined CuMnFeMS-C compared 
to CuMnFeMS-ExC, which agrees with the results obtained from XANES. 

3.2. Fenton-like and photo-Fenton-like catalytic activity 

The catalytic and photocatalytic activities of prepared tri-metallic 
catalysts were tested for the degradation of bisphenol A via Fenton- 
like processes. In these Fenton-like tests, batch reactions were 
employed at an initial BPA concentration of 10 mg/L. A series of ex-
periments were conducted to test the optimal H2O2 concentration for the 
CuMnFeMS-ExC (Fig. 5a). The optimal H2O2 concentration was 20 mM, 
which is consistent with the generally accepted optimal concentration 
for manganese [10]. This concentration is ~200 × higher than the 
concentration of manganese in the system (0.12 mM) or Fe (0.106 mM) 
and about 300 × higher than the concentration of copper (6.215 µM) 
determined by EDSX analysis (Table 1). The value for the latter is close 
to that reported by Pachamuthu et al. [50] (H2O2: Cu ratio of 300:1), 
who used Cu-supported/3D mesoporous TUD-1 silica for the degrada-
tion of BPA. In the current study, manganese oxide, CuO, and iron oxide 
nanoparticles with varying physicochemical properties were found to 

Fig. 5. Optimization of the concentration of H2O2 for sample CuMnFeMS-ExC 
(a) and the degradation efficiencies for the two samples (b). Reaction condi-
tions: γ(cat) = 400 mg/L, γ(BPA) = 10 mg/L, in (b) c(H2O2) = 20 mM, reaction 
time = 4 h; the horizontal error bars represent the pH variations during 
the reaction. 
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exhibit pH-dependent behavior in the catalysts. Therefore, Fenton-like 
reactions were performed at different pH values to obtain the opti-
mum conditions for both catalysts. 

The degradation efficiencies varied significantly with changing the 
pH of the reaction system (Fig. 5b). The pH was actively controlled as 
described in the experimental part. The CuMnFeMS-ExC with smaller 
CuO nanoparticles sample revealed a maximum (optimum) degradation 
efficiency of 80% at solution pH 5.7, while BPA degradation by 
CuMnFeMS-C sample recorded its maximum value of 80% at the opti-
mum pH of 6.7. For all further catalytic tests, these two optimal pH 
ranges were used for ExC and C sample, respectively. 

To confirm the roles of metals in the catalyst, a set of experiments 
was done where the same catalyst was prepared, only using a single 
metal incorporated in SiO2 at a time (Fig. 6a). 

In this case, only copper and manganese are responsible for the 
Fenton-like effect, while iron shows no activity. The effect of Mn and Cu 
is almost the same, while Mn also shows a higher adsorption capacity for 
BPA. The lack of activity of Fe is explained by its encapsulation in the 
core of silica, which separates it from the range of H2O2. Interestingly, 
combination of all three metals produced the highest Fenton like activity 
(Fig. 6c). 

The photo-Fenton reaction showed similar results (Fig. 6b). Again, 
the two active components were Cu and Mn, while Fe showed no activity 
even when illuminated with visible light and in the presence of 
20 mM H2O2. This fact was quite surprising since hematite, maghemite, 
and magnetite were detected as crystallographic phases in the sample. 
Iron oxides are good absorbers of visible light (as shown in Fig. 3b–c). 
However, due to their position inside the Si particle, the charge carriers 
formed during illumination could not cross the Fe/Si barrier or over-
come the subsequent distance of the SiO2 particle from the surface. On 
the other hand, the Mn and Cu particles were located both inside the Si 
network and on the surface of the silica particle, so they could be active 
in the Fenton-like and photo-Fenton reactions using H2O2. The latter 
also proved to be crucial for the photo-Fenton reaction for both active 
metals. Copper, for example, showed no activity using only VIS (Fig. 6b), 
thus requiring H2O2 to produce reactive oxygen species. This production 
was accelerated by the presence of visible-light illumination in the 
presence of Cu and Mn species on the surface of the silica particle. 
Similarly, H2O2 can be produced in-situ by an appropriate system such 
as with Zhang et al. [51] Their photo-Fenton system including CdS and 
g-CN was able to produce similar degradation kinetics of BPA destruc-
tion as in this work. 

The photo-Fenton-like activity of the tri-metal catalysts concerning 
BPA removal (Fig. 6c) did not show any synergy with the already 
enhanced activities of the tri-metal catalysts. Interestingly, the kinetics 
of the extracted sample is higher here both case when light was applied 
and when it was not. 

The introduction of light induces H2O2 dissociation according to 
equation H2O2 + e– ⟶ •OH + OH– [7], and thus changes the local pH 
surrounding the Cu site. In this case the electron comes from the illu-
minated semiconductors (Mn and mostly Cu). To confirm this mecha-
nism, •OH production was monitored using coumarin as a highly 
selective •OH probe[52] (Fig. 7). In the dark, as with BPA degradation, 
the metal with the highest production of •OH was copper, followed by 
manganese, while iron was practically inactive. When visible light was 
introduced (Fig. 7b), •OH production was increased substantially. This 
confirms the formation of additional •OH during illumination, and, since 
Cu2+ is the main Fenton-like and visible-light active component in our 
system, the mechanistic aspects of the system will be regarded in terms 
of Cu2+. The following reactions are present in Cu-mediated Fenton-like 
systems.  

H2O2 ⇌ HOO– + H+ (1)  

Cu2+ + HOO– ⇌ Cu+ + O2
•– + H+ (2)  

Cu2+ + H2O2 ⇌ Cu+ + HOO• + H+ k = 4⋅6 × 102 M− 1 s− 1                (3)  

Cu2+ + O2
•– (or HOO•) ⇌ Cu+ + 1O2 (or O2 + H+)                             (4) 

As the reaction medium contains [H2O2] ≫ [HO•] and [O2
•–] these 

radicals may react with additional peroxide to form other species.  

O2
•– + H2O2 ⇌ 1O2 +

•OH + –OH                                                    (5)  

•OH + H2O2 ⇌ H2O + O2
•– + H+ (6) 

These are slow compared to the Cu-catalyzed reactions, but serve to 
prevent accumulation of one radical over the other during reaction 
initiation, or as radicals are scavenged outside of the catalytic cycle. 

Fig. 6. Fenton-like (a) and photo-Fenton-like (b) degradation of BPA under 
optimal pH values for the various single-metal samples. In (c) Fenton and 
photo-Fenton-like reactions of three-metal samples are shown, respectively. 
Reaction conditions: γ(cat) = 400 mg/L, γ(BPA) = 10 mg/L, c(H2O2)0 
= 20 mM. Experiments with no H2O2 added are marked w/o H2O2. 
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Hence, the overall kinetics depends on the rate of the Cu2+ reduction to 
Cu+, (Eq. 3). This equation is accelerated under high pH which explains 
the observed pH dependance (Fig. 5b). 

The Cu2+/Cu+ redox cycle is completed via the following reactions.  

Cu+ + HOO• + H2O2 → Cu+ + O2 +
•OH + H2O                             (7)  

Cu+ + H2O2 → Cu2+ + OH– + •OH k = 1⋅0 × 104 M− 1 s− 1                (8)  

H+ + Cu+ + H2O2 → Cu2+ + •OH + H2O                                         (9) 

In addition to the above reactions, under the experimental conditions 
for the trimetal catalyst, i.e., c(H2O2) = 20 mM, c(BPAads) ≅ 4.3 µM, c 
(Cu2+) ≅ 6.2 µM, we can reasonably assume Cu(II), at least in part, 
forms complexes with BPA, preferentially on the OH group via σ 
bonding (Eq. 10) [53,54]. These are then susceptible to H2O2 attack (Eq. 
11).  

(10)  

(11) 

These reactions show that changing the local pH around the Cu 
active sites by visible light illumination changes the complexation 
behavior of BPA and disfavors the completion of the Cu2+/Cu+ cycle 
(Eq. 8 and 11). Although these reactions are recognised as not being the 
rate limiting steps they may explain the slower BPA kinetics with visible 
light turned on, and are corroborated with pH dependence behavior of 
the both catalysts. Note that a slightly higher overall degradation was 
observed in the illuminated experiments (82%⟶84%, and 82% 
⟶87% for ExC and C sample, respectively). Thus, in the long run, 
illumination still could provide a viable step for better longevity of the 

catalysts. 
Stability was evaluated first by monitoring the possible leached Mn, 

Fe and Cu species from the catalysts during the degradation processes 
using inductively coupled plasma technique. The concentration of Cu in 
aqueous solution (0.83 mg/L) is lower than the maximum allowed value 
2 mg/L [55]. Iron, due to its encapsulation in the core of the particles, is 
not leached in measurable amounts in the solution. On the contrary, the 
leached amounts of Mn still exceeded their legal limits in drinking water 
(0.4 mg/L).[22,23] However, in the recycling experiments (see below) 
Mn is leached only during the initial degradation cycle (<150 min, 
γ = 1.39 mg/L) but practically ceases to be leached in the following 
hours of operation even after fresh spikes of BPA solution. Cu concen-
tration, on the other hand, was higher after the first test than after 
continuous operation for 390 min. Also here, this implies that the ma-
jority of loosely coordinated Cu is leached during the first run of the 
photo-Fenton cycle. 

3.3. Reusability tests 

The reusability of the catalyst CuMnFeMS-ExC was tested in CSTR 
mode with consecutive spiking of suspension with fresh additions of 
BPA. For these tests, a lower concentration of BPA was chosen (5 mg/L) 
which was also the targeted concentration after spiking. The initial tests 
confirmed that degradation was complete within 150 min (Fig. 8, blue 
symbols). Therefore, this time was chosen as the start time for the next 
reuse test, without dark pre-equilibration applied. The trend shows that 
the catalyst is capable of continuous degradation of BPA within 3 cycles 
(Fig. 8, purple symbols). There was a decrease in degradation efficiency 
with consecutive cycles and degradation kinetics. However, the catalyst 
remained active even after 3 cycles of continuous usage. Leaching ex-
periments showed that leaching of Fe was practically null, while the 
majority of Mn and Cu leaching occurred in the first cycle which ex-
plains the relatively good stability of the catalyst. Similar amorphous 
silica catalysts without the presence of Fe were shown to have worse 
long-term stability for degradation of dyes [13], hence this report pre-
sents an improvement in the catalyst design for practical applications. 

Measurements of total organic carbon (TOC) content from samples at 
the end of their catalytic cycle (Table 4) showed the relative TOC con-
centrations to be 92% and 79% of the initial BPA TOC for sample 
CuMnFeMS-ExC taken after one and three cycles of photo-Fenton-like 
reaction, respectively. These results indicate that the catalyst is 
degrading the initial BPA solution to its degradation products and does 

Fig. 7. Levels of 7-hydroxycoumarin as measured by the PL intensity through 
time in the dark conditions (a) and during visible light irradiation (b). 

Fig. 8. Continuous use of catalyst CuMnFeMS-ExC under photo-Fenton condi-
tions. Catalyst was not taken out of the reactor or regenerated during the whole 
continuous use test. Reaction conditions: γ(cat) = 400 mg/L, c(H2O2)0 
= 20 mM, γ(BPA) = 5 mg/L, pH = 5.7 and VIS illumination applied. 
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not fully oxidize the compound. However, after three cycles of reaction 
(upon the addition of three times the initial load of BPA) the TOC was 
still relatively low, thus confirming the long-lasting degradation ca-
pacity of the tri-metal catalyst. 

4. Conclusions 

Trimetallic Cu-Mn-Fe silica supported catalysts were prepared via 
direct synthesis by incorporating magnetic Fe3O4 nanoparticles and 
active catalytic/photocatalytic species (Cu and Mn) during the forma-
tion of the silica nanoparticles with interparticle mesoporosity. 

The characterization results obtained by advanced microscopic and 
spectroscopic techniques revealed the presence of iron oxides with 
magnetic properties, incorporated manganese cations/oxo species into 
silica framework and CuO particles attached to the silica framework, 
which had two sizes: smaller (<5 nm, CuOx) in the extracted sample - 
CuMnFeMS-ExC and larger (~25 nm, CuO) in the calcined sample - 
CuMnFeMS-C. This comprehensive characterization was confirmed and 
complemented by Mn, Fe and Cu K-edge XANES (X-ray absorption near 
edge structure) analysis to quantify the valence state and local symmetry 
of all three metal sites. Copper in CuMnFeMS-ExC is entirely in the form 
of small CuO nanoparticles (size of 2 nm), while in CuMnFeMS-C, 48% 
of Cu is in the form of crystalline (bulk) CuO and the rest (52%) is in the 
form of larger (10 nm) nanoparticles. In the case of Mn, 92% and 80% of 
the cations is in the form of incorporated Mn cations/oxospecies, for the 
CuMnFeMS-ExC and CuMnFeMS-C catalysts, respectively. The Fe cat-
ions are mainly in the 3 + valence state but occupy different ratios of 
tetrahedral and octahedral sites, leading to the 3-times higher magnetic 
properties of the calcined catalyst compared to the ExC. 

The investigated solids were found to be efficient concerning the 
homolytic cleavage of H2O2 to hydroxyl radicals, with a further positive 
effect of hydroxyl radical formation observed under visible-light illu-
mination thus acting as visible light active catalysts. 

BPA degradation with the sample with smaller CuO particles had an 
optimal pH of 5.7, which was one unit lower than that of the sample with 
larger CuO species. In such a system, Mn and Cu species were respon-
sible for both Fenton-like and photo-Fenton-like reactions, with the 
larger CuO particles performing better in the photo-Fenton-like re-
actions. However, when all three metals were combined, the extracted 
sample showed faster kinetics for BPA degradation, regardless of visible- 
light irradiation. This sample was able to continuously degrade the BPA 
solution over multiple runs with no apparent leaching of any of the 
metals after the first two hours of the reaction. 

Understanding the structure-property-activity relationship of the 
designed multicomponent photocatalysts on a silica support with 
interparticle mesoporosity is extremely important not only for the 
rational design of the catalyst/photocatalyst for the described targeted 
water purification application, but also for other applications in pho-
tocatalysis, green chemistry and electrocatalysis. 
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