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Abstract: This study describes the synthesis of an innovative nanomaterial (patent application number
BR 1020210000317) composed of cobalt ferrite functionalized in niobium pentoxide CoFe2O4@Nb5O2

(CFNb), synthesized via green synthesis using tangerine peel extract. The material emphasizes the
combination of a magnetic material (which allows for easy recovery after application) with niobium
pentoxide (a metal which is abundant in Brazil). CFNb was applied as a catalyst for the paracetamol
(PCT) degradation by photocatalysis. The new materials were characterized through surface and
pore analysis (SBET, SEXT, Smic, Vmic, and VTOTAL), photoacoustic spectroscopy (PAS), zero charge
point (pHPZC, scanning electron microscopy (SEM/EDS), and X-ray diffraction (XRD). The reaction
parameters studied included pH and catalyst concentration. The results indicated that the CFNb
nanocatalysts were efficient in the paracetamol degradation, presenting better results in conditions
of low pH (close to 2) and low catalyst concentration under irradiation of the 250 W mercury vapor
lamp (greater than 28 mW·cm−2) at 60 min of reaction.

Keywords: advanced oxidation process (AOP); innovative nanomaterial; additive influence; drug
degradation; green chemistry; green synthesis

1. Introduction

Catalysis is essential in several industries, allowing process optimization and reducing
environmental impact [1]. By using catalysts, it is possible to minimize the consumption
of energy and raw materials and promote the conversion of harmful substances into
more environmentally friendly products. There are two main types of catalytic process:
homogeneous, in which the catalyst is in the same phase as the reactants and heterogeneous,
in which the catalyst is usually solid in a different phase than the reactants. Most chemical
processes make use of heterogeneous catalysis [2–4].

In Brazil, research on catalysts began in the 1970s [5], and since then, it has proved very
useful in producing heterogeneous catalysts. With the advancement of nanoscience, the
synthesis of selective and efficient nanocatalysts has been possible, allowing their recovery
after reactions and reuse. Nanocatalysts are nanomaterials with catalytic properties, with
dimensions in the order of nanometers (10−9 m). Among them, magnetic nanocatalysts
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stand out, with advantages such as ease of recovery at the end of the process and the high
catalytic efficiency of the metals that compose them [6,7].

Several methods are used to synthesize magnetic nanomaterials, the main ones are
microemulsion, thermal decomposition, solvothermal, sonochemical, microwave, chemical
vapor deposition, carbon arc, laser pyrolysis synthesis, coprecipitation, solution combustion
synthesis, and reduction using plant extracts [8,9].

This study combined two synthesis methods to produce nanocatalysts: synthesis by
combustion in solution and reduction using plant extracts. The method employed can be
categorized as green synthesis, as it adheres to the principles of green chemistry, specifically
principles 1, 3, 5, and 7. These principles include the prevention of waste, the design of less
dangerous chemical syntheses, the use of solvents and safer reaction conditions, and the
use of renewable raw materials, respectively [10–12].

Different plant species are already used to obtain extracts (from leaves, flowers, or
seeds) for synthesizing magnetic nanoparticles. The size and shape of the nanoparticles
obtained will depend on the characteristic of the extract, the location of the plant from
which it was extracted (i.e., leaves, fruits, or seeds), the reaction temperature, agitation
rate, pH, and biological composition of the plant (such as flavonoids, terpenoids, amino
acids, proteins, or sugars), among other factors [13]. Tangerine (mandarin), whose specific
classification is Citrus reticulata (C. reticulata), is one of the most important citrus genera [14].
It is a widely consumed fruit with high vitamin C, B complex, flavonoids, carotenoids, and
ascorbic acid [15].

Cobalt ferrite (CoFe2O4) is one of the most relevant ferrites due to its peculiar proper-
ties, such as high physical and chemical stability [16–18]. This material finds application in
magnetosensitive systems [19,20], removal of pollutants from water [21–24], drug deliv-
ery [25,26], and acid mine drainage treatment [27].

Niobium is an abundant transition metal in Brazil, with about 98% of the world’s
known reserves located mainly in Amazonas, Goiás, and Minas Gerais. Its discovery in
Brazilian territory occurred in the 1960s when not all the possible applications of this
metal were yet known. It is widely used in metal alloys to provide strength and mal-
leability, as well as in high-tech sectors such as rocket engines, producing superconducting
wires, and other industrial applications confer high technological value to niobium. Nio-
bium pentoxide (Nb2O5) and its combinations with other compounds have been studied
as photocatalysts. Researchers report the efficiency of the photocatalytic activity of nio-
bium oxide in the degradation of dyes in textile industries [28] and of herbicides such as
methylviologen [29], as well as in the reduction of atmospheric pollution [30] and emerging
pollutants [31,32].

Emerging pollutants (EPs) are micropollutants considered persistent and refractory,
which are currently not included in routine monitoring programs and which may be
candidates for future regulation [33–35]. Examples of EPs include surfactants, drugs,
personal hygiene products, gasoline, and plasticizers [33,34,36]. The concepts of EPs and
contaminants of emerging concern (CECs) intersect concerning pollutants that are being
identified in low concentrations in wastewater, which may require specific treatment for
their removal, with conventional treatments being inefficient [33,37].

Paracetamol (or acetaminophen) is widely used worldwide as a drug without pre-
scription. The main concern about increasing the consumption of this drug is that after
ingested, about 90% of a therapeutic dose is excreted in the urine after 24 h. However, the
increase in consumption raises the concern of accumulation of this drug in the food chain
since it is not easily degraded by the usual treatment methods at wastewater treatment
plants (WWTPs) [33].

This work aims to present a new green synthesis methodology to produce magnetic
nanomaterials using tangerine peel extract. In addition, it shows the efficiency of cobalt
ferrite functionalized in niobium pentoxide in the paracetamol degradation via the hetero-
geneous photocatalytic process.
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2. Bibliometric Analysis

A bibliometric analysis was conducted using the Methodi Ordinatio [38] to evaluate
the significance of the articles published in the last years about the subject studied. Firstly,
we searched for the following terms in two science search websites: ((((ALL = (niobium))
OR ALL = (cobalt ferrite)) AND ALL = (catalyst)) AND ALL = (photocat*)) AND ALL =
(magnetic). We found 155 and 139 articles in Web of Science and Science Direct, respectively.
After excluding the duplicates, 248 papers were filtered by title, resulting in 211 related to
this study. The importance of each article was determined using the InOrdinatio equation,
Equation (1):

InOrdinatio =

{
(∆ ∗ IF)−

[
λ ∗

(
ResearchYear − PubYear

Hal f Li f e

)]
+ Ω ∗ ∑ Ci

[(ResearchYear + 1)− PubYear]

}
(1)

According to Pagani (2022), IF represents the mean impact factor and corresponds to
the selected journal metrics (JCR, CiteScore, SNIP, or SJR SCImago); ∆ is a value ranging
from 1 to 10 assigned by the researcher, with higher values indicating a greater importance
of the impact factor; λ is a value between 0 and 10 that the researcher assigns to the relevance
of the publication year; Ω is a value between 0 and 10 that the researcher assigns to the
significance of the publication’s annual average of citations; ResearchYear denotes the year
in which the research is being conducted, while PubYear represents the year the paper was
published; ∑Ci is the total number of citations found in Google Scholar; and HalfLife refers
to the median cited half-life of journals with JCR 2020 [38].

Methodi Ordinatio classified 211 articles, and the InOrdinatio value ranged from
−12.79 to 579.75, when we used 10, 8, and 8 for ∆, λ, and Ω values, respectively. The
main keywords that appear in the articles were: ferrite (97); magnetic (80); cobalt (65);
nanoparticle (37); degradation (35); catalyst (30); photocatalysis (28); oxide (27); dye (25);
CoFeO (24); heterogeneous (22); and nanocomposites (22) (Figure 1).
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Another relevant bibliometric analysis is about the years of publication of the more
significant InOrdinatio articles, 63% of the publications are concentrated between 2019 and
2023, Figure 2a. The countries that lead the survey in this area are India, China, and Iran, in
first, second, and third place, respectively, responsible for about 65% of the publications
studied, Figure 2b.
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publications versus research country.

Bibliometric analysis of a subject is critical in research and academia, as it offers
valuable insights into the relevance and impact of a particular area of study. By performing
this analysis, it is possible to obtain quantitative information about the scientific production
related to the topic, such as the number of publications, most cited authors, relevant
journals, and trends over time. The Methodi Ordinatio is a current and efficient method
of evaluating the articles found to be relevant to the chosen topic, as it classifies them in a
ranking of relevance.

With this analysis, it was possible to identify trends and research advances about using
cobalt ferrite as a catalyst and niobium as photocatalyst but have a gap in the combination
of both nanomaterials to be applied in a photocatalyst. This is an unprecedented study; no
result is found when you search for changing the Boolean OR by AND between niobium
and cobalt ferrite.

3. Materials and Methods
3.1. Chemicals

Acetonitrile (CH3CN), supplied by Merck S/A, Parque Rincão-SP, Brazil; anhydrous
citric acid (C6H8O7), supplied by Perquim Rep. Com., Analytical Science, Ponta Grossa-PR,
Brazil; anhydrous sodium sulfate (Na2SO4), supplied by Neon, Suzano-SP, Brazil; cobalt
nitrate (Co(NO3)2.6H2O), supplied by Synth, Diadema-SP, Brazil; formic acid (CH2O2),
supplied by Synth, Diadema-SP, Brazil; hydrochloric acid (HCl, 37%), supplied by VWR
chemicals, São Paulo-SP, Brazil; iron nitrate (Fe(NO3)3.9H2O), supplied by Synth, Diadema-
SP, Brazil; niobium pentoxide (Nb2O5), supplied by CBMM—Companhia Brasileira de Met-
alurgia e Mineração, Araxá-MG, Brazil; sodium hydroxide (NaOH), supplied by Dinâmica
Química Contemporânea Ltd.a., Indaiatuba-SP, Brazil; and sulfuric acid (H2SO4), supplied
by Dinâmica Química Contemporânea Ltd.a., Indaiatuba-SP, Brazil.
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3.2. Catalysts Preparation
3.2.1. Tangerine Peel Extract

The first step to obtaining the catalyst is drying the tangerine peels, Figure 3-Step 1 (A).
These peels were further subjected to washing under continuous water flow and had been
previously dried in the sun to avoid fungal contamination. After this, the tangerine peels
were placed in a drying oven (SL 102, SOLAB) at 353 ± 5 K for 18 h. Subsequently, the
tangerine peels were crushed in an analytical mill (Q298A21, QUIMIS) and sieved to obtain
a diameter lower than 425 µm (35 mesh) (wire-cloth test sieve, Bertel), Step 1 (B). Finally,
the tangerine peels were stored until the next step. To obtain the tangerine peel extract, the
following methodology was optimized: Step 1 (C), using an analytical balance (AUY220,
SHIMADZU), 4.0 g of crushed tangerine peels were placed in a 250 mL round-bottom
flask with 100 mL of distilled water, which was placed under magnetic stirring at room
temperature (298 K) for 3 h (C-MAG HS 7, IKA). Next, the temperature was increased to
333 K for 1 h [16,39], the dispersion was further centrifuged at 4000 rpm (revolutions per
minute) for 5 min to separate the tangerine peels from the supernatant (80-2B centrifuge,
CENTRIBIO). After centrifugation, the supernatant was filtered through a paper filter to
remove any possible peel in the solution. Finally, the obtained extract solution was stored
in a freezer until use, completing the first step, Step 1 (D). The reducing power (EC50 RP)
of this extract was 1.68 ± 0.03 mg mL−1 (analyzed by Centro de Investigação de Montanha-
CIMO, Instituto Politécnico de Bragança, Bragança, Portugal). The EC50 values correspond
to the concentration of extract that provides 50% of reducing power or antioxidant activity.
Lower EC50 values mean higher antioxidant capacity of the samples [40].
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Figure 3. Route to the green synthesis method of functionalized cobalt ferrite in niobium pentoxide:
(A) the tangerine peel after sun exposition; (B) the tangerine peel after drying and crushing; (C) the
extraction with tangerine peel powder in distilled water; (D) the extract to storage and done to use;
(E) mixture of the Co and Fe salts and tangerine peel extract; (F) Addition of the niobium pentoxide
in the solution; and (G) Co2Fe3O4@Nb2O5 nanoparticles synthesized.

In the second step, the cobalt ferrite functionalized catalysts in niobium pentoxide
(CoFe2O4@Nb2O5) have been synthesized. The salts Fe3+ (11.4 mmol) and Co2+ (5.7 mmol)
were weighed in a 150 mL Erlenmeyer flask. After 25 mL of tangerine peel extract (obtained
in the first step) was added, the resultant solution showed an immediately black color,
Step 2 (E). The Erlenmeyer was stirred in the shaker (TE-424, TECNAL) at 200 ± 2 rpm,
298 ± 2 K for 15 min. The theoretical weight of the cobalt ferrite formed was 1.33 g, so
this amount of niobium pentoxide was weighed and added in the Erlenmeyer after the
above referred 15 min, Step 2 (F). The mixture was stirred for more than 15 min under
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the same conditions. In sequence, the mixture was transferred to a porcelain crucible,
which stayed in a drying oven for 4.5 h at 373 ± 10 K until forming a gel. Finally, the
porcelain crucible with the gel was placed in a calcination furnace (N1200, NOVUS) with
a heating ramp to increase the temperature to 423 K during 30 min and to keep it there
for 1 h. The temperature was increased by 150 K per cycle (30 min to rise and 1 h in the
final temperature) until it reached 873 K. After calcination, the resulting material in the
porcelain crucible is cobalt ferrite functionalized in niobium (CFNb), Step 2 (G).

3.2.2. Magnetic Demonstration

A magnetic demonstration can be seen in the magnetic separation images over time.
One catalyst sample (around 0.025 g) was placed in 5 mL of distilled water under stirring.
The flask with this suspension was placed next to the magnet, and images were captured
to register the separation.

3.3. Characterization Techniques
3.3.1. Surface and Pore Analyzer

The determination of the specific surface area was carried out for the characterization
of porous and finely dispersed solids [41]. Analysis of N2 adsorption–desorption isotherms
at 77 K was carried out with a Quantachrome NOVATouch XL4 adsorption analyzer to
determine the textural properties of prepared samples. The BET specific surface area (SBET)
was calculated by the Brunauer, Emmett, Teller method (BET). The external surface area
(Sext) and the micropore volume (Vmic) were obtained by using the t-method and employ-
ing the ASTM standard D-6556-01 to calculate the thickness (t). Then, the microporous
surface area (Smic) was calculated subtracting the Sext from SBET and the average pore
width (Wmic) by approximation (W = 4 Vmic/Smic). The total pore volume (VTotal) was
determined at p/p0 = 0.98.

3.3.2. Photoacoustic Spectroscopy

Photoacoustic spectroscopy is applied to measure the effect of absorbed electromag-
netic energy (particularly light) using acoustic detection to determine the band gap energy
relevant to photocatalysis [42]. Photoacoustic spectroscopy was performed at 200–700 nm,
800 W, and 23 Hz conditions. The catalyst samples were diluted in 80% silica (quartz pow-
der) due to the color being too dark to analyze without dilution. The evaluated catalysts
CFNb, as well as Nb2O5 without calcination, which is an efficient photocatalyst used as
a reference.

3.3.3. Point of Zero Charge (pHpzc)

The determination of pHpzc allows suppositions to be made about types of active
surface centers and the adsorption abilities of surfaces [43]. For this determination, ap-
proximately 0.09 g of material was added in 6 different Erlenmeyer flasks with different
initial pH values (pH0). The Erlenmeyer flasks were loaded with 15.0 mL of 0.01 mol·L−1

Na2SO4 and their pHs were adjusted to different values (2.0, 4.0, 6.0, 8.0, 10.0, and 12.0)
using 0.02 mol·L−1 NaOH and 0.02 mol·L−1 H2SO4 solutions. The Erlenmeyer flasks were
placed in an orbital shaker (TE-424, TECNAL) at 200 ± 3 rpm, 298 ± 2 K. After stirring, the
suspension was separated from the catalyst using a magnet, and the final pH was measured
(pHF). The pHPZC corresponded to the average of the final pH values which tended to a
constant value, regardless of the initial pH value [31,44].

3.3.4. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

The topographic surface images were obtained using a scanning electron microscope
model VEGA 3 LMU brand TESCAN, completed with a W 20 kV filament, 3.0 nm reso-
lution, retractable SE and BSE detectors, and low-vacuum mode (500 Pa) chamber with
an internal diameter of 230 mm and door opening of 148 mm, 5-axis compucentric stage,
fully motorized, with X: 80 mm, Y: 60 mm, and Z: 47 mm movements, CCD camera for
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viewing the sample chamber and “chamberview” software, VegaTC operating software,
data processing system and track ball. The microscope also has a DES Detector, model
AZTec Energy X-Act, resolution 130 eV, Oxford.

3.3.5. X-ray Diffraction (XRD) Analysis

This test serves to analyze the crystal structure and to identify and quantify the
crystalline phases of the samples [45]. The X-ray diffractograms of the samples were
obtained using a Rigaku diffractometer model Miniflex 600 with copper radiation (CuKα

λ = 1.54 Å), in the Bragg angle range of 3◦ ≤ 2θ ≤ 90◦, with a step of 0.05◦ and time fixed
count of 2 s per step in semi-continuous mode. The signals emitted are given as an intensity
graph, whose unit is expressed in counts per second (cps) as a function of the scanning
angle (2θ, or Bragg angle). To identify the materials, the signals obtained are compared
with the literature to confirm the presence of the desired phase and/or other phases. The
average crystallite sizes (L) were calculated by Scherrer’s equation (2), which is given
as follows:

L =
k ∗ λ

β ∗ cos θ
(2)

where k is a constant equal to 0.91, λ is the wavelength of the X-ray radiation (all diffraction
patterns shown in this work were performed with CuKa radiation, so λ is 0.154 nm), θ is
the diffraction angle in radians and β is the full width half maximum (FWHM) in radians.

3.3.6. Transmission Electron Microscopy

The transmission electron microscopy (TEM) images were obtained to verify their
morphology with the help of a microscope (JOEL JEM-1250) of 120 kV.

3.3.7. Photocatalysis

Before tests, the calibration curve for quantification of paracetamol was charted in
HPLC—high-performance liquid chromatography (YL Clarity 9100) equipped with a pre-
column, C-18 column (Phenomenex), and a visible, ultraviolet detector (UV-VIS) at 243 nm,
which identifies itself as a peak that elutes after approximately 3.5 min of scanning [46]. The
mobile phase comprised water and acetonitrile (80/20 volume ratio) with a 1.0 mL·min−1

flow rate. The concentration of the 20 mg·L−1 paracetamol solution was chosen based on
the literature on paracetamol degradation [47–49].

All photocatalytic tests were performed in the photocatalytic chamber exemplified in
Figure 4 with all elements that compose it. Therefore, the steps to carry out those tests were:

• The pH of the paracetamol solution (21.7 ± 1.9 mg·L−1) was adjusted;
• The paracetamol solution was placed in the reactor (B), which was established in the

photocatalytic chamber (A);
• A jacketed reactor maintained a constant temperature of approximately 298 K. To keep

the flow of water in the reactor jacket (C1 and C2), an ultra-thermostatic bath was used
(SL 152/10, SOLAB);

• Magnetic stirring (D) using a magnetic stirring plate (C-MAG HS 7, IKA) (E) and
constant airflow (F) started;

• The catalyst was added to the solution, and samples were taken at 0, 15, 30, 45, 60, 90,
120, 180, and 240 min;

• The mercury lamp (G) 250 Watts was lit, remaining on until the end of the reaction;
• All nine samples of all reactions were analyzed using HPLC applying the calibration

curve made initially as a reference.
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A design of experimental (DoE), as a central composite design (CCD), was carried out
by varying the catalyst concentration and the pH of the solution, as shown in Table 1.

Table 1. Experimental design (codified values in brackets) based on two-factor CCD.

Run pH Catalyst Concentration (mg·L−1)

1 2.00 (−1.41) 300.00 (0.00)
2 2.59 (−1.00) 441.42 (+1.00)
3 2.59 (−1.00) 158.58 (−1.00)
4 4.00 (0.00) 500.00 (+1.41)
5 4.00 (0.00) 300.00 (0.00)
6 4.00 (0.00) 300.00 (0.00)
7 4.00 (0.00) 300.00 (0.00)
8 4.00 (0.00) 100.00 (−1.41)
9 5.41 (+1.00) 441.42 (+1.00)
10 5.41 (+1.00) 158.58 (−1.00)
11 6.00 (+1.41) 300.00 (0.00)

To verify this catalyst’s efficiency, photocatalysis tests were performed using only
cobalt ferrite synthesized with the same extract (CFext) and niobium (Nb600) calcined with
the same methodology, and compared and discussed the results. Additionally, reuse tests
were conducted to demonstrate the CFNb applicability several times.

4. Results and Discussion
4.1. Catalyst Preparation

After completing the synthesis of the materials, in the recovery of the material that
remains in the porcelain crucible after calcination, Step 2 (G), there is a weight loss of
around 11 ± 3%, Figure 5a. The catalysts were stored in Falcon tubes until use, and the
magnetic properties were tested by approaching with a magnet. The magnetic attraction is
powerful enough that the magnet can hold the tube containing the sample, as shown in
Figure 5b.
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Figure 5. CFNb nanocatalyst: (a) catalyst recovered for storage after completing step 2 (G) and
(b) demonstrating the magnetic properties, all material, including the Falcon tube, is supported by
a magnet.

Besides the magnetic properties that facilitate the separation after using the magnetic
nanoparticles in reactions, the type of synthesis created has several advantages over other
types already reported in the literature. Among the benefits can be highlighted: utilization
of biomass, namely fruit peels; extract production using only distilled water as a solvent
and at room temperature; incorporation of the niobium pentoxide support in the same stage
of synthesis of cobalt ferrite, when most other methods first suggest the synthesis of the
precursor and then impregnation in the support, which would require more time and higher
cost; high support incorporation compared to other methods, without losing or decreasing
the magnetic properties of cobalt ferrite; added value to a raw material abundant in
Brazilian territory, niobium; and low-cost synthesis, using common laboratory equipment.

4.2. Magnetic Demonstration

The catalyst suspension with a concentration of approximately 5 g L−1 was placed
next to the magnet and registered images at times: 0, 5, 10, 15, 20, 25, 30, 45, 60, and 120 s
(Figure 6). We can note that around 30 s, a significant amount of the catalyst was already
separated, and at the final time (120 s), practically the total catalyst was next to the magnet.
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4.3. Characterization Techniques
4.3.1. Surface and Pore Analyzer

The Surface and pore analysis was performed with just Nb2O5 before nanoparticle
synthesis. The values of the SBET, Sext, Smic, Vmic, and Vtotal were 185 m2·g, 88 m2·g, 97 m2·g,
50.3 mm3·g, and 158 mm3·g, respectively. Without calcination, the Nb2O5 is amorphous
until heat treatment at 673 K, and therefore must have presented higher values up to this
temperature. In theory, using the material with higher SBET, Smic, and Vmic would be more
interesting, as it would better aggregate the cobalt ferrite particles and still have a higher
surface area for active sites for catalysis. However, after mixing with the Fe3+ and Co2+

salts reagents and tangerine extract, there is another heat treatment step up to 873 K, and
this temperature may also influence the behavior of both the Nb2O5 and the final catalyst.
According to the literature, the materials containing niobium pentoxide and cobalt ferrite
have specific surface area BET (SBET), Nb2O5 calcined at 873 K has SBET between 22 and
57.8 mm2·g [50,51], without other compounds. Niobium pentoxide nanocomposites under
the same temperature calcination can be SBET between 21.24 and 149.63 mm2·g [32,52].
Cobalt ferrite in the literature has SBET 44 mm2·g at 673 K, and with carbon, the shell can
be SBET around 330 mm2·g at 773 K [53,54]. However, there is no specific comparison for
the material CoFe2O4@Nb2O5, as it is an innovation.

4.3.2. Photoacoustic Spectroscopy

The photoacoustic spectrum (PAS) in the UV-Vis region of 200–700 nm for the cata-
lyst showed a broad absorption band between 225–420 nm similar to the PA spectrum of
non-calcined Nb2O5. Applying the photoacoustic method with phase resolution (PAPR) to
the non-calcined Nb2O5 spectrum, an average phase difference of (12 ± 3)◦ was observed
between two absorption peaks. Therefore, the PAPR method indicated two regional ab-
sorber centers between 225–420 nm. The PAPR method found an absorption peak at 300 nm
(peak 1), corresponding to the transition from ligand-to-metal charge transfer (LMCT) from
O2− to Nb5+, and another at around 450 nm (peak 2) due to niobium nanodomains. For all
catalysts, peak 1 remained at approximately 300 nm. However, peak 2 shifted to around
50 nm compared to non-calcined Nb2O5.

The intensity of the photoacoustic signal did not change with increasing calcination
temperature during the synthesis. This result, in addition to not indicating changes in the
band gap and the absorption threshold, suggests a slight variation in the size of the crystal
with the increase of the calcination temperature.

GAP energy was calculated using the linear method and the derivative method, and
it was an average value very close to the value of the gap energy for Nb2O5 recorded in
the literature, equal to 3.1 eV [55]. The GAP energy values are 3.14 eV (linear method) and
3.19 eV (derivative method) both for Nb2O5; for the CFNb catalyst they are 3.12 eV (linear
method) and 3.20 eV (derivative method).

As mentioned, the band gap value for Nb2O5 in the literature is 3.1 eV, while for cobalt
ferrite around 1.1 eV [56]. Thus, it is observed that niobium pentoxide has more influence
on this characteristic of the nanomaterial than the metal complex. To compare niobium
pentoxide with different iron fractions, the band gap ranges from 3.05 to 3.94 eV, with
values relatively close to those found in this work [32]. Compared with TiO2 P25, the most
widely used commercial photocatalyst, it has a band gap equal to 3.2 eV [57]. The fact that
the synthesized catalysts have a band gap close to that of TiO2 P25 reveals that they may
also be promising for application in photocatalysis.

4.3.3. Point of Zero Charge (pHpzc)

Depending on the pH, the catalyst surface may be uncharged, negatively charged
(pH > pHPZC), or positively charged (pH < pHPZC) [58]. The isoelectric point, also known
as PZC (point of zero charge), is the pH at which the suspended particles have zero net
charges and no mobility in the electric field (pHPZC) [8]. From the results of pHPZC, it is
possible to notice that CFNb has a pHPZC value of around 6.9, Figure 7. Compared with
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the literature, the niobium oxide (Nb2O5) calcined at 873 K has 7.22 as a pHPZC value [31].
The cobalt ferrite has the value of pHPZC 7.2 when calcined at 873 K [59]. El-Khawaga et al.
(2023) found a value of 6.9 for the pHPCZ, the same found in this work [60].
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4.3.4. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

The working principle of the SEM is related to an interaction between electrons and
matter. The scanning electron microscope contains a source that generates an electron beam
continuously fired in the sample during the test, scanning its surface. Thus, through a
detector present in the equipment, it is possible to analyze the electron energies during the
interaction between them and the surface, which is interpreted by the equipment and gener-
ates images, like in Figure 8, with a 10 µm scale. It is possible to observe clusters of nanoma-
terials, which are very typical of materials that have magnetic properties [13,23,26,61–63].
In addition, it is possible to observe the surface difference of the CFCANb sample, which
was produced with commercial citric acid instead, with the tangerine extract. It has a planar
surface, possibly because it formed larger clusters (in blocks).

Energy dispersive spectroscopy (EDS), which allows the detection and fraction of
chemical elements on the surface, was performed for catalysts CFNb. The fraction of each
component is summarized in weight: 33.6% is Oxygen, 27.3% is Iron, 24.8% is Niobium,
and 14% is Cobalt.

It should be borne in mind that we expected to obtain the synthesis of nanomaterials
of functionalized cobalt ferrite in niobium pentoxide of supposed molecular formula
CoFe2O4@Nb2O5 and that the atomic weight of one mole of this component would be
about 500.44 u (assuming Co = 58.93 u, Fe = 55.845 u, O = 16 u and Nb = 92.91 u). Recalling
that the synthesis was performed with 50% w/w of CoFe2O4 and Nb2O5, the theoretical
fraction by weight of each element would be O = 28.68%, Fe = 23.92%, Nb = 34.78%, and
Co = 12.62%. These values are considered close to the values obtained. Therefore, it can be
considered that CoFe2O4@Nb2O5 was the synthesized material.
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4.3.5. X-ray Diffraction (XRD) Analysis

The interpretation of the XRD analysis of the synthesized samples was done using the
standards published by the Joint Committee on Powder Diffraction Standards-International
Center for Diffraction Data (JCPDS-ICDD) cards No. 22-1086, No.28-0317 and No.30-0873
that concern cobalt ferrite, pseudo-hexagonal phase (TT-Nb2O5), and orthorhombic phase
(T-Nb2O5) of niobium pentoxide, respectively.

According to the standards above, which belong to the face-centered cubic spinel-
type (Fd-3m), the cobalt ferrite has an estimated lattice parameter a = b = c = 8.38 Å. In
addition, this compound is characterized by having peaks between 2θ = 15◦ and 70◦ as
follows: 18.289◦, 30.085◦, 35.438◦, 37.057◦, 43.059◦, 53.446◦, 56.975◦, and 62.587◦, which
correspond to the indices of Miller (111), (220), (311), (222), (400), (422), (511), and (440),
respectively [19,64,65].

On the other hand, the pseudo-hexagonal and orthorhombic phases of niobium pen-
toxide have very similar patterns. The TT-Nb2O5 (JCPDS-ICDD 28-0317), with lattice
parameters a = 3.607 Å, b = 3.607 Å, c = 3.925 Å; space group: P6/mmm, has the Miller
indices (001), (100), (101), (002), (110), (102), and (112) [66–68]. The T-Nb2O5 (JCPDS-ICDD
30-0873), with lattice parameters a = 6175 Å, b = 29,175 Å, c = 3930 Å and space group:
Pbam, has typical diffraction peaks located at 22.7◦, 28.5◦, 36.7◦, 46.2◦, 50.6◦, 55.1◦, and
71.0◦, which correspond to the Miller indices (001), (180), (181), (002), (380), (182), and (382),
respectively [52,69,70].

Figure 9 shows the X-ray diffractogram obtained for the samples CFNb. In this figure,
the peaks related to ferrite were identified as cobalt and niobium pentoxide, represented
by the acronyms CF and Nb, respectively. Comparing the patterns with the obtained
results, it is observed that all samples have peaks in the diffraction angles for the mentioned
components. Identifying the cobalt ferrite, the peaks appear around 2theta angles of 18.3◦,
30.3◦, 35.5◦, 37.1◦, 43.1◦, 53.5◦, and 62.6◦, corresponding to the mentioned pattern. For the
identification of niobium pentoxide, peaks for the 2theta angles of 22.6◦, 28.4◦, 36.4◦, 46.2◦,
50.2◦, 55.2◦, and 71.1◦ were observed, which correspond to the patterns mentioned above.
In this way, it is possible to identify that the obtained samples refer to the material of cobalt
ferrite functionalized in niobium pentoxide.
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Figure 9. Components identification in the diffractogram (cobalt ferrite = CF; niobium pentoxide = Nb).

One way to better define the structure obtained is by using a characterization refine-
ment to compare lattice parameters, which for each structure has its specificity. Another
way is to manually calculate the lattice parameter (a) [71]. The estimated lattice parameters’
values were compared with those established by the cited standards (Table 2). It can be
observed that the values of the lattice parameters for cobalt ferrite were very close to
the values set as standard. As for niobium pentoxide, the values were more comparable
to TT-Nb2O5 than T-Nb2O5, which concerns the pseudo-hexagonal phase, possibly the
predominant phase in the material obtained.

Table 2. Experimental design (codified values in brackets) based on two-factor CCD.

Compound Calculated Lattice Standard Lattice

CoFe2O4 8.38 Å 8.38 Å
TT-Nb2O5 3.53 Å 3.61 Å
T-Nb2O5 25.38 Å 29.17 Å

Further exploring the results of the XRD characterization, the average crystallite sizes
(L) were calculated using Scherrer’s Equation (2), obtaining the size of 24.10 nm for these
magnetic nanoparticles.

4.3.6. Transmission Electron Microscopy

The TEM image shows the accumulation of the particles, which is a common char-
acteristic of magnetic nanomaterials, Figure 10. The darker round represents the cobalt
ferrite involved by the clearer amount (referent to niobium). The nanoparticle does not
demonstrate a regular shape, but it is possible to conclude that the cobalt ferrite was syn-
thesized in a niobium oxide structure. Using resources such as ImageJ, to interpret the size
of the CFNb particles, the average particle size was calculated to be around 32.9 ± 3.5 nm.
The particle average size value is close to that found by XRD. Furthermore, according to
the literature, the average size of the cobalt ferrite synthesized by citrate at 873 K can be
around 21 and 36 nm [72,73].
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Figure 10. TEM image of CFNb.

4.3.7. Photocatalysis

The tests were performed with a mercury vapor lamp of 250 W power and radiation
measuring around 28 ± 2 mW·cm−2. The preliminary test was conducted with 200 mL
paracetamol solution 20 ppm, catalyst concentration 300 mg·L−1, and pH 6.17 (without
adjustment). This way, the paracetamol removal was just 2%.

Given the preliminary test result, we decided to perform the catalytic process with
some additives to optimize the results. Thus, we chose to use 0.01 mol·L−1 formic acid
(FA) [74] and 0.01 mol·L−1 NaOH for pH adjustment. The variation in catalyst concentration
remained between 100 and 500 mg·L−1 because, as the catalyst is dark (tends to be black),
adding too much catalyst would darken the solution, can impair the radiation effect, and
decrease the efficiency of the photocatalytic process. The results were exciting but needed
to be more satisfactory. This way, the conditions of planned runs (Table 1) were performed
using hydrochloric acid (HA) to pH adjust. Both results were registered in Table 3 at two
critical times for each. Figure 11 graphs (a) and (b) registered all the tests executed and the
PCT removal over time.

Table 3. Results of PCT removal with pH adjustment.

Acid Formic Acid Hydrochloric Acid

Reaction Time 4 h 4 h

Run Paracetamol
Removal (%)

Paracetamol
Removal (%)

1 33 100
2 74 100
3 100 100
4 13 100
5 31 100
6 18 100
7 18 100
8 18 100
9 14 100
10 11 98
11 22 97
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Figure 11. Preliminary photocatalytic  tests for PCT removal with pH adjustment with  (a)  formic 

acid (FA) and (b) hydrochloric acid (HA). 
Figure 11. Preliminary photocatalytic tests for PCT removal with pH adjustment with (a) formic acid
(FA) and (b) hydrochloric acid (HA).
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The results using formic acid to pH adjustment cannot be the better alternative,
evidenced by the mechanism reaction study. The FA can be competitive with paracetamol
using the hydroxyl. radical (HO•) to ozonization itself [75], Figure 12. However, to obtain
more efficient degradation, the HA to pH adjustment is correct.

Magnetochemistry 2023, 9, x FOR PEER REVIEW  16  of  22 
 

 

The results using formic acid to pH adjustment cannot be the better alternative, ev‐

idenced by the mechanism reaction study. The FA can be competitive with paracetamol 

using the hydroxyl. radical (HO•) to ozonization itself [75], Figure 12. However, to obtain 

more efficient degradation, the HA to pH adjustment is correct. 

 

 
Figure 12. Formic acid ozonization mechanism. 

According to the possible mechanisms proposed by Mukherjee et al., the degrada‐

tion of the contaminant by photocatalysis would be caused by both the direct action of 

the photogenerated electron(e‐)/hole (h+), which reduce/oxidize adsorbed molecules, and 

the attack of radicals generated during photocatalysis [31,76], Figure 13. 

 

Figure 13. Photocatalytic degradation mechanism in catalyst surface. 

Previous studies indicate that photocatalytic degradation strongly depends on HO• 

radicals. The PCT can be oxidized by the photocatalyst holes (hvb+) and by HO• radicals, 

with greater emphasis on the latter [31,77,78], according to the mechanism in the Figure 

14. The emerging pollutant PCT has a lot of intermediates before complete degradation. 

 

Figure 14. Mechanism of paracetamol degradation by photocatalysis [77,78]. 

Figure 12. Formic acid ozonization mechanism.

According to the possible mechanisms proposed by Mukherjee et al., the degradation
of the contaminant by photocatalysis would be caused by both the direct action of the
photogenerated electron(e-)/hole (h+), which reduce/oxidize adsorbed molecules, and the
attack of radicals generated during photocatalysis [31,76], Figure 13.
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Figure 13. Photocatalytic degradation mechanism in catalyst surface.

Previous studies indicate that photocatalytic degradation strongly depends on HO•
radicals. The PCT can be oxidized by the photocatalyst holes (hvb+) and by HO• radicals,
with greater emphasis on the latter [31,77,78], according to the mechanism in the Figure 14.
The emerging pollutant PCT has a lot of intermediates before complete degradation.
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Given the results obtained using HA for different catalyst concentrations, it was
possible to observe, using the Pareto diagram, that the catalyst concentration also influences
the PCT degradation, but only the pH effect is significant, Figure 15a. The contour plot
confirms this response, showing that the lower the pH, the better the PCT degradation,
Figure 15b.
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several times or just separated from the supernatant for discarding.
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After 60 min of reaction, the PCT degradation was 97.5%, 96.5%, and 90.2% to CFNb,
CFext, and NB600, respectively (Figure 17). In this way, the reuse performance of this
catalyst is expressive and efficient.
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5. Conclusions

The new methodology via green synthesis can be used to synthesize magnetic nanopar-
ticles easily and quickly. The methodology developed, and the combination of elements
considered was worthy of a patent attempt for the method and product obtained. Among
the various advantages of synthesis, the reuse of biomass residues, the low cost of obtaining
the material, and the added value to a richly available component in Brazil (niobium)
stand out. The catalytic nanomaterials were active in the studied photocatalytic reaction
of acetaminophen degradation. Several experiments allowed the finding of the optimal
operating conditions: using hydrochloric acid to adjust the pH, catalyst concentration
between 100 mg·L−1 and 500 mg·L−1, and mercury vapor lamp power of 250 W. Under
these conditions, the proposed catalysts can achieve the objective of finding photocatalysis
conditions that would totally degrade the emerging pollutant paracetamol.
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