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Abstract: The challenges associated with the uncontrolled presence of antibiotics such as tetracycline
in the environment have necessitated their removal through different techniques. Tetracycline is
hard to degrade in living organisms and can even be converted to more toxic substances. In view
of this, we synthesized iron oxide nanoparticles with good magnetization (70 emu g−1) and 15 nm
particle size for the adsorption and photocatalytic degradation of tetracycline. Characterization
carried out on the synthesized iron oxides revealed a bandgap of 1.83 eV and an isoelectric point at
pH 6.8. The results also showed that the pH of the solution does not directly influence the adsorption
of tetracycline. The adsorption isotherm was consistent with the model proposed by Langmuir,
having 97 mg g−1 adsorption capacity. Combined with the superparamagnetic behavior, this capacity
is advantageous for the magnetic extraction of tetracycline from wastewater. The mechanisms of
adsorption were proposed to be hydrogen bonding and n-π interactions. Photocatalytic degradation
studies showed that approximately 40% of tetracycline degraded within 60 min of irradiation time
with UV/vis light. The kinetics of photodegradation of tetracycline followed the pseudo-first-order
mechanism, proceeding through hydroxyl radicals generated under illumination. Moreover, the
photogenerated hydrogen peroxide could lead to heterogeneous photo-Fenton processes on the
surface of iron oxide nanoparticles, additionally generating hydroxyl and hydroperoxyl radicals and
facilitating photodegradation of tetracycline.

Keywords: maghemite; tetracycline; adsorption; photocatalysis; mechanism; eco-friendly water
treatment

1. Introduction

Antibiotics were developed to limit the mortality rate and boost human and animal
immune systems which have been negatively affected by the invasion of different bacteria’s
infection. In livestock farming, it is used as food additives for the promotion of growth and
inhibition of diseases [1,2]. Meanwhile, the uncontrolled disposal of antibiotics into the
environment has compromised their disease-fighting ability and made them detrimental
to human health. Antibiotics are discharged into the environment through industrial
(pharmaceutical industries), hospital, household, and livestock wastewater [3]. Since only
30% of the antibiotics that humans and animals are taking are diffusing through the body
system to fight diseases, the remaining 70% are defecated into the environment without
being metabolized [4,5]. This has led to an increase in bacterial resistance to antibiotics
and a lack of effectiveness of antibiotics in fighting against bacteria that are responsible for
various diseases [6].

Among the classes of antibiotics that are widely used are tetracyclines. Under their
classification, there is tetracycline (TC) itself. TC is widely used in many countries as
human and animal medicine because it poses a great threat to disruption of microbial
populations and is effective in treating diseases like trachoma, pneumonia, and acute
diarrhea, among others [7,8]. It is cost affordable for many patients and farmers that use it
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for their livestock [9] However, its by-products are hazardous to the ecosystem and among
them are anhydrotetracycline and epitetracycline hydrochloride which are recognized to
be similarly toxic as the parent compound [10,11]. Therefore, it is necessary to eliminate it
from the environment to prevent its toxicity on humans and animals and limit the increase
in the number of bacteria that have developed resistance to TC’s effectiveness [12].

One of the ways to reduce the toxicity and propagation of bacteria resistance to antibi-
otics is to treat wastewater that contains antibiotics adequately before discharging it into
the environment. Therefore, different techniques had been developed and used to reduce
the deadly impact of the inappropriate discharge of antibiotics into the environment. These
include reverse osmosis, biological treatment, electrocoagulation, ion exchange, membrane
filtration, degradation, among others [13–20]. Meanwhile, the chemical stability, structure,
and non-biodegradable nature of TC have made its removal through the conventional
waste-water treatment difficult [21]. More so, various shortcomings associated with the
use of listed methods have resulted in advancement in the application of adsorption and
photocatalysis as an alternative and efficient method to remove antibiotics from wastewater.

Adsorption is a surface phenomenon in which contaminants in the bulk solution
concentrate on the surface of adsorbents without changing the structure of the adsorbed
contaminants [22]. The photocatalysis technique on the other hand has enabled total
mineralization of organic contaminants into CO2, H2O, and mineral acids [8,23]. Both
techniques are easy to set up, operate effectively at room temperature, cost-effective,
and eco-friendly without leading to secondary pollutants [8,24]. The combination of
these techniques was investigated for the removal of tetracycline hydrochloride using
BiVO4/MoO3 [25]. According to the authors the combined processes favorably removed
the targeted contaminants.

In recent time different materials have been used as either as adsorbents or pho-
tocatalysts for treatment of various contaminants, among which are Fe-based ceramic
nanocomposite membranes that were fabricated through e-spinning and vacuum filtration,
AgBr/h-MoO3 among others [26,27]. The Fe2O3-CuO-MoO3 magnetic composite has also
been used as photocatalyst for the degradation of methylene blue [28].

However, an ideal adsorbent and photocatalyst should be nontoxic, inexpensive, sta-
ble, readily available, and highly photoactive (in the case of photocatalysis). Combining
these two techniques will be helpful to enhance the effectiveness of materials in removing
contaminants from the environment. Because of this, we prepared iron oxides nanopar-
ticle for the adsorption and photocatalytic degradation of tetracycline. The kinetic of the
removal process was studied and mechanisms of adsorption and photocatalytic degrada-
tion were proposed. Moreover, because of their superparamagnetic and photocatalytic
properties, these nanoparticles are economically competitive to other nano adsorbents
and nanocatalysts due to the opportunity for magnetic separation and further reuse in
combined adsorption and photocatalytic treatment of wastewater. Additionally, super-
paramagnetic iron oxide nanoparticles can open up a new photocatalytic photo-Fenton
degradation pathway of tetracycline, increasing their efficiency in wastewater decontami-
nation. Therefore, the contribution of hydroxyl radicals and hydrogen peroxide reactive
species was also identified experimentally.

2. Results and Discussion
2.1. Characterization of Maghemite Nanoparticles

The SEM morphology of the synthesized maghemite nanoparticles depicts the ag-
glomeration of nanoparticles fused with the presence of cavities (pores) in between the
bulk of agglomerates (Figure 1A). The TEM image in Figure 1B shows nanoparticles of
uniform, well-defined, round shape with an average diameter of about 15 nm. Overlap-
ping of nanoparticles (NPs), as shown in the image, is caused by a high concentration of
NPs in the suspension and slow evaporation of aqueous solvent while drying. Figure 1C
shows the magnetization of maghemite versus the applied magnetic field, performed at
300 K, having saturation magnetization of 70 emu g−1. The result showed the absence of
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remanence and almost zero coercivity, which is evidence of superparamagnetic behavior
of maghemite nanoparticles [29] being sufficiently small to behave like single magnetic
domains [30]. That is advantageous for application in wastewater treatment because the
catalyst nanoparticles can be recovered from the system with the help of a magnet, cleaned,
and subsequently reused for photocatalysis without additional dispersion processes after
the magnetic field is removed.

Catalysts 2021, 11, x FOR PEER REVIEW 4 of 18 
 

 

 
Figure 1. SEM (A) and TEM (B) images of maghemite nanoparticles, magnetization versus applied 
field (C), and the bandgap of maghemite nanoparticles (D). 

The powder X-ray diffraction patterns (PXRD) of as-obtained maghemite nanoparti-
cles are shown in Figure 2. The position and intensities of the diffraction peaks were iden-
tified and compared with the DB card number 9002673 using Rietveld method. Thus, our 
superparamagnetic nanoparticles crystallized in a reverse spinel (space group Fd-3m), 
characteristic for maghemite [33–36]. 

 
Figure 2. The PXRD diffraction pattern of as-prepared maghemite nanoparticles with the hkl indices 
characteristic for Fd-3m space group. 

2.2. pH Effect on the Adsorption of TC 
The result, as presented in Figure 3A, is the amount (mg g−1) of TC that was adsorbed 

between pH 2 to 10. The amount of adsorbed TC increased to pH 6 (where it reached the 
maximum) and later decreased at pH 8 and 10. The lowest amount (30 mg g−1) was ad-

In
te

ns
ity

  
[a

.u
.] 

Figure 1. SEM (A) and TEM (B) images of maghemite nanoparticles, magnetization versus applied
field (C), and the bandgap of maghemite nanoparticles (D).

The data obtained from UV–vis diffuse reflectance spectroscopy (DRS) for the optical
absorbance of maghemite nanoparticles were used to calculate the band gap energy by
using Tauc derived equation (Equation (1)).

α(hv) = K(hv− Eg)
n (1)

The parameters in this equation are defined as follows: α is the absorption coefficient,
hv is the photon energy, K is constant, Eg is the optical band gap energy, and n is the
electronic transition (where n = 2 corresponds to an indirect bandgap, and n = 1

2 stands
for direct bandgap. As shown in Figure 1D, the band gap energy (Eg) of maghemite
nanoparticles was obtained by extrapolating the linear part of the plot of α(hv)2 versus hv
to the X-axis. The value of the bandgap obtained is 1.83 eV. This is slightly lower than 2 eV
that was extrapolated for maghemite synthesized by Rehman et al., [31], but higher than
0.5 eV that was obtained as magnetite band gap energy by Giannakis et al., [32]. Therefore,
1.83 eV that we extrapolated in our study may be due to the mixture of maghemite with a
small addition of magnetite.

The powder X-ray diffraction patterns (PXRD) of as-obtained maghemite nanoparticles
are shown in Figure 2. The position and intensities of the diffraction peaks were identified
and compared with the DB card number 9002673 using Rietveld method. Thus, our
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superparamagnetic nanoparticles crystallized in a reverse spinel (space group Fd-3m),
characteristic for maghemite [33–36].
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Figure 2. The PXRD diffraction pattern of as-prepared maghemite nanoparticles with the hkl indices
characteristic for Fd-3m space group.

2.2. pH Effect on the Adsorption of TC

The result, as presented in Figure 3A, is the amount (mg g−1) of TC that was adsorbed
between pH 2 to 10. The amount of adsorbed TC increased to pH 6 (where it reached
the maximum) and later decreased at pH 8 and 10. The lowest amount (30 mg g−1) was
adsorbed at pH 2, while the highest amount (57 mg g−1) was adsorbed at pH 6. This
adsorption behavior can be understood in terms of the protonation and deprotonation
state of TC at various pH, coupled with the surface charge of maghemite at various pH.
According to literature, TC is in a fully protonated state (TCH3

+) at pH < 3, zwitterionic
(TCH2) at pH 3–7, monoanionic (TCH−) at pH 7–9.7, and double anionic state (TC2−) at
pH >10 [37–39]. The information on the surface charge of maghemite that we obtained from
the zeta potential measurements shows that its surface charge is positive at pH below 7,
and negative at pH above 7 (Figure 3B). The isoelectric point (IEP) is at pH 6.8. This
value is in agreement with the previous work of Boguslavsky and Margel, Watanabe and
Seto [40,41]. In summary, it implies that Fe-O− is predominant in the basic medium while
Fe-OH2+ dominates in the acidic medium.
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Figure 3. The amount of TC that was adsorbed versus solution pH (A), and the zeta potential
measurement of maghemite (B).

Relating the ionization of TC and the surface charge of maghemite, one will expect
electrostatic repulsion between the positively charged NP’s surface and the TCH3

+ (Proto-
nated state of TC) at pH 2. Contrary to this, approximately 30 mg g−1 of TC was adsorbed.
More so, at pH 6, where the maximum amount was adsorbed, TC in zwitterionic (TCH2)
form. Above pH 7, the surface charge of maghemite nanoparticles is negative, while
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TC appears in mono (TCH−) and double anionic states (TC2−), instead of electrostatic
repulsion between the like-charges, close to 51 and 32 mg g−1 were adsorbed at pH 8 and
10, respectively. Based on this analysis, the adsorption of TC on maghemite nanoparticles
did not occur through electrostatic interaction.

2.3. Adsorption Kinetics

The amount of TC that was adsorbed as a function of contact time was studied to
establish the approximate equilibrium time. In this study, the dosage (10 mg) of MG was
fixed and the pH was adsjusted to optimum pH 6. As shown in Figure 4A, 15% of the
initial concentration was adsorbed after 20 min of contact time. This increased steadily
until 420 and 540 min, where equilibrium was reached with approximately 46% adsorption
of the initial 50 mg L−1 initial concentration. At the equilibrium time, all the active sites
have been occupied with the adsorbed TC molecules; therefore, furthering the contact will
not bring any significant difference in the amount adsorbed. The data were further fitted
into the linear form of pseudo-first and second-order kinetic models.
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Figure 4. The effect of the amount of TC adsorbed as a function of contact time (A) and pseudo-second-order kinetic plot
for the adsorption of TC (B).

The linear equation of pseudo-first and second order is given in Equations (2) and (3),
respectively.

log(qe − qt) = logqe −
k1t

2.303
(2)

t
qt

=
1

k2 q2
e
+

t
qe

(3)

where qe are adsorption capacity at equilibrium (mg g−1), qt is the amount of TC adsorbed
at time t, k1 is the rate constant of pseudo-first-order, k2 is the rate constant of pseudo-
second-order, and t is contact time (min).

The plot of t/qt versus t in Figure 4B is the linear form of the pseudo-second-order
kinetics. The plot of log(qe − qt) versus t is not linear (Figure not shown). Based on this, it
implies that the kinetics of TC adsorption on the iron oxide nanoparticles is in conformation
with the pseudo-second-order model, which indicates that the adsorption rate depends
on the adsorption capacity of the adsorbent (maghemite), not on the concentration of the
adsorbate [42]. The R2

adjusted and rate constant of the model are 0.989 and 1.009 × 10−3 min

g mg−1.
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2.4. Adsorption Isotherm

This study was done at optimum pH and time as earlier discussed. Non-linear forms
of the two commonly used adsorption isotherms (Langmuir and Freundlich) were used to
fit the experimental data obtained at various concentrations (20, 60, 100, 140, 160, 180 and
200 mg L−1) of TC and constant amount of maghemite, and room temperature. The curve
fit is shown in Figure 5. Equations (4) and (5) listed below define Langmuir and Freundlich
isotherms, respectively.

qe =
qmaxCeKL(
1 + KLCg

) (4)

qe = KFC1/nF
e (5)

where Ce is the equilibrium concentration in solution (mg L−1), qe is the amount of TC that
was adsorbed (mg g−1), qmax is the maximum amount (mg g−1) of adsorbed TC, KL is Lang-
muir equilibrium constant (L mg−1), KF is the Freundlich constant (mg g−1 (mg L−1)−1/nF),
nF is the dimensionless exponent of Freundlich. The values of R2

adjusted obtained from the
Langmuir and Freundlich nonlinear curve fit are 0.989 and 0.979, respectively, while the
values of standard deviation are 2.91 and 4.02, respectively. This shows that our experimen-
tal data are best fitted into the isotherm according to the Langmuir model. Therefore, TC
molecules were adsorbed on maghemite nanoparticles in a monolayer form without any
interaction between the adsorbed molecules [43]. The monolayer adsorption capacity of
maghemite nanoparticles for the adsorption of TC was found to be 97 mg g−1. This value
was compared with other adsorbents that were reported in the literature for the adsorption
of TC. As listed in Table 1, our material (synthesized maghemite nanoparticles) performed
better than some reported adsorbents.
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The results contained in Table 1 show that the use of maghemite nanoparticles for TC
adsorption is very advantageous in light of their superparamagnetic properties. After the
adsorption, they can be extracted from the solution with help of an external magnetic field,
and, after removal/decomposition of contaminant, maghemite nanoparticles can be re-used
for further decontamination. Moreover, since these nanoparticles present a semiconducting
behavior, they can be used as photocatalysts for TC degradation, as discussed later in
the text.
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Table 1. Comparison of the maximum adsorption (qmax) of different adsorbents for the removal of
TC.

Adsorbents qmax (mg g−1) References

Fe-doped zeolite 204 [44]
Fe3O4@C 14 [45]

Hydrous ferric oxide 41 [46]
Zn/Fe/La LDH 170 [47]

R600 14 [48]
Pistachio shell coated with

ZnO 95 [49]

Cu-immobilized alginate 58 [50]
Magnetic porous carbon 25 [51]

Maghemite nanoparticles 97 This study

2.5. Proposed Mechanisms of TC Adsorption on Maghemite Nanoparticles

As discussed earlier, the adsorption of TC on the synthesized maghemite nanoparticles
is not influenced by electrostatic interaction. To have a clue on the mechanism of adsorption,
we examined the difference in the FTIR spectra of maghemite nanoparticles before and
after the adsorption of TC. The obtained spectra, including the FTIR spectrum of TC, are
presented in Figure 6A. The characteristic fingerprint of tetracycline could be found below
1700 cm−1. Among these peaks the absorption band at 1611 cm−1 is assigned to –COO-
asymmetric vibration of TC. The -OH and -NH stretching of TC appeared at 3358 and
1575 cm−1, respectively, while the aromatic in-plane and out-of-plane vibrations appeared
at 1247–1000 cm−1 and 567–501 cm−1, respectively [47]. The peak at 3420 cm−1 on the
nanoparticle spectra is due to the presence of bulk -OH stretching [52]. While characteristic
peak at 493 cm−1 is due to the presence of Fe-O. After adsorption of TC, the intensity
of the absorption band at 3420 cm−1 increased, which is an indication of the hydrogen
bond between the O atom of maghemite nanoparticles and the H atom of TC. This type
of observation was also noticed by Tran et al. [53] in which there was a difference in the
intensity of the –OH absorption band after removal of cationic dye on pristine biosorbent.
The authors attributed this to the existence of both dipole-dipole and Yoshida hydrogen
bonding interactions. Olusegun and Mohallem [54] also observed the same scenario in their
study on the adsorption of doxycycline using kaolinite-supported CoFe2O4 nanoparticles.
The peak attributed to the C=O group of TC at 1611 cm−1 shifted to 1622 cm−1 after the
adsorption on nanoparticles. It could imply the n-π interaction between the O atom of
maghemite nanoparticles and the π bond of TC [55]. The presence of new peaks (1382 and
1222 cm−1) at the marked portion (which was expanded in Figure 6B) of the spectrum of
maghemite nanoparticles + TC suggested successful adsorption of TC. The intensity of
the Fe-O range of maghemite between 700 to 493 cm−1 [56] increased after the adsorption
of TC, as it can be seen clearly in Figure 6B, which probably could be due to interaction
between maghemite and the aromatic ring of TC. Given this, the mechanism of tetracycline
adsorption could be proposed as hydrogen bond and n-π interaction. The likely scheme of
the mechanism is shown in Figure 7.
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Figure 7. The likely mechanism of the adsorption of tetracycline on maghemite.

2.6. Photocatalytic Degradation of TC

The photocatalytic studies of maghemite nanoparticles were carried out after the ad-
sorption equilibrium was reached (after 540 min interaction time) by degrading tetracycline
under UV–vis light. To ensure that the result from the photocatalysis is not based on auto-
photodegradation (photolysis), self-degradation of TC was carried out without the addition
of maghemite nanoparticles. As shown in Figure 8A, TC in the absence of maghemite
nanoparticles is relatively stable under UV/vis light (ca. 5% of the initial concentration
degraded). However, when maghemite nanoparticles were added as the photocatalyst, TC
became unstable, and approximately 40% of its initial concentration degraded after 60 min.
We performed the same experiment for methylene blue (MB) photocatalytic degradation.
In the case of MB, approximately 70% degraded in the presence of maghemite nanoparticles
within 40 min of irradiation time already (Figure S2, supplementary Material). Since the
amount of adsorbed TC is relatively high comparing some of the reported adsorbents
(vide supra), therefore, we are inclined to assign this lower photodegradation of TC as
compared to MB to the fact that the adsorbed TC molecules might screen the penetration of
light from reaching the maghemite NPs surface. Thus, the generation of excited electrons
and holes towards the photodegradation of TC was somehow impaired. For MB, where
much more effective photodegradation was observed (see Supporting Information), no
adsorption occurred within 24 h. Therefore, the penetration of photons into the maghemite
was not hindered. This could as well explain the reason for the 70% degradation of its initial
concentration within 40 min. Because of this, it could be affirmed that the adsorption of
contaminants should be relatively moderate so that photocatalytic degradation would not
be hindered. Additionally, one should also take into account that MB molecules absorbed
light at a higher wavelength (665 nm), which required lower energy for its degradation
compared to TC molecules that adsorbed light at a lower wavelength (345 and 270 nm)
and therefore required higher energy for its degradation. It also shows that the bandgap of
the synthesized maghemite nanoparticles is too narrow to prevent at least partial recom-
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bination of photogenerated charges involved in TC degradation within the course of the
experiment.
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The plot of − ln
(

Ct
C0

)
versus t for pseudo-first-order is shown in Figure 8B. Here C0 is

the initial concentration (83 µM) of TC at time t is 0, and Ct stands for the TC concentration
of sampling time in the course of photocatalysis. The adjustable correlation of coefficient
(R2

adjusted) is 0.98, while the rate constant is 0.0092 min−1. Comparing the rate constant
that we obtained with other published articles for the degradation of tetracycline, it is
more than 0.003 min−1 that was obtained for α-AgAl0.4Ga0.6O2 [57] and 0.00599 min−1

that was reported for 0.3-Au-TiO2/PVDF [58]. The assumption of this is that the rate of
change of the solute uptake (in our case, tetracycline) with time is directly proportional to
the difference in its saturation concentration on the surface of nanoparticles [42].

2.7. Proposed Mechanism of TC Photocatalytic Degradation

Prior to the explanation of the likely mechanisms, the band structure of maghemite
nanoparticles was drawn based on the information from its bottom conduction band energy
(ECB) and bandgap energy (Eg) values. The value of the bottom of conduction band energy
value (ECB) can be estimated based on the energy corresponding to the flat band potential
Ufb value of iron oxide nanoparticles, assuming their energies being equal: Efb ≈ ECB. The
flat band potential was determined through Mott–Schottky analysis [35] by extrapolating
the linear portion of the inverse square of the capacitance of the space charge layer against
the potential (Figure 9). The flat band potential extrapolated from the curve is −0.025 V
vs Ag/AgCl/3M KCl (pH 7), which is 0.172 V vs. SHE (standard hydrogen electrode) at
pH 7. This value corresponds to the bottom of conduction band energy ECB = −4.67 eV. It
is evident, in Figure 9, that the slope of the curve is positive implying that our maghemite
is an n-type semiconductor. Recall that the evaluated maghemite nanoparticles’ bang
gap value is 1.83 eV (vide supra); therefore, the value of top valence band energy (EVB) is
approximately 2.0 eV.
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The description of the mechanism of photocatalytic degradation of tetracycline by
maghemite nanoparticles was based on the energy/potential diagram and the values of
redox potential reactions, as shown in Figure 10.
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As shown in Figure 10, the excited electrons from the valence band to the conduction
band can reduce oxygen with the formation of H2O2. This reaction can trigger additional
reaction series—the photo-Fenton reaction [32]—and will be discussed below. Therefore,
two mechanisms can be considered for the photocatalytic degradation of tetracycline on
maghemite nanoparticles. In the first mechanism electrons and holes are generated in
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maghemite nanoparticles under illumination, reacting further with adsorbed TC, H2O,
OH−, and oxygen in the solution. The pathways of these reactions can be as follows (pH 7):

Fe2O3 + hv→ eCB + h+
VB (R1)

for holes in the valence band

4h+
VB + H2O→ O2 + 4H+ (E = 0.82 V) (R2)

h+
VB + OH−ad → OH·ad (E = 1.5 V) (R3)

for electrons in the conduction band

2eCB + 2H+ + O2 → H2O2 (E = 0.28 V) (R4)

eCB + H2O2 → OH− + OH·ad (E = 0.73 V) (R5)

These reactions are energetically favorable; however, the reaction (R3) is more probable
than (R2), since only one hole is necessary for oxidation of adsorbed hydroxyl ion, instead
of four in reaction (R2). The reactions (R3) and (R5) have been reported earlier [59,60]. More-
over, another reactions can take place in the iron oxide nanoparticles under illumination:
reduction of ferric ions:

eCB + Fe3+ → Fe2+ (R6)

and oxidation of ferrous ions:
h+

CB + Fe2+ → Fe3+ (R7)

The standard potential of the Fe3+/Fe2+ redox couple is 0.77 V.
The hydroxyl radicals formed in reactions (R3) and (R5) are very reactive and can

oxidize electron-rich organic molecules, like TC, and convert them to carbon dioxide and
water (Figure 10, top pathway).

TC + OH· → Intermediate compounds→ CO2 + H2O (R8)

The second mechanism involved in the TC degradation can be directly related to
the formation of H2O2 in the reaction (4) and with well-known photo-dissolution of iron
oxides generating free Fe3+ and Fe2+ ions [61,62]. These ions appearing in the solution [32]
together with H2O2 open up a new catalytic pathway: Fenton and photo-Fenton reac-
tions, generating hydroxyl and hydroperoxyl radicals which can also participate in the
degradation of tetracycline (Figure 11, top and bottom pathways):

Fe2+ + H2O2 → Fe3+ + OH· + OH− (R9)

Fe3+ + H2O2 + OH− hv→ Fe2+ + HO·2 + H2O (R10)
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Taking into account that during illumination of maghemite, the redox reaction (R6)
and (R7) are possible, the Fenton reaction may be the heterogeneous one occurring also on
the nanoparticle surface. In the course of the above reactions, the hydroxyl and hydroper-
oxyl radicals are being produced, entering also the degradation processes of tetracycline
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(Figure 11, bottom pathway). Finally, the proposed scheme of catalytic photodegradation
of TC is summarized in Figure 11, in which both photocatalytic pathways are presented
graphically.

Recognizing also that during the illumination of maghemite, the redox reaction (R6)
and (R7) are possible, the Fenton reaction may be the heterogeneous one occurring also on
the nanoparticle surface. In the course of the above reactions, the hydroxyl and hydroper-
oxyl radicals are being produced, entering also the degradation processes of tetracycline
(Figure 11, bottom pathway). Finally, the proposed scheme of catalytic photodegradation
of TC is summarized in Figure 11, in which both photocatalytic pathways are presented
graphically.

Our data presented in Figure 8 show that maghemite nanoparticles are less efficient as
photocatalysts than other nanoparticulate semiconducting systems, such as metal oxides,
mixed oxides, or CdS. In the case of these systems, 95% degradation was achieved within
60 min of the UV illumination [19,27,63,64].

However, there exists a substantial advantage of using maghemite in the environ-
mental remediation studies, stemming from the fact that such “rust” particles showing
superparamagnetic and photocatalytic properties are economically competitive to other
nano adsorbents and nanocatalysts, due to the opportunity for magnetic separation and
further reuse in combined adsorption and photocatalytic treatment of wastewater. Addi-
tionally, superparamagnetic iron oxide nanoparticles can open up a new photocatalytic
photo-Fenton degradation pathway of persistent organic pollutants, increasing their effi-
ciency in wastewater decontamination.

The pathway of TC photodegradation, shown in Figures 8 and 11, can proceed via
initial TC oxidation by dominant radicals OH•, triggering a ring-opening reaction, and the
detachment of acylamino and hydroxyl groups followed by further oxidation [65]. The
observed decay of absorbance at 270 nm (Figure S3A, Supporting Information) can be
related to the production of acylamino and hydroxyl groups and degradation of aromatic
ring A, whereas simultaneous, gradual decrease of the absorption band at 360 nm can be
related to degradation of aromatic ring B [63,66]. Alternative degradation pathways might
exist, as noted in several publications [67,68].

The effect of hydroxyl radicals OH• in the photocatalytic action of maghemite nanopar-
ticles was confirmed by the addition of isopropanol (100 mg/L)—well-known scavenger of
OH•. The results, as shown in Figure S3B,C, show that isopropanol scavenged hydroxyl
radicals, which resulted in the reduction of the rate of the degradation process. We also
checked the effect of hydrogen peroxide that can be involved in Fenton and photo-Fenton
reactions, by introducing H2O2 (100 mg/L) [65] into the reaction solution. This led to sub-
stantial increase in the rate of photocatalytic degradation of TC, Figure S3B,C. As shown in
the pathway, the addition of H2O2 to the system resulted in the acceptance of the electron
from the conduction band by H2O2, thereby resulting in more production of hydroxyl
radicals that speed up the photocatalytic degradation process. The rate constant decreased
to 0.0046 min−1 when isopropanol was added, and increased to 0.0387 min−1 when H2O2
was introduced into the system, from its intial value of 0.0092 min−1.

We are also aware that some of the intermediate compounds can be quite stable,
as well as toxic [69,70]. At this point, we need to stress that our data show that the
photodegradation of tetracycline, as proposed by Equation (8) and Figure 11, represents
an ideal situation, yet as of now, apparently far from achieving total mineralization. On
the contrary, it can proceed through various condition-dependent pathways with different
efficiencies, as reported in the cited references.

3. Materials and Methods
3.1. Materials

Iron(II)chloride tetrahydrate (FeCl2·4H2O), Iron(III)chloride hexahydrate (FeCl3·6H2O),
ammonium hydroxide (25% NH3, assay 99.99%), and tetracycline hydrochloride of ana-
lytical grade were purchased from Sigma-Aldrich (Poznan, Poland, Hydrogen peroxide
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30% pure, p.a. was purchased from Chempur, Poland, 2-propanol (isopropanol) 99.7% was
from POCH, Poland. All the chemicals were used without further purification.

Deionized water with a resistivity of 18.2 MΩ.cm obtained from the Milli-Q ultra-
pure water filtering system from Merck (Darmstadt, Germany) was used throughout the
experiment.

3.2. Synthesis of Superparamagnetic Maghemite Nanoparticles

Maghemite nanoparticles were synthesized by co-precipitation of FeCl3·6H2O and
FeCl2·4H2O following the report of Rehman et al. [31]. In summary, 1.613 g of FeCl3·6H2O
and 0.948 g of FeCl2·4H2O were dissolved in 22.25 mL of deionized H2O with vigorously
stirring at 75 ◦C. Once dissolved, 3.8 mL of ammonium hydroxide (ammonia 25%) was
added to the solution. After 15 min of vigorous stirring, the solution is cooled, the super-
natant was discarded and the precipitate formed was washed with deionized water several
times until pH is approximately 7.

3.3. Characterization of the Synthesized Nanoparticles

Scanning electron microscope (SEM), Merlin, manufactured by Zeiss, Stuttgart, Ger-
many, was used to examine the morphology of the synthesized iron oxides nanoparticles.
Transmission electron microscopy (TEM) image was viewed on Zeiss Libra 120 Plus,
Stuttgart, Germany, operating at 120 kV. Nanoparticle’s solution was dropped on standard
formvar-coated copper grids and air-dried overnight. Powder X-ray diffractograms were
recorded with a diffractometer Bruker (Billerica, MA, USA), D8 Discover with Debye-
Scherrer geometry at room temperature with a copper Kα X-ray line λ = 1.540598 Å. Data
were analyzed with DIFFRAC.EVA and TOPAS 4.2 programs. UV–vis absorption spectra
of the nanoparticles were recorded using a Perkin Elmer Lambda 35 (Madison, WI, USA)
to estimate the bandgap energy. FTIR spectra were recorded with ThermoFisher Scientific
Nicolet 8700 spectrometer, Madison, WI, USA). The Malvern Zetasizer Nano ZS, Malvern,
United Kingdom apparatus was used to evaluate the zeta potential of the nanoparticles.
Magnetic characterization of powder samples was performed employing a vibrating sam-
ple magnetometer (VSM, Quantum Design, Darmstadt, Germany). Small amounts of
samples (up to several milligrams) were placed in a plastic holder. The hysteresis loops
were recorded varying the magnetic field between −2.0 and +2.0 T at temperature 300 K,
stabilized with 0.01 K accuracy.

3.4. Evaluation of the Flat-Band Potential of Iron Oxide Nanoparticles

Alternate current (AC) voltammetry at 100 Hz (CH Instruments 660C) with a typical
three-electrode system was used to evaluate the capacitance characteristics vs. polarization
potential of the synthesized iron oxide nanoparticles. The out-of-phase current vs. potential
curves were recorded with glassy carbon electrode (GCE) as working electrode with drop-
cast iron oxide nanoparticles on its surface, Pt mesh as auxiliary, and Ag, AgCl|3M KClaq
as the reference electrode. The obtained capacitances values were then used in the Mott–
Schottky analysis to determine the value of the flat band potential and corresponding
energy value (Efb). In such analysis, the capacitance of an interface between semiconductor
and electrolyte is equal to the semiconductor space-charge layer capacitance, C. This
capacitance is related to the semiconductor flat band potential by the Mott–Schottky
Equation (6):

1
C2 =

2
εε0eNd

(
U −U f b −

kBT
e

)
(6)

where ε and ε0 are the dielectric constant and the vacuum permittivity, respectively, e is the
electronic charge, Nc is the charge carrier concentration, kB is the Boltzmann constant, and
T is the temperature [K]. Thus, a plot of C−2 versus applied potential U reveals Ufb as the
linearly extrapolated intercept with the potential U axis. Then, this value can be correlated
with the value of conduction band energy.
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3.5. Adsorption Studies

In this study, 10 mg of maghemite nanoparticles were added to beakers that contained
15 mL of 100 mg L−1 of tetracycline solutions. The pH of the suspension was adjusted
to 2, 4, 6, 8, and 10 using dilute sodium hydroxide and hydrochloric acid. After 24 h,
maghemite nanoparticles were separated from tetracycline (TC) solutions by applying an
external magnet. The concentration of unadsorbed TC was determined by measuring the
absorbance at 357 nm using a UV–vis spectrophotometer (UV-2400 series). The amount (q)
of adsorbed TC (mg g−1) was calculated using Equation (7).

q =
(Co − Ce)V

m
(7)

Co and Ce in the equation stand for initial and final concentration (mg L−1) of TC
in the solution, respectively, m is the mass of maghemite nanoparticles (g) and V is the
volume of TC solution.

3.6. Photocatalytic Degradation

In this case, 10 mg of the maghemite nanoparticles were added to 10 mL solutions of
83 µM of tetracycline. The solutions were stirred for 500 min at 600 rpm under dark until
adsorption equilibrium was attained. Under a light experiment, the respective solutions of
tetracycline were irradiated for 60 min by a 280 W UV/Vis mercury quartz lamp (PLK-5,
Poland, emission spectrum ranging from 180 nm to 623 nm). The emission spectrum of
mercury lamp used in the TC degradation experiments (provided by manufacturer) can
be found in the Figure S1 of the supplementary material. The sample of the solutions was
taken at a regular time interval, analyzed on a UV–vis spectrophotometer for change in
concentration.

4. Conclusions

The study has clearly shown that maghemite can work as an adsorbent and photo-
catalyst to treat tetracycline-contaminated water. The synthesized iron oxide (maghemite)
nanoparticles are superparamagnetic, whose morphology depicts the agglomeration of
small particles. The effect of solution pH showed that the optimum adsorption occurred
at pH 6, with an equilibrium time of 540 min. Based on the information from the sur-
face charge of maghemite, ionization of tetracycline, and FTIR spectra before and after
adsorption, the mechanism of adsorption is proposed to be hydrogen bonding and n-π
interactions. Monolayer maximum adsorption capacity was found to be 97 mg g−1. The
photodegradation mechanism can be through the reaction of TC with hydroxyl radicals
formed in the photoreaction and photo-Fenton reaction. The rate constants for the adsorp-
tion and photodegradation are 1.0086 × 10−3 min g mg−1 and 0.00918 min−1, respectively.
Our studies revealed the potential of maghemite nanoparticles as adsorbent and photocata-
lyst, which is an advantage in waste-water treatment. Their superparamagnetic behaviour
makes them economically competitive to other nanocatalysts due to the opportunity for
magnetic separation and catalyst reuse in photocatalytic combined with photo-Fenton
treatment of wastewater.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11101243/s1, Figure S1: The emission spectrum of mercury lamp used in the TC
degradation experiments (provided by manufacturer). Figure S2: Photocatalytic degradation of
methylene blue in time of the UV–vis irradiation in the absence (top line) and presence (bottom line)
of maghemite. Figure S3: UV spectra of TC with MG (A); effect of H2O2 and isopropanol of the
photocatalytic degradation of TC using MG (B), and rate constant (C).
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