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Abstract: This study investigated the synthesis of zinc ferrite immobilized on chitosan (ZnFe,O4@Chitosan)
and its application in the photodegradation of ciprofloxacin (CIP), ampicillin (AMP) and erythromycin
(ERY) in aqueous solution. Results from Fourier transform infrared spectroscopy (FTIR) revealed
peaks suggesting its synthesis, while signals from X-ray diffraction (XRD) showed diffraction patterns
confirming the synthesis of ZnFe,O,@Chitosan with a crystallite size of 35.14 nm. Scanning electron
microscopy (SEM) revealed a homogeneous morphology with a surface area of 12.96 m? g~! from the
Brunauer-Emmett-Teller (BET) analysis. The vibrating sample magnetometry (VSM) result revealed
a saturation magnetization of 2.38 emu g~!. The photodegradation study of CIP, AMP and ERY
showed that both photodegradation and adsorption were taking place at the same time with the
percentage degradation efficiency in the order CIP (99.80 £ 0.20%) > AMP (94.50 £ 0.10%) > ERY
(83.20 4 0.20%). ZnFe,O 4@Chitosan exhibited high stability with capacity > 90% even at the 15th
regeneration cycle, suggesting a viable economic value of ZnFe,O,@Chitosan.

Keywords: adsorption; antibiotics; catalysis; ferrite; photodegradation

1. Introduction

Contamination of natural sources of drinking water by antibiotics is a global con-
cern [1]. The contamination is on the rise because of the unregulated use of antibiotics
in some nations of the world [2]. The ease of purchasing antibiotics without medical
prescription in some countries has encouraged self-medication, resulting in the excessive
use of antibiotics. The excessive use of antibiotics is one of the causes of their presence
in environmental natural water-like surface and underground water systems. These an-
tibiotics may become persistent in the environment or may decompose to form products
that are toxic to humans and the environment. Some of the decomposition products can
cause serious health challenges like cancer. Apart from this, the presence of antibiotics in
the environmental natural water system has led to far more serious consequences like the
emergence of drug-resistant strains of pathogenic organisms [3], which, in turn, hampered
the efficacies of well-known antibiotics. Unfortunately, previously efficient antibiotics are
now losing efficacy. It is important that these antibiotics are removed from water in order
to avoid the challenges associated with their presence in natural sources of drinking water.

Many antibiotics have been detected in water [4,5], including ciprofloxacin (CIP),
ampicillin (AMP) and erythromycin (ERY) reported in surface water as contaminants [6-9].
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Their presence in water is of serious concern, although efforts have been made to remove
them from water, but most of these efforts have shortcomings, like incomplete removal or
being expensive. It is important to develop a process that can overcome such shortcomings
with an affordable and sustainable approach. Photocatalysis is a green approach which has
shown exceptional performance in the degradation of organic pollutants in water [10-12].
Photocatalysis has the potential of overcoming these shortcomings with the capacity for
complete degradation of antibiotics in water [13]. Zinc oxide (ZnO) is an example of a
photocatalyst that can be used in photocatalysis for the photocatalytic degradation of
antibiotics. Unfortunately, ZnO is limited in its photocatalytic application, because it is
photoactive in UV light due to its large bandgap energy.

Previous studies have reported the use of ZnO particles for the degradation of amoxi-
cillin, CIP, AMP and cloxacillin under UV light irradiation in aqueous solutions [14]. The
study revealed a degradation efficiency of approximately 50% for CIP, creating the need
for improvement. ZnO is active under UV light irradiation, which increases the process
cost since there is a need to get a UV light source, unlike in the case of materials which
are visible-light sensitive. A similar observation was also recorded recently using ZnO-
functionalized fly-ash-based zeolite for the degradation of CIP which exhibited complete
degradation [15]; despite the complete degradation, provision of UV light sources is an
additional cost which eventually increases process cost. Developing ZnO into materials
that are visible-light sensitive will go a long way in helping to reduce process cost. One of
the ways of achieving this will be to incorporate ZnQO into other particles, which reduces its
bandgap energy. A good example of this is zinc ferrite (ZnFe,Oy). Ferrites are useful in this
regard because of their relatively narrow bandgap of approximately 2.0 eV, which makes it
suitable for photocatalysis in the visible-light region.

Spinel ferrites were recently reported for the degradation of tetracycline hydrochlo-
ride [16]. Moreover, magnesium ferrite (MgFe,O,) and manganese ferrite (MnyFe;xO4)
have shown similar capacities against tetracycline [17] and sulfamethoxazole [18], respec-
tively. Furthermore, high performance has been reported from the synergistic activity
of MnFe;O4 and molybdenum disulfide (MoS) for the degradation of tetracycline [19].
Photocatalytic degradation of antibiotics by ferrite has proved to be a good solution for the
treatment of antibiotic-contaminated water due to its soft magnetic properties, high catalytic
activities and ease of recycling through magnetic separation [20]. However, a recent study
revealed that the performance of a photocatalyst can be enhanced via a simple modification
process. The current study proposes the modification of ZnFe,O4 by organic molecule such
as chitosan. The use of chitosan will help stabilize the particles of ZnFe,Oy4 by reducing
aggregation and helping to promote the recovery of ZnFe,O, particles from solution. A
previous study has shown that the efficiency of modified photocatalysts may be attributed
to high light absorption, formation of step scheme heterojunction and interfacial charge sep-
aration. Being a polysaccharide, chitosan contains random distribution of 3-(1-4)-linked
D-glucosamine and N-acetyl-D-glucosamine. It is either neutral or negatively charged in
acidic medium, which allows it to form electrostatic complexes or multilayer structure. Its
nontoxicity, biocompatibility and biodegradability make it suitable for various applications
such as in water treatment.

This study aimed at investigating the preparation of ZnFe,O4 via coprecipitation and
its immobilization on chitosan to further improve on its separation from aqueous solution
when used as a photocatalyst for the photodegradation of antibiotics. ZnFe,O4@Chitosan
was proposed as a photocatalyst for the degradation of CIP, AMP and ERY in aqueous
solution. Therefore, this study was aimed at the photodegradation of CIP, AMP and ERY
under visible-light irradiation using ZnFe,O,@Chitosan.

2. Materials and Methods
2.1. Materials

Zinc chloride hexahydrate (ZnCl,.6H,0), ferric chloride hexahydrate (FeCl3.6H,0),
chitosan, acetic acid, NaOH, C,Hs0H, HCl, oleic acid, ciprofloxacin (CIP), ampicillin
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(AMP), erythromycin (ERY), isopropyl alcohol (IPA), ammonium oxalate (AO), chloro-
form (CH), and all other chemicals used were purchased from the Aldrich Chemical Co.,
Gillingham, UK.

2.2. Synthesis of ZnFeyOy Particles

To prepare ZnFe,O4 particles, mixtures of FeCl;.6H,O (0.4 M) and ZnCl,.6H,0O (0.2M)
were continuously stirred for 60 min, after which oleic acid (15 mL) was added as a capping
agent. The mixture was maintained at a temperature of 80 °C and a pH range of 10-12 by
dropwise addition of NaOH (2 M) until the appearance of precipitate while stirring for 2 h.
The mixture was cooled to room temperature, filtered, and washed severally with water
and ethanol. The residue obtained was oven-dried at 105 °C for 12 h and transferred to the
furnace at 550 °C for 18 h.

2.3. Synthesis of ZnFe,O,4@Chitosan Particles

To prepare ZnFe,O4@Chitosan, chitosan (1 g) was dissolved in acetic acid (50 mL,
2% v/v) and sonicated for 60 min. ZnFe,O4 (2 g) was added to the solution and stirred
for 60 min. While maintaining room temperature, 30 mL of NaOH (1 M) were added and
stirred for 40 min to form precipitates. The ZnFe,O4@Chitosan formed was filtered and
washed severally with deionized water. The residue obtained was oven-dried at 40 °C
for 12 h.

2.4. Characterization of ZnFe;O4@Chitosan Particles

The functional groups in ZnFe,O4@Chitosan were determined using FTIR (Agilent
Technologies); spectrum was recorded in the range of 400-4500 cm~!. The BET surface
area was determined by N gas adsorption using Nova 3200 quanta chrome. TG analysis
was carried out using a Mettler thermogravimetric analyzer (SDT Q600 V20.9 Build 20).
The X-ray diffraction pattern was measured in 26 ranging from 5 to 90° using an X-ray
diffractometer (Philip XRD-1390 PW model) with filtered Cu K radiation operated at 40 kV
and 40 mA. The SEM image was recorded using SEM JSM-T25 (JOEL Co., Japan), while
elemental composition was estimated on EDS. VSM was carried out on a magnetometer and
UV-visible absorption spectra were recorded on a UV-visible spectrophotometer (UV-vis:
Cary 60).

2.5. Photocatalytic Degradation of CIP, AMP and ERY by ZnFe,O4@Chitosan

The photodegradation study was carried out under visible light using a low-cost
solar simulator (LSO106, 150 W Xe light source) with a filter holder and 90° beam turner.
The degradation was achieved by contacting 100 mL of either CIP, AMP or ERY at a
concentration of 5.00 mg L~! with 0.1 g of ZnFe,O,@Chitosan particle in a 150 mL beaker
for 180 min while stirring gently at 80 rpm under the simulated visible-light irradiation,
ensuring a distance of 20 cm between the UV lamp and the test solution. Samples were
withdrawn at different intervals to monitor the degradation rate. The concentrations of
CIP (Amax = 271 nm), AMP (Amax = 420 nm) and ERY (Apmax = 285 nm) were measured
using a UV-visible spectrophotometer (Perkin Elmer, Lambda 750 spectrometer). The effect
of the ZnFe,O4@Chitosan weight on degradation was checked by varying the weight of
ZnFe; O 4@Chitosan from 0.1 to 0.5 g, while the effect of concentration of CIP, AMP or
ERY on degradation capacity was evaluated by varying the concentration from 1.00 to
5.00 mg L~ (CIP, AMP or ERY), and the effect of pH was determined by varying the pH
solution from 2 to 10. The experiment was repeated in the dark to establish the adsorption—
desorption equilibrium. All the experiments were repeated three times and values were
presented as mean value. The degradation efficiency was calculated as:

. . Ci
Degradation Ef ficiency (%) = 100 x (1 — C—) (1)

0
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where C, is the initial concentration of CIP, AMP or ERY, and C; is the concentration of CIP,
AMP or ERY at time ¢. The adsorption capacity (4;) and the percentage removal (% removal)
for the adsorption—desorption equilibrium experiment in the dark was calculated as:

_ (G -GV
qr = - 2)
% removal = w X 100 3)

Equation (4) was obtained by combining Equations (2) and (3)

_ (% removal X Cy, X V)
"= 100 X m

4)

where C, (mg L~1) is the initial concentration of CIP, AMP or ERY, C; (mg L) is the
concentration of CIP, AMP or ERY at time ¢; m is the weight (g) of ZnFe,O,@Chitosan used,
V represents the volume in litres (L) and g; (mg g~ !) is the adsorption capacity.

2.6. Evaluation of Reactive Oxygen Species Scavenging Capacity

In order to understand the mechanism of operation of ZnFe,O4@Chitosan, the role of
reactive oxygen species (ROS) in the photodegradation of CIP, AMP and ERY was inves-
tigated using isopropyl alcohol (IPA) as a hydroxyl radical (OH-) scavenger, ammonium
oxalate (AO) as a scavenger for hole (h*) and the scavenger for superoxide ion radical (O, ™)
being chloroform (CH). The scavengers were separately introduced into the photodegrada-
tion process as a concentration of 1 mM. The process conditions (ZnFe,O4@Chitosan weight,
concentration of CIP, AMP or ERY, photodegradation time, and pH) for photodegradation
with and without scavengers was kept constant.

2.7. Re-Useability and Stability of ZnFe;O4@Chitosan

To determine re-useability, the ZnFe,O,@Chitosan was recovered after the degrada-
tion time, washed with solvents (deionized water, 0.1 M HCI, ethanol or a mixture of
ethanol and 0.1 M HCI (3:2)) and dried in the oven at 80 °C for 5 h before it was reused for
the photodegradation process. The treated aqueous solution was analyzed to check for
the leaching of ZnFe; Oy into solution using inductively coupled plasma-optical emission
spectroscopy (ICP-OES). The ICP-OES analysis was carried out at the end of each treat-
ment cycle with ZnFe,O,@Chitosan. The photostability of the ZnFe,O4@Chitosan for the
photodegradation of CIP, AMP and ERY was evaluated in fifteen (15) successive cycles
of operation.

3. Results and Discussion
3.1. Synthesis and Characterization of ZnFe,O4@Chitosan

The FTIR spectrum of ZnFe; O4@Chitosan revealed the functional groups it contained,
as shown in Figure 1a. The spectrum revealed a peak at 3420 cm !, which was attributed
to the O-H stretching, while the peak at 2892 cm~! was assigned to the C-H stretching of
alkane. The -NH;C stretch was observed at 2352 cm !, while the signal corresponding
to the C=0 carbonyl stretch of amide was seen at 1612 cm~!. The N-H and C-H bending
appeared at 1584 and 1580 cm ™!, respectively. The peak at 1432 cm~! was assigned to C-O
stretch, while the anti-asymmetric stretching vibration of C-O-C appeared at 1027 cm 1.
The signals appearing at 593 and 387 cm ™! correspond to the stretching frequencies of
Zn-0O and Fe-O, respectively. The BET surface area of ZnFe,O,@Chitosan is shown in
Figure 1b, which revealed a surface area of 12.96 m? g1, total pore volume (at P/P, = 0.900)
of 0.109 cm®>g~! and a mean pore diameter of 33.71 nm. The BET isotherm exhibited
by ZnFe;O4@Chitosan is of type II, which suggests unrestricted monolayer-multilayer
adsorption that is common to mesoporous adsorbents [21]. The XRD diffraction (Figure 1c)
showed the most intense peak at 20 = 35.61° with a plane spacing corresponding to
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(311), which is the plane previously reported for ZnFe,O4 particles [22] with other planes
corresponding to (110), (111), (134), (220), (222), (400), (422), (511), (440), (620), (533), (444),
(642), (731) and (800), as seen in the pattern [22,23]. Equation (5) shows an expression from
which the crystallite size of ZnFe,O4@Chitosan may be calculated considering its X-ray

line broadening from the reflections of (311) and Debye-Scherrer’s formula [24]:

-NHKC vibration

C=0 stretch
C-H stretch
N-H bending

CHoendng b greteh
T T !

4000 3500 3000 2500 2000 1500 1000 500

60

(&)
o

-

u
S
o

N
o

Intensity (a.

w
o
1

-

Wavenumber (cm )

(311)
(c)
(222)
-LChitosan (110)*
(440)

| Chitosan (134)* (731)

10 20 30 40 50 60 70 80 90
2 Theta (degree)

100-

V_/Cm® (STP) g’

100+

Mass Loss (%)

D
o

«©
o
1

(0]
o

—~
=)

D

~ B Cos

(b)

o
o
1

-]
(e
1

0

T

PIP

(d)

0 T T T T T T T T T T )
0 200 400 600 800 1000

Temperature ('C)

Figure 1. FTIR (a), BET (b), XRD (c) and TGA analysis (d) of ZnFe,O4@Chitosan.

00 02 04 06 08 10

©)



Resources 2022, 11, 81

60of 17

From Equation (5), D is the average crystallite size of ZnFe,O4@Chitosan, K represents
a constant taken as 0.89. A is the X-ray wavelength (1.5406 A), while B and 0 are the full
width of diffraction line at half of the maximum intensity (FWHM) and Bragg’s angle (at
peak (311)), respectively [25]. The crystallite size for ZnFe,O,@Chitosan was found to
be 35.14 nm. The crystallite size is important in understanding its diffusion properties.
Apparently, this can be expressed as [26,27]:

T=r2’D (6)

where T is the average diffusion time of charge carriers from bulk solution to the surface of
ZnFe,O4@Chitosan, and D represents the diffusion coefficient of the charges. According to
the expression (Equation (6)), the larger the size of a catalyst, the longer the diffusion time,
which means the more susceptible it is to aggregation (recombination effect). Such recombi-
nation leads to decreased catalytic property [27,28]. It is important that the crystallite size
is small. The crystallite size of ZnFe,O4@Chitosan falls withing the range of previously
reported sizes (37 to 45 nm) for spinel ferrite [29], suggesting a good catalyst functional
size for ZnFe, O @Chitosan.

The thermal degradation is shown in Figure 1d, which showed three major losses. The
first loss at range 0-180 °C is about 5.58%, which was attributed to a loss of volatile and
adsorbed water molecules. This is followed by a second major loss at range 210415 °C,
which is 17.41% of total mass and was attributed to the decomposition of the chitosan
structure with loss of H,O, NHj3, CO, CO, and CH3COOH, which was considered to be
pyrrolic degradation of chitosan as previously reported [30,31]. Moreover, previous study
has shown that the degradation of chitosan can take place by random breaking of the
C-O-C skeletal bond [30-33], which was seen in the FTIR result (Figure 1a) at 1027 cm™ L,
The third important loss in the range 415-1000 °C accounts for 26.30% loss of the total
mass, which may be attributed to loss of CHy that was considered to have taken place via a
dehydrogenation mechanism as previously reported [30,34,35].

The SEM micrograph is presented in Figure 2a, revealing district packs of particles on
the surface of ZnFe,O,@Chitosan which may be seen to be homogeneous. The EDS result
(Figure 2b) confirms the presence of carbon (c), oxygen (O), nitrogen (N), iron (Fe) and zinc
(Zn) in the molecule of ZnFe,O,@Chitosan, while elemental surface mapping is shown in
Figure 2¢ (Cy_5).

The magnetic property of ZnFe,O,@Chitosan was investigated using vibration sample
magnetometry and the results are presented in Figure 2d with magnetic hysteresis loop,
indicating that ZnFe,O4@Chitosan is magnetic. The saturation magnetization is found
to be 2.38 emu g~ !, which is large enough for magnetic separation for practical applica-
tions. Previous study has reported a high saturation magnetization [22,36,37] for ZnFe;Oy;
however, the observed low saturation magnetization in ZnFe,Os@Chitosan compared to
previous reports may be due to the immobilization of ZnFe,O, on chitosan, which may
have altered the inversion degree of ZnFe;Oy.

The UV-visible spectrum is shown in Figure 3a, revealing absorbance in the visible
region, which suggests that ZnFe,O,@Chitosan may have photocatalytic activity in the
visible-light region. The optical bandgap was determined from the Tauc plot method, as
shown in Figure 3b; this was determined as described for a transition-type semiconductor
(Equation (7):

(e ho)? = A(ho — Eg) ?)

where hv is the frequency of incident light, A represents the proportionality constant, E, is
the bandgap and « is the absorption coefficient. The bandgap for ZnFe, O4@Chitosan was
found to be 2.98 eV, which further corroborates the fact that ZnFe,O,@Chitosan may be
active for photodegradation within the visible-light region.
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Figure 2. SEM (a), EDS (b), surface mapping (c) and VSM analysis (d) of ZnFe,O4@Chitosan.

3.2. Photodegradation Study

The time-dependent degradation of CIP, AMP and ERY by ZnFe,O @Chitosan at a
concentration of 5.00 mg L~! is presented in Figure 4a. The percentage degradation was
in the following order of efficiency: CIP (99.80 =+ 0.20%) > AMP (94.50 £ 0.10%) > ERY
(83.20 £ 0.20%). The photodegradation reached equilibrium after 150 min of treatment.
The degradation efficiency exhibited by ZnFe,O4@Chitosan towards the antibiotics might
be molecular weight-dependent since the highest efficiency was found in CIP having the
lowest molecular weight and the least efficiency found in ERY having the highest molecular
weight. The molecular weight is in the increasing order of CIP (331.347 g mol ~!) < AMP
(349.406 g mol 1) < ERY (733.930 g mol~1). The molecular structures of the antibiotics are
shown in Figure 3c—e; the lower the molecular weight, the higher the degradation efficiency
expressed by ZnFe,O4@Chitosan. The dark experiment revealed that adsorption was tak-
ing place at the same time with the photocatalytic degradation. Therefore, the adsorption
capacities as well as the percentage removal with time are presented in Figure 4b—d. The
adsorption capacity and percentage removal increased with time and reached equilib-
rium after 30 min of treatment. The adsorption capacity was 1.1 + 0.05 mg g~ ! in CIP,
0.6 +- 0.05 mg g~ ! in AMP, and 1.6 & 0.02 mg g~ ! in ERY, while the percentage removals
were 22 £ 0.05, 12 £ 0.05 and 32 + 0.02% in CIP, AMP and ERY, respectively. The highest
adsorption capacity and percentage removal was expressed towards ERY.



Resources 2022, 11, 81

8 of 17

Absorbance (a.u.)

1.2- (a) 25 (b)
1.0- ST
g20
0.8+ %15_
0.6 o
‘-010_
0.4 D
r.; 5_
0.2- .%
20
0.0 A
300 400 500 600 700 800 15 20 25 30 35 40 45

Wavelength (nm) Energy (eV)

(d)

(.

\\‘\

/\OH

Figure 3. UV-visible absorbance spectra of ZnFe,O4@Chitosan (a), Tauc plot for ZnFe,O,@Chitosan
(b), structure of CIP (c), structure of AMP (d) and structure of ERY (e).

3.3. Effect of Operational Parameters

The effect of concentration (1.00 to 5.00 mg L~!) on degradation efficiency and percent-
age removal (dark experiment) are presented in Figure 5a,b, respectively. The degradation
efficiency increased as concentration reduced from 5.00 to 1.00 mg L~!, which may be due
to the reduction in the amount of antibiotic species to be degraded. As these species reduce,
ZnFe;O4@Chitosan had lesser work to execute, which resulted in an increase in efficiency.
Moreover, when the concentration increases, more degradation products are produced
that may occupy the active photodegradation site on ZnFe,O4@Chitosan. Therefore, since
adsorption has been confirmed to be taking place from the dark experiment conducted, it
becomes evident that, as adsorption takes place, there is the possibility of the photodegra-
dation sites being populated with the adsorbed species as concentration increases, allowing
more adsorbate to migrate to the photocatalysis sites on ZnFe,O4@Chitosan. This occur-
rence will reduce photon penetration or migration to the surface of ZnFe,O4@Chitosan
to initiate photocatalytic activities. This incident is capable of reducing the formation of
oxidants, which limits the interaction between generated holes and electrons in the conduc-
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tion band. However, contrary to this, the percentage removal increased with an increase in
concentration of the antibiotics, which may be due to the fact that, as the concentration of
antibiotics in solution increased, more species were available to interact with the surface of

ZnFe;O4@Chitosan for adsorption.
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moval expressed by ZnFe,O,@Chitosan in the absence of visible light, (c) = Effect of weight of
ZnFe;O,@Chitosan on degradation efficiency towards CIP, AMP and ERY at 5.00 mg L~! and
(d) = Effect of weight of ZnFe;O,@Chitosan on percentage removal expressed towards CIP, AMP and
ERY at 5.00 mg L1 in the absence of visible light.

The effect of weight of ZnFe,O4@Chitosan was also examined on the degradation
efficiency and the percentage removal, as shown in Figure 5¢,d. It was observed in both
cases that the performance of ZnFe,O4@Chitosan towards the degradation of CIP, AMP and
ERY increased as the weight of ZnFe,O4@Chitosan increased. This observation suggests
that, as the weight of ZnFe,O4@Chitosan increased, more active sites were available to
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initiate photodegradation and adsorption. Solution pH plays an important role in the
photodegradation process.

ZnFe,O4@Chitosan expressed high degradation efficiency at low pH values but the
degradation efficiency decreased as the pH increases above 7 (Figure 6a,b).

45 -
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—s— Ciprofloxacin

Degradation Efficiency (%
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©
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Figure 6. (a) = Effect of solution pH on the degradation efficiency of ZnFe, O4@Chitosan (0.1 g) against
CIP, AMP and ERY at 5.00 mg L™}, (b) = Effect of solution pH on the percentage removal expressed
by ZnFe,04@Chitosan (0.1 g) towards CIP, AMP and ERY at 5.00 mg L=, (c) = Plot of 1nCo/Ct
versus irradiation time for CIP, AMP and ERY at 5.00 mg L~! and 0.1 g of ZnFe,O,@Chitosan and
(d) = Degradation efficiency of ZnFe,O,@Chitosan towards CIP, AMP and ERY with and without
different ROS scavengers.

The best pH for the photodegradation study is the acidic pH, which may be due to
the fact that during low pH, more H* ions are available that can react with water to form
the hydroxyl radicals to promote the photodegradation process. On the other hand, the
adsorption capacity was low at acidic pH (low pH value) but increased as the pH value
increased towards 7 (neutral pH value). Interestingly, the percentage removal dropped as
the pH value increased from 7 to 10.
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The photodegradation of CIP, AMP and ERY by ZnFe,O4@Chitosan was subjected to
a pseudo-first-order kinetic model, which can be described as:

G\
In(ct> Kt ®)

where C, and C; are the initial and time “t” concentrations of CIP, AMP or ERY, respectively.
The pseudo-first-order rate constant was calculated from the slope of the graph of 1nC,/C;
versus time (Figure 6¢) and represented as k, while ¢ is the irradiation time. The pseudo-first-
order rate constant for CIP is 0.035 min—!, AMP is 0.016 min—! and ERY is 0.012 min—!. The
values obtained for the pseudo-first-order rate constant is also reflective of the degradation
efficiency exhibited by ZnFe,O,@Chitosan towards the antibiotics. The highest degradation
efficiency was towards CIP (99.80 £ 0.20%), with the highest rate constant compared to
other antibiotics. The higher the rate constant, the faster the process is expected with high
degradation efficiency.

3.4. Proposed Mechanism for the Photodegradation of CIP, AMP and ERY by ZnFe,O4@Chitosan

Most photocatalytic degradation processes are known to be via reactive oxygen species
(ROS) generation within the solution to be degraded. Therefore, the photocatalytic degra-
dation exhibited by ZnFe,O,@Chitosan towards CIP, AMP and ERY was evaluated in
the presence of IPA to scavenge hydroxyl radical (OH'), AO to scavenge hole (h*) and
CH to scavenge superoxide ion radical (O, ), as previously reported [38]. The results
obtained are presented in Figure 6d. It was observed that the photodegradation efficiency
of ZnFe,O4@Chitosan was reduced in the presence of IPA, AO and CH, indicating that
they all played roles in the degradation of CIP, AMP and ERY by ZnFe,Os@Chitosan.
When CH was introduced into the degradation medium, there was a drastic reduction in
the degradation efficiency from 99.80 &+ 0.20% to 31.20 = 0.80% in CIP, 94.50 £ 0.10% to
24.70 £ 0.50% in AMP and 83.20 + 0.20% to 18.40 & 0.70% in ERY. A similar observation
also took place when AO was introduced into the medium, which suggested the scavenging
of hole by AO and superoxide ion radicals by CH during the photodegradation process.
This drastic reduction is an indication that both hole and superoxide ion radicals played an
important role in the photodegradation process by ZnFe,O,@Chitosan.

Furthermore, the reduction in efficiency when IPA was introduced also confirmed that
hydroxyl and superoxide ion radicals must have been generated from the photochemical
reactions between the hole (h*) and photoexcited electrons (e™) with H,O and O, molecules
(Figure 7). As described in Figure 7a, during the process, ZnFe,O,@Chitosan may have
absorbed visible-light energy greater than its bandgap, leading to the generation of h* in
the valence band and e~ in the conduction band. As long as the recombination of h* and
e~ is hindered, the ROS continues to promote the degradation of CIP, AMP or ERY, as
described in Figure 7b.

3.5. Re-Useability and Stability of ZnFe,O,@Chitosan

The re-useability and stability of a photocatalyst plays an important role in deter-
mining its economic viability. In this regard, ZnFe, O @Chitosan was regenerated using
different solvent systems based on the solubility of CIP, AMP and ERY. Solvents used
included deionized water, 0.1 M HCI, ethanol or a mixture of ethanol and 0.1 M HCl
(3:2). However, a mixture of ethanol and 0.1 M HCI (3:2) gave better results in regen-
erating ZnFe,O4@Chitosan for re-use (Figure 8a). Therefore, at the end of each cycle,
ZnFe,O4@Chitosan was washed with a mixture of ethanol and 0.1 M HCl (3:2), dried and
re-used for the photodegradation of CIP, AMP or ERY. The cycle was repeated until the 15th
cycle and the regeneration capacity for 15 successive cycles is shown in Figure 8b. Interest-
ingly, the capacity was 97.60 &= 0.10% for CIP, 93.50 £ 0.20% for AMP and 95.00 & 0.10%
for ERY at the 15th cycle, which suggests a high stability of ZnFe,O4@Chitosan as a vi-
able photocatalyst for the photodegradation of CIP, AMP and ERY. The ICP-OES results
revealed 0.08 ppm of Fe and 0.05 ppm of Zn in the solution after the 15th cycle, which
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suggests that the ZnFe,O, particles leached into solution during the photodegradation
process. However, the leached amount is within the permissible limits for Fe (0.10 ppm)
and Zn (5.00 ppm) in drinking water. The results obtained in this study were also compared
with a catalyst previously reported, as shown in Table 1. ZnFe;O4@Chitosan compared
favourably with a previously reported photocatalyst for the degradation of CIP, AMP and
ERY. Distinctly, ZnFe; O4@Chitosan exhibited an encouraging stability with capacity above
90%, even at the 15th regeneration cycle for re-use, which demonstrates the economic
viability or advantage of ZnFe,O4@Chitosan over most recently reported photocatalysts it
was compared with in the literature. The efficiency towards the degradation of CIP exhib-
ited by ZnFe,O4@Chitosan is higher than values recently reported for Cu,O/MoS, /rGO
(Selvamani et al. 2021) and ZnO [39]. The use of ZnFe,O4@Chitosan for photodegradation
was conducted in the visible-light regions, which shows that its use does not require an
additional cost for a UV source, unlike in the case of some of the previous studies [40-42].

Y

A \\ O, (a)
— A erererey &
g .
g
n ' h*h*h*h*
+3— T 7T

(b)

ZnFe,O,@Chitosan + v ——— h* (VB) + e (CB)

AT (VB)+H0 ———= 1+ oy

e (CB) + O,

CB + O,
-02- +2H*"+20H ——> 02 + 2H202

Sptdan R e

T QR E O

05+ OH + CIRP/AMP/ERY. ~

Figure 7. Proposed mechanism for the photodegradation of CIP, AMP and ERY: (a) Scheme for
reaction mechanism and (b) Stepwise photodegradation of CIP, AMP and ERY.
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Figure 8. (a) Degradation efficiency of ZnFe,O4@Chitosan after washing with solvent systems and
(b) Regeneration capacity of ZnFe,O,@Chitosan expressed towards CIP, AMP and ERY at different
operational cycles.

Table 1. Comparison of the photodegradation of CIP, AMP and ERY by ZnFe,O4@Chitosan with
other photocatalysts in literature.

Material Antibiotic DE (%) LIS AC (gL Conc (mg L-1) Stability (%) Reference
Cu,O/MoS, /rGO CIP 55.00 150 W halogen lamp 0.30 10.00 - [43]
TiO; on glass CIpP 92.00 6 W UV-C lamp 1.00 5.00 - [44]
ZnO CIP 93.00 8 W Hg fluorescent 0.50 5.00 - [39]
ZnO (@1 100.00 9 W Hg UV lamp 0.15 10.00 - [42]
MWCNTs- )
CuNiFe,O; AMP 100.00 36 WUV 0.50 25.00 93.72 (8th cycle) [40]
Ru/WOs3/ZrO, AMP 96.00 150 W Xe lamp 1.00 50.00 92.00 (2nd cycle) [41]
La/Cu/Zr trimetallic AMP 86.00 Sunlight 0.10 50.00 59.00 (6th cycle) [45]
Znpc-TiO, ERY 74.21 300 W Xe arc lamp 0.40 1x10°M - [46]
v-Fe,03/Si0» ERY 87.17 15 W UV-C lamp 0.50 6.00 - [47]
Ag-NP AMP 96.50 Sunlight 0.17 10.00 - [48]
FeSi@MN AMP 70.00 Sunlight 0.60 100.00 63.00 (4th cycle) [49]
WO3/BiOCl/Chitosan AMP 75.00 Solar light 0.50 *1x 1074 67.00 (10th cycle) [50]
BiOCl/Chitosan AMP 75.00 Solar light 1.00 *1x 1074 67.00 (10th cycle) [51]
FellI-CS-GLA CIP 90.30 Solar light - # 50 - [52]
CcIp 99.80 Visible-light 1.00 5.00 97.60 (15th cycle)
ZnFe,O,@Chitosan AMP 94.50 simulation (150 W 1.00 5.00 93.50 (15th cycle) This study
ERY 83.20 Xe light) 1.00 5.00 95.00 (15th cycle)

- = Not reported. Degradation efficiency = DE, Light illumination source = LIS, Amount of catalyst = AC,
Conc = Concentration of antibiotic, Nickel-copper ferrite nanoparticles onto multi-walled carbon nanotubes =
MWCNTs-CuNiFe; Oy, FeSi@magnetic nanoparticle = FeSi@MN, Ciprofloxacin = CIP, Ampicillin = AMP,
Erythromycin = ERY, * = mol dm—3, Fe''-CS-GLA = iron (III) chelated cross-linked chitosan, ** = pM.



Resources 2022, 11, 81 15 0f 17

4. Conclusions

ZnFe;O4@Chitosan was prepared by simple chemical process and applied in the
photodegradation of CIP, AMP and ERY in aqueous solution. The results from the FTIR
of ZnFe,O4@Chitosan revealed prominent peaks, suggesting its synthesis, while signals
from XRD showed a diffraction pattern confirming the synthesis of ZnFe,O4@Chitosan
with a crystallite size of 35.14 nm. The VSM result revealed a saturation magnetization
of 2.38 emu g~ !, which is large enough for magnetic separation for practical applications.
The study showed that both photodegradation and adsorption were taking place at the
same time with the percentage degradation efficiency in the order CIP (99.80 & 0.20%) >
AMP (94.50 & 0.10%) > ERY (83.20 £ 0.20%). ZnFe,O4@Chitosan exhibited an encouraging
stability with capacity above 90%, even at the 15th regeneration cycle. The photodegrada-
tion mechanism suggested the role of hydroxyl and superoxide ion radicals. The study
revealed ZnFe,O4@Chitosan to be a promising catalyst for the degradation of CIP, AMP
and ERY in aqueous solution.
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