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Abstract

Herein, a simple but highly effective strategy of thermal annealing to modulate oxygen
vacancies related defects in ZnFe,O, (ZFO) nanoparticles for obtaining enhanced
wastewater treatment efficiencies is reported. The as-prepared nanoparticles were thermally
annealed at three different temperatures (500 °C, 600 °C and 700 °C) and their phase purity
was confirmed by X-ray diffraction (XRD). All samples were found to exhibit pure phases
of ZFO with different crystallite sizes ranging from 10 nm to 25 nm. The transmission
electron microscope (TEM) images showed well dispersed nanoparticles and a strong
correlation of grain size growth with annealing temperature was established. The optical
absorption and emission characteristics were estimated through UV-visible and
Photoluminescence (PL) spectroscopy. Raman spectroscopy and X-ray Photoelectron
Spectroscopy (XPS) confirmed the variation of oxygen vacancies in the synthesised
samples’ lattice. The photocatalytic activities of all samples were investigated and the
highest efficiencies were recorded for the ZFO samples annealed at 500 °C. Under high
salinity condition, the organic dye degradation efficiency of the same sample remained the
highest among all. The excellent dye degradation abilities in ZFO samples can be attributed
to the abundance of oxygen vacancies in the crystal lattice that slow down the
recombination rate during the photocatalysis process. Moreover, cytotoxicity tests revealed
that all prepared ZFO samples showed insignificant cell structure effects on Picochlorum sp
microalgae, as verified by Fourier-transform infrared (FTIR) spectroscopy. On the other
hand, no significant changes were detected on the viable cell concentration and Chlorophyll
a content. This work presents a systematic way to finely tune the crystal sizes and to

modulate oxygen related defects in ZFO through a simple but highly effective annealing
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approach to signify their potential in industrial wastewater and seawater treatment

processes.
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1 Introduction

The scarcity of freshwater resources has been one of leading global environmental and
sustainability challenges. Most of the fresh water and seawater resources (Al-Najar et al.,
2020) are affected by human activities due to disposal of hazardous pollutants such as
industrial dyes (Tkaczyk et al., 2020), heavy metals (Abdullah et al., 2020), antibiotics (J.
Huang et al., 2020) and pesticides (Sert et al., 2017), which are harmful for ecosystem and
human health (Qureshi, 2020). Various industries extensively used organic dyes for coloring
and then dispose them directly into aqueous effluents, which in turn pollute natural water
resources. Even a small concentration of these dyes in water prevents penetration of sunlight
into water thus affecting the aquatic flora. Moreover, many dyes are carcinogenic,
mutagenic and toxic to microorganisms and aquatic species (Chen et al., 2017; Hashemi et
al., 2019; Sehar et al., 2021; Younis et al., 2018; Younis and Loucif, 2021) and their
effective removal by transforming them into harmless products before release into the
environment is of utmost importance. In high salinity conditions, the removal of these dyes
become even harder because of the chemical complexity and the salt ions concentrations (T.

Wang et al., 2017).
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Various nanomaterials have been investigated in water treatment techniques due to their
small size and controllable properties (controlling size — photocatalysis)(Sehar et al., 2019;
Younis et al., 2016). In a typical photocatalysis process, a semiconducting material absorbs
energy, which is directly related to the bandgap of the material and generate electron/hole
pairs. The reactive species generated by the separation of electron/hole pairs interact with
the dye molecules and convert them into less harmful inert products (e.g., water, carbon
dioxide) (Chiu et al., 2019; Mahy et al., 2019). Titanium dioxide is considered as a flagship
material that has been widely utilized as an efficient photocatalyst for so many years(Porcar-
Santos et al., 2020). However, due to its large bandgap (~3.2 eV), it is only affective under
ultra-violet (UV) light. It is highly desirable to achieve efficient photocatalytic degradation
in visible light rather than in UV light, as visible light constitutes about 50% of solar
radiation whereas, UV light forms only 4% (T. Wang et al., 2017). Therefore, the
exploration of functional nanomaterials with relatively narrow bandgaps, that may have
strong absorption in the visible region, is highly advantageous for obtaining excellent

photocatalytic performance (Guo et al., 2014).

Spinel ferrites, owing to small bandgaps (less than 2.2 eV), possess a cubic structure
with formula (A)[B].04, where (A) and [B] are tetrahedral and octahedral cation sites in an
FCC anion (oxygen) sublattice. In bulk Zinc Ferrite (ZnFe,O4 (ZFO)), A and B cationic
sites are occupied by Zn®* and Fe®" ions. On the other hand, the nanocrystalline ZFO system
always shows up as a mixed spinel in which Zn®* and Fe*" ions are distributed over A and
B-sites (Qin et al., 2017). The nanocrystalline ZFO could absorb visible range of solar
radiation and provide numerous catalytic sites for adsorption, thus have a great potential of

an efficient photocatalysts (Baynosa et al., 2020). ZFO is also known of its chemical
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stability, low cost and environmental friendliness(Sapna et al., 2019). The unique crystal
structure of ZFO makes it highly reactive and responsive (Wu et al., 2019) besides the
ability of controlling and tuning these properties to get the optimum efficiency for the

desired application (Sun et al., 2020).

So far, pure ZFO have not been successfully demonstrated for efficient photocatalysis due to
its high recombination rate between holes and electrons (Yentiir and Diikkanci, 2020).
Therefore, to overcome this drawback, heterostructure of ZFO with other functional
materials have been implemented to demonstrate its potential in this field (Naseri et al.,
2020). This mainly involved Graphene oxide (Chandel et al., 2020) and noble metals
(Khadgi and Upreti, 2019) that have shown a great photocatalysis efficiency in comparison
with pure ZFO. Consequently, this will add more economical and environmental hazard cost
(Prasad et al., 2020; Wang et al., 2020) beside the multi-stage preparation routes and the
need of the optimization between the absorption ability and the electron-hole yield within
the heterogeneous structure (Serpone, 2018). Therefore, considering the photocatalytic
activity of pure ZFO is still challenging, due to the complexity of photocatalytic relation to
the crystal structure (crystal size and defects) of materials (Divya et al., 2020; Lei et al.,

2020; Yadav et al., 2018).

In this work, we focused on the possibilities of tuning the defects concentration in pure
ZFO nanoparticles by thermal annealing to investigate their photocatalytic efficiencies. The
samples were post annealed at different temperatures (500°C, 600°C and 700°C) which
strongly influence crystal size and defects characteristics. Furthermore, the influence of ZFO
crystal sizes on the photocatalytic activities were investigated in aqueous solution as well as
in seawater. We also investigated the cytotoxicity of all ZFO samples on Picoplankton
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Picochlorum sp micro algae in term of their structure, viable cells concentration, Reactive
Oxidative Species (ROS) generation and their chlorophyll a content. This work may provide
new insights for defects modulation in nanocrystalline ZFO to explore their potential as an

effective catalyst for industrial wastewater treatment.

2 Materials and Methods

2.1 Synthesis of ZFO nanoparticles

The ZFO nanoparticles were synthesized by using sol-gel method and the whole
process is schematically shown in Figure 1. For a typical chemical synthesis, equal amounts
of citric acid and Fe(NO3)3.9H,0 and 4g of Zn(NO3), were mixed with 1.2 L distilled water
followed by magnetic stirring. After 25 min of stirring, around 15 ml of Ammonium
Hydroxide was added to the solution to alter the pH to 7. Afterwards, the mixed solution
was heated at 130 °C along with continuous stirring until the solution is completely
evaporated and burned into black powder (Rashdan and Hazeem, 2020). The as-prepared
samples were annealed at 500 °C, 600 °C and 700 °C for 30 minutes to obtain the ZFO
crystalline structure. For simplicity, the annealed samples are renamed as ZFO-500, ZFO-

600 and ZFO-700, respectively.
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Figure 1: Schematic diagram showing step by step synthesis of ZFO nanoparticles.

2.2 Characterization of ZFO nanoparticles

The morphology and grain sizes of ZFO samples were determined by using
Transmission Electron Microscopy (Talos L120C G2- LaB6). The chemical phase and
crystallite structure were determined using X-ray diffraction (XRD) using Rigaku Uitima IV
equipped with Cu-Ko radiation source (0.15418 nm) with angle ranging from 10° to 80°.
Fourier-transform infrared spectroscopy (FTIR)- (Shimadzu- IRAffinity-1S) was used to
investigate the infrared absorption of the samples and the sample/algae combination. Optical
properties were investigated using UV-vis spectroscopy (Shimadzu-Lambda-4B),
Photoluminescence Spectroscopy (PL) (Jasco, Spectrophotometer FP-8500, Xenon
discharge lamp quartz cells [1cm]), Raman Spectroscopy and X-ray Photoelectron

Spectroscopy (XPS). The N2 adsorption-desorption isotherm measurements were performed
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using a Micromeritics ChemiSorb 2750 and the Brunauer—Emmett-Teller (BET) technique
with the degassing temperature of 300° C for 180 min. The pore-size distribution (PSD) was
obtained from the adsorption branch of the isotherms via the Barrett—Joyner—Halenda (BJH)

method.

2.3 Photocatalytic Activities of ZFO nanoparticles

The photocatalytic activities of all samples were evaluated for the removal of
methylene orange (MO) and methylene blue (MB) from aqueous solutions and seawater
under solar simulated irradiation using solar simulation chamber- Xenoterm-1500RF, CCI
(Spain) with Xenon lamp (1.5 kW). Conventionally, the photocatalytic reactions were
carried out in a 20 mL photoreactor, which contained 100 mg/L of ZFO samples dispersed
in 15 mg/L dyes solutions under the solar irradiation source. Prior to irradiation, the
solutions were stirred for 30 minutes in the dark to assure attaining adsorption/desorption
equilibrium. For determination of MO and MB decolorization, the absorbance of each
sample was measured at different time intervals (each 10 min for 120 min) using UV 1800

PC spectrophotometer.

Degradation efficiency was calculated using the following equation:

D(%) = (1- Cio) X 100 )

Where D is the degradation efficiency, C is the concentration of dye at a certain time and Cy

is the initial concentration of dye in solution.

Recyclability experiments were also conducted to check the stability of the synthesized ZFO

samples as well as FTIR and XRD that applied after the photocatalysis process. To further

Page 8 of 44



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

investigate the photocatalysis process, the Total Organic Carbon (TOC) content in the MO
and ZFO solution was measured with a Shimadzu SSM-5000-A carbon analyzer. Moreover,
to monitor the Reactive Oxygen spices (ROS) related to the photocatalysis process of the
MO dye, different scavengers were used; Benzoquinone (BQ) (6mmol/L, Ammonium
Oxalate (AO)(0.05¢/L), Catalase, (20mg/L ), 2-proponol (0.1 mmol/L) and Potassium per

Sulphate (KPS) (mmol/L) , in the dye solution.

2.4 Cytotoxcity Assay of ZFO nanoparticles

Biotoxicity assay of the prepared ZFO samples were conducted using Picochlorum sp.
culture, which is one of the main microalgae found in high salinity marine environment.
Pure culture samples were obtained from the National Mariculture Centre, Ministry of
Municipalities and Urban Planning, Kingdom of Bahrain. Picochlorum sp. microalgea
samples were sub-cultured in 2 L flask in filtered seawater and incubated under 18 °C. To
assess the cytotoxicity effect of the prepared ZFO samples, all samples were added to the

Picochlorum sp. culture samples at 50 mg/L, during exponential growth phase.

The Organization for Economic Cooperation and Development (OECD) 201 algal
growth inhibition test guidelines were followed with some modification. The cultures were
incubated with ZFO samples at exponential growth phase. The viable cell counts and
measurements of Chlorophyll a concentrations were performed every week starting from the
first day of inoculation of algae with ZFO samples for a total of 4 weeks. At the end of the 4
weeks period, ROS were measured for all algae/ZFO samples. FTIR analysis was also
applied for the algae/ ZFO samples and compared with the control sample. MuseTM Cell
analyzer (Millipore, USA) was applied to measure the viable cell counts and the ROS
percentage. The MuseTM Cell analyzer applied miniaturized fluorescent detection and
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micro-capillary technology to deliver quantitative cell analysis of both suspension and
adherent cells 2 to 60 pumin diameter. Chlorophyll a concentration for all control and
ZFOlalgae samples were measured using spectrophotometer (PerkinElmer UV
spectrophotometer). The samples were prepared following the UNESCO protocol (Vohra
1966) as 30 mL of each ZFO/algae culture sample were collected and the Chlorophyll a was
extracted using 90% acetone.

The ZFO-500 samples with different concentrations (0.5, 2.5, 5, 25 and 50 mg/L) were
also tested. The viable cell counts were measured after 1 week of inoculation of algae with
ZF-500 sample. Three replicates were applied for all cytotocity assay experiments. The data
is displayed as mean + standard deviation (SDEV). One- way analysis of variance
(ANOVA) followed by Tukey’s pairwise comparison using Minitab version 1.6 were
applied to test any significance variation between the different treatments and the control.

The level of significance was accepted at p<0.05 (Hazeem et al., 2016).

3 Results and Discussion

3.1 Morphology of ZFO nanoparticles

The morphology of ZFO samples prepared at different annealing temperatures was
investigated using TEM and the results are depicted in Figure 2. The TEM images revealed
a homogenous size distribution with semi-spherical grains for all prepared samples (ZFO-
500, ZFO-600 and ZFO-700). A considerable particle size variation was recorded by
changing annealing temperatures. The ZFO-500 sample possessed grains sizes with
diameters ranging from 10-15 nm, which is the smallest range among all samples. The

samples annealed at higher temperatures (ZFO-600 and ZFO-700) exhibited larger grain
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sizes ranging from 20-25 nm and 25-30 nm, respectively. For the sake of accuracy, the grain
sizes were determined by counting sufficiently large number of grains. The high resolution
transmission electron microscopy (HRTEM) images of all samples are depicted in the inset
of Figures 2a-2c. The lattice fringes of all samples are clearly visible with d-spacing of 0.25
nm correspond to the (311) crystal plane of ZFO crystalline phase configuration. Such grain
growth is attributed to the annealing temperature (Afzal et al., 2020; Amir et al., 2018), as
higher annealing temperature creates volume expansion and super-saturation reduction to
the crystal lattice system (Dippong et al., 2020, 2019). Thus, more grain boundaries related
defects could be present in ZFO-500 sample as compared to others which can be reduced by
increasing annealing temperature. Also, ZFO sample could have higher lattice grain strain

which can inhibit grain growth and by annealing at higher temperatures, larger grains were

formed as shown in Figures 2b and 2c.

Figure 2: TEM images of ZFO nanoparticles prepared at (a) 500 °C, (b) 600 °C and (c) 700
°C annealing temperatures. In the inset, HRTEM images of individual nanoparticles are

depicted.

Page 11 of 44



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

3.2 Structural Properties of ZFO nanoparticles

The XRD spectra of as-prepared and annealed ZFO samples are depicted in Figure
3a. No well-defined peaks were found from the XRD spectrum of the as-prepared ZFO
indicating its amorphous structure. When ZFO samples were annealed at 500, 600 and 700
°C, the crystal planes of cubic spinel phase of ZFO become clearly visible at (111), (220),
(311), (222), (400), (422), (511), (440) and (533). Rietveld analysis of the XRD spectrum
confirmed the formation of pure ZFO cubic spinel phase with space group Fd3m which
matches well with JCPDS NO. 01-078-6543. From XRD results, the crystallite size,
microstrain and lattice parameters of all samples were calculated and shown in Table TS1.
For ZFO-600, a small peak emerged at around 26 = 32° which was more obvious at ZFO-
700 and could be related to an inconsequential Fe,O3 phase (Amiri et al., 2020; Surendra et
al., 2020).

The crystalline size of ZFO was found to increase by thermal annealing and were
recorded as 10 nm, 18 nm and 25 nm, for ZFO-500, ZFO-600 and ZFO-700, respectively
(as shown in Table TS1). This increased crystallite size may be attributed to reduced
macrostrain within crystal structure of ZFO which were calculated as 0.54, 0.28 and 0.21 for
ZFO-500, ZFO-600 and ZFO-700, respectively. A slight decrease in lattice parameter from
8.4437 to 8.4404 was also recorded with annealing temperature. From our XRD and TEM
results, it is well established now that annealing temperature can greatly influence grain
growth and crystallite size in ZFO which are well accord to literature (Radhakrishnan et al.,
2016). The XRD peaks broadening, smaller crystal size, high microstrain and larger lattice
parameters of ZFO-500 compared to its counter parts may also indicate the existence of

crystal lattice defects related to oxygen vacancies (Afzal et al., 2020). As annealing
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temperature increased from 500°C to 700 °C, the XRD peaks become sharper with higher
intensity. Also, higher annealing temperature allows more oxygen to be involved in the
crystal lattice structure, filling any possible vacancies and forming large and refined crystal
structure (Jaffari et al., 2012) for the cubic ZFO spinel phase. During this refinement
process, both Zn** and Fe®" in the tetrahedral and octahedral sites cations may exchange
positions (Mana et al., 2019). Such re-distribution of cations and crystal defects may
decrease lattice parameter and microstrain (Amir et al., 2018; El-naggar et al., 2020).

The FTIR spectra of the annealed ZFO samples are shown in Figure 3b. All
corresponding peaks of ferrite structure were clearly visible in all ZFO samples with no
evidence of any impurity peaks. The spectrum consists of five main obvious peaks at v; =
450 cm™, v, = 547 cm™, v5= 1612 cm™ and v, = 2414 cm™ and vs =3400 cm™ which matches
well with ferrite structures (Bhushan Das et al., 2021). The peaks v; and v, may be related to
Fe-O and Zn-O stretching vibrations, which represent the metal bonding at tetrahedral site
of the spinel ferrite structure. The peaks vs, v4 and vs represent the stretching and bending
vibrations of H-O-H bands which represent water molecules bonding (Shah et al., 2021;
Vinosha et al., 2017). When comparing the three ZFO spectra, v, and vs have shown a
noticeable intensity increase in ZFO-500 sample. The increase in FTIR absorption peak
intensity indicates changes in ZFO lattice structure in the form of oxygen related defects

(Shah et al., 2021).
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291  Figure 3: The characteristics of ZnFe,O, samples prepared with different annealing
292  temperatures (ZFO-500, ZFO-600 and ZFO-700) applying (a) X-ray Diffraction (XRD), (b)
293 Fourier-transform infrared spectroscopy (FTIR) (c)UV-vis spectroscopy, and (d) The
294  photoluminescence (PL) spectroscopy (e) Raman Spectroscopy (f) XPS spectroscopy (O15s).
295
296 3.3 Optical Properties of ZFO nanocrystals
297 The absorption spectra of all samples were analyzed using UV-vis spectrometer and
298  they all showed similar patterns, where the main absorption region was found in between
299 200 and 450 nm. The bandgaps of all samples were calculated and no significant variation in
300 their values were recorded as shown in Figure 3c.
301  Furthermore, photoluminescence (PL) emission spectroscopy was performed and all
302  samples showed excitation wavelength at 410 nm (3.03 eV) and 550 nm (2.25 eV) as shown
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in Figure 3d which are well accord to literature (Dang et al., 2016; Manikandan et al.,
2014). These excitation peaks can be related to the electronic levels between the conduction
band (CB) and the valance band (VB). A lower PL peak intensity for ZFO-500 was found in
comparison to ZFO-600 and ZFO-700, which may be associated to the hole-electron
recombination. The lower peak intensity could be attributed to the lower recombination rate
which is related to the oxygen defects in the crystal lattice of ZFO-500 (Younis et al., 2016)
(Swathi et al., 2021). Therefore, ZFO-500 is anticipated to possess slow electron-hole

recombination as compared to their counter parts.

To confirm the existence and variation of oxygen vacancies in the crystals of ZFO samples,
Raman spectroscopy was performed as one of the sensitive modalities to the vibration of
Oxygen ions (Deka et al., 2019; Fu et al.,, 2021; Sarkar and Khan, 2019). Figure 3e
demonstrates the Raman spectra of ZFO-500, ZFO-600 and ZFO-700. Three peaks were
distinguished for all samples at 630 cm™, 900 cm™ and 1060 cm™. The only significant
difference between the spectra of the three samples is in band 630 cm™ where larger peak
with higher amplitude is attributed to ZFO-500, which can be related to the abundance of
oxygen vacancies. Previous reports related the stretching vibration change in Oxygen
Raman band to oxygen vacancies in Zinc Ferrite (Arora and Sharma, 2021; Zhang et al.,
2020). X-ray Photoelectron Spectroscopy (XPS) has been also applied widely to detect
oxygen vacancies in ferrite crystal lattice (Peng et al., 2019; Sarkar and Khan, 2019; Swathi
et al., 2021; J. Wang et al., 2019). The O1s fitted spectra of ZFO-500, ZFO-600 and ZFO-
700 are shown in Figure 3f. The middle peak related to the binding energy 531.6 eV to 532
eV can be assigned to the oxygen vacancies in ZFO crystal lattice as shown in previous

reports (Peng et al., 2019; Swathi et al., 2021; J. Wang et al., 2019). The perceptible change
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in the ZFO-500 Os-1 spectra in comparison to ZFO-600 and ZFO-700 confirms the higher
concentration of oxygen vacancies in ZFO-500 lattice, consisting with Raman and PL

results.

3.4 Adsorption-Desorption isotherms

Adsorption-desorption isotherm hysteresis loops for ZFO nanoparticles are shown in
Figure 4a. The isotherm curves of all samples exhibit similar behavior, where an elevated
H4 type hysteresis loop were shown at higher P/PO indicating a flatter shape of pores (Al-
Najar et al., 2017). The ZF-500 sample demonstrated larger adsorbed quantity (79 cm®/g) in
comparison to ZFO-600 (65 cm*/g) and ZFO-700 (55 cm®/g), respectively (Figure 4a). This
indicates that ZFO-500 may possess a smaller pore diameter and higher surface area than
other samples as shown in Table TS2. The calculated BET surface areas were recorded as
28.7 m?/g for ZFO-500, 19 m%/g for ZFO-600 and 14 m?/g for ZFO-700, respectively. This
matches well with our XRD and TEM results, where the increased grain and crystal sizes
,with increasing annealing temperature, lead to a lower surface area (Sun et al., 2020).
Considering smaller grain/crystal size and large surface area of ZFO-500, it is expected to

demonstrate excellent photocatalytic behavior.

3.5 Photocatalytic Response of ZFO nanoparticles

The photocatalytic activities for all ZFO samples were investigated for the degradation of
MO and MB dyes in aqueous solution under simulated solar irradiation as shown in Figures
4b and 4c. No considerable dyes degradation was found in the absence of ZFO
nanoparticles. However, ZFO samples demonstrated exceptional photocatalytic response to
both dyes. The calculated MO dye degradation efficiencies were 84%, 56% and 54 % for

ZF0O-500, ZFO-600 and ZFO-700, respectively, within 120 minutes of reaction time.
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Similar trend was observed for the degradation of MB dye and ZFO-500 showed highest
degradation efficiency of 62% followed by ZFO-600 (52%) and ZFO-700 (46%) within the
same reaction time. The overall dye degradation efficiencies of ZFO samples for MO dye
(anionic) were superior than MB (cationic) dye. This may be attributed to the different
chemical structure for the cationic and anionic dyes as they interact with ZFO surface using
different functional chemical groups. Generally, the anionic dyes have a greater affinity
toward the catalyst, which may be a potential reason for the high photodegradation
efficiencies of ZFO samples toward anionic dyes (Trandafilovi¢ et al., 2017). In general,
Spinel ferrite are considered as hydrophilic materials which have an isoelectric point (IEP)

around pH = 7 (Bigham et al., 2018; Nguyen et al., 2019).
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382
383  Figure 4: (a) The N2 adsorption-desorption isotherms curves and the calculated BET
384  surface area (in the inset) for the ZFO samples prepared with different annealing
385  temperatures (ZFO-500, ZFO-600 and ZFO-700) and their degradation curves of (b) MO
386 dye in water, (c) MB dye in water under solar irradiation, (d) k-values for the MO dye
387  degradation process in aqueous solution, () MO dye in sweater (pH= 8.15 and conductivity
388  32.45 mS) under solar irradiation, (f) MO dye degradation in aqueous solution over 5
389  repetitive cycles using ZFO-500.
390 The degradation of ZFO samples have shown a good alignment with the pseudo-
391  first-order Kinetic equation that given as:
C
392 In (C—O) = kt )
393  Where; Cy is the initial absorbance of the dye solution, C is the absorbance of the dye
394  solution at time (t) in (min), k is the first-order degradation rate constant (min*). The
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degradation rate kinetics of MO by fitting lines are shown in Figure 4d, where the
calculated k values were recorded as 0.14, 0.006 and 0.005 min™. The ZFO-500
demonstrated highest k-value which exhibits the smallest particle size and highest surface

area.

We further investigated the applicability of ZFO samples with MO dye in seawater
and the results are depicted in Figure 4e. In spite of the tough chemical conditions of the
seawater sample (pH= 8.15 and conductivity 32.45 mS), considerable degradation
efficiencies ranging from 66%, 54% and 55% were recorded for ZFO-500, ZFO-600 and
ZFO-700, respectively as shown in Figure 4e. To the best of our knowledge, limited efforts
have been made to investigate the effect of nanoparticles in seawater photocatalysis. This
could be mainly because most pollutants exist in lower concentration in seawater, in
comparison with other resources. Also, seawater has higher pH and excessive ion
concentration that disturb the photocatalysis process (T. Wang et al., 2019). However, the
need of seawater treatment become more important nowadays because of the excessive use
of desalinated water as a major freshwater source (Wang et al., 2018). Recently, a
nanocomposite of ZnO/ZnFe,0O,4 have been utilized and only 10% degradation of MO in
high pH condition (pH=8) within 140 min under visible light was recorded (Chandel et al.,
2020). As per our knowledge, no previous reports have shown the effect of pure ZnFe,O,
nanoparticles in seawater photocatalysis. Our results are far superior than previous reports
as ZFO-500 sample exhibited 66% degradation efficiencies of MO in seawater within two

hours of reaction time.

To examine the reusability and durability of our ZFO-500 photocatalyst, a recycling

study was carried out under identical conditions. As shown in Figure 4f, the reusability of
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ZFO-500 photocatalyst was demonstrated up to a fifth cycle run and it is clearly observed
that the nature of degradation remains unaltered and the inherent efficiency of ZFO-500
persisted (less than 5% decrease from its initial activity during the photodegradation
process) without self-degradation. Also, Figure S2 shows the XRD and the FTIR after the
degradation process, confirming high stability of the ZFO-500 structure after the
photocatalysis process. Therefore, our pure ZFO nanostructure (ZFO-500) possess relatively
high degradation efficiencies for MO and MB dye, and could have great potential to be use
for practical implications. ZFO-500 sample also exhibited good photocatalytic ability to

degrade Phenol (64% at 120 min) as shown in Figure S3.

A comparison between our ZFO-500 sample and other related previous research
where ferrites samples are used to determine degradation efficiencies of organic dyes is
shown in Table-1, taking into consideration the applied irradiation and other experimental
conditions such as pH and initial concentration of the catalyst. A pure phase ZnFe,O4
nannoparticles exhibited 38% of MO dye degradation under visible light (Chnadel et al.,
2020). To obtain enhanced degradation efficiency, (Chnadel et al., 2020) have combined
the ZnFe,O with other oxide and graphene, as well as applying lower pH (6) and more
catalyst concentration (50 mg/100 mL) in comparison with this work. Other combined
ferrites such as MnCo—Ferrite exhibited only 11 % for MO dye and 20 % for MB dye under
UV irradiation (Yousefi-Mohammadi et al., 2018). Moreover, C0ogs5Zng 25Nip25Fe204-TiO,
nano-composite that have shown 60% degradation of MB dye within 120 min (Ciocarlan et
al., 2018) while other ferrites composites showed 55 % form MB dye in 180 min under
visible light (Mahdikhah et al., 2020). In general, photocatalysis experiment is highly

influenced by the catalyst and by the surroundings (temperature and pH).
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Table 1: Dye degradation efficiencies of nanoparticles applied in aqueous solution and in

seawater photocatalysis under different parameters.

Nanoparticles

ZnFe, O,

ZnFe, O,

ZnO/ZFING

ZnO/ZFING

ZnFe,0,-
Graphene
ZnFe,0,-
Graphene
Mn-Co—
Ferrite
Mn-Co-
Ferrite
Cop5ZNg25Nig
25Fe,04-TiO,
Cop5ZNng 25Nl
25Fe,04-TiO,

ZFO-500

ZF0O-500

Degradation
Efficiency
(%)

35%

38%

10%

34%

5%

56%

11%

20%

30%

60%

84%

66%

Irradiation

uv

visible light

lamp

visible light

lamp

visible light

lamp

visible light

visible light

uv

uv

sim-Solar

sim-Solar

sim-Solar

sim-Solar

parameters

(catalyst, time, pH)

[catalyst] = 10 mgL, [Time] =160 min
[catalyst] = 50 mg/100 mL
[Time] =140 min, pH = 4.0
[catalyst] =50 mg/100 mL,

[Time] =140 min, pH =8
[catalyst] =50 mg/100mL,
[Time] =140 min,pH =7
[catalyst] = 1 mg/mL,
[Time] =180 min
[catalyst] =1 mg/mL,
[Time] =180 min

[catalyst]=10 mg.L, [Time] =180 min

[catalyst]=0.5 g.L ™ [Time] =180 min

[catalyst] = 1 g/L, [Time] =120 min

[catalyst] = 1 g/L, [Time] =120 min

[catalyst] = 10mg/100mL, [Time]
=120 min —pH 7
[catalyst] = 10mg/100mL, [Time]
=120 min -seawater - pH 8.15,
conductivity 32.45 mS

Pollutant

MB

MO

MO

MO

MO

MB

MO

MB

MO

MB

MO

MO

Ref

(Guptaetal.,
2020)

(Chnadel et al.,
2020)

(Chandel et al.,
2020)

(Chandel et al.,
2020)

(Aietal.,
2020)

(Aietal.,
2020)

(Yousefi-
Mohammadi et
al., 2018)
(Yousefi-
Mohammadi et
al., 2018)

(Ciocarlan et
al., 2018)

(Ciocarlan et
al., 2018)

This work

This work
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3.6 Mineralization capability of ZFO nanoparticles.

In order to investigate the mineralization capability of ZFO-500 sample, the percentage of
total organic carbon (TOC) generation of MO dye was measured. Figure 5a shows the TOC
generation and photo-degradation efficiency of MO solution over ZFO-500 under solar
irradiation for 120 min. Clearly, MO degradation efficiency and TOC generation showed
almost similar percentages during time reaching 82% and 73% at 120 min, respectively.
This indicates that most of the photodegraded MO has been converted to CO,, revealing a

good mineralization capability of ZFO-500 sample during the photocatalysis process.

80 | MO degredation BN 0.014
] TOC generation I . T
—E— o
60 - —i— 1 'e 0.0124
—Ii ——
= £
< 404 —. 0.010 I :
X 2 I
0.008 J
20 -
0.006 -
0 3'0 60 90 120 Blank BQ AO Catalase KPS 2-Proponal
Time (min)

Figure 5: (a) Photocatalytic degradation efficiency and TOC percentage of MO of ZFo-500
under solar irradiation. (b) Effect of Benzoquinone (BQ) (6mmol/L), Ammonium Oxalate
(A0)(0.05¢/L), Catalase, (20mg/L ), Potassium per Sulphate (KPS) (mmol/L) and 2-proponol
(0.1 mmol/L) on the Rate constant (k) of MO degradation using ZFO-500 under solar

irradiation.

3.7 Photocatalysis Mechanism and the role of Oxygen vacancies
The possible photo-degradation mechanism of MO and MB dyes under solar
irradiation can be explained by the excitation of electrons from the valance band (VB) in

ZFO atoms to its conduction band (CB). This could generate free electrons (e-) in CB and
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holes (h+) in VB which reacts with water molecules generating further ROS that cause
chemical degradation to the dye. To further investigate the role of different ROS in the
photocatalystics reaction, five ROS scavengers were applied in the photocatalysis process of
MO using ZFO-500. These scavengers are Benzoquinone (BQ), Ammonium Oxalate (AO)
Catalase, Potassium per Sulphate (KPS) and 2-proponol, which applied in scavenging
Hydrogen peroxide (H,O;), holes (h+), Hydrogen peroxide (H,O,), electrons (e-) and
Hydroxyl Radical (HO-), respectively. Figure 5b demonstrated the rate constant (k) of the
degradation of MO with presence of these scavengers. The figure shows a considerable
effect of all scavengers on the photocatalysis process. This indicates the involvement of the
related ROS in the degradation of MO. The most effect is observed with Catalase, as the
degradation constant (k) decreased from 0.015 min™ to 0.008 min™ indicating a major role
of H,O, in the MO degradation. The k value of other applied scavengers were calculated as
follow; BQ=A0=2-propanol = 0.009 min™ which indicates a similar role of h+ and OH- in
the MO degradation that comes second after H,O,. The KPS, which is related to the e-
contribution, revealed less change in k value (0.011 min™) in comparison with the pristine

MO degradation (0.015 min™).

The following equations summaries the series of chemical reactions controlled by

different ROS (Madhukara Naik et al., 2019).

ZnFe,0, + hv(solar) — ZnFe,0,(ecg + hig) (3)
ZnFe,0,(egg) + 0, =+ 03 4
H,0 — H* + HO™ (5)
HO™ + h* - HO' (6)
.05 + H* & HOO' @)
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HOO + e~ - HOO™ (8)

HOO™ + H* - H,0, 9)
H,0, + e~ - HO 4+ HO™ (10)
ZnFe,0,(hig) + H,0 - HO' + H* (11)
Dye + HO - CO, + H,0(By product) (12)

The holes can interact with hydroxyl ions in water generating hydroxyl radicals (OH-) as
shown in equations 5 and 6, while superoxide radicals (-O;") are also created by the
electrons react with oxygen molecules dissolved in water as shown in equations 7 and 8.
These radicals create further oxidative reactions that form the reactive species hydroperoxyl
radicals and hydrogen peroxide (H,O,), followed by the emerging of (OH) radicals as
shown in equations 9 and 10. Therefore, each ZFO nanoparticle will be surrounded with the
created reactive species. Theses reactive species react with the organic dye molecules
turning them to carbon dioxide and water molecules, which are less harmful than dye
molecules (equation 11 and 12).

During the photocatalysis process, the electron-hole recombination rate is one of the
main suppressors of the photocatalysis activity (Guo et al., 2014). More yields of electron-
hole pairs will enhance the photocatalysis reactions, while the recombination would reduce
the propensity of these reactions. Considering the ZFO samples, ZFO-500 has shown the
greatest photocatalytic efficiencies in both types of dyes (MB an MO), in aqueous solution
as well as in seawater. Along with the small size and high surface area of ZFO-500, the
sufficiency of oxygen vacancies in its crystal lattice lead to a lower recombination rate and

hence improved photocatalysis activity (Y. Huang et al., 2020).
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Recent reports have revealed the strong correlation between oxygen vacancies and
photocatalysis activity (Divya et al., 2020; Y. Huang et al., 2020; Sehar et al., 2021; Tan et
al., 2014; Wan et al., 2020; F. Wang et al., 2017). The schematic diagram in Figure 6
demonstrates a possible mechanism of the effect of oxygen vacancies in the energy levels of
ZFO samples that in hence, affect their dye degradation efficiency. With more oxygen
related defects, extra energy levels could be formed within the bandgap that cause longer
pathways for electron transfer (i.e. slower recombination), in comparison with ZFO-600 and
ZFO-700 (Afzal et al., 2020; Jaffari et al., 2012; Wan et al., 2020). In general, Oxygen
vacancies could possibly enhance the photocatalysis activity through three mechanisms: (i)
increasing light absorption capability (ii) reducing hole-electron recombination rate and (ii)
increasing active sites on material surface (Y. Huang et al., 2020; Sehar et al., 2021; Wan et
al., 2020; F. Wang et al., 2017). In our case, it can be anticipated that ZFO-500 exhibit high
concentration of oxygen vacancies, thus, slow down the electron-hole recombination rates
and availability of excessive active sites for dye molecules for reactions could be
responsible for its excellent photocatalytic activities in comparison to ZFO-600 and ZFO-
700 samples. The oxygen vacancies have been also related to the strong interaction between
O, and semiconductor surface, which in turn facilitate the oxidation process that generates

ROS (Y. Huang et al., 2020; Wan et al., 2020).
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Figure 6: Schematic illustration of the photocatalysis process on the ZFO samples prepared
using different annealing temperatures (ZFO-500, ZFO-600 and ZFO-700) showing the

effect of Oxygen vacancies on electron-hole recombination.

3.8 Cytotoxicity assay of ZFO nanoparticles

The effect of ZFO nanoparticles were also examined on marine environment.
Cytotoxicity assay were performed on the microalgae Picochlorum sp. by examining several
factors as structure, viable cell concentrations, chlorophyll a concentration and reactive
oxidative species (ROS) generation. Concentration experiment revealed that different
concentration of ZFO-500 has no major effect on the number of viable cells during one
week exposure. Previous research work also lessened the effect of concentration in viable
cell counts (Bhuvaneshwari et al., 2015). Hence, 50 mg/L of ZFO samples was chosen for

further investigations.
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Figure 7a shows the structure of Picochlorum sp. using FTIR spectrum and three
main bands at 3441, 1635 and 1111 cm™ were found. The band at 3441 cm™ may be related
to the stretching of -NH and -OH bonds, lipids and proteins that construct the algae cell
membrane. While the second band at 1635 cm™ represents the stretching of C=0, protein
amide. The third band may correspond to the Stretching of C-O-C, polysaccharides. After 4
weeks, the FTIR spectrum of the control algae cells was also monitored and no considerable
shifts for its main peaks, nor additional peaks were identified, indicating a stable cell
structure during the 4 weeks. As shown in Figure 7a, the addition of ZFO samples in the
algae cells at a concentration of 50 mg/L for 4 weeks did not express any considerable
changes on the bands intensities and the bands widths in the FTIR spectrum. This indicates

that ZFO samples have no noticeable effect on the structure of Picochlorum sp. cells.

To further investigate the possible effects of ZFO samples on the Picochlorum sp.
cells, viable cell counts were monitored weekly for all samples for four weeks. Figure 7b
shows the decline of the viable cell concentration of the control algae sample as well as the
algae/ZFO samples. The decline of the viable cell concentration is expected to be a part of
the algae cells cycle starting from exponential growth phase, stationary phase and decline
phase. Figure 7b demonstrates that all samples have been through the same rhythm of
viable cell decline through the four weeks. Furthermore, ANOVA statistical test revealed
that there is no significant difference in the decline rate between the control sample and

other ZFO samples all over the four weeks.

The Chlorophyll a concentration was also calculated for all algae/ZFO samples for a
period of four weeks. Figure 7c demonstrates that there is no obvious difference between

the Chlorophyll a concentration in the control sample and algae/ZFO for 4 weeks which are
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consistence with viable cell results. ANOVA test also confirm that there is no significant
statistical variation between the samples. Based on these results, there is no evidence that
our prepared ZFO samples could cause a major effect on the Picochlorum sp. cell

regeneration as well as their function in Chlorophyll a production.
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Figure 7: The cytotoxicity effect of ZFO samples synthesized using different annealing
temperatures (ZFO-500, ZFO-600 and ZFO-700) applying (a) Fourier-transform infrared
spectroscopy (FTIR) (b) Viable cells count (c) Chlorophyll a concentration and (d)Reactive

Oxygen species (ROS) percentage after four weeks.
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To assess whether the ZFO exposure to Picochlorum sp. caused any possible stress,
the ROS generation percentage were measured in week 4. As shown in Figure 7d, the ROS
percentage increased from 3% for the control algae sample to 18, 15 and 10% for ZFO-500,
ZFO-600 and ZFO-700, respectively. ANOVA test has confirmed that such change in ROS
percentage is statistically significant. This indicates that the existence of the ZFO
nanoparticles created some disturbance to the Picochlorum sp. cells with the highest
percentage related to ZFO-500. This variation in ROS generation upon the ZFO samples can
be explained by their different sizes as the size of nanoparticles is reported to have a major
effect on the cytotoxicty on fresh water algae Scenedesmus obliquus (Bhuvaneshwari et al.,
2015). Also, Zhang et al (Zhang et al., 2016) have shown that nano sized ZnO particles
demonstrated more toxic effects on marine microalgae Skeletonema costatum when

compared with bulk-ZnO.

Overall, our ZFO samples can be considered as eco-friendly material to Picochlorum sp.
marine algae. More investigation in other types of marine algae would strengthen this
proposition. Considering the size of nanoparticles as an important enhancer of
photocatalysis activity, it is essential to optimize the catalyst toxicity to environment,
especially if it has potential to be applied in actual wastewater treatment processes that

might result in direct contact with marine environment.

Conclusions

In summary, we reported modulation in oxygen vacancies in ZFO with the aid of thermal
annealing to achieve excellent organic dye degradation efficiencies in aqueous solution and

in seawater. To alter the abundance of oxygen vacancies in ZFO lattice, the samples were
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heated at three different temperatures (500, 600 and 700°C). This was confirmed from
different characteristic modalities that investigated the crystal structure, surface area, optical
absorption and emission. Samples annealed at 500°C showed superior photocatalytic dye
degradation abilities in aqueous solution and also in seawater. Cytotoxicity tests confirmed
insignificant effect of prepared samples on marine micro algae Picochlorum sp cell structure
and Chlorophyll a production. These characteristics make our ZFO sample a good candidate
for efficient wastewater treatment in different conditions without causing harmful
consequences to environmental eco-system. Thus far, investigations are essential on boarder
marine culture. Further study in photocatalysis process design and parameters is also

essential.
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