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Abstract 
 
Iron oxide and boron doped iron oxide was synthesized by hydrothermal method. XRD and SEM measurements of these 
nanostructured particles were made and their structural and morphological properties were determined. XRD results are examined 
and it is seen that all nanostructured particles have Rhombohedral structure. It has been calculated with the Debye-Scherrer formula 
that these particles are nanostructured. As an application, the photocatalytic and antimicrobial activities of these nanostructured 
particles have been investigated. Photocatalytic analysis was carried out using ciprofloxacin under the xenon lamp. It has been 
observed that the photocatalytic degradation rates are high on ciprofloxacin. The antimicrobial activity of the synthesized particles 
was determined using the Kirby-Bauer Disk Diffusion Method. It has been determined that the boron additive contributes positively 
to the antimicrobial activity. 
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1. Introduction 
 

With the development of the industrial society, 
environmental pollution has emerged as a serious 
problem for mankind (Sun et al., 2019). An important 
topic of environmental pollution is the pollution of 
wastewater. Water is one of the most important basic 
needs for our world, however it is constantly polluted 
by mankind (Shah et al., 2018a). Water pollution is a 
problem that needs to be solved in order to maintain a 
regular life in nature. Water is polluted by many 
industries including petrochemical, textile and 
pharmaceutical industries (Helal et al., 2017). 

∗ Author to whom all correspondence should be addressed: e-mail: mkavgaci@gmail.com; Phone: +905359413113 

One of the pollutants we encounter in 
wastewater is antibiotics. Antibiotic is an agent that 
prevents or destroys the growth of bacteria and fungal 
microorganisms. Ciprofloxacin is an antibiotic widely 
used in the treatment of human and animal diseases. 
CIP is partially metabolized after ingestion, but is 
mostly excreted in the aquatic environment. Although 
antibiotics have been used in large quantities, the 
presence of these substances in wastewater has not 
received much attention until recently (Kümmerer, 
2009; Shah et al., 2019). Ciprofloxacin (CIP) has 
caused serious environmental problems due to its 
strong biological activity (Zhang et al., 2015).  
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It has reported high rates of CIP in wastewater 

(Shah et al., 2020). The removal of wastewater from 
CIP has been an important issue that researchers are 
working on (Yang et al., 2017). For this reason, it will 
be in the nature's best interest to develop treatment 
technology to remove antibiotics from wastewater (Ji 
et al., 2014). 

Recently, various techniques have been 
developed to remove such pollutants. These methods 
provide wastewater treatment through coagulation, 
precipitation, adsorption, ion exchange and membrane 
treatment (Sun et al., 2015). Although there are serious 
developments in this area, these techniques cannot be 
used because they cannot be applied on costs or large 
scales (Zhou and Smith, 2001). Unfortunately, many 
techniques do not have sufficient efficiency (Yan et 
al., 2013). Catalytic oxidation, removal of pollutants 
in water and wastewater is one of the remarkable 
technologies (Zhang et al., 2016). Fujishima is the 
pioneer of this innovative technology. Today, many 
scientists are working on photocatalysis to eliminate 
environmental pollution (Al-Hamdi et al., 2017). 

The development of nanotechnology has had a 
serious impact in the modern age (Muhammad et al., 
2019a). Many studies have shown that many 
properties of metallic nanoparticles produce better 
results than the bulk form of the metal (Hashmi et al., 
2021). Synthesis of metal oxide nanostructures has 
provided opportunities for applications in many 
different fields (Qurashi et al., 2010). Semiconductor-
based photocatalysis has proven to be a promising 
technology for treating wastewater (Wen et al., 2018). 
Nanostructures play an important role in the removal 
of dyes, organic and inorganic contaminants (Khan et 
al., 2019). Metal oxides has many uses such as 
electronic, magnetic,optical and catalytic applications 
etc. (Khan et al., 2020; Su et al., 2016). Iron oxide (IO) 
is a suitable material for photocatalysis due to its 
properties such as photochemical stability, band gap, 
and favorable optical photoelectrochemical capability 
in the visible light region (Lei et al., 2018). Iron is 
preferred because it is widely available in nature, low 
cost and non-toxic(Shah et al., 2018b). 

Elements such as Mo-Cr (Kleiman-
Shwarsctein et al., 2008), Ga (Xiao et al., 2014), Ba-
Cd-Sr-Ti (Rahimi et al., 2013), S (Guo et al., 2010), 
Pd (Wei et al., 2012), Au (Thimsen et al., 2011), Cu 
(Reddy et al., 2019), Co (Suresh et al., 2017), Ni (Kerli 
et al., 2019) have been doped to IO by researchers in 
order to increase their photocatalytic activity. 

Increasing bacterial resistance against 
antibiotics is a global health problem due to the high 
use of antibiotics today. A promising practice to 
combat microorganisms is the use of various 
nanostructures with antimicrobial properties (Arakha 
et al., 2015). Metal oxide nanostructures can be an 
effective way to eliminate contamination because of 
their resistance to microbial agents (Ali et al., 2020). 
The electrostatic interaction between the charge on the 
surface and the bacterial membrane transforms the 
nanostructures into an effective antimicrobial agent 
(Iqbal et al., 2020).  

Many synthesis based on IO and their 
antimicrobial activity studies have been studied by 
many scientists. For example, biosynthesis was 
performed to study the antimicrobial activity of IO and 
different amounts were studied (Rana et al., 2019; 
Rufus et al., 2017). In addition, elements such as Si 
(Arshad et al., 2019), Au (Shams et al., 2019), Mn 
(Belkhedkar et al., 2016), Ag (Demarchi et al., 2018, 
2020; Feng et al., 2019) have been doped to IO and 
many antimicrobial studies have been conducted. In 
our study, boron doped iron oxide nano structures 
(IONS) were synthesized, their photocatalytic effect 
and antimicrobial properties were investigated. 

 
2. Material and methods 

 
2.1. Materials and preparation of nanostructures 

 
By hydrothermal method, Fe(NO3)3.9H2O 

(Iron(III) nitrate nonahydrate, 99%, Merck), NaOH 
(Sodium hydroxide, 97%, Merck) and H3BO3 (Boric 
acid, 99.5%, Sigma aldrich) chemicals were used for 
the production of IO and doped IONS. The solutions 
were adjusted to have a concentration of 0.05 M, and 
the boron ratio was adjusted to 0%, 10% and 20% 
relative to iron, and will hereinafter be named to as 
Fe2O3, Fe10B and Fe20B, respectively.  

The solutions were placed in an autoclave and 
kept in the oven for 10 hours at 180 °C. The solution 
was removed from the autoclave and dried at 70 °C. 
The obtained particles were washed with ethanol and 
distilled water. The particles were then annealed at 
550 °C for 2 hours. 

 
2.2. Characterization 

 
The crystal structure of the particles obtained 

was measured using the Philips X’Pert PRO brand 
XRD device. Morphological properties of the particles 
were observed with ZEISS EVO LS10 scanning 
electron microscope. UV-vis absorption spectra were 
detected with a Shimadzu UV-Vis 1800 spectrometer 
between 240-400 nm wavelengths. 

 
2.3. Investigation of photocatalytic degradation 

 
Optical properties of nanostructures were 

measured with Shimadzu 1800 spectrophotometer. 
Ciprofloxacin (CIP) (98%, Sigma-Aldrich) were used 
to determine the photocatalytic properties. An 
absorption spectrum scan was taken between 240-400 
nm for ciprofloxacin. 300W xenon lamp is used as the 
light source. Ciprofloxacin solution (10ppm) was 
prepared for the degradation measurement of each 
sample. Samples under the xenon lamp were measured 
every 20 minutes with UV. 

Ciprofloxacin solution (10 ppm ) was prepared 
for the degradation measurement of each sample. 10 
mg of particles were added to 50 ml of dyestuff. It was 
kept in the dark environment for 30 minutes to 
stabilize. Determined as the maximum absorption was 
273 nm for the ciprofloxacin solution. 
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2.4. Antimicrobial activities of the IONS 

 
Preparing and Sowing Strains, Gram-positive 

for in vitro testing of antimicrobial and antiyeast 
activity of samples prepared from IO and IO doped 
nanostructures; Staphylococcus aureus Rosenbach 
ATCC-6538, Bacillus cereus ATCC 7064, gram 
negative; Escherichia coli ATCC-8739, Salmonella 
typhimurium strains were inoculated at Muller Hilton 
Broth (MHB) and activated by incubating at 37 ± 1 °C 
for 18 hours. 

Candida albicans ATCC-90028 yeast strain 
has been inoculated to Malt Extract Broth (MEB). As 
a medium for antimicrobial activity; Müller Hilton 
Agar (MHA) was used for bacteria and Malt Extract 
Agar (MEA) was used for yeast strain. Bacteria in 
sterile prepared petri dishes were inoculated with 0.5 
McFarland standard and incubated at 37 ± 1 °C for 1 
hour. After this time, inhibition zones formed on the 
medium were determined as millimeters (mm) ( 
Balouiri et al., 2016; Cockerill et al., 2012). The disc 
containing Amikacin (AK, 30 mg) and Gentamicin 
(CN, 10 mg) were used for control. 

Preparation and Application of Disks from 
Complexes, The antimicrobial activity of the 
synthesized particles was determined using the Kirby-
Bauer Disc Diffusion Method (Bauer et al., 1966; 
Murray et al., 2007). 10 mg was taken from the 
synthesized particles and placed on 6 mm diameter 
discs. Samples prepared on bacteria cultivated in 
MHA and yeast strain cultures cultivated in MEA 
were placed. It was incubated at 37 ± 1 °C for 18-24 ± 
2 hours to identify inhibition zones (Balouiri et al., 
2016; Cappuccino et al., 2019; Cockerill et al., 2012). 
The study was performed in three replicates and mean 
values were given. 

 
3. Results and discussion 

 
IO and boron doped IO are synthesized by 

hydrothermal method. This process was carried out by 
keeping the prepared solutions in a Teflon-coated steel 
autoclave at 180 °C for 10 hours. Synthesized 
nanostructures were filtered then It was dried at 70 °C. 
It was annealed at 550 °C for 2 hours. Samples were 
prepared in accordance with the characterization 
procedures. 

The crystal structure of nanostructured 
particles was measured using the X-Ray diffraction 
(XRD) device. XRD results of iron oxide(IO) and 
boron doped IO are shown in Fig. 1. When the XRD 
results of nanostructured particles are examined, it is 
compatible with the reference code PDF-2 00-001-
1053 and has a Rhombohedral structure. 

There is no new and different peak in XRD 
peaks of boron doped IO particles (Hu et al., 2012). 
However, it is seen that the peak intensity decreases 
with the addition of boron. It shows that the boron 
doping disrupts the lattice of Fe2O3, causing the crystal 
structure to deteriorate (Aydin et al., 2012). Various 
lattice defects and distortions may occur in the crystal 
lattice when atoms of different sizes are substituted in 

the lattice structure (Ilican et al., 2011). Some small 
peaks seen are thought to originate from the hydroxide 
compounds of iron. 

The crystalline size of the nanoscale particles 
obtained was calculated by using the Eq. (1) (Debye-
Scherrer formula). 

 
0,9
cos

D λ
β θ

=  (1) 

 
where: D is the crystal size. λ is the X-ray wavelength 
used (1.5406 Å). θ is the diffraction angle. B is 
expressed as the FWHM of the corresponding XRD 
peak at 2θ. Average crystal sizes were calculated 
35nm for Fe2O3, 31nm for Fe10B and 34nm for 
Fe20B. 
 

 
 

Fig. 1. XRD pattern of IO and boron doped IO 
 

SEM images obtained to investigate the surface 
morphology of nano structures are given in Fig. 2. In 
SEM images, clustering is observed in some of the 
samples. These agglomerations are caused by the 
electrostatic interaction between IONS (Saqib et al., 
2019). This may be attributed to the tendency of 
nanostructures to accumulate due to their magnetic 
nature (Duman et al., 2019). 

The time-dependent photocatalytic 
degradation of ciprofloxacin for nanostructured 
particles was examined at room temperature under 
xenon light. Samples were taken every 20 minutes and 
scanned in a UV-Vis spectrophotometer in the range 
of 240-400 nm (Fig. 3). The maximum point in the 
UV-Vis absorption spectrum was determined by 
recording decreases in absorbance at 273 nm. 

In Fig. 4, after 240 minutes, the degradation of 
nanostructured particles on ciprofloxacin was found to 
be about 81% for Fe2O3, 91% for Fe10B and 87% for 
Fe20B. In the time-dependent degradation graph in 
Fig. 4, It is seen that Fe10B performs more 
degradation compared to other samples. The least 
degradation was detected in Fe2O3 nanostructured 
particles. 

In Fig. 5 the fragmentation rate constant is 
Fe10B, which is the largest. 
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(a) (b) (c) 

   
Fig. 2. SEM images (a) Fe2O3, (b) Fe10B, (c) Fe20B 

 

 
 

Fig. 3. Time-dependent UV–visible absorption spectra for ciprofloxacin in the presence of nanostructures particles, a) Fe2O3 b) 
Fe10B c)Fe20B 

 
The speed constant of Fe10B was calculated to 

be k = 0.01352 min-1. This situation overlaps with the 
degradation chart. 

OH, which is a strong oxidizing agent, is 
thought to create the photocatalytic effect and OH 
radicals cause pollutants to degrade more quickly. It is 
thought by many researchers that hydroxyl radicals 
play a major role in contaminant degradation (Mishra 
and Chun, 2015). Boron additive can increase the light 
absorption capacity of Fe2O3. Boron additive increases 
the surface area of Fe2O3 (Hu et al., 2012). Boron 

addition caused an increase in the amount of 
degradation on ciprofloxacin. In general, 
nanostructured particles appear to have a high 
photocatalytic effect on ciprofloxacin. 

Antimicrobial activity of IONS and boron 
doped IONS was tested. It was determined that Fe20B 
nanostructures showed high activity against gram-
positive bacteria (Staphylococcus aureus and Bacillus 
cereus) compared to Amicacin and Gentamicin used 
as controls. It was observed that IONS does not have 
antimicrobial activity alone and does not show 
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antiyeast activity against C.albicans strain. Moreover, 
it was observed that IONS alone had no antimicrobial 
activity and did not show antiyeast activity against the 
C.albicans strain.It is thought that higher bactericidal 
activity results are obtained due to differences in cell 
wall structure of gram-positive microorganisms (such 
as the presence of teichoic acids and lipotechoic acids 
responsible for adhesion). 

 

 
 

Fig. 4. The photocatalytic degradation of ciprofloxacin in 
the presence of all samples 

 

 
 

Fig. 5. The photocatalytic degradation of ciprofloxacin in 
the presence of all samples 

 
It can be thought that the higher activity 

against control is due  to the  higher  adhesion  of  the  
 

boron molecule to the cell wall than the iron molecule 
(Falk, 2019; Wu et al., 2020; Wang et al., 2021). In 
our study, it was determined that adding boron 
contributes positively to antimicrobial. 

The MIC value of Ag-γ-Fe2O3 @ chitosan 
synthesized nanocomposite material against E.coli 
was expressed as 1.1 mg/L (Kaloti et al., 2016). The 
antimicrobial activity of the Fe3O4 / Ag @ nanofibrile 
cellulose construct has been reported to be 12 mg/L 
against the S.aureus strain (Xiong et al., 2013). In the 
antimicrobial activity study with Fe2O3 
nanostructures, P. aerugenosa, S. aureus B. cereus 
and S. typhii strains were used. It was stated in the 
study that it showed the highest activity as 12 mm 
against S. typhii strain (Rana et al., 2019). In our 
study, in the study made from 10 mg sample, it was 
determined that it has an effect against S. aureus and 
B. cereus strains, which are gram negative bacteria. In 
addition, in similar studies in the literature, researchers 
said that iron oxide does not have antimicrobial 
activity (Borcherding et al., 2014; Chatterjee et al., 
2011; Madubuonu et al., 2020; Vasantharaj et al., 
2019). The schematic representation of the 
antibacterial mechanism of the samples is shown in 
Fig. 6. 

In a study against S. aereus strain, it was stated 
that Boron doped nanocomposite shows synergistic 
effect and gives better results (Wang et al., 2016). In 
our study, parallel results were obtained. The values of 
the inhibition zones of the samples are given in Table 
1. Although the nanostructures differ, the effect of 
boron doping is similar. Boron addition has been 
shown to increase antimicrobial activity. 

 
4. Conclusions 

 
In this study, the structural properties of iron 

oxide and boron doped iron oxide particles were 
investigated and their photocatalytic and antimicrobial 
properties were researched. In XRD analysis, it was 
observed that the boron additive did not cause a 
significant change in the peaks. The clustering of 
particles draws attention in SEM images of 
nanostructured particles. 

 

 
 

Fig. 6. Scheme of the antibacterial mechanism (decorated inspired by (Muhammad et al., 2019b)) 
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Table 1. Inhibition zones of samples (mm) 
 

 Gram Negative Gram Pozitive Yeast 
Samples E. coli (1) Salmonella typhimurium (2) S. aureus (3) Bacillus cereus (4) Candida albicans (5) 
Fe2O3 0 0 0 0 0 
Fe10B 0 0 12 10 0 
Fe20B 0 0 16 16 0 

Amicasin 16 18 18 22 0 
Gentamicin 12 18 18 16 0 

 

In photocatalytic experiments, it was observed 
that the particles have high photocatalytic degradation 
rates. In investigations on ciprofloxacin, it has been 
observed that boron doping increases photocatalytic 
degradation. In addition, as a result of the 
antimicrobial activity studies of the particles, it has 
been determined that the boron doping contributes 
positively to the antimicrobial activity. 
 
References 
 
Al-Hamdi A.M., Rinner U., Sillanpää M., (2017), Tin 

dioxide as a photocatalyst for water treatment: A 
review, Process Safety and Environmental Protection, 
107, 190-205. 

Ali A., Jamil M.I., Jiang J., Shoaib M., Amin B.U., Luo S., 
Zhan X., Chen F., Zhang Q., (2020), An overview of 
controlled-biocide-release coating based on polymer 
resin for marine antifouling applications, Journal of 
Polymer Research, 27, doi: 10.1007/s10965-020-
02054-z. 

Arakha M., Pal S., Samantarrai D., Panigrahi T.K., Mallick 
B.C., Pramanik K., Mallick B., Jha S., (2015), 
Antimicrobial activity of iron oxide nanoparticle upon 
modulation of nanoparticle-bacteria interface, Scientific 
Reports, 5, 1-12. 

Arshad M., Abbas M., Ehtisham-ul-Haque S., Farrukh 
M.A., Ali A., Rizvi H., Soomro G.A., Ghaffar A., 
Yameen M., Iqbal M., (2019), Synthesis and 
characterization of SiO2 doped Fe2O3 nanoparticles: 
Photocatalytic and antimicrobial activity evaluation, 
Journal of Molecular Structure, 1180, 244-250. 

Aydin C., Mansour S.A., Alahmed Z.A., Yakuphanoglu F., 
(2012), Structural and optical characterization of sol-
gel derived boron doped Fe2O3 nanostructured films, 
Journal of Sol-Gel Science and Technology, 62, 397-
403. 

Balouiri M., Sadiki M., Ibnsouda S.K., (2016), Methods for 
in vitro evaluating antimicrobial activity: A review, 
Journal of Pharmaceutical Analysis, 6, 71-79. 

Bauer A.W., Kirby W.M., Sherris J.C., Turck M., (1966), 
Antibiotic susceptibility testing by a standardized 
single disc method, Americana Journal Clinical 
Pathology, 45, 493-496. 

Belkhedkar M.R., Ubale A.U., Sakhare Y.S., Zubair N., 
Musaddique M., (2016), Characterization and 
antibacterial activity of nanocrystalline Mn doped 
Fe2O3 thin films grown by successive ionic layer 
adsorption and reaction method, Journal of the 
Association of Arab Universities for Basic and Applied 
Sciences, 21, 38-44. 

Borcherding J., Baltrusaitis J., Chen H., Stebounova L., Wu 
C.M., Rubasinghege G., Mudunkotuwa I.A., Caraballo 
J.C., Zabner J., Grassian V.H., Comellas A.P., (2014), 
Iron oxide nanoparticles induce Pseudomonas 
aeruginosa growth, induce biofilm formation, and 

inhibit antimicrobial peptide function, Environmental 
Science: Nano, 1, 123-132. 

Cappuccino J.G., Welsh C., (2019), Microbiology : A 
Laboratory Manual 12th Editi. Pearson, New York. 

Chatterjee S., Bandyopadhyay A., Sarkar K., (2011), Effect 
of iron oxide and gold nanoparticles on bacterial growth 
leading towards biological application, Journal of 
Nanobiotechnology, 9, 34, 

  https://doi.org/10.1186/1477-3155-9-34. 
Cockerill F.R., Wikler M.A., Adler J., Dudley M.N., 

Eliopoulos G.M., Ferraro M.J., Hardy D.J., Hecht 
D.W., Hinler J.A., Patel J.B., Powel M., Swenson J.M., 
R.B.T., Traczewski M.M., Turnidge J.D., Weinstein 
M.P., Zimmer B.L., (2012), Performance standards for 
antimicrobial disk susceptibility tests: Approved 
standard - Eleventh edition, Clinical and Laboratory 
Standards Institute, Wayne-Pennsylvania USA, 32, 1-
76. 

Demarchi C.A., Bella Cruz A., Ślawska-Waniewska A., 
Nedelko N., Dłużewski P., Kaleta A., Trzciński J., 
Magro J.D., Scapinello J., Rodrigues C.A., (2018), 
Synthesis of Ag@Fe2O3 nanocomposite based on O-
carboxymethylchitosan with antimicrobial activity, 
International Journal of Biological Macromolecules, 
107, 42-51. 

Demarchi C.A., Cruz A.B., da Silva Bitencourt C.M., Farias 
I.V., Ślawska-Waniewska A., Nedelko N., Dłużewski 
P., Morawiec K., Calisto J.F.F., Martello R., Dal Magro 
J., Rodrigues C.A., (2020), Eugenia umbelliflora 
mediated reduction of silver nanoparticles incorporated 
into O-carboxymethylchitosan/y-Fe2O3: Synthesis, 
antimicrobial activity and toxicity, International 
Journal of Biological Macromolecules, 155, 614-624. 

Duman F., Sahin U., Atabani A.E., (2019), Harvesting of 
blooming microalgae using green synthetized magnetic 
maghemite (γ-fe2o3) nanoparticles for biofuel 
production, Fuel, 256, 115935, 
http://doi.org/10.1016/j.fuel.2019.115935. 

Falk N.A., (2019), Surfactants as antimicrobials: a brief 
overview of microbial interfacial chemistry and 
surfactant antimicrobial activity, Journal of Surfactants 
and Detergents, 22, 12293, 
https://doi.org/10.1002/jsde.12293. 

Feng J., Shi Q., Li Y., Huang J., Li R., Shu X., Li W., Xie 
X., (2019), Pyrolysis preparation of poly-γ-glutamic 
acid derived amorphous carbon nitride for supporting 
Ag and γ-Fe2O3 nanocomposites with catalytic and 
antibacterial activity, Materials Science and 
Engineering C: Materials for Biological Applications, 
101, 138-147. 

Guo L., Chen F., Fan X., Cai W., Zhang J., (2010), S-doped 
α-Fe2O3 as a highly active heterogeneous Fenton-like 
catalyst towards the degradation of acid orange 7 and 
phenol, Applied Catalysis B: Environmental, 96, 162-
168. 

Hashmi S.S., Shah M., Muhammad W., Ahmad A., Ullah 
M.A., Nadeem M., Abbasi B.H., (2021), Potentials of 

 1756 



 
Investigation of photocatalytic and antimicrobial properties of boron doped iron oxide nanostructured particles 

 
Phyto-Fabricated nanoparticles as ecofriendly agents 
for Photocatalytic degradation of toxic dyes and waste 
water treatment, risk assessment and probable 
mechanism, Journal of the Indian Chemical Society, 
100019, https://doi.org/10.1016/j.jics.2021.100019. 

Helal A., Harraz F.A., Ismail A.A., Sami T.M., Ibrahim I.A., 
(2017), Hydrothermal synthesis of novel 
heterostructured Fe2O3/Bi2S3 nanorods with enhanced 
photocatalytic activity under visible light, Applied 
Catalysis B: Environmental, 213, 18-27. 

Hu S., Liu G., Zhu D., Chen C., Liao S., (2012), Synthesis, 
characterization, and evaluation of boron-doped iron 
oxides for the photocatalytic degradation of atrazine 
under visible light, International Journal of 
Photoenergy, 2, 598713, 
http://doi.org/10.1155/2012/598713. 

Ilican S., Yakuphanoglu F., Caglar M., Caglar Y., (2011), 
The role of pH and boron doping on the characteristics 
of sol gel derived ZnO films, Journal of Alloys and 
Compounds, 509, 5290-5294. 

Iqbal J., Shah N.S., Sayed M., Ali Khan J., Muhammad N., 
Khan Z.U.H., Saif-ur-Rehman, Naseem M., Howari 
F.M., Nazzal Y., Niazi N.K., Hussein A., 
Polychronopoulou K., (2020), Synthesis of nitrogen-
doped Ceria nanoparticles in deep eutectic solvent for 
the degradation of sulfamethaxazole under solar 
irradiation and additional antibacterial activities, 
Chemical Engineering Journal, 394, 124869, 
https://doi.org/10.1016/j.cej.2020.124869. 

Ji Y., Ferronato C., Salvador A., Yang X., Chovelon J.M., 
(2014), Degradation of ciprofloxacin and 
sulfamethoxazole by ferrous-activated persulfate: 
Implications for remediation of groundwater 
contaminated by antibiotics, Science of the Total 
Environment, 472, 800-808. 

Kaloti M., Kumar A., (2016), Synthesis of chitosan-
mediated silver coated γ-Fe2O3 (Ag-γ-Fe2O3@Cs) 
superparamagnetic binary nanohybrids for 
multifunctional applications, Journal of Physical 
Chemistry C:, Energy, Materials, and Catalysis, 120, 
17627-17644. 

Kerli S., Soǧuksu A.K., (2019), Production of iron oxide and 
nickel oxide nanostructural particles, investigation of 
the supercapacitor and photocatalytic properties, 
Zeitschrift fur Kristallographie - Crystalline Materials, 
234, 725-731. 

Khan Z.U.H., Sadiq H.M., Shah N.S., Khan A.U., 
Muhammad N., Hassan S.U., Tahir K., Safi S.Z., Khan 
F.U., Imran M., Ahmad N., Ullah F., Ahmad A., Sayed 
M., Khalid M.S., Qaisrani S.A., Ali M., Zakir A., 
(2019), Greener synthesis of zinc oxide nanoparticles 
using Trianthema portulacastrum extract and evaluation 
of its photocatalytic and biological applications, 
Journal of Photochemistry and Photobiology B: 
Biology, 192, 147-157. 

Khan Z.U.H., Shah N.S., Iqbal J., Khan A.U., Imran M., 
Alshehri S.M., Muhammad N., Sayed M., Ahmad N., 
Kousar A., Ashfaq M., Howari F., Tahir K., (2020), 
Biomedical and photocatalytic applications of 
biosynthesized silver nanoparticles: Ecotoxicology 
study of brilliant green dye and its mechanistic 
degradation pathways, Journal of Molecular Liquids, 
319, 114114, 
https://doi.org/10.1016/j.molliq.2020.114114. 

Kleiman-Shwarsctein A., Hu Y.S., Forman A.J., Stucky 
G.D., McFarland E.W., (2008), Electrodeposition of α-
Fe2O3 doped with Mo or Cr as photoanodes for 
photocatalytic water splitting, Journal of Physical 
Chemistry C, 112, 15900-15907. 

Kümmerer K., (2009), Antibiotics in the aquatic 
environment - A review - Part I, Chemosphere, 75, 417-
434. 

Lei R., Ni H., Chen R., Gu H., Zhang B., Zhan W., (2018), 
Hydrothermal synthesis of CdS nanorods anchored on 
α-Fe2O3 nanotube arrays with enhanced visible-light-
driven photocatalytic properties, Journal of Colloid and 
Interface Science, 514, 496-506. 

Madubuonu N., Aisida S.O., Ahmad I., Botha S., Zhao T. 
kai, Maaza M., Ezema F.I., (2020), Bio-inspired iron 
oxide nanoparticles using Psidium guajava aqueous 
extract for antibacterial activity, Applied Physics A: 
Materials Science and Processing, 126, doi: 
10.1007/s00339-019-3249-6. 

Mishra M., Chun D.M., (2015), α-Fe2O3 as a photocatalytic 
material: A review, Applied Catalysis A: General, 498, 
126-141. 

Muhammad W., Khan M.A., Nazir M., Siddiquah A., 
Mushtaq S., Hashmi S.S., Abbasi B.H., (2019a), 
Papaver somniferum L. mediated novel bioinspired 
lead oxide (PbO) and iron oxide (Fe2O3) nanoparticles: 
In-vitro biological applications, biocompatibility and 
their potential towards HepG2 cell line, Materials 
Science and Engineering C: Materials for Biological 
Applications, 103, 109740, doi: 
10.1016/j.msec.2019.109740. 

Muhammad W., Ullah N., Haroon M., Abbasi B.H., (2019 
b), Optical, morphological and biological analysis of 
zinc oxide nanoparticles (ZnO NPs) using: Papaver 
somniferum L., RSC Advances, 9, 29541-29548. 

Murray P.R., Baron E.J., Jorgensen J.H., Landry M.L., 
Pfaller M.A., (2007), Manual of Clinical Microbiology, 
9th Edition, ASM Press, Washington D.C., 1762-1781. 

Qurashi A., Zhong Z., Alam M.W., (2010), Synthesis and 
photocatalytic properties of α-Fe2O3 nanoellipsoids, 
Solid State Sciences, 12, 1516-1519. 

Rahimi R., Tadjarodi A., Rabbani M., Kerdari H., Imani M., 
(2013), Preparation, characterization and photocatalytic 
properties of Ba-Cd-Sr-Ti doped Fe3O4 nanohollow 
spheres on removal of congo red under visible-light 
irradiation, Journal of Superconductivity and Novel 
Magnetism, 26, 219-228. 

Rana P., Sharma S., Sharma R., Banerjee K., (2019), Apple 
pectin supported superparamagnetic (γ-Fe2O3) 
maghemite nanoparticles with antimicrobial potency, 
Materials Science for Energy Technologies, 2, 15-21. 

Reddy I.N., Reddy C.V., Sreedhar A., Cho M., Kim D., 
Shim J., (2019), Effect of plasmonic Ag nanowires on 
the photocatalytic activity of Cu doped Fe2O3 
nanostructures photoanodes for superior 
photoelectrochemical water splitting applications, 
Journal of Electroanalytical Chemistry, 842, 146-160. 

Rufus A., Sreeju N., Vilas V., Philip D., (2017), 
Biosynthesis of hematite (α-Fe2O3) nanostructures: 
Size effects on applications in thermal conductivity, 
catalysis, and antibacterial activity, Journal of 
Molecular Liquids, 242, 537-549. 

Saqib S., Munis M.F.H., Zaman W., Ullah F., Shah S.N., 
Ayaz A., Farooq M., Bahadur S., (2019), Synthesis, 
characterization and use of iron oxide nano particles for 
antibacterial activity, Microscopy Research and 
Technique, 82, 415-420. 

Shah N.S., Rizwan A.D., Khan J.A., Sayed M., Khan Z.U. 
H., Murtaza B., Iqbal J., Din S.U., Imran M., Nadeem 
M., Al-Muhtaseb A.H., Muhammad N., Khan H.M., 
Ghauri M., Zaman G., (2018a), Toxicities, kinetics and 
degradation pathways investigation of ciprofloxacin 
degradation using iron-mediated H2O2 based advanced 
oxidation processes, Process Safety and Environmental 

 1757 



 
Kerli et al./Environmental Engineering and Management Journal 20 (2021), 11, 1751-1758 

 
Protection, 117, 473-482. 

Shah N.S., Khan J.A., Sayed M., Khan Z.U.H., Rizwan 
A.D., Muhammad N., Boczkaj G., Murtaza B., Imran 
M., Khan H.M., Zaman G., (2018b), Solar light driven 
degradation of norfloxacin using as-synthesized Bi3+ 
and Fe2+ co-doped ZnO with the addition of HSO5−: 
Toxicities and degradation pathways investigation, 
Chemical Engineering Journal, 351, 841-855. 

Shah N.S., Ali Khan J., Sayed M., Ul Haq Khan Z., Sajid Ali 
H., Murtaza B., Khan H.M., Imran M., Muhammad N., 
(2019), Hydroxyl and sulfate radical mediated 
degradation of ciprofloxacin using nano zerovalent 
manganese catalyzed S2O82−, Chemical Engineering 
Journal, 356, 199-209. 

Shah N.S., Khan J.A., Sayed M., Iqbal J., Khan Z.U.H., 
Muhammad N., Polychronopoulou K., Hussain S., 
Imran M., Murtaza B., Usman M., Ismail I., Shafique 
A., Howari F., Nazzal Y., (2020), Nano-zerovalent 
copper as a Fenton-like catalyst for the degradation of 
ciprofloxacin in aqueous solution, Journal of Water 
Process Engineering, 37, 101325, 
doi:10.1016/j.jwpe.2020.101325. 

Shams S., Khan A.U., Yuan Q., Ahmad W., Wei Y., Khan 
Z.U.H., Shams S., Ahmad A., Rahman A.U., Ullah S., 
(2019), Facile and eco-benign synthesis of Au@Fe2O3 
nanocomposite: Efficient photocatalytic, antibacterial 
and antioxidant agent, Journal of Photochemistry and 
Photobiology B: Biology, 199, 111632, 
https://doi.org/10.1016/j.jphotobiol.2019.111632 

Su M., He C., Shih K., (2016), Facile synthesis of 
morphology and size-controlled α-Fe2O3 and Fe3O4 
nano-and microstructures by 
hydrothermal/solvothermal process: The roles of 
reaction medium and urea dose, Ceramics 
International, 42, 14793-14804. 

Sun M., Zhao Q., Du C., Liu Z., (2015), Enhanced visible 
light photocatalytic activity in BiOCl/SnO2: 
Heterojunction of two wide band-gap semiconductors, 
RSC Advances, 5, 22740-22752. 

Sun W., Xiao L., Wu X., (2019), Facile synthesis of NiO 
nanocubes for photocatalysts and supercapacitor 
electrodes, Journal of Alloys and Compounds, 772, 
465-471. 

Suresh R., Giribabu K., Manigandan R., Mangalaraja R.V., 
Solorza J.Y., Stephen A., Narayanan V., (2017), 
Synthesis of Co2+-doped Fe2O3 photocatalyst for 
degradation of pararosaniline dye, Solid State Sciences, 
68, 39-46. 

Thimsen E., Le Formal F., Grätzel M., Warren S.C., (2011), 
Influence of plasmonic Au nanoparticles on the 
photoactivity of Fe2O3 electrodes for water splitting, 
Nano Letters, 11, 35-43. 

Vasantharaj S., Sathiyavimal S., Senthilkumar P., Lewis 
Oscar F., Pugazhendhi A., (2019), Biosynthesis of iron 
oxide nanoparticles using leaf extract of Ruellia 
tuberosa: Antimicrobial properties and their 
applications in photocatalytic degradation, Journal of 

Photochemistry and Photobiology B: Biology, 192, 74-
82. 

Wang Y., Wu Y., Yang H., Xue X., Liu Z., (2016), Doping 
TiO2 with boron or/and cerium elements: Effects on 
photocatalytic antimicrobial activity, Vacuum, 131, 58-
64. 

Wang Y., Zhang J., Sun Y., Sun L., (2021), A crustin from 
hydrothermal vent shrimp: antimicrobial activity and 
mechanism, Marine Drugs, 19, 176, 
https://doi.org/10.3390/md19030176. 

Wei Y., Han S., Walker D.A., Warren S.C., Grzybowski 
B.A., (2012), Enhanced photocatalytic activity of 
hybrid Fe2O3-Pd nanoparticulate catalysts, Chemical 
Science, 3, 1090-1094. 

Wen X.J., Niu C.G., Zhang L., Liang C., Guo H., Zeng 
G.M., (2018), Photocatalytic degradation of 
ciprofloxacin by a novel Z-scheme CeO2–Ag/AgBr 
photocatalyst: Influencing factors, possible degradation 
pathways, and mechanism insight, Journal of Catalysis, 
358, 141-154. 

Wu X., Han J., Gong G., Koffas M.A.G., Zha J., (2020), 
Wall teichoic acids: Physiology and applications, 
FEMS Microbiology Reviews, 45, doi: 
10.1093/femsre/fuaa064. 

Xiao Z., Li J., Zhong J., Hu W., Zeng J., Huang S., Lu X., 
He J., Li M., (2014), Enhanced photocatalytic 
decolorization of methyl orange by gallium-doped α-
Fe2O3, Materials Science in Semiconductor Processing, 
24, 104-109. 

Xiong R., Lu C., Wang Y., Zhou Z., Zhang X., (2013), 
Nanofibrillated cellulose as the support and reductant 
for the facile synthesis of Fe3O4/Ag nanocomposites 
with catalytic and antibacterial activity, Journal of 
Materials Chemistry A:, Materials for Energy and 
Sustainability, 1, 14910-14918. 

Yan Y., Sun S., Song Y., Yan X., Guan W., Liu X., Shi W., 
(2013), Microwave-assisted in situ synthesis of reduced 
graphene oxide-BiVO4 composite photocatalysts and 
their enhanced photocatalytic performance for the 
degradation of ciprofloxacin, Journal of Hazardous 
Materials, 250-251, 106-114. 

Yang S., Xu D., Chen B., Luo B., Shi W., (2017), In-situ 
synthesis of a plasmonic Ag/AgCl/Ag2O 
heterostructures for degradation of ciprofloxacin, 
Applied Catalysis B: Environmental, 204, 602-610. 

Zhang L., Tu J., Lyu L., Hu C., (2016), Enhanced catalytic 
degradation of ciprofloxacin over Ce-doped OMS-2 
microspheres, Applied Catalysis B: Environmental, 
181, 561-569. 

Zhang X.X., Li R., Jia M., Wang S., Huang Y., Chen C., 
(2015), Degradation of ciprofloxacin in aqueous 
bismuth oxybromide (BiOBr) suspensions under visible 
light irradiation: A direct hole oxidation pathway, 
Chemical Engineering Journal, 274, 290-297. 

Zhou H., Smith D.W., (2001), Advanced technologies in 
water and wastewater treatment, Canadian Journal of 
Civil Engineering, 28, 49-66.  

 

 1758 

https://doi.org/10.1016/j.jphotobiol.2019.111632

