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Abstract
The rapid urbanization and industrialization is causing worldwide water pollution, calling for advanced cleaning methods. 
For instance, pollutant adsorption on magnetic oxides is efficient and very practical due to the easy separation from solutions 
by an magnetic field. Here we review the synthesis and performance of magnetic oxides such as iron oxides, spinel ferrites, 
and perovskite oxides for water remediation. We present structural, optical, and magnetic properties. Magnetic oxides are 
also promising photocatalysts for the degradation of organic pollutants. Antimicrobial activities and adsorption of heavy 
metals and radionucleides are also discussed.
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Introduction

One of the most significant challenges of the recent decades 
faced by the global community is providing safe, reliable, 
and cost‑effective water. The rapid increase in the field of 
industrialization, the growing population, and the evolution 
of people's lifestyles began have commenced to an abnor‑
mal increment in production in sequence with the inappro‑
priate disposal of hazardous industrial pollutants in water 
systems, such as organic dyes, radionuclides, heavy metals, 
pesticides, and pharmaceuticals residues. Thus, under this 
situation, environmental remediation has become a funda‑
mental need to protect environmentally friendly stability and 
public health (Alvarez et al. 2018; Kalita and Baruah 2020; 
Abdel Maksoud et al. 2020a; Ajiboye et al. 2021; Karthik 
et al. 2021; He et al. 2021; Chinthala et al. 2021). Vari‑
ous proper technologies have been used for the remedy of 
water. Among them, the most common are membrane filtra‑
tion, coagulation and flocculation, ion exchange, alterna‑
tive chemical processes, and adsorption procedures (Abdel 
Maksoud et al. 2020a; Lu and Astruc 2020; Leonel et al. 
2021). Among water remediation techniques, the adsorp‑
tion technique is practical in eliminating diverse types of 
hazardous pollutants in water. As a consequence, it is the 
common broadly applied method in water remedy processes. 
Recently, advanced materials composites based on carbon 
materials, silica, zeolites, clay have become proper materi‑
als in water remediation (Osman et al. 2019; Singh et al. 
2019a; Zhang et al. 2017a; Tu et al. 2019; Mahani et al. 
2018; Buruga et al. 2019; Zhang et al. 2021a).

Among the various adsorbent materials, the magnetic 
oxides nanoparticles (iron oxides, spinel ferrites, and per‑
ovskite oxides) possess extraordinary research interest attrib‑
utable to their magnetically responsive nature to the applied 
magnetic field. Controlling these nanoparticles' spatial dis‑
tribution and particle size affords distinct merits for inter‑
face‑related purposes, such as adsorption and photocatalysis 
(Wang and Yin 2016; Kim et al. 2018; Hodges et al. 2018).

In recent decades, the iron oxides nanoparticles have pos‑
sessed exceptional features in sorption activities ascribing 
to their specific surface area, porosity structure, and high 
magnetic response, resulting in a remarkable sorption abil‑
ity. In the same context, the iron oxides nanoparticles have 
existed in nature in diverse compositions, such as the hema‑
tite (α‑Fe2O3) and magnetite  (Fe3O4), whose suitable prop‑
erties make them candidates in water remediation such as 
polymorphism that involves phase transition by temperature‑
induction (Abdel Maksoud et al. 2020a; Leonel et al. 2021; 
Huang and Chen 2009; Nizamuddin et al. 2019; Cornell and 
Schwertmann 2003; Hammad et al. 2021).

Due to their novel electronic and magnetic characteris‑
tics, spinel ferrite oxides have been recognized as a class 

of up‑and‑coming materials for numerous technological 
utilizations. They have displayed exceptional merits for 
purposes in high‑density magnetic storage media, antimi‑
crobial agents, anticancer, sensors, batteries, supercapaci‑
tors, and absorption of toxic heavy metals, ascribing to 
their unique redox performance, extraordinary chemical 
stability (particularly in acidic solutions), superparamag‑
netic or ferromagnetic nature, and large saturation mag‑
netization (Pereira et al. 2012; Vadiyar et al. 2017; Vadiyar 
et al. 2016; Skliri et al. 2018; Abdel Maksoud et al. 2021a; 
Abdel Maksoud et al. 2020b; Ashour et al. 2018a; Abdel 
Maksoud et al. 2018; Abdel‑Rafei et al. 2021a; Alshah‑
rani et al. 2021). Besides, spinel ferrites possess progress‑
ing interest as suitable photocatalysts ascribing to their 
narrow bandgap, desirable conduction band alignment 
towards water splitting, excellent photo‑induced stability, 
cost‑effectiveness, and simple magnetic recovery (Abdel 
Maksoud et al. 2020c; Jia et al. 2019; Abdel Maksoud 
et al. 2021b, c).

Perovskite oxides also won exceptional attention in water 
remediation, ascribing to their novel structure characteris‑
tics, remarkable chemical stability, unique electronic con‑
duction, and outstanding optical merits (Das and Kandimalla 
2017; Fang et al. 2019). The substitution of cations in per‑
ovskite oxides with various valences and radii of atomic 
causes the distortion in the perovskite structure, showing 
numerous physic‑chemical features such as oxygen vacan‑
cies, superior thermal stability, excellent electric conduction, 
and active redox sites. Consequently, perovskite oxides have 
been observed as a blossoming concern in diverse areas, 
such as in solar cells, energy conversion, and water remedia‑
tion (Wang et al. 2021; Djellabi et al. 2022; Polo‑Garzon and 
Wu 2018; Zhang et al. 2020; Liu et al. 2020a; Liu et al. b).

Here we review the most conventional synthesis tech‑
niques of iron oxides, spinel ferrites, and perovskite oxides 
materials. Also, the properties of these materials and their 
combination with other materials are addressed. Detailed 
investigation of the mechanistic pathways based on these 
materials as promising photocatalysts towards removing 
organic pollutants is presented. Furthermore, the antimi‑
crobial activity of magnetic oxides towards the pathogenic 
microbes’ species is detailed. Besides, appropriating mag‑
netic oxides as promising adsorbents for heavy metals and 
radionuclides are discussed.

Synthesis

Spinel ferrites can be synthesized via many fabricating tech‑
niques that reflect on their morphology. Spinel ferrites can 
be produced in multiple forms and dimensions. For instance, 
(1) zero‑dimensional nanoparticles and nanospheres, (2) 
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one‑dimensional nanotubes, nanowires, and nanofibers, (3) 
two‑dimensional nanosheets and nanoplates, and (3) three‑
dimensional nanofoams and nanoflowers. Indeed, each 
morphology has its distinctive characteristics that meet its 
structure. Nevertheless, the most common advantages are 
their superparamagnetic behaviour, superb physio‑chemical 
properties such as optical and catalytic properties, chemical 
and thermal stability, and easy functionalization (Pham et al. 
2020). A different number of synthesis ways for spinel fer‑
rites were discussed (Andersen et al. 2018), such as sol–gel 
auto‑combustion (Ai and Jiang 2010) thermal decomposi‑
tion, (Hyeon et al. 2002) microemulsion techniques (Mathew 
and Juang 2007), microwave‑assisted routes, (Solano et al. 
2012) hydrothermal synthesis, (Schuele and Deetscreek 
1961) and solvothermal synthesis (Sun et al. 2004). Perovs‑
kite oxides are promising photocatalysts and candidates for 
water remediation applications due to their diverse struc‑
tures. This is because different metal cations can (partially 
or totally) be substituted in their general formula  ABO3, gen‑
erating a large family with varied and controllable physico‑
chemical properties. Several synthesis methods are soft‑ and 
hard‑, colloidal‑crystal‑template, hydrothermal, electrospin‑
ning, and ultrasonic methods for perovskite oxides prepara‑
tion (Huang et al. 2018; Okejiri et al. 2020; Hu et al. 2020; 
Dai et al. 2020; Shi et al. 2017). Iron oxides are among the 
magnetic materials that gained extensive attention in the 
photocatalysis and water treatment fields. The most obvi‑
ous properties are their stability, para‑/ferrimagnetism, and 
environmental‑friendly nature. They also should have a 
higher surface area, narrow bandgaps for higher visible light 
activity, and an unambiguous ability to absorb heavy metals 
(Abdel Maksoud et al. 2021c; Singh et al. 2019b; Bhateria 
and Singh 2019; Gusain et al. 2019). Although iron oxides 
exist naturally, they can also be synthesized and fabricated 
via many routes such as co‑precipitation (de Mello et al. 
2019), hydrothermal (Phumying et al. 2021), sol–gel (de 
Oliveira Guidolin et al. 2021), and solvothermal (Medinger 
et al. 2021).

The synthesis of homogenous spinel ferrites nanoparti‑
cles is critical because their optical, electrical, and magnetic 
properties are heavily impacted by their size and the method 
used to prepare them (Baykal et al. 2013; Khishigdemberel 
et al. 2020). The fabrication of spinel ferrites usually uti‑
lizes M(II) and Fe (III) salts as precursors. By controlling 
their quantity and composition, the structural composition 
of spinel ferrites can be altered (Qin et al. 2021). The pro‑
cess for fabricating perovskite oxides must be chosen based 
on the application, specific requirements for activity, and 
selectivity because these are based on the arrangement of the 
atoms on the surface (Lim et al. 2019; Ao et al. 2021; Chien 
et al. 2021). One of the difficulties in developing perovskite 
catalysts is attaining the appropriate structure while preserv‑
ing a high surface area, as high temperatures for calcination 

were used in some cases. As a result, the selection of the 
preparation method is a significant consideration (Akinlolu 
et al. 2019).

Co‑precipitation

The co‑precipitation method is a low‑cost, simple proce‑
dure that does not require the use of organic solvents. It is 
more suitable for adjusting particle size and producing a 
high product yield (Deepapriya et al. 2019; Hussain et al. 
2021a; Alzaid et al. 2020; Aslam et al. 2021a). It uses water 
as a solvent and mixes Fe (II) and Fe (III) solution salts in 
the presence of a base to prepare iron oxides, and it can 
occur under mild conditions (Dong et al. 2018; Yazdani 
and Seddigh 2016). The factors which have influenced the 
phase‑type and particle size are operating pH, temperature, 
time, and with or without a stabilizing agent. Besides, the 
precursors' type is an essential factor herein (Mascolo et al. 
2013; Sim et al. 2019).

Reza Asadi et al. synthesized  CoFe2O4 and  MnFe2O4 spi‑
nel ferrite nanoparticles using  MnSO4.4H2O or  CoCl2.6H2O 
and  FeCl3.6H2O salts. The field emission scanning electron 
microscopy (FE‑SEM) analysis indicated the cubic morphol‑
ogy of  CoFe2O4 and  MnFe2O4 nanoparticles with crystal size 
of 20–80 nm. It was noted that  MnFe2O4 nanoparticles had a 
larger crystal size than  CoFe2O4 due to their larger ionic radius 
of  Mn2+. Additionally, the specific surface areas of  CoFe2O4 
and  MnFe2O4 were 50.4 and 84.5  m2/g, with saturation mag‑
netization of 37.54 and 61.39 emu/g, respectively (Asadi et al. 
2020). Simi Debnath et al. fabricated  Mn0.5Zn0.5Fe2O4 in a 
face‑centred cubic phase with a particle size of about 28 nm, 
which was confirmed by X‑ray diffraction analysis. The elec‑
tron microscopic analysis revealed the spherical morphology 
and the average size of the formed ferrite nanocrystals matched 
with that from the X‑ray diffraction analysis (Fig. 1) (Debnath 
and Das, 2020). R. Ghasemi et al. prepared  Cu1−xCdxFe2O4 
(0 ≤ x ≤ 1) via co‑perception utilizing Cd (II), Cu (II) and Fe 
(III) salts. X‑ray diffraction analysis showed the formation of 
the spinel cubic phase (space group Fm3m) and the detec‑
tion of CdO as the secondary phase. Furthermore, transmis‑
sion electron microscopy revealed a high level of nanoparticle 
aggregation (Ghasemi et al. 2020). L P S Sagala et al. (Sagala, 
et al. 2021) prepared  Zn0.7Ni0.15Cu0.15Fe2O4 with particle size 
14.5 nm utilizing co‑precipitation process at 100 °C. The X‑ray 
diffraction measurement illustrated that  Zn0.7Ni0.15Cu0.15Fe2O4 
was formed in the cubic spinel shape with the highest peak 
(311). Additionally, the hematite phase was formed with 
low intensity. The field emission scanning electron micros‑
copy indicated that  Zn0.7Ni0.15Cu0.15Fe2O4 morphology was 
spherical with agglomeration. F.A.Hezam et al. fabricated 
 Ni0.5MgxZn0.5‑xFe2O4 with particle size less than 30 nm. 
The X‑ray diffraction analysis indicated that all ferrites were 
a single‑phase cubic spinel structure (Hezam et al. 2021). T. 
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Ajeesha et al. synthesized  Mg1‑xNixFe2O4 (x = 0.0, 0.6, 1.0) 
nanoparticles with crystal size of 20–30 nm. X‑ray diffrac‑
tion and transmission electron microscopy measurements were 
showed the cubic spinel structure corresponding to the space 
group Fd3m. The photocatalytic activity for methylene blue 
degradation was enhanced by increasing the quantity of Ni 
substitution owing to its small bandgap (Ajeesha et al. 2021a).

Peiwei Han et al. adjusted the quantity of polyethylene 
glycol through the preparation of  CaZrO3 via the co‑precip‑
itation process. X‑ray diffraction analysis indicated that the 
 CaZrO3 structure prepared with different polyethylene glycol 
added amounts was orthorhombic. The results showed that 
oxygen vacancies were generated in  CaZrO3 treated with 
polyethylene glycol, which had a higher activity for catalytic 
ozonation of organic contaminants than  CaZrO3 that had 
not been modified (Han et al. 2021). Choe Earn Choong 
et al. fabricated  CeFeO3‑doped g‑C3N4 composite using 
co‑precipitation followed by calcination at 550˚C for four 
hrs. The X‑ray diffraction analysis indicated that  CeFeO3 
was formed in orthorhombic structure with Pbnm space 
group.  CeFeO3‑doped g‑C3N4 composite with 1%  CeFeO3 
displayed high photocatalytic activity for organic pollutant 
removal and nitrogen photo‑fixation (Choong et al. 2021). 
V. I. Popkov et al. observed that the particle size and surface 
area of  GdFeO3 depended on the solution temperature dur‑
ing the co‑precipitation process (Popkov and Albadi, 2021). 
Tien A. Nguyen et al. prepared  HoFeO3 nanoparticles by 
co‑precipitation procedure using  NH3 5% as a precipitat‑
ing agent and annealed at 850 °C for one hr. The analysis 
manifested that the co‑precipitation conditions influenced 
the structure of the  HoFeO3 nanoparticles and their optical 
and magnetic properties (Nguyen et al. 2021).

Zn‑Mn‑doped  Fe3O4 with particle size about 10–15 nm 
was fabricated using  FeSO4.7H2O and  FeCl3 as precursors. 
X‑ray diffraction measurement indicated that all synthesized 
samples with varied ratios of Zn and Mn generated spinel 
structure with truncated octahedral shape; the magnetometry 
analysis revealed that the Mn and/or Zn doping in the mag‑
netite structure enhanced the saturation magnetization with 
the excellent value for Zn‑Mn equal doped magnetite (de 
Mello et al. 2019).  Fe3O4/ZnO/Ag composite was prepared 
via sono‑coprecipitation process utilizing silver nitrate, zinc 
acetate, and ethylene glycol as reagents and  NH4OH as a 
precipitating agent.  Fe3O4/ZnO/Ag with grain size 17 nm 
showed high efficiency for Titan Yellow degradation (Fadil‑
lah et al. 2021). Innocent Nkurikiyimfura et al. synthesized 
 Fe3O4 through co‑precipitation at room temperature, a pH 
of 10, and a stirring rate of 200 rpm. The X‑ray diffrac‑
tion analysis displayed the formation of the pure FCC spinel 
structure of  Fe3O4. The transmission electron microscopy 
images showed the spherical shape of  Fe3O4 with an average 
crystal size of 11 nm.

Additionally, the preparation temperature (5–300 K) 
highly affected the magnetic properties and demonstrated 
the super magnetic properties at 300  K (Nkurikiyim‑
fura et  al. 2020). Sometimes passivation is necessary 
because iron oxide nanoparticles are less stable in acidic 
solutions and can lose their magnetic properties due to 
agglomeration. For instance, Vitalii Serdiuk et al. fabri‑
cated  Fe3O4 nanoparticles with the shell of the peroxide‑
containing polymer via co‑precipitation technique using 
peroxide‑containing copolymer with Fe (III) and Fe (II) 
salts solutions. The results showed that the starting con‑
centration of peroxide‑containing copolymer significantly 

Fig. 1  a Transmission electron microscopy image confirms the spher‑
ical shape and b Size distribution of  Mn0.5Zn0.5  Fe2O4 nanoparticles. 
Reprinted with permission of Elsevier from (Debnath and Das 2020). 

The electron microscopic analysis revealed the spherical morphology 
and the average size of the formed ferrite nanocrystals matched with 
that from the X‑ray diffraction analysis



523Environmental Chemistry Letters (2022) 20:519–562 

1 3

impacted the magnetic characteristics of  Fe3O4 nanoparti‑
cles (Serdiuk et al. 2021). Several magnetite composites as 
adsorbents were synthesized. For example, Sahil Lakhan‑
pal et al. prepared  Fe3O4 covered sand adsorbent via the co‑
precipitation technique using  FeCl3.6H2O,  FeCl2,  NH4OH, 
and sand a substrate. The  Fe3O4 coated sand particles dis‑
played were formed in particle size of about 30–210 nm, 
and manifested high photocatalytic activity for heavy metal 
removal (Lakhanpal et al. 2021). Sri JuariSantosa et al. 
prepared  Fe3O4/Zn/Al layered double hydroxide utilizing 
sodium hydroxide as a precipitating agent. Transmission 
electron microscopy analysis displayed that pure  Fe3O4 has 
a larger particle size than  Fe3O4 − Zn/Al LDH composite. 
The morphology of pure  Fe3O4 was hexagonal, but the 
morphology of the  Fe3O4 − Zn/Al layered double hydroxide 
was irregular diffuse, with  Fe3O4 nanoparticles distributed 
as darker spots inside Zn/Al layered double hydroxide as 
brighter forms.  Fe3O4 − Zn/Al layered double hydroxide 
composite was also magnetically active due to the good 
dispersion of  Fe3O4 and showed high activity for humic 
acid removal (Santosa et al. 2021). Eliane V. Rosa et al. 
fabricated g‑C3N4/Fe3O4 composite through homogenous 
precipitation of  Fe2+ and  Fe3+ salts using urea decomposi‑
tion. This magnetic nanocomposite displayed the highest 
surface area, efficient light absorption, and the best photo‑
catalytic activity compared with pure g‑C3N4 and magnetic 
nanocomposite formed by traditional co‑precipitation with 
 NH4OH (Rosa et al. 2021). Zn‑doped α‑Fe2O3 was pre‑
pared by co‑precipitation process, with altering zinc pre‑
cursors molar ratio. The formed nanoparticles were found 
to be rhombohedral, with spherical shape and their size 
was about 44 nm which dropped to roughly 22 nm after 
Zn doping.

Furthermore, increasing Zn doping quantity reduced the 
bandgap and magnetic characteristics (Lassoued 2021). 
Jing Deng et al. prepared S‑α‑Fe2O3 using co‑precipitation, 
hydrothermal and followed by calcination and investigated 
it to activate persulfate for degradation of carbamazepine 
under Ultra‑Violet illumination. X‑ray diffraction analysis 
confirmed the formation of hematite (JCPDS 33–0664) with 
high purity, illustrating that prepared samples' high purity 
and crystalline structure were well‑preserved during the 
S doping procedure. Additionally, transmission electron 
microscopy analysis indicated that S‑α‑Fe2O3 displayed the 
shape of a short‑rod with a diameter of 100 nm and length 
from 200 to 600 nm with some aggregation. At the same 
time, high‑resolution transmission electron microscopy 
manifested the mesoporous structure S‑α‑Fe2O3 (Deng et al. 
2021). Additionally, many hematite composites were pre‑
pared using the co‑precipitation technique and demonstrated 
high photocatalytic activity (Rehman et al. 2020; Belaidi 
et al. 2021; Mansour et al. 2020).

Hydrothermal

The hydrothermal approach is based on using a sealed, high‑
pressure reactor or autoclave holding aqueous solutions, 
in which a chemical reaction occurs at high pressure and 
temperature (Xie et al. 2021a). A hydrothermal method is 
inexpensive for producing ultrafine materials that can alter 
particle size and shape at varying temperatures and pressures 
while maintaining a fast reaction rate (Rouhani et al. 2019).

Many studies indicated that the utilization of hydro‑
thermal process to prepare spinel ferrites is better than 
other techniques. For example, Xuesong Zhu et al. illus‑
trated that the magnetization of  ZnFe2O4 fabricated using 
the hydrothermal method was better than that synthesized 
using the ceramic technique. This was due to the differ‑
ent Fe ion occupancy caused by the loss of Zn ions dur‑
ing the hydrothermal method (Zhu et al. 2021). Farzana 
Majid et al. reported that  NiFe2O4 produced using the 
hydrothermal technique had different structural, electri‑
cal, and magnetic properties than  NiFe2O4 synthesized 
using the sol–gel route (Majid et al. 2021). T.A. Nhlapo 
et al. (Nhlapo et al. 2021) fabricated Mn 0.1 Mg 0.2 (Co, Ni, 
Zn) 0.7 Fe 2 O 4 with the grain size of 11–17 nm using the 
hydrothermal procedure. X‑ray diffraction analysis showed 
the formation of  Mn0.1Mg0.2(Co, Ni, Zn)0.7Fe2O4 in cubic 
spinel lattice with high purity. Transmission electron 
microscopy images revealed the spherical shape of the 
prepared samples with the size distribution 10.6–14.4 nm, 
which was consistent with X‑ray diffraction analysis 
(Nhlapo et al. 2018). A.G. Ramu et al.(Ramu et al. 2021) 
used a hydrothermal technique to synthesize  CuFe2O4, 
 NiFe2O4, and  CoFe2O4 nanoparticles and tested them for 
hazardous nitro compound degradation. X‑ray diffraction 
analysis confirmed the formation of metal ferrites with 
high purity and crystallinity. Field emission scanning elec‑
tron microscopy images revealed that  CuFe2O4,  NiFe2O4, 
and  CoFe2O4 nanoparticles formed in pencil‑like tetrago‑
nal crystals with a large surface area. Due to the fast‑
kinetic rate constant,  CuFe2O4 displayed the best catalytic 
reduction of nitro compounds.

The hydrothermal technique is advantageous in manu‑
facturing perovskite oxides because of the flexibility to 
manipulate grain size and shape by adjusting reactants 
concentration, reaction pH, Temperature, and time (Bia‑
sotto et al. 2011). Jiana Jing and co‑workers (Jing et al. 
2021) fabricated  LaCo0.5Fe0.5O3 photocatalysts via hydro‑
thermal process, and it demonstrated high efficiency for 
bisphenol A removal. The X‑ray diffraction analysis con‑
firmed the formation of  LaFeO3 in orthorhombic structure, 
while  LaCo0.5Fe0.5O3 revealed the rhombohedral structure. 
Additionally, all samples formed in high crystallinity and 
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purity. Scanning electron microscopy images showed the 
formation of  LaCo0.5Fe0.5O3 in hierarchical micron‑spheres 
with nano‑rods.

In addition, the transmission electron microscopy image 
confirmed the same morphology. The high‑resolution trans‑
mission electron microscopy image displayed that the lattice 
space of  LaCo0.5Fe0.5O3 was 0.275 Å, in agreement with the 
(110) lattice plane of the rhombohedral structure perovskite. 
Egor M.Kostyukhin et al. synthesized orthorhombic  LaFeO3 
using a hydrothermal procedure with microwave illumina‑
tion during the preparation, which resulted in a high yield 
of  LaFeO3 nanocrystals with small particle sizes at a lower 
temperature (220 °C) and in a shorter period (3 h) than the 
usual heating process (Kostyukhin et al. 2021) as well as, 
a hydrothermal process has been adopted for the synthesis 
of doped perovskite oxides. R.Abirami et al. prepared pure 
 PbTiO3 and (Ag–Fe) co‑doped  PbTiO3 using the hydrother‑
mal method and calcined the prepared samples at 600 °C. 
X‑ray diffraction analysis confirmed the tetragonal form of 
 PbTiO3 and proved no tremendous change in the (Ag–Fe) 
co‑doped  PbTiO3 pattern compared to pure  PbTiO3. Thus, 
the Ag and Fe doping did not influence the phase and struc‑
ture of  PbTiO3. The (Ag–Fe) co‑doped  PbTiO3 nanoparti‑
cles demonstrated the highest photocatalytic activity due 
to efficient charge separation with high stability and reus‑
ability (Abirami et al. 2021). Canh VanNguyen et al. fab‑
ricated Ir‑doped  SrTiO3 nano‑cubes via the hydrothermal 
procedure. Different Ir quantities were doped into  SrTiO3 at 
pH = 13 and 210 °C without utilizing any surfactant. Scan‑
ning electron microscopy analysis of pure  SrTiO3and Ir‑
doped  SrTiO3 revealed cubic‑like structure. Ir‑doped  SrTiO3 
demonstrated the highest efficiency for hydrogen production 
compared to neat  SrTiO3 (Van Nguyen et al. 2021). Chenxi‑
aoning Meng et al. (Meng et al. 2021) prepared reduced 
graphene oxide‑KTaO3 nanocomposites by a hydrothermal 
process. Scanning electron microscopy and transmission 
electron microscopy revealed that pure  KTaO3 had formed 
a cubic structure with a 500 nm diameter. The graphene 
oxide had a wrinkled feature owing to its thin and large sheet 
shape.

Meanwhile, reduced graphene oxide ‑KTaO3 showed that 
the  KTaO3 morphology was reserved, and the crystals were 
wrapped by layered graphene oxide. Due to improved charge 
separation and transfer, the nanocomposite displayed strong 
photocatalytic activity and stability. These studies illustrate 
that the hydrothermal process is ideal for synthesizing pris‑
tine perovskite oxides and composites, including perovskite 
oxides. However, the effectiveness of the hydrothermal pro‑
cess is based on different changes in reaction conditions, 
such as the solvents utilized in the dissolving of precursor 
reactants and the temperature.

Additionally, the hydrothermal technique was widely 
applied to fabricate magnetite and hematite. For example, 

Santi Phumying et al. (Phumying et al. 2021) fabricated 
 Fe3O4 nanoparticles via a hydrothermal process by utilizing 
an egg white solution as a surfactant to reduce impurities in 
the generated products. Additionally, they studied the effect 
of reaction temperature on the morphology and particle size 
of prepared samples. The X‑ray diffraction pattern revealed 
that all products had a cubic spinel ferrite structure, and the 
crystallinity improved by raising the reaction temperature. 
Transmission electron microscopy analysis manifested that 
the reaction temperature considerably influenced the parti‑
cle size and morphology of  Fe3O4 nanoparticles. The  Fe3O4 
nanoparticles formed at 433 K displayed higher agglom‑
eration with ∼5–30 nm particle size. Samples formed at 
453, 473, and 493 K demonstrated low accumulation with 
a particle size of ∼10–35 nm, ∼10–40 nm, and ∼10–50 nm, 
respectively. Maruthupandy et al. (Maruthupandy et al. 
2021) prepared  Fe3O4 nanoparticles, bacterial cellulose/
Fe3O4, and graphene/bacterial cellulose/Fe3O4 composites. 
The X‑ray diffraction analysis confirmed the formation of 
sphere‑like  Fe3O4 with high purity, which agrees with scan‑
ning electron microscopy analysis. The graphene/bacterial 
cellulose/Fe3O4 composite demonstrated high photocatalytic 
activity for organic dye removal. Zirconium‑lanthanum @ 
 Fe3O4 composite was prepared using the hydrothermal pro‑
cess and showed high photocatalytic activity for water treat‑
ment (Altaf et al. 2021). Pantharee Kongsat et al. (Kongsat 
et al. 2021) prepared α‑Fe2O3 nanoparticles utilizing a sur‑
factant‑assisted hydrothermal technique. They investigated 
the use of three surfactant types with different concentra‑
tions to adjust the shape, phase, and particle size of α‑Fe2O3. 
The results revealed that all prepared iron oxides with and 
without surfactants were formed in spherical α‑Fe2O3 with 
a diameter range of 15–205 nm based on the surfactant sort 
and concentration. As well many hematite composites were 
fabricated using a hydrothermal route, such as activated 
carbon/α‑Fe2O3 (Ermanda et al. 2021), Co‑doped α‑ α‑Fe2O3 
(Cai et al. 2021), α‑Fe2O3/g‑C3N4 (Lee and Park 2020), and 
chitosan‑coated‑α‑Fe2O3 (Badry et al. 2021).

Sol–gel

The sol–gel method is prominent owing to its low cost, low 
sintering temperature, and ability to adjust particle size with 
homogeneous components (Hakeem et al. 2021; Meng et al. 
2014). So‑gel technique initiates hydrolysis and poly‑con‑
densation to produce a gel form (Masudi et al. 2020).

The sol–gel auto‑combustion process is cost‑effective to 
prepare spinel ferrites at a lower temperature (about 110 °C) 
with no thermal treatment (Verma et al. 2020). For example, 
 Ni1‑xCdxFe2O4 (Verma et al. 2021),  NiCrXFe2‑XO4 (Borikar 
et al. 2021), Ni 0.4 Zn 0.6 Fe 1.9‑x Al 0.1 Gd x O 4 ( x = 0 and 
x = 0.1) (Ahmed et al. 2021). Lichao Yu et al. studied the 
impact of complexing agents on morphological, structural, 
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and magnetic properties of  Mg0.1‑Co0.9Fe2O4 (Yu and Sun 
2021). The results revealed that the complexing agent was 
involved in the reaction and impacted the size and magneti‑
zation of the prepared samples. L. S. Kaykan et al. studied 
the impact of preparation techniques (sol–gel auto‑combus‑
tion and solid‑phase methods) on the structure and electri‑
cal characteristics of  Li0.5AlxFe2.5‑xO4 samples which pre‑
pared using the sol–gel auto combustion method displayed 
a higher degree of element distribution homogeneity, high 
crystallinity, tiny crystallite size, and good stoichiometry 
than those synthesized using the solid‑phase method (Kay‑
kan et al. 2021).

Swapnil A.Jadhav and his colleagues (Jadhav et al. 2021) 
prepared  ZnxNi1‑xFe2O4 (0.0 ≤ x ≤ 1) utilizing urea as fuel. 
The X‑ray diffraction pattern indicated the generation of 
cubic structure with the Fd‑3 m space group. The Field 
emission scanning electron microscopy images manifested 
that all samples are formed in Spherical nanocrystalline 
particles with high agglomeration, ascribed to the magneti‑
cally active dipole interface (Rahimi et al. 2013). Besides, 
the accumulation decreased by increasing the quantity of 
Ni–Zn. The  Ni0.5Zn0.5Fe2O4 nanoparticles manifested the 
highest photocatalytic degradation of rhodamine B owing 
to their smaller crystalline size (Jadhav et al. 2021). Milena 
P. Dojcinovic et al. (Dojcinovic et al. 2021) synthesized 
 CoxMg1‑xFe2O4 utilizing citric acid as fuel and tested them 
for photocatalytic removal of Methylene Blue. The analy‑
sis manifested a cubic spinel structure where the  Co2+ and 
 Mg2+ quantity affected the cation distribution and inversion 
degree. The spinel ferrites photocatalyst with the lowest 
cobalt  (Co0.1Mg0.9‑Fe2O4) displayed excellent photocatalytic 
activity under visible light.

The most extensively used approach for perovskite oxide 
manufacture is the sol–gel technique, which produces high 
crystalline materials with very small grain sizes and nar‑
row distributions, increasing surface area (Feng et al. 2017; 
Mishra and Prasad 2014). Cristian Daz et al. studied the 
effect of the  La0.9K0.1Co0.9Ni0.1O3 synthesis technique on the 
catalytic activity for soot oxidation. Three different prepa‑
ration methods (self‑combustion, microwave‑assisted, and 
sol–gel) were studied, each with an additional synthesis time 
and energy supply. The results revealed that the preparation 
technique affected the textural and physicochemical char‑
acteristics of the material and the availability of the active 
site (for example, oxygen vacancies) and reducible sites. 
The Catalytic soot oxidation of the  La0.9K0.1Co0.9Ni0.1O3 
depending on the preparation method was in the follow‑
ing order: sol–gel > microwave‑assisted > self‑combustion 
(Díaz et al. 2021). Liangbo Xie et al. prepared rhombohe‑
dral  LaCoxCu1‑xO3‑δ structure via sol–gel process. They 
reported the vital role of Cu incorporation into  LaCoO3, 
which formed oxygen vacancies and boosted the redox effi‑
ciency towards ciprofloxacin (Xie et al. 2021b). Bhuyan 

et al. prepared  Gd2FeCrO6 double perovskite nanoparti‑
cles using a citrate‑based sol–gel process.  Gd2FeCrO6 was 
developed in a monoclinic structure with a particle size of 
about 70 nm, demonstrating high thermal stability (Bhuyan 
et al. 2021a). A.S.Basaleh et al. 2021 synthesized La‑doped 
 NaTaO3 nanoparticles via sol–gel approach using a P‑123 
template. They added a small quantity of CdO nanocrystals 
(1.0–4.0 wt %) to the La‑doped  NaTaO3 via the impregna‑
tion process to boost the photocatalytic activity under vis‑
ible light. 3% CdO/La‑doped  NaTaO3 displayed complete 
ciprofloxacin photodegradation after 90 min (Basaleh et al. 
2021a). They also reported that 3%  Bi2O3/La‑doped  NaTaO3 
demonstrated complete photodegradation of ciprofloxacin 
within 120 min (Basaleh et al. 2021b). Deniz Çoban Özkan 
prepared  LaMnO3 using sol–gel process and annealed it at 
two different temperatures (500 °C and 850 °C). The analy‑
sis showed that crystallinity, grain size, and magnetic prop‑
erties altered the annealing temperature (Özkan et al. 2021).

Magnetite nanoparticles with a crystal size of 7.92 were 
prepared by the sol–gel citrate–nitrate process and dem‑
onstrated high efficiency for methylene blue removal (de 
Oliveira Guidolin et al. 2021). Md Rakibuddin et al. (Rak‑
ibuddin and Kim 2020)  Fe3O4 quantum dot/silica composite 
was fabricated using a sol–gel process under various condi‑
tions. The X‑ray diffraction pattern confirmed the formation 
of  Fe3O4 with a crystal size of ~ 5 nm and mesoporous silica 
in  Fe3O4 quantum dot/silica composite. The measurements 
revealed that the synthesis conditions affected the purity, 
spherical morphology, and physical and chemical proper‑
ties of the composite. Superparamagnetic α‑Fe2O3 nanocrys‑
tals with a particle size of 30–40 nm were prepared using 
a sol–gel process. The results confirmed that the α‑Fe2O3 
was formed in spherical morphology and demonstrated high 
efficiency for dye removal (Gaidhane et al. 2021). Asmae 
Bouziani et al. synthesized α‑Fe2O3/TiO2 composite using 
the sol–gel process. The analysis indicated that the anneal‑
ing temperature (300 to 600 °C) significantly influenced the 
morphology and photocatalytic efficiency of the α‑Fe2O3/
TiO2 composite, which increased by increasing the anneal‑
ing temperature (Bouziani et al. 2020).

Solvothermal

The solvothermal process is a promising preparation tech‑
nique for reasonable control of morphology and particle 
size distribution (Tatarchuk et al. 2016). It involves heating 
a mixture of reactants and solvent in an autoclave near or 
above the solvent boiling point to undergo the chemical reac‑
tion (Demazeau 2008). The heating time and temperature 
is based on the required nanoparticles type (Kefeni et al. 
2017a).

Manijeh Shaterian et  al. (Shaterian et  al. 2021) fab‑
ricated zinc ferrite sub‑microparticles utilizing poly 
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diallyldimethylammonium chloride‑assisted solvothermal 
procedure. The X‑ray diffraction pattern confirmed the 
formation of  ZnFe2O4 in spinel structure with a crystal‑
lite size of 11–41 nm. The prepared samples exhibited a 
spherical‑like shape with particles sizes about 95–345 nm 
that were altered based on reaction conditions. Liling Hu 
et al. fabricated  CoFe2O4 and octahedral  CoFe2O4‑reduced 
graphene oxide by using a solvothermal process. The X‑ray 
diffraction pattern indicated the formation of  CoFe2O4 cubic 
spinel structure with high purity and crystallinity. The mor‑
phology of  CoFe2O4 nanoparticles changed from a sheet (or 
granular) to octahedral after the incorporation of reduced 
graphene oxide. Additionally, various spinel ferrites were 
prepared via solvothermal processes, such as  CuFe2O4 
(Kurian et al. 2021),  CoxFe3−xO4 (Vasil’ev et al. 2021), and 
 ZnFe2O4(Habibi et al. 2021).

Jianjun Sun et  al. (Sun et  al. 2021) prepared pure 
 KTaO3 and  Cu2+‑doped  KTaO3 cubic nanoparticles via 
a solvothermal approach. The analysis indicated that the 
modification of  KTaO3 with  Cu2+ did not obviously affect 
the microstructure and phase type of  KTaO3 but signifi‑
cantly altered the electrochemical and optical properties. 
The size of  KTaO3 was about 200 nm, while the dimen‑
sions of  Cu2+‑doped  KTaO3 were about 180–300 nm. This 
result revealed that the  Cu2+ incorporation increased the 
particle size distribution. According to Yu and his team, the 
 Cu2+‑doped  KTaO3 displayed more significant photocata‑
lytic degradation of methylene blue than pure  KTaO3 (Yu 
et al. 2018). Aadil Ahmad Bhat et al. used solvothermal to 
fabricate  MnSnO3 and Fe‑doped  MnSnO3 nanoparticles in 
a rhombohedral form at room temperature. The particle size 
of Fe‑doped  MnSnO3 was reduced as the Fe concentration in 
the host material was increased (Bhat et al. 2021). Anderson 
Thesing et al. fabricated  SrTiO3 using poly vinylpyrrolidone, 
which adsorbed on (110) facet, so promoting the growth 
of (100) facet. As a result of this interaction, a hierarchi‑
cal flower‑like  SrTiO3 nanostructure was formed (Thesing 
et al. 2020). Additionally, Harsha Bantawal et al. synthesized 
V‑doped  CaTiO3 via solvothermal process with avoiding 
high‑temperature annealing. The measurements confirmed 
the successful doping of  V4+ into the  CaTiO3 lattice with 
a noticeable reduction in the bandgap and thereby demon‑
strated higher photocatalytic activity than neat  CaTiO3 (Ban‑
tawal et al. 2021).

Several magnetite nanoparticles such as  Fe3O4 nanocrys‑
tals (Medinger et al. 2021),  Fe3O4 nanoparticles (Sani et al. 
2021; Namikuchi et al. 2021; Gandon et al. 2021),  Fe3O4/
graphene (Farghali et al. 2021), and  Fe3O4@Au@mTiO2 
composites (Rahman et  al. 2021) were prepared by the 
solvothermal technique. Many hematite composites have 
also been created, for example, α‑Fe2O3 nanoplates and 
nanocubes (Guo et al. 2021a), α‑Fe2O3 thin films (Plat‑
nich et al. 2021),  Fe2O3 photoanode (Zhang et al. 2021b), 

Cu‑doped α‑Fe2O3 nanoplates (Guo et al. 2021b), and Au@
TiO2/α‑Fe2O3 (Mezni et al. 2021).

Structural and magneto‑optical properties

Structural analysis

Spinel ferrites are metal oxides of homogenous materi‑
als with a spinel structure  (AB2O4) as a general chemical 
formula. A‑ and B‑sites represent metallic cations located 
at two crystallographic sites, tetrahedral; and octahedral, 
respectively, with ferric ion  (Fe+3) as a prime component in 
their structure. The metallic cations of the two mentioned 
sites are tetra‑/octahedrally connected to the oxygen, respec‑
tively (Kefeni and Mamba, 2020; Kirankumar and Sumathi, 
2020a). Also, the spinel ferrites with the general structure 
 MFe2O4 or MO.Fe2O3 have a crystallographic building simi‑
lar to the mineral spinel  MgAl2O4, which occurs naturally 
(Bragg, 1915). Spinel ferrites are classified into three pos‑
sible structures as follows:

(A) Normal 

The divalent metal ions filled the A‑sites. While the iron 
(III) ions are located at B‑sites and (M)A  [Fe2] B  O4 repre‑
sents the cation distribution. If A‑site has lower valency than 
B‑sites, the O(II) ions will be polarized towards B‑sites. For 
instance, cadmium and zinc ferrites  (CdFe2O4 and  ZnFe2O4), 
divalent metallic ions  Cd2+ or  Zn2+, and  Fe3+ are at A‑sites 
B‑sites, respectively (Jadhav et al. 2020).

(B) Inverse 

In the inverse type, the A‑site contains a single ferric ion 
(III); meanwhile, B‑site comprises the residual ferric ions 
(III) besides the metallic ions  M2+. This cations distribu‑
tion can be formulated as (Fe)A [M  Fe]BO4. For instance, 
Ni and Co ferrites with the lowest lattice energy are inverse 
structures (Verwey and Heilmann, 1947).

(C) Random

Both divalent metal  (M2+) ions and trivalent Fe (III) 
ions are scattered at A‑ and B‑sites. The distribution of 
cations can be represented by  (M1‑xFex) A  [MxFe2‑x]BO4 
as copper ferrites (Hu et al. 2000). To simplify that, M 
(II) is positioned at the tetrahedral and at the octahedral 
for normal and inverse spinel ferrites, respectively. At the 
same time, Fe (III) sited at the octahedral position for the 
normal type and distributed equally at both (octa‑ and tet‑
rahedral) sites for the inverse spinel ferrite. The M (II) 
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and Fe (III) ions are scattered randomly at the octa‑ and 
tetrahedral sites regarding the mixed type. For instance, 
 ZnFe2O4 and  NiFe2O4 are examples of normal and inverse, 
respectively, while  MnFe2O4 is an example for mixed‑types 
spinel ferrites.

The type, position, and amount of metal cations in the 
crystallographic structure of ferrites mastered their physico‑
chemical properties (Kefeni and Mamba 2020; Kusigerski 
et al. 2019; Tatarchuk et al. 2017). They are widely used in 
multiple applications from biomedical to industrial, besides 
their application in cancer diagnosis, therapy, and drug 
delivery (Valente et al. 2017; Kefeni et al. 2020), gas sen‑
sors (Šutka and Gross 2016), water splitting, and membrane 
modifications (Ng et al. 2015; Domínguez‑Arvizu et al. 
2019). Later they are used intensively as a catalyst and in 
pollutant degradation via photodegradation and adsorption 
(Kefeni and Mamba, 2020; Kefeni et al. 2017b; Fayyaz et al. 
2021; Reddy and Yun 2016).

Due to their compositional flexibility, outstanding elec‑
tronic, excellent magneto‑optical, exceptional thermal prop‑
erties, and resistance to photo‑corrosion, perovskite oxides 
are considered promising photocatalysts for different pho‑
tocatalytic applications. These superb properties are likely 
to increase their necessary photocatalytic activity and high 
stability (Wang et al. 2015a). Perovskites are in numerous 
forms, for instance, oxides, nitrides, and sulfides that depend 
on their ability to hold several anionic and cationic sites 
(Aftab et al. 2021).

The general formula of single perovskite oxides is repre‑
sented as  (ABO3), wherever A and B are the metal cations. 
Both A and B cations can be designated from alkali metal 
cations, earth‑, or transition metal cations. Thus, many struc‑
tures of perovskite oxides can be designed by altering these 
cations. More than 265 structures out of 2346 (theoretically 
estimated structures) were successfully prepared (Yin et al. 
2019). Several single perovskite oxides, like  KTaO3,  SrTiO3, 
 NaTaO3,  NaNbO3, and  KNbO3, were studied morphologies 
their surface properties studied which strongly influence the 
photocatalytic activities (Grabowska 2016; Nguyen et al. 
2020).

There are different polymorphs and oxidations states for 
iron oxides such as (FeO,  Fe2O3, α‑, β‑, γ‑, ε‑Fe2O3, and 
 Fe3O4). Iron oxides can show diverse stoichiometries due to 
the Fe different oxidation states, which permits the forma‑
tion of different single‑crystalline phases such as wüstite, 
hematite, magnetite, and maghemite) with different phys‑
icochemical properties (Abed et al. 2019). However, out of 
these, hematite and magnetite with the formulae (α‑Fe2O3 
and  Fe3O4, respectively) are the most substantial, readily 
accessible, and low‑priced oxides (Can et al. 2012). The nat‑
ural hematite nanoparticles' H‑nanoparticles’ and magnetite 
‘M‑ nanoparticles’ have occurred in rhombohedral and cubic 
structures, respectively (Noh et al. 2014).

Hematite and magnetite nanoparticles have electromag‑
netic properties related to their structure, where Magnet‑
ite nanoparticles are more magnetic than hematite nano‑
particles, which are considered canted antiferromagnetic 
(Ramana et al. 2014). Moreover, magnetite is exceptional 
in its features due to the tri‑ and divalent  (Fe3+,  Fe2+) ion 
forms. Consequently, it assumed an inverse ‑cubic‑ spinel 
structure, where  Fe2+ ions occupy half of the octahedral 
positions, whereas  Fe3+ joined the lateral tetrahedral and 
octahedral positions. Magnetite nanoparticles exist as both 
p‑and n‑types with a minor bandgap of 0.1 eV, while Hem‑
atite nanoparticles are predominantly n‑type with a band‑
gap > 2.0 eV (Khan and Qurashi 2018; Rioult et al. 2016).

Magnetic Properties

Magnetic properties can be analysed from the hysteresis 
curves of the tested material. Remanence (or remnant) 
magnetization (Mr) indicates the substance magnetization 
in the nonappearance of an applied field. Its value can be 
calculated when the hysteresis curve crosses the y axis. Mr 
is the spontaneous magnetization quantity in the material 
at the temperature of the experiment. The saturation mag‑
netization (Ms) is the highest magnetization value obtained 
when the substance is subjected to a strong magnetic field. 
The coercivity parameter clarifies the required field for the 
magnetization direction inversion. This is the field where 
the hysteresis curve can cross the x‑axis. Coercivity (Hc) is 
associated with the difficulty in stirring the magnetic domain 
walls inside a crystal. Hence, any property that might delay 
or smooth this movement will directly impact the mate‑
rial's coercivity. Numerous criteria manage this property, 
for instance, crystallite size, defects in the crystal structure, 
and magnetic anisotropies (e.g., stress, shape, and magneto‑
crystalline) also outline the final intensity of the coercive 
field.

Magnetism is the most remarkable feature of spinel fer‑
rites, directly resulting from the different metallic ions' spin 
alignment. Ions located in the tetrahedral sub‑lattice can line 
up their spins (e.g., parallel or antiparallel) to octahedral 
ions through the exchange interactions facilitated by the oxy‑
gen anions. Generally, ferrites are categorized into soft and 
hard based on their magnetic properties as follows (Jadhav 
et al. 2020; Almessiere et al. 2021).

(A) Soft ferrites

This type of ferrites is expansively used in telecommu‑
nication, military devices, and space research. They are 
ferromagnetic materials that show momentary magnetism, 
cubic crystal structures. Moreover, they are represented 
as MO·Fe2O3 where M is Fe, Ni, Mn, zinc, or transition 
metal ion. Ferromagnetism begins when a magnetic field 
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is applied. The most obvious, they can be magnetized and 
demagnetized easily. Therefore, they can transfer or store 
magnetic energy in an alternating or changing wave form. 
For instance, Mn‑Zn ferrites are soft magnets that reach 
10 MHz.(Ranganathan and Ray 2002; Sugimoto 1999).

(B) Hard ferrites

They are exploited in magneto‑optic media, microwave, 
telecommunication, recording media, and electronic devices. 
(Pullar 2012; Ullah et al. 2013) in the absence of a magnetic 
field; Hard ferrites show ferromagnetism behaviour. After 
magnetization, they deliver high coercivity (Hc) in addition 
to remanence (Mr). They consist of iron and strontium or 
barium oxides; they well manner magnetic flux by a high 
magnetic permeability at magnetically saturated state.

Generally, the spinel ferrites have magnetic interaction 
mainly intermediated via oxygen atoms and happen between 
the spins of metallic cations situated at tetra‑ and octahedral 
interstitial spits. A super exchange mechanism rules them, 
and they are of three types, namely JAA (A‑O‑A), JBB (B‑O‑
B), and JAB (A‑O‑B). The distance between the oxygen and 
the metallic ions controlled and determined the magnitude 
of these interactions. The A‑O‑B super‑exchange interaction 
is the strongest one. A‑O‑A interactions are almost ten folds 
weaker, and B‑O‑B is the lowest. In the inverse spinel, the 
influence of Fe cations at B‑sites cancels that of Fe cations 
at A‑sites. Thus, the net moment is only due to the divalent 
cations at the B‑sites. While in normal spinel, the magnetic 
moment of Fe ions at the B‑sites are in an antiferromagnetic 
orientation.

For spinel ferrites, the magnetization can be calculated 
by the difference between the contributions of two average 
sub‑lattice magnetic moments, the resultant saturation mag‑
netization  (Ms at T = 0) could be written as follows:

where, nB,i is the value of Böhr magnetons, μB Related to 
the i site of the unit cell. MM and d are the molar mass and 
density of ferrite. While N is Avogadro's number (Silva et al. 
2019).

Sherstyuk and his team studied the consequence of 
Co on the magnetic features and SPIN states in nickel‑
zinc spinel ferrite.  Co2+ ions partly replace the  Ni2+ ions 
 Zn0·3Ni0.7‑xCoxFe2O4 (0 ≤ x ≤ 0.7). The difference in ionic 
radii  Co2+/Ni2+ can explain the linear increase in the lattice 
parameters as cobalt increases. They found that Co con‑
tent increased from x = 0.0 to 0.7 with Curie temperature 
decreasing from 419 to 326 °C, respectively. Ms, Mr, and 
Hc values increased. This is because of the more significant 

(1)Ms =
N.d

MM

[

∑

B

nB,B −
∑
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moment of cobalt ions compared to nickel ions (Sherstyuk 
et al. 2021).

Almessiere and co‑workers successfully prepared 
 Mn0.5Zn0.5DyxFe2‑xO4(x ≤ 0.3) via ultrasonic irradiation. 
They found that as  Dy3+ concentration increases, the satu‑
ration magnetization increases. Moreover, the magnetic 
moment increases with increase the  Dy3+ 0.952 to 1.173 
�B at room temperature and increases 2.31–2.54 μB at 10 K. 
Thus, the distance between the magnetic ions reduces, 
which causes the strengthening of A‑B interaction (Alm‑
essiere et al. 2020). Tanbir et al. studied the synthesis of 
 Mn0.5Zn0.5Fe2‑xGdxO4 via chemical co‑precipitation pro‑
cedure and discussed the magnetic behaviour at different 
temperatures. They found that the saturation magnetization; 
Ms, decreases as the concentration of  Gd3+ increases while 
but coercivity (Hc) increases at 5 K. This may attribute to 
that  La3+ magnetic moment of  Gd3+ (7.94 �B ) is > the  Fe3+ 
(5.92 �B ), and the  Gd3+ fill the B‑site besides the spin pin‑
ning and canting (Tanbir et al. 2020). Feng and his team 
reported  Mn0.6Zn0.4LaxFe2‑xO4 synthesis by hydrothermal 
method and stated that increasing the concentration of  La3+ 
decreases the saturation magnetization due to  La3+ having 0 
magnetic moment. Additionally, as the concentration of  La3+ 
increases, the anisotropy, magnetic moment, and saturation 
magnetization decreases (Ding et al. 2020). Jian‑ming Gao 
et al. (Gao et al. 2021) reported that the dopping of zinc 
into spinel ferrites would significantly enhance the mag‑
netic properties. In numbers, as the substituted Zn content 
elevated from 0 to 0.50, the Ms will jump from ~ 40 to ~ 59 
emu.  g−1, and then slightly decrease to ~ 53 emu.  g−1. On the 
contrary, the Hc value declines from ~ 105 Oe to ~ 45 Oe.

Using the hydrothermal method, K.P.  Remya et  al. 
(Remya et al. 2020) studied the magnetic parameters for 
 BiFeO3 nanosized synthesized. Magnetic properties dis‑
cussed at room temperature with the maximum applied 
magnetic field = 20 kOe. Figure 2 shows the M‑H loops of 
4 forms of  BiFeO3. The bulk  BiFeO3 is antiferromagnetic 
with fragile ferromagnetism behaviour. The values of Ms 
ranged from 0.27 to 0.67 emu/g for the synthesized forms of 
 BiFeO3. The higher Ms was for the micro‑flower form and 
may be related to the high anisotropy than the other forms 
(nanoparticles, nanoflakes, and nano‑rods).

Ismat Bibi and his colleagues (Bibi et al. 2021) synthe‑
sized  La1‑xGdxCr1‑yNiyO3 nanoparticles via the microemulsion 
method. The Ms values were more remarkable in  Gd3+, and 
 Ni3+‑doped  LaCrO3 than that of the undoped nanoparticles dis‑
play the ferromagnetic properties of prepared structures, which 
steadily elevated by increasing the dopant concentration. The 
Hysteresis loops curves and the effect of dopant concentration 
on Ms, Mr, and Hc, respectively, were studied (Bibi et al. 2021).

Jiawei Bai et al. (Bai et al. 2017) studied thin‑film per‑
ovskite  SrMnO3 that formed by molecular beam epitaxy. 
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The Ms ≈ 0.57 μB/Mn, at 3 K and the magnetization (1 kOe 
FC) rises swiftly below the (temperature ≈ 48–50  K). 
After oxygen purge, Mn valence changes from + 3 to + 4 
and decreases the macroscopic  ferromagnetism. The 
 Mn3 +‑Mn4 + double exchange coupling, oxygen vacancies, 
and strain may be the reason for the observed ferromag‑
netism in the  SrMnO3 thin film.

Hematite is considered a paramagnetic material at (temper‑
ature > 956 K, its curie temperature;  TC) and weak ferromag‑
netic that can undergo a phase transition at Morin temperature 
 (TM = 260 K) to antiferromagnetic. Generally, the magnetic 
property of hematite depends on the particle size, the extent of 
cations substitution, and the crystallinity (Cornell and Schw‑
ertmann, 2003; Zysler et al. 2001; Raming et al. 2002). Mag‑
netite is ferromagnetic with a Tc = 580 K. However, Magnetic 
Particles that are ≤ 6 nm are considered superparamagnetic at 
room temperature. However, the magnetic behaviour depends 
on the synthesis method. The magnetic behaviour of mag‑
netic nanosized depends strictly on the crystal charges. Also, 
the crystal morphology changes the coercivity in the order: 
Spheres < Cubes < Octahedra as the magnetic axes increase. 
Thus, Magnetic nanoparticles have Hc = 2.4: 20 KA/m pro‑
duced by controllable synthesis (Cornell and Schwertmann 
2003; Teja and Koh 2009; Meisen and Kathrein 2000).

R.N. Araujo et al. (Araujo et al. 2021) reported a photo‑
catalyst from α‑Fe2O3 fibres, synthesized via solution blow 
spinning technique. According to the M‑H data, the hematite 
fibres are soft ferromagnetic material. At 1.5 T field, the 
magnetization, Remnant magnetization, and the coercivity 
were M ~ 0.78 emu/g, Mr = 0.22 emu/g, and Hc = 856 Oe, 
respectively. This magnetization value was relatively high 

compared to the bulk α‑Fe2O3, which is (≈ 0.3 emu/g) at 
1.5 T and still less than that of hematite nanoparticles (≈ 0 
0.83 and 1.11 emu/g) with crystalline sizes (of 35.6 nm and 
23.9 nm), respectively. The hysteretic performance is due to 
the feeble ferromagnetism probable at a temperature (> Mor‑
in's transition = 280 K). The small crystallite size permits a 
more considerable amount of uncompensated Iron magnetic 
moments on the crystallite exterior (Araujo et al. 2021).

Lassoued and co‑workers (Lassoued 2021) have synthe‑
sized Zinc‑doped α‑Fe2O3 nanoparticles via the co‑precipi‑
tation method.  Ms was found to decrease as the zinc concen‑
tration increased. Zn‑doped α‑Fe2O3 exposed the improved 
photocatalytic properties within photodegradation of methyl 
orange. The magnetic data determine that the 6% Zn‑doped 
α‑Fe2O3 nanoparticles show a minor hysteresis loop that 
decreases as the synthesised nanoparticles' Zn to Fe ratio 
increases from 0 to 6%.

Optical properties

The spinel ferrites prevail good photocatalytic performance 
from their (1) narrow optical bandgap (< 2.2 eV) for effi‑
ciently harvesting light of the visible solar spectrum. Usu‑
ally, they have a band structure between 0.8 and 2.0 V, mak‑
ing them act as good semiconductors. Also, their multiple 
oxidation states are stabilized by the spinel structure with 
individual transition metals of known catalytic properties. 
Besides the lower cost and the availability of their constitu‑
ent transition metals, they became talented candidates for 
water purification and large‑scale photocatalytic applica‑
tions. Moreover, the soft band energies classically impart 

Fig. 2    a Magnetic hysteresis loop of morphologically tailored 
 BiFeO3 at room temperature  b enlarged hysteresis loop of it. 
Reprinted with permission of Elsevier from (Remya et al. 2020). The 
bulk  BiFeO3 is antiferromagnetic with fragile ferromagnetism behav‑
iour. The values of Ms ranged from 0.27 to 0.67 emu/g for the synthe‑
sized forms of  BiFeO3. The saturation magnetisation value was 0.36, 

0.27, 0.55 and 0.67  emu/g for nanoparticles, nanoflakes, nanorods 
and microflowers, respectively. The higher saturation magnetiza‑
tion for microflowers could be due to the shape anisotropy arising 
from the particular arrangement of nanostructured cubes forming the 
flower‑like structure
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black or dark reddish‑brown colours (Taffa et al. 2016; Cas‑
beer et al. 2012; Kirankumar and Sumathi, 2020b).

Substitution of some elements in the spinel lattices can 
greatly promote and affect their properties. For instance, 
Ajeesha and coworkers (Ajeesha et al. 2021b) studied the 
optical properties of  Mg1‑xNixFe2O4 nanoparticles prepared 
via chemical co‑precipitation. From the optical data analysis, 
the synthesized system confirms an absorption activity in the 
visible radiation making the system desirable in photocata‑
lytic applications, especially their degradation to the methyl‑
ene blue (the optical band gaps obtained for the synthesized 
3 nanomaterials were 2.13 eV, 2.25 eV, and 2.02 eV). By 
increasing the substituted nickel, their narrow band gap lead‑
ing to increasing the photocatalytic activity to be 86% deg‑
radation was observed for  Mg1‑xNixFe2O4 catalysts after 3 h 
of degradation. Khalid Hussain et al. (Hussain et al. 2021b) 
synthesized nanosized  Cu0.5Cd0.25Co0.25Fe2‑xO4 doped with 
 Ce3+ and studied its optical properties. The indirect energy 
band gaps  (Eg) decreased from 3.48 to 2.50 eV at 303 K 
with  Ce3+. This reduction in  (Eg) is due to the increment in 
the hooping of electrons between di and trivalent iron ions. 
Another study, published by Heidari et al. (Heidari and 
Masoudpanah, 2021), focused on the optical properties and 
photocatalytic performance of Mg‑Ca ferrites. They found 
that the  Ca2+ can decrease the band gap energy from 1.97 
to 1.87 eV, favouring photocatalytic activity. Although the 
 MgFe2O4 presented the highest photodegradation efficiency 
(~ 63%) under visible illumination, the photodegradation rate 
of Methylene Blue dye decreased and then increased with 
the addition of Ca dopants. Asma and her team (Aslam et al. 

2021b) proposed the synthesis of lanthanum‑doped  Zn0.5.
Co0.5.Lax.Fe2‑x.O4 by co‑precipitation method and evaluate 
their optical properties. The resulted ultraviolet–vis pattern 
of  La3+‑doped Zn‑Co ferrite samples is shown in Fig. 3.

The optical behaviour of the polycrystalline perovskites 
is better than that of the single counterpart due to their 
enhanced optical properties in many optical‑dependent 
applications such as photocatalysis, photovoltaics, scintil‑
lation, and displays, and others (Chen et al. 2016a; Yang 
et  al. 2018). The majority of double perovskite oxides 
are like single perovskite in their ability to absorb light 
only in the Ultraviolet region with a high electron–hole 
recombination rate resulting in low photocatalytic effi‑
ciency. Fortunately, in double perovskite oxides, the facil‑
ity to flexibly change the ions of the A or B sites makes 
it relaxed to modify the optical properties to fascinate the 
photocatalytic properties. Moreover, the little interaction 
between the double perovskites facilitates the introduction 
of hetero‑cations, increasing the light absorption range and 
advancing photocatalytic activity (Chen et al. 2016a; Ma 
et al. 2021). M. Bhuyan and his colleagues focused on the 
optical properties of  Gd2FeCrO6 nanoparticles as a double 
perovskite. The tested material was synthesized via sol–gel 
and Ultraviolet–Visible, and PL spectroscopy ensured the 
semiconducting nature of fabricated material and unveiled 
an optical band gap of 2.0 eV. Thus, the thermally stable 
as‑synthesized  Gd2FeCrO6 semiconductors were utilized 
in photocatalytic and solar energy applications due to their 
ability to absorb the visible spectrum of solar light (Bhuyan 
et al. 2021b). Alsabah et al. (Alsabah et al. 2019) studied 

Fig. 3   Tauc plot for  La3+ doped Zn‑Co ferrites. Reprinted with permission of Elsevier from (Aslam et al. 2021b). The optical bandgap of lantha‑
num‑doped  Zn0.5.Co0.5.Lax.Fe2‑x.O4 varied between 1.44 eV at x = 0.0 to 3.63 eV at x = 0.3
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the optical properties of  A2YVO6  (A = Mg, Sr) double 
perovskite oxides. The optical absorption performance of 
an insulator was evaluated based on the bandgap energy. The 
bandgap energy of  Mg2YVO6 was 2.9 eV, while the value in 
the case of  Sr2YVO6 was 2.48 eV. Another perovskite oxide, 
the two‑dimensional Ruddlesden−Popper perovskites with 
 An−1A′2BnO3n+1 as a formula composed of  nABO3 layers 
between two A′O rock salt layers. They have attention due to 
their unique optical and electronic properties, making them 
a talent for photocatalytic water splitting and water remedia‑
tion. Doping in the A‑ and O‑ sites can suppress the band 
gap. Non‑metal “N” doping in the X‑site of RP perovskites 
enhanced the photocatalytic performance under visible light 
illumination. (Xiao et al. 2020).

Nasab et al. (Nasab et al. 2021) succeeded in preparing pra‑
seodymium titanate nanoparticles loaded on core–shell silica‑
coated magnetite. The optical band gap energies (OBGE) of 
 Fe3O4,  Fe3O4@SiO2, and  Fe3O4@SiO2@Pr2Ti2O7 were ≈ 3.1, 
3.05, and 2.96 eV, respectively. These values are smaller than 
 TiO2 nanoparticles, which equal ≈ 3.2 eV indicate that the pra‑
seodymium titanate nanoparticles reduced the band gap of tita‑
nium  dioxide. The photodegradation of Methylene orange in the 
presence of  Fe3O4@SiO2@Pr2Ti2O7 nanoparticles was detected. 
Photoluminescence spectroscopy results supported these data. 
After around 45 min, ≈ 98% of methylene orange was removed 
in the presence of the optimal core–shell nanosized catalyst. 
Juan et al. (García et al. 2021) studied a photoactive semicon‑
ductor nanomaterial (magnetite nanoparticles embedded in a 
bismuth ferrate matrix using a microwave‑assisted hydrothermal 
approach. The as‑fabricated bismuth ferrate samples display a 
 2nd absorption wavelength 535 nm equivalent to an energy value 
of ~ 2.3 eV that matched the stated  Eg for bismuth ferrate bulk 
systems. The optical description of the magnetic nanoparticles 
permits us to detect an absorption pattern like that of the semi‑
conductor a bismuth ferrate with (a bandgap energy ≈ 1.6 eV), 
encouraging the possibility of substitutes for heterogeneous 
catalysis.

Emre and his team (Alp et al. 2021) studied the plasmonic 
photocatalytic activity of hematite nanostructures decorated 
with Au nanoparticles synthesized via the hydrothermal 
method. The plasmonic Au nanostructures are known to 
offer efficient solar energy conversion of semiconductors. 
Mostly, the plasmonic Au nanosized displayed a broad 
absorption wavelength from ultraviolet to near‑infrared spec‑
troscopy that could vary according to their shape, size, sur‑
rounding medium, and high light‑harvesting efficiency upon 
the localized surface plasmon resonance‑effect. (Abouelela 
et al. 2021) Popov et al. (Popov et al. 2021) reported the 
effect of Cr doping on the α‑Fe2O3 nano‑rods. Ultraviolet 
and near‑infrared spectroscopy of  (Fe1‑xCrx)2O3 revealed that 
doped Cr narrows the optical band gap for the hematite and 
thus expands the absorption of hematite, which increases 

the photocatalytic and photoelectrochemical performance in 
visible light (Popov et al. 2021).

Photodegradation performance

Nanoferrites are widely employed in information storage 
systems, magnetic fluid technology, microwave devices, and 
other applications because of their superior electromagnetic 
properties, high permeability, and capacity to absorb elec‑
tromagnetic waves (Ahmed et al. 2021b).

Ajeesha, T. et al. have produced spinel  Mg1‑xNixFe2O4 
(x = 0.0, 0.6, 1.0) nanoparticles through the chemical co‑
precipitation method, and their structural, magnetic, opti‑
cal, and photocatalytic properties were investigated (Ajeesha 
et al. 2021b). The results obtained showed a cubic spinel 
structure with an average crystallite size around 20–30 nm. 
The loops collected results revealed ferrimagnetism and 
magnetically soft ferrites because of its magneto‑crystalline 
anisotropic effect. The spinel ferrites' semiconducting char‑
acteristics were discovered through optical research, which 
also proved the absorption activity in the visible region, 
indicating that the synthesized materials are acceptable for 
photocatalytic applications, which were tested to degrade 
methylene blue. Fenton‑like degradation of methylene blue 
was used to investigate the catalytic activity of nanoparticles 
of pure and substituted spinel ferrites. Recyclability studies 
were used to assess the photocatalysts' stability. Even after 
five cycles, no substantial degradation of nano photocata‑
lysts was observed. The photocatalytic results showed that 
under visible light illumination, nickel substituted spinel 
ferrite had better catalytic activity than pure spinel ferrites, 
which could be owing to the small particle size of a nickel, 
the narrow bandgap energy, and increased (e/h +) separa‑
tion at the catalyst surface (Almessiere et al. 2019; Slimani 
et al. 2019).

The photo‑spinel nano ferrites are seemed to be prom‑
ising photocatalysts to degrade dyes from wastewater. So 
(George et al. 2021) synthesized copper substituted mag‑
nesium ferrite Cu–MgFe2O4 spinel nanoparticles using the 
co‑precipitation method. The lack of electron exchange 
between  Fe2+ and  Fe3+ ions caused the dielectric constant 
of the produced nanomaterials to decrease with increasing 
frequency. Nanoparticles have a smaller crystalline size and 
a larger surface area, making them magnetic heterogeneous 
photocatalysts that aid in transferring photo‑induced load 
carriers. Furthermore, motivate the degradation of methyl‑
ene blue dye.

Another technique used to produce spinel ferrite nanopar‑
ticles is microwave irradiation, which causes a rapid increase 
in the heat of the precursor due to intermolecular friction. 
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Products were generated in a matter of minutes with higher 
yields (Manikandan et al. 2015).

(Geetha et al. 2021) have used aloe vera plant extract as a 
biofuel to produce cerium substituted spinel  MgFe2O4 fer‑
rite nanoparticles using microwave combustion. The results 
obtained confirmed the formation of spinel structure cubic. 
The photocatalytic behaviour of malachite green dye was 
examined under visible light irradiation, with an efficiency 
of 98.94% achieved in 90 min. The synthesized catalyst has 
superior structural and photocatalytic stability, as well as a 
greater degradation efficiency. The catalyst could be used in 
the treatment of industrial effluent.

Also, (Mohan et  al. 2021) investigated the spherical 
zinc ferrite (Zn/Fe2O4) nanoparticles with a bandgap of 
2.00 eV as evenly sized (65 0.5 nm) nanoparticles in the 
visible light region and used for photocatalytic degradation 
of carbamazepine. Zn doping reduced the bandgap (from 
2.00 to 1.98 eV) and increased visible light absorption. Zinc 
doping also resulted in successful photogenerated carrier 
separation and subsequent charge migration to the  ZnFe2O4 
nanoparticle's surface. Because of the material's benefits, 
a high removal efficiency (100%) of carbamazepine was 
attained through photocatalytic degradation. Carbamazepine 
degradation has pseudo‑first‑order kinetics, with a rate con‑
stant of 0.0367 min 1. The in‑vitro and in‑vivo toxicity of 
nanoparticles were investigated to promote environmental 
consequences.

(Ahmed et al. 2021b) used rare‑earth to replace nickel‑
zinc ferrite by utilizing a sol–gel auto‑combustion synthetic 
process with metal nitrates, citric acid ethylene–glycol, and 
ammonia as precursors. They also looked into the magnetic, 
and magnetocaloric properties of spinel ferrite substituted 
gadolinium and their photocatalytic efficacy. When  Gd3+ 
replaced a portion of  Fe3+, the Curie temperature rose. At 
the Curie temperature, the most significant change in mag‑
netic entropy of the samples occurred. They also proved 
that the gadolinium substitution ferrite nanoparticles are 
nanoporous in nature. As a result, the photocatalytic deg‑
radation performance of nanoparticles demonstrates their 
efficiency as photocatalysts capable of degrading various 
organic dyes when irradiated with multiple wavelengths of 
light and has provided advice for the construction of more 
efficient photocatalysts.

Zinc ferrites semiconductors have a small bandgap 
(1.9 eV). They are preferred for researchers due to their 
advantages: easy controlling, magnetic property, inexpen‑
sive preparation, better reproducibility, and others. Zinc 
ferrite semiconductor is doped with other magnetic ferri‑
tes to get favourable photocatalytic activity. So, it is doped 
with cobalt. As a result, their bandgap becomes narrower, 
and the absorption is shifted to the visible range (Fan et al. 
2012). Cobalt spinel nano‑ferrites have enhanced photocata‑
lytic efficiency. Chahar et al. [10] used cobalt–zinc ferrite 

to degrade methylene blue with irradiation of visible light 
observed that the efficiency of removal for the dye of meth‑
ylene blue was increased with increasing the concentration 
of cobalt. The removal efficiency of methylene blue dye 
had a maximum value (77%) for X = 0.5 and a minimum 
value (65%) at X = 0.0, where the composite equation was 
 CoxZn1‑x  Fe2O4. So, cobalt–zinc ferrites have intense cat‑
alytic degradation activity for the treatment of water and 
removing organic pollutants. This mechanism is safe for the 
environment.

Cobalt ferrites have a great interest due to their advan‑
tages, such as enhanced electrical parameters and absorption 
applications within the microwave range. Graphene is used 
for making nanocomposites due to its large surface area. 
Graphene‑based nanocomposites are very useful for water 
treatment. Metals such as Mg can be used to make compos‑
ites with graphene due to their stable properties, enhanc‑
ing their biological properties. Zirconium as a dopant in the 
magnesium–cobalt spinel nano‑ferrite  Mg0.2Co0.8Fe2O4 used 
by (Shabbir et al. 2019). As a result, the electrical resis‑
tivity was decreased. The spinel ferrites were dispersed on 
graphene sheets. The electrons were excited to conduction 
band under ultraviolet/visible light; the charge transfer was 
increased, preventing the recombination of electrons and 
holes. The photo‑degradation activity was investigated using 
methylene blue dye irradiating with UV visible light. The 
time of degradation of methylene blue by graphene com‑
posite was less than that without graphene. The degradation 
activity of zirconium doped in the magnesium‑cobalt spinel 
nano‑ferrite and zirconium doped in the magnesium‑cobalt 
spinel nano‑ferrite activated with reduced graphene oxide 
were investigated using alizarin yellow R dye irradiating. 
The performance of photo‑degradation by zirconium doped 
in the magnesium‑cobalt spinel nano‑ferrite activated with 
reduced graphene oxide was 92.49% in 70 min, while the 
performance of photo‑degradation by zirconium doped in 
the magnesium‑cobalt spinel nano‑ferrite was 52.45% in 
120 min. The higher performance of graphene compos‑
ites was due to large surface areas and low magnetization 
(Ahmed et al. 2021c).

Rhodamine B is a water‑soluble organic compound that 
is used in industries. It harms the environment and signifi‑
cant resistivity to be degraded. Zinc spinel ferrite doped 
with carbonate‑rich lanthanum and dispersed in reduced 
graphene oxide nanocomposites in the photo‑degradation 
of Rhodamine B dye using ultraviolet light activated by per‑
oxydisulfate (Fig. 4) (Jun et al. 2020). Sulfate radicals such 
as peroxydisulfate have a high oxidative character under 
oxidation–reduction (redox) reaction (2.5–3.1 V). So that, 
magnetic nanohybrid materials were activated with persul‑
fates to get higher degradation efficiency. Due to the large 
surface area of graphene oxide, reduced graphene oxide has 
a great interest for photocatalytic degradation to prevent 
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electron–hole recombination. Zinc ferrites have a very nar‑
row bandgap, which is favourable for photocatalytic deg‑
radation. Carbonate‑free materials have low photocatalytic 
degradation efficiency. So that, Carbonate‑rich species such 
as lanthanum overcome electron–hole recombination and 
enhance the photocatalytic degradation activity. The degra‑
dation performance of carbonate‑rich lanthanum‑substituted 
zinc spinel ferrites had twice the performance of zinc spinel 
ferrites dispersed in reduced graphene oxide. As a result, 
carbonate‑rich lanthanum zinc spinel ferrites dispersed in 
reduced graphene oxide nanocomposites had the best per‑
formance in degrading rhodamine B using ultraviolet light 
activated by peroxydisulfate.

Aluminium‑substituted zinc spinel ferrites have great 
interest in the degradation of harmful dyes due to their mag‑
netic and photocatalytic properties. The magnetic behaviour 
of zinc spinel ferrites is significantly affected by the substitu‑
tion of nanoparticles; the substitution of aluminium nano‑
particles reduces the magnetic saturation. The synthesis of 
zinc ferrites within the nanoscale makes their behaviour 
extremely maximum. The methylene blue dye is exposed to 
degradation via aluminium‑substituted zinc spinel ferrites 
by (Gul et al. 2020). It was observed that the performance of 
photo‑degradation of the dye by aluminium‑substituted zinc 
spinel ferrites was 55% in 120 min. Aluminium‑ zinc ferrites 
are favourable in water treatment due to their safe properties 
for the environment. Due to their magnetic properties, they 
can be easily removed from water by a magnet.

Magnesium ferrites are semiconductors of N‑type crys‑
tals. They are soft‑magnetic materials with low coercivity 
and can easily change their magnetization under the external 
magnetic field. Cobalt ferrites are hard‑magnetic materials 
that have high coercivity that can maintain their magnetic 
behaviour. It was observed that introducing the cobalt into 
magnesium ferrites reduces the bandgap. The bandgap of 
magnesium ferrite is 2.09 eV. By increasing the cobalt sub‑
stitution, the bandgap decreases to 1.42 eV, the coercivity 
and magnetization were increased. The magnetization also 

was raised with the substitution of cobalt. As a result, the 
hysteresis loops become broadened.

Cobalt substituted magnesium ferrites were used to 
explore their performance for the degradation of methyl‑
ene blue dye under visible light (Dojcinovic et al. 2021). 
The performance of photo‑degradation by cobalt substituted 
magnesium ferrites was 79% in 4 h.

Cobalt ferrites are hard‑magnetic materials that have high 
coercivity. Nickel has less magnetic moment than cobalt. 
The magnetic behaviour is significantly affected by the con‑
centration of nickel. By the substitution of nickel into cobalt 
ferrites, the coercivity decreases. Subsequently, the hyster‑
esis loop is strongly influenced. The photocatalytic activ‑
ity also increases by the substituting of nickel into cobalt 
ferrites.

Nickel substituted cobalt ferrites were used to explore 
their performance for the degradation of methylene blue dye 
under visible light (Lassoued and Li 2020). The version of 
photo‑degradation was 79% in 150 min. Conge red is an azo 
dye that harms health, the environment and can cause can‑
cers. It is a water‑soluble dye that is difficult to be removed 
from the water and causes pollution.

The effect of doped and un‑doped nickel substituted 
cobalt ferrites on the degradation of congo red dye explored 
by (Abbas et al. 2021). Nickel substituted cobalt ferrites 
were doped with bismuth to enhance the photocatalytic 
behaviour. Bismuth has a large surface area and promotes 
electron–hole pairs formation, which is great for photocata‑
lytic degradation. The degradation performance of doped 
nickel–cobalt ferrites was 96%, while undoped nickel–cobalt 
ferrites' performance was 78%.

Titanium oxide substituted copper‑magnesium ferrite was 
used to degrade rhodamine B dye with visible light irradia‑
tion (Tran et al. 2021). Copper‑magnesium ferrite has band‑
gap of 1.65 eV. Titanium oxide has a high bandgap energy 
(3.25 eV). Doping copper‑magnesium ferrite with Titanium 
oxide shifted the bandgap (1.65 eV to 2.86 eV), and the 
charge separation was strongly increased. As a result, it is 

Fig. 4  Spectra of Rhodamine 
B degradation at different time 
intervals. Reprinted with per‑
mission of Elsevier from (Jun 
et al. 2020). The degradation 
performance of carbonate‑rich 
lanthanum‑substituted zinc 
spinel ferrites had twice the per‑
formance of zinc spinel ferrites 
dispersed in reduced graphene 
oxide
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recommended for photocatalytic activity and can easily be 
removed from water using a magnetic bar. The degradation 
activity was investigated using rhodamine B dye irradiating 
with visible light. The performance of photo‑degradation by 
copper‑magnesium ferrite was 21.5%, while the performance 
of photo‑degradation by titanium oxide substituted copper‑
magnesium ferrite was 100% in 3 h. Subsequently, it has a 
great interest in water treatment.

Mixed Zn–Ni spinel ferrites using the solvothermal reflux 
process synthesized by (Manohar et al. 2021). In a photo‑
reactor, they investigated the photocatalytic activity of the 
samples by degrading organic methylene blue dye under vis‑
ible light. The data reveal that when the  Ni2+ concentration 
in the sample increases, so does the degradation efficiency. 
Photocatalytic activity reaches 96.21 per cent at x = 0.5  Ni2+ 
concentration.

Also, (Febrialita et al. 2021) used Simbang Darah (Iresine 
herbstii) leaf extract to manufacture  ZnFe2O4 spinel ferrite 
nanoparticles hydrothermally. The biochemical components 
in Simbang Darah leaf extract work as a capping agent 
and a stabilizer. After two hours of solar light irradiation, 
 ZnFe2O4 nanoparticles were effective in direct red 81 dye 
photo‑degradation (99.66 per cent).  ZnFe2O4 calcination 
transforms ferrite behaviour from paramagnetic to super‑
paramagnetic. Because it can be separated from the liquid 
using an external magnetic field, magnetic characteristics 
proved the usefulness of zinc ferrite as a photocatalyst. As 
a result, these materials can be applied to subsequent pho‑
tocatalytic processes.

Also, (Jadhav et al. 2021) produced Ni–Zn spinel ferrite 
using urea as a fuel in the sol–gel auto combustion process. 
They evaluated the produced samples for the elimination of 
Rhodamine B from the industrial wastewater. The photocata‑
lytic activity of the produced nanoparticles was tested under 
daylight, and the percentage of maximal degradation reached 
98 per cent at 180 min. This solar response is seen due to 
the reduced bandgap energy of the produced nanoparticles, 
ranging from 1.91 to 2.75 eV.

Besides, (Makofane et al. 2021) investigated the Photo‑
catalytic degradation of methylene blue and sulfisoxazole 
from water using the green produced Zinc ferrite nanoparti‑
cles  (ZnFe2O4) by the hydrothermal process employing the 
plant extract. The best conditions for the 99.8 per cent elimi‑
nation of methylene blue was achieved at pH12, in 45 min 
and at the optimal value of 25 mg of the catalyst. The as‑
prepared  ZnFe2O4 nanoparticles demonstrated to be read‑
ily separated and reused and kept effective even after five 
reuses, indicating that the material is highly stable. Upon 
examining the photocatalytic efficiency of the sulfonamide 
antibiotic, sulfisoxazole in water revealed degradation of 
67%. The optical energy bandgap of the produced nano‑
particles was determined to be 2.32 eV. From the optical 
absorption investigation, the nanoparticles of  ZnFe2O4 were 

determined to be in the ultraviolet range with green emis‑
sion. Magnetic research demonstrated that an external mag‑
netic field might separate the  ZnFe2O4 photocatalyst. The 
prepared sample displayed superparamagnetic properties 
under the action of an external magnetic field. This study 
has proven that these materials can be employed in targeting 
textile and pharmaceutically polluted water. This work has 
confirmed that it is possible to manufacture an ecologically 
friendly photocatalyst used in textiles and pharmaceutical 
products for waste‑water treatment.

(Magdalane et al. 2021) tested microwave synthesized 
porous  CoFe2O4 and  TiO2‑doped  CoFe2O4 nanostructures 
using L‑threonine as a fuel for the photocatalytic degrada‑
tion of congo red dye on visible light irradiation. The meas‑
ured bandgap of the corresponding  CoFe2O4 and  TiO2‑doped 
 CoFe2O4 nanostructures are 3.01 and 2.88 eV. The overall 
percentage of decomposition of congo red dye was 85% and 
97% with only catalyst and catalyst/H2O2 at pH value 3.0. 
The decolourization of dye solution was observed nearly at 
120 min in the acid medium. Nevertheless, in the case of 
only catalyst, the dye was decomposed after 250 min.

(Meena et al. 2021) examined the catalytic performance 
of Ce‑doped  MnFe2O4 ferrites under daylight. The optical 
bandgap was estimated and was found about 2.3–2.8 eV. An 
outstanding photocatalytic performance of cerium‑doped 
 MnFe2O4 ferrites (3 mol%) towards methylene blue and 
alizarin red dye degradation was reported to be 1.5 and 1.67 
times higher than the host matrix under sunlight irradia‑
tion linked to the decreased bandgap, Ce dopant, and effec‑
tive separation of charge carriers. the Ce‑doped  MnFe2O4 
degraded methylene blue and alizarin red dye with 98 and 
89% under Solar irradiation.

Tony and his group (Dhiwahar et al. 2021) examined 
the improved photocatalytic decomposition of rhoda‑
mine B with visible light employing Ni‑doped cop‑
per ferrite spinel nanostructures. The Kubelka–Munk 
model was applied to evaluate the bandgap energy of 
 Cu1‑xNixFe2O4 and observed to fluctuate from 2.30 to 
2.06 eV. The photo‑degradation efficiency when rhoda‑
mine B dye was exposed by visible light was 99.6 per 
cent.

Perovskite‑type oxides have been intensively explored for 
various applications due to their flexible structure (Fodil and 
Omari 2017; Fodil and Omari 2016; Souza and Muccillo 2010; 
Hu et al. 2005; Teraoka et al. 2006). Recently, (Jamil et al. 
2018) used The Pechini methods to prepare  BaFe1‑xCuxO3 
nanopowders (x = 0.01,0.05, and 0.10), then investigated 
them as photocatalysts for the degradation of atrazine. Toxic‑
ity testing revealed that all the manufactured components and 
the treated water are suitable for use in water treatment. The 
best reaction conditions were the pH 11, 120‑min irradiation 
time, and 0.75 g/L catalyst loadings. Pseudo‑order kinetics 
were observed in the reaction. The ring breakage formed short 
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organic chains mineralized to carbon dioxide and water with 
ammonia release; the copper‑doped phases had higher activ‑
ity. When  Fe4+ is partially substituted with  Cu2+, the oxygen 
vacancy increases, resulting in an improved activity, this find‑
ing is consistent with prior research that has shown the impor‑
tance of surface defects in preventing electron/hole recombi‑
nation. However, barium oxides are unstable in the presence 
of  CO2, resulting in the catalyst's complete breakdown into 
barium carbonate and amorphous iron oxide species. This is 
most likely the cause of the catalyst's deactivation over time. 
Copper‑doped samples have better catalytic characteristics, 
which opens up new possibilities for oxygen‑deficient perovs‑
kite as a photocatalyst.

One of the most efficient methods for the degradation of 
wastewater is semiconductor photocatalysis. Photocatalytic 
activity of metal oxides such as  TiO2, ZnO, and ZnS (Etach‑
eri et al. 2012; Etacheri et al. 2013) is well recognized. 
Because of its excellent chemical stability, low cost, and 
high catalytic performance,  TiO2 has been widely employed 
as a photocatalyst. A complex polymeric method was used to 
synthesize cubic and tetragonal phase  BaTiO3 nanoparticles 
and use methylene blue dye to investigate the photocatalytic 
activities of cubic and tetragonal  BaTiO3(Kappadan et al. 
2016). The results showed that the photocatalytic activity 
of tetragonal  BaTiO3 was greater than that of cubic  BaTiO3. 
The photoluminescence results also supported the increased 
photocatalytic activity of tetragonal  BaTiO3. However, alter‑
ing the quantity of  BaTiO3 resulted in a substantial shift in 
the photocatalytic property.

Calcium titanate  (CaTiO3) is the first known orthorhom‑
bic perovskite mineral made of readily available and low‑
cost components. The crystal structure is stable ensures 
that it can endure continuous and long‑term photochemi‑
cal reactions in the presence of water. However, the 
wide bandgap of about 3.6 eV restricts its photocatalytic 
response only within UV light irradiation (Jang et  al. 
2011; Huo et al. 2014; Kwak and Kang 2015). Therefore 
(Pei et al. 2019) overcome this disadvantage by creating 
nano‑sized calcium titanate  CaTiO3 powder with a hier‑
archical structure and an expanded adsorption profile in 
the visible light area using a hydrothermal reaction poly‑
vinyl alcohol as a structure‑directing agent. They proved 
that the bandgap narrowing and improved separation effi‑
ciency of photogenerated charge carriers were related to 
oxygen vacancies created with the hierarchical web struc‑
ture, which improved photocatalytic activity in response 
to visible light. This work gives excellent information on 
the design and production of other perovskite materials 
and visible light active semiconductor photocatalysts for 
improving solar‑driven photocatalytic performance, as 
the yellow  CaTiO3 had a much higher visible‑light‑driven 
photocatalytic hydrogen production performance than 
white  CaTiO3.

SrTiO3 has been demonstrated to be one of the few effi‑
cient catalysts capable of splitting pure water into  H2 and  O2 
(Wang et al. 2015b). However, Due to its excessively high 
bandgap, it can only respond to UV light. (about 3.1 eV) 
(Luo and Maggard 2006; Townsend et al. 2012).

Chen and his group (Chen et  al. 2016b) produced a 
polymerizable complex method of photocatalysts of Cr/Ta 
co‑doped  SrTiO3 (STO: Cr/Ta). Moreover, the data revealed 
that the photocatalyst has a high photocatalytic activity for 
water splitting under visible light and was responsible for 
good photocatalytic performance. The photocatalysis activ‑
ity (1 per cent Cr/Ta) for  H2 evolution obtained using a 
polymerizable complex technique is ten times higher than 
the sample prepared by a solid‑state reaction. This requires 
a high reaction temperature and a long reaction time, result‑
ing in a low surface area. Compared with the polymerizable 
complex method, low photocatalytic activity enhances the 
high crystalline quality and relatively large specific surface 
area photocatalytic activity.

Also, (Liu et al. 2021), by using a thermal treatment pro‑
cess, synthesized surface reconstructed  SrTiO3 nanocrys‑
tals in the presence of  NaBH4 and  SrTiO3 nanocrystals. The 
photoelectrochemical characteristics of the material were 
investigated using a traditional three‑electrode setup.

The introduction of surface oxygen vacancies or Ti sites 
(such as in  SrTiO3 nanocrystals) is credited with surface 
reconstruction during the hydrogenation procedure process. 
Due to surface oxygen vacancies or Ti sites (such as  Ti3+ and 
 Ti2+), the light absorption and charge‑transfer capabilities 
of  SrTiO3 nanocrystals are both increased. Photocatalytic 
water splitting benefits from the presence of titanium diox‑
ide  (Ti2+). Also, it was found that the sample of  SrTiO3 at 
350 °C still maintains a stable photocatalytic activity after 
three recycles, demonstrating that  SrTiO3 has good stability.

On the other hand, (Kumar et al. 2021) presented an in‑
situ hydrothermal approach for fabricating a new solar active 
heterojunction  Fe3O4@SrTiO3/Bi4O5I2. The anti‑inflamma‑
tory medicine diclofenac was used as a target pollutant, and 
the heterojunction was used to degrade and mineralize it 
under the influence of simulated sun irradiation. According 
to current findings, the optimized junction removed 98.4 
per cent diclofenac in 90 min and had 87.2% mineralization, 
and the degradation rate was about six times that of bare 
 SrTiO3. However, the operational parameters for removing 
diclofenac have been set. The catalysts showed high opti‑
cal activity, high photocurrent response, and charge transfer 
capacity. According to the results obtained, both OH and  O2 
radicals are active species in diclofenac degradation. The 
removal efficiency is high, and the catalyst may break down 
diclofenac in waste‑water conditions.

Perovskite oxides have promising efficiencies for photo‑
catalytic activity due to their advantages. Double perovskites 
have high adsorption activity for light, good stability, and 
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electric properties. The synthesis of perovskite in nanoscale 
has a great interest due to its high surface area and crystallin‑
ity. Recently (Cui et al. 2020) used  SrFe0.5Ta0.5O3 to degrade 
nitric oxide (NO) with visible light irradiation. The band‑
gap of  SrFe0.5Ta0.5O3 is 2.06 eV (visible light range) due to 
the presence of  Fe3+. It was observed that  SrFe0.5Ta0.5O3 
nanoparticles have a high density of photocurrent and pre‑
vent electron–hole recombination. Under visible light irra‑
diation, the performance for the removal of nitric oxide by 
 SrFe0.5Ta0.5O3 was 35.1% in 80 min.

Recently, (Sahni et al. 2021) used bismuth ferrites doped 
by Yb/Co to explore their performance for the degradation 
of methylene blue dye under visible light. Bismuth ferrites 
 BiFeO3 are multiferroic materials that are recommended for 
the degradation of harmful dyes in water treatment. Bis‑
muth ferrites have a bandgap of 2.2 eV (visible range). To 
improve their magnetic and photocatalytic properties, they 
were doped with rare‑earth metals such as ytterbium (Yb) 
due to their unique properties. They were also doped with 
cobalt element to improve their magnetic behaviour. By sub‑
stituting ytterbium  (Yb3+) and cobalt  (Co2+), the bandgap 
decreased to 1.88 eV, preventing electron–hole recombina‑
tion and increasing their transferring. It was observed that 
there was an increase in magnetization and coercivity. Under 
visible light irradiation, the performance for removing meth‑
ylene blue by pure bismuth ferrites was 76% in 100 min. At 
the same time, the performance for removing methylene blue 
by bismuth ferrites doped by Yb/Co was 99%.

Chen and his group (Chen et al. 2017) explored the effi‑
ciency of bismuth ferrites activated by oxygen vacancy sur‑
face on the degradation of methyl orange. Oxygen vacancy 
is recommended for photocatalytic activity. As the oxygen 
vacancy surface activated the bismuth ferrites, the band‑
gap became narrower. Subsequently, the surface of oxygen 
vacancy became an active surface for photo‑induced elec‑
trons and prevented electron–hole recombination. So, the 
bismuth ferrites reinforced by oxygen vacancy surface have 
favourable efficiencies for degradation of methyl orange.

Yu and his group (Yu et al. 2016) investigated the per‑
formance of  NaNbO3 of different morphologies on photo‑
catalytic applications. It was observed that  NaNbO3 nano‑
particles of pyramid morphology have higher efficiencies 
of photo‑degradation than that of cubic systems. Dichloro‑
phene and rhodamine B were used to investigate their differ‑
ent Photocatalytic efficiencies with irradiation of Xenon arc 
lamp. When  NaNbO3 was exposed to the Xenon arc lamp, 
the electron–hole pairs were formed, and a group of reac‑
tive chemicals was generated from  O2, such as  O2−, OH and 
 H2O2. This group of reactive chemicals act as active centres 
for photo‑induced electrons and prevented electron–hole 
recombination. Different morphologies generated from the 
variations on crystal growth have other effects on photocata‑
lytic applications. So, the  NaNbO3 triangular nanoparticles 

with facets have higher photo‑degradation efficiencies than 
that of cubic system with facets of 100.

(Bradha et al. 2015) explored the effect of substitution on 
the photocatalytic activity of  LaTiO3.5–δ perovskites. The 
general form of perovskite is  ABO3. The role of the B site is 
that promote electron transfer which gives high efficiency of 
photocatalytic activity. The part of the A site is to stabilize 
the valence electrons of the B‑site. The substitution in the 
A site improves photocatalytic activity and decreases the 
bandgap. Lanthanum (A‑site) increased the photo‑degrada‑
tion significantly. The substitution in A site was investigated 
using bivalent alkaline earth elements such as Ba, Ca and 
Sr. The bandgap was shifted to a lower value by substitut‑
ing alkaline earth elements such as Ba, Ca, and Sr. The 
photo‑degradation activity was investigated using Congo 
red dye.  La0.8Ba0.2TiO3.5–δ have the higher performance to 
degrade the Congo red dye in a short time. Under visible 
light irradiation, the performance for the removal of Congo 
red dye by  La0.8Ba0.2TiO3.5–δ was 75.33% in 10 min and after 
60 min; the performance of that was 81%. The performance 
for the removal of Congo red dye by  La0.8Ca0.2TiO3.5–δ and 
 La0.8Sr0.2TiO3.5–δ was 70.92% in 60 min. %. While the per‑
formance for removing Congo red dye by  LaTiO3.5–δ was 
50.8% after 60 min.

Zhou and his group (Zhou et al. 2019) investigated the 
photocatalytic activity of lanthanum nickelate  LaNiO3 acti‑
vated with graphitic carbon nitride sheets. Graphitic sheets 
of carbon nitride (g‑C3N4) have a small bandgap of 2.7 eV 
but have small photocatalytic activity due to enhanced elec‑
tron–hole pair recombination. Hybridization of graphitic 
sheets of carbon nitride with  LaNiO3 formed a Z‑scheme 
system leading to enhanced photocatalytic activity with 
a favourable bandgap. Formation of Z‑scheme system 
increased transferring of charges, have high reduction–oxi‑
dation activity and prevented election‑hole recombination. 
Lanthanum nickelate  LaNiO3 activated with graphitic sheets 
of carbon nitride had favourable photo‑degradation activity. 
It was observed that the performance of the Z‑scheme sys‑
tem for the degradation of tetracycline was 96% in 5 h under 
irradiation of visible light.  O2− formed, which promotes oxi‑
dization of tetracycline and degrades tetracycline strongly.

The photo‑degradation activity of  SrTiO3 injected by sil‑
ver nanoparticles was investigated by (Wu and He 2018). 
Titanium dioxide has strong, stable oxidative properties with 
no harmful effect on water treatment, but it has a high band‑
gap and can be excited only by ultraviolet light. The intensity 
of light in the ultraviolet region is very low, reducing their 
photo‑degradation activity. So the performance of degrada‑
tion of dyes using  SrTiO3 is low. Modifying  SrTiO3 surface 
by silver nanoparticles decreased the bandgap and improved 
their photocatalytic performance due to the surface plasmon 
resonance of silver nanoparticles. Reactive oxygen species 
were generated on the surface of degradation and played 



537Environmental Chemistry Letters (2022) 20:519–562 

1 3

an essential role in decreasing electron–hole recombination 
and increasing the degradation rate. The photo‑degradation 
activity of  SrTiO3 injected by silver nanoparticles was con‑
firmed under rhodamine B and methylene blue degradation 
with irradiation of visible light. The performance of degra‑
dation of rhodamine B was 93.5% in 1 h. At the same time, 
the performance of degradation of rhodamine B was 94.7%.

The increased visible light photocatalytic performance 
of curcumin‑sensitized perovskite  Bi0.5Na0.5TiO3 for rhoda‑
mine 6G decomposition was evaluated by (Kushwaha and 
Vaish 2016). The photocatalytic breakdown of Rhodamine 
6G depends on both the oxygen species and photo‑induced 
holes. In the presence of ˙OH scavengers and  O2˙ scaven‑
gers, decomposition of rhodamine 6G was 46 per cent and 
31 per cent, respectively. These data demonstrate that the 
deterioration process is highly dependent on photogenerated 
holes. The produced holes play a crucial function in forming 
active oxygen species and breaking down organic species.

The improved catalytic performance of  LaFeO3/Bentonite 
nanoparticles to remove methylene blue was investigated by 
(Janaki et al. 2018). Decomposing methylene blue assessed 
the photocatalytic activity of all the produced samples under 
visible irradiation. The synthesized  LaFeO3/Bentonite dis‑
played extraordinary and excellent photocatalytic activity 
with the overall elimination rate of methylene blue up to 95 
per cent for 60 min.

Perovskite  Sr1‑xBaxSnO3 for photocatalysts applica‑
tions produced by (Alammar et al. 2017). The bandgap 
drops with increasing  Ba2+ concentration from 3.85 eV to 
3.19 eV. Furthermore, the photocatalytic capabilities were 
tested by the hydroxylation of terephthalic acid. The maxi‑
mum photocatalyst effect was detected for  Sr0.8Ba0.2SnO3, 
which can be attributed to the synergistic impacts of the 
alteration of crystal structure and surface, the consider‑
ably large surface area linked with the small particle sizes 
and appropriate bandgap size and also band edge position.

Heterogeneous photocatalysis in aqueous media using 
titanium dioxide slurries and UV radiation has been a very 
effective method for removing organic pollutants (Gupta 
and Tripathi 2011). So, (Jorgetto et al. 2018) prepared a 
photocatalyst from a magnetically extractable combina‑
tion of magnetite, silica, and titania (Anatase phase) and 
used it to degrade organic compounds in water. Graft‑
ing results in a low density of  TiO2 crystallites on the 
silica surface up to a  TiO2 content of 48.3 wt per cent, 
resulting in poor photoactivity. The material was shown 
to be chemically stable at both acidic and neutral pH lev‑
els, as well as being biodegradable. A poor adsorbent for 
4‑chlorophenol, implying that the breakdown pathway is 
linked to reactive oxygen species generation and transi‑
tory covalent bonds. The degradation of 4‑chlorophenol 
followed zero‑order kinetics at pH 3.0 and 7.2, confirming 
that (desorbed) reactive oxygen species are involved in 

4‑chlorophenol degradation. Although the hybrid mate‑
rial's performance (on a g‑1 basis) falls short of Anatase 
or P25  TiO2, the ease with which the catalyst may be 
separated from the purified liquid using a magnetic field 
favours the composite.

Iron oxide nanomaterials exist in many forms in nature. 
Magnetite  (Fe3O4) and hematite (α‑Fe2O3) are the most com‑
mon forms used as nano‑adsorbents (Chan et al. 2004). So 
(El‑Gendy and Nassar 2021) emphasizes the win–win one‑
pot valorization process of different waste biomass that is 
composed of many biological macromolecules (e.g., poly‑
saccharides, polyphenols, carbohydrates, lipids, enzymes, 
proteins, etc.), and other biomolecules (e.g., alkaloids, terpe‑
noids, tannins, phenolics, carotenoids, amino acids, sugars, 
vitamins, etc.) into biofunctionalized magnetite  (Fe3O4) nan‑
oparticles which will be used in the future in the generation 
of biofuels from lipids and lignocellulosic wastes, biosensor 
manufacturing, and bio‑upgrading of petroleum fractions, 
among other things (Osman et al. 2021). It examines the cir‑
cular economy and the obstacles and potential for scaling up 
green synthesis with zero waste. Nonetheless, more research 
is needed to determine the exact rule of biological macro‑ 
and micromolecules in the synthesis of biofunctionalized 
magnetite  (Fe3O4) nanoparticles, as well as the mechanisms 
involved in their microbicidal and photo‑degradation capa‑
bilities. More research is needed to ensure the eco‑safety of 
their green production in the environment and their toxicity 
or biosafety to humans and other non‑target creatures.

On the other hand, (Mahasti et al. 2020) used a fluidized‑
bed homogeneous crystallization technique to extract iron 
from waste‑water as magnetite  (Fe3O4) pellets. Magnetite's 
catalytic effectiveness in the heterogeneous degradation of 
reactive black five azo dye was tested. Key fluidized‑bed 
homogeneous crystallization parameters are effluent pH, 
cross‑section loading (L, kg/m2.h), and cross‑section load‑
ing (L, kg/m2.h), intake supersaturation and initial iron 
concentration ([Fe(II)], mg/L). Total iron removal and 
crystallization ratio from a fluidized‑bed reactor were 99 
and 77 per cent, respectively, when the pH was 8.5–9.5 
and the [Fe(II)] was 100–500 mg/L. To confirm the mag‑
netic characteristic, the magnetization and coercivity of the 
recovered  Fe3O4 pellets were examined. The  Fe3O4 pellets 
were used to stimulate a Fenton‑like degradation of the RB5 
azo dye under ultraviolet‑irradiation, pH = 2.75–3.0, start‑
ing peroxide concentration of 10 mM, and catalyst loading 
of 2 g/L. Decolourization and mineralization efficiencies 
were at 98–99 and 60–68 per cent, correspondingly. The A 
fluidized‑bed homogeneous crystallization process allowed 
for the recovery of high‑purity metal oxides while produc‑
ing a small amount of sludge. Magnetic pellets made from 
dissolved iron in wastewater were shown to be promising 
materials for use as a photochemical reactant in the break‑
down of organic pollutants.
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Also, (Fazli et al. 2021) produced the cubic cobalt and 
zinc‑doped and co‑doped magnetite nanocatalysts with vari‑
ous methods. Under ultraviolet–visible irradiation, the pro‑
duced photocatalysts were employed to activate hydrogen 
peroxide and persulfate. The addition of  Fe2.5Co0.3Zn0.2O4 
to the ultraviolet/Fe2.5Co0.3Zn0.2O4/persulfate procedure 
increased hydrogen peroxide and persulfate activation, and 
the ultraviolet/Fe2.5Co0.3Zn0.2O4/persulfate process dis‑
played better Sulfalene breakdown in water as a veterinary 
pharmaceutical contaminant. Following that, the effect of 
various physicochemical factors was investigated, and the 
radicals produced during the process were identified using 
chemical scavengers. In real wastewater, the ultraviolet/
Fe2.5Co0.3Zn0.2O4/ persulfate treatment resulted in approxi‑
mately 67 per cent degradation.

Furthermore, 85% of total organic carbon was removed 
within 15 h of the procedure mentioned above. The photo‑
toxicity of the untreated and treated animals was eventually 
equalized. After 120 min of the ultraviolet/Fe2.5Co0.3Zn0.2O4/ 
persulfate procedure, the phototoxicity of the untreated 
and treated solutions was investigated using Lemna minor 
aquatic species.

The microwave solvothermal approach reported by Zan‑
chettin, G. et al. (2021) to manufacture  Fe3O4 nanoparticles 
was efficient, yielding magnetite nanoparticles in a short 
reaction time with only two reactants and one iron precur‑
sor. Magnetic nanoparticles with low shape and size varia‑
tion, high yield, and crystallinity were created. Compared 
to traditional approaches, the microwave reactor provided 
temperature and pressure control, homogeneous heating, and 
a faster reaction time. The use of magnetite nanoparticles in 
a photo‑Fenton process under visible light resulted in 100% 
methyl orange dye degradation in 5 min. In the instance 
of tetracycline, a remarkable reaction time of 90 min was 
achieved. Using an external magnetic field, the procedure 
also allowed for the quick recovery of the catalyst.

Liu and his group (Liu et al. 2019) investigated the appli‑
cation of hematite in the removal of chromium dyes from 
water. The chromium species such as trivalent chromium 
(Cr (III)) and hexavalent chromium (Cr (VI)) have high toxic 
effects on humans and the environment. The chromium spe‑
cies are sensitive to reduction–oxidation reactions. So, hem‑
atite can promote the oxidation of trivalent chromium and 
the reduction of hexavalent chromium. Hematite induced 
the formation of electrons and holes under the irradiation of 
light. Photo‑induced holes by hematite promoted the oxida‑
tion of chromium (Cr (III) trivalent to hexavalent Cr (VI)). 
Photo‑induced electrons by hematite were not sufficient 
for the reduction of hexavalent chromium. So, a very small 
amount of hexavalent chromium was reduced to trivalent 
chromium. Under visible light irradiation, the performance 
for removing hexavalent chromium by hematite was 17% 
at pH 5 with complete degradation of trivalent chromium.

Recently, (Guo et al. 2021b) discussed the performance 
of copper substituted‑hematite nanoparticles activated by 
peroxymonosulfate on removing tetracycline. The substitu‑
tion of metal ions enhances the photocatalytic activity of 
hematite.  Cu2+ substitution enhanced the degradation activ‑
ity of hematite by promoting redox cycling transformation 
of Fe (II) and Fe (III).  Cu2+ substitution generated oxygen 
free radicals that increase the photocatalytic activity. Under 
visible light irradiation, the performance for removing tet‑
racycline by copper substituted‑hematite nanoparticles was 
74.70% after 30 min. Activation by peroxymonosulfate 
generated sulfate radicals  (SO4−) that increase the electron 
transport process. So, sulfate radicals had high activity for 
degradation of harmful dyes. Under visible light irradiation, 
the performance for removing tetracycline by copper sub‑
stituted‑hematite nanoparticles activated by peroxymono‑
sulfate was 97.80%.

Also, (Zhang et al. 2017b) investigated the photocata‑
lytic activity of hematite whose surface was modified by 
sulphur doping. Hematite can be used in heterogeneous 
Fenton reactions to degrade harmful dye promoted by 
 H2O2 due to its photo‑degradation activity and low cost. 
Fenton reaction generated free radicals such as hydroxyl 
radical  (OH−) and sulfated radical  (SO4

–), which have high 
oxidation activity. These free radicals promoted the deg‑
radation of dyes by absorption of  H2O2. They also act as 
trapping centres for the electrons transferred to  H2O2. It 
was observed that sulphur has high photocatalytic activ‑
ity. As a result, hematite modified by amorphous sulphur 
had a higher rhodamine B dye degradation rate than pure 
hematite.

Also, Rojas and his group (Rojas‑Mantilla et al. 2021) 
investigated the application of hematite supported by non‑
tronite NAu‑2 to remove sulfathiazole. Sulfathiazole is a 
sulfonamide antibiotic drug used in animal treatment. The 
existence of sulfathiazole in water causes defects in the 
reproductive hormones. Hematite can be used in hetero‑
genized Fenton reaction to degrade harmful dye in the pres‑
ence of  H2O2 that induces the formation of hydroxyl radical 
 (HO−). It was observed that heterogenized Fenton reactions 
with hematite do not require specific pH and do not form the 
sludge. Nontronite NAu‑2 supported hematite to enhance its 
photocatalytic activity in Fenton reactions. Nontronite is a 
mineral clay that has a high mesoporous surface area with 
maximum absorption at UV–visible range. In heterogeneous 
Fenton reactions, the surface of active sites was formed on 
the nontronite and induced electrons transport to  H2O2 that 
decomposed into hydroxyl radical  (HO−). Nontronite had a 
high bandgap of 3.42 eV. As a result, it was modified by heat 
treating at 600 °C, and its bandgap was shifted to 1.98 eV 
leading to enhanced photocatalytic activity. Under sunlight 
irradiation, the performance for removing sulfathiazole by 
hematite supported by Nontronite NAu‑2 was 86% in 20 min.



539Environmental Chemistry Letters (2022) 20:519–562 

1 3

Further, (Zhai et  al. 2021) described the photocata‑
lytic activity of hematite doped on bismuth oxychloride 
nanosheets with a two‑dimensional structure for degrada‑
tion of tetracycline. The photocatalytic Fenton processes 
are used for the degradation of tetracycline in the presence 
of  H2O2. Hematite is a ferric  (Fe3+) oxide that effectively 
absorbs visible light due to a low bandgap of 2.2 eV. The 
reduction of ferric ions  (Fe3+) to ferrous ions  (Fe2+) should 
be inhibited by generating hydroxyl radical  (OH−) to main‑
tain the photocatalytic performance of hematite. Two‑dimen‑
sional heterojunctions increase the surface area of hematite. 
The bismuth oxychloride heterojunction nanosheets have a 
great interest due to their oxidation activity and photocata‑
lytic performance. Hematite doped on bismuth oxychloride 
nanosheets had a favourable large surface area that pro‑
motes the separation of photo‑induced electron–hole pairs 
and increases the charge transport. The bismuth oxychloride 
caused oxygen vacancy defects on the lattice structure that 
act as trapping centres for the generation of electrons and 
prevent the recombination of the electron–hole pair. As a 
result, hematite and bismuth oxychloride nanosheet compos‑
ites had better performance for removing tetracycline. The 
performance of removal of tetracycline with hematite doped 
on bismuth oxychloride nanosheets was 92% after 25 min 
with exposure to xenon lamps.

The photocatalytic activity of magnetite nanoparticles 
with different shapes in removing azo dyes investigated 
by (Radoń et al. 2019). Azo dyes are synthetic compounds 
widely used in the food, cosmetic, leather and textile indus‑
tries. They can damage human and animal cells and cause 
cancers. Heterogenized photocatalytic Fenton reactions are 
used for the degradation of Azo dyes in the presence of  H2O2. 
Fenton reactions generate highly oxidizing hydroxyl radicals 
leading to enhanced photocatalytic activity. Magnetite can 
act as a catalyst in Fenton reactions. The magnetite with rod 
nanoparticles had higher photocatalytic activity than that 
with spherical nanoparticles. The magnetite with cubic nano‑
particles had high induction heating ability and magnetic field 
hyperthermia applications due to its large surface area and 
magnetic anisotropy. The photocatalytic activity of magnetite 
with cubic as a catalyst for heterogenized photocatalytic Fen‑
ton reactions was investigated in the removal of rhodamine B, 
methylene blue and Sudan I. The performances of removal 
of rhodamine B and methylene blue were 99.5% and 97%, 
respectively. While the performance of removal of Sudan, I 
had some defects such as the high value of pH and continuous 
irradiation of ultraviolet–visible light.

Also, (Gonçalves et al. 2019) investigated the applica‑
tion of magnetite substituted on layered double hydroxide 
to degrade harmful dyes. Layered double hydroxides are 
two‑dimensional materials with a lamellar structure. Lay‑
ered double hydroxides are recommended for photocatalytic 

activity due to their high surface area and large pore radius. 
After treatment, the layered double hydroxides cannot be 
easily separated from degraded dyes, hindering their recy‑
cling or reuse due to high energy consumption. Magnet‑
ite had favourable magnetic properties and facilitated the 
recycling of layered double hydroxides after degradation. 
The introduction of double hydroxide layers on the surface 
of the magnetite nanoparticles enhanced the degradation 
of dyes due to increased surface area, ease of recycling of 
composite, and decreasing bandgap (1.85 eV). The com‑
posite of double hydroxide layers with magnetite can be 
easily separated from treated water solutions using a mag‑
net. The performance of this composite in photocatalytic 
Fenton reaction promoted by  H2O2 was investigated on the 
degradation of reactive black 5 and methylene blue dyes. 
It was observed that a large number of active sites were 
formed and generated hydroxyl radicals. Under visible light 
irradiation, the performance for the removal of reactive 
black five and methylene blue dyes was above 92% after 
40 min.

Gonçalves group (Gonçalves et al. 2020) described the 
photocatalytic activity of magnetite coated by humic acid in 
water remediation applications. Magnetite coated by humic 
acid can be used as a catalyst for heterogenized photocata‑
lytic Fenton reactions to achieve maximum reactivity. Het‑
erogenized photocatalytic Fenton reactions were promoted by 
active sites and  H2O2 that generate highly oxidizing reactive 
oxygen species and increase the removal of harmful dyes. 
Magnetite consists of ferrous  (Fe2+) and ferric  (Fe3+) oxides. 
Ferrous  (Fe2+) ions promoted the activation of  H2O2 in het‑
erogenized photocatalytic Fenton reactions, but ferric  (Fe3+) 
oxides prevented the activation of  H2O2. Ferrous  (Fe2+) oxides 
can be easily oxidized to ferric  (Fe3+) oxides preventing the 
photocatalytic activity of  H2O2. Humic acid was used to coat 
the surface of magnetite to stabilize the ferrous  (Fe2+) oxides 
and enhance the photocatalytic activity of magnetite. Magnet‑
ite coated by humic acid was recommended due to its low cost 
and easy recycling and reuse. Under visible light irradiation, 
the performance of the photocatalytic activity of magnetite 
coated by humic acid as a catalyst for heterogenized photo‑
catalytic Fenton reactions was investigated in the removal of 
Ibuprofen bisphenol A, 5‑tolylbenzotriazole, and carbamaz‑
epine. The performance of removal of Bisphenol A, 5‑tol‑
ylbenzotriazole, and carbamazepine was 80% in 60 min. In 
contrast, the performance of removal of Ibuprofen was 35%.

The photocatalytic activity of magnetite bio nanocompos‑
ite on the degradation of 4‑nitrophenol was investigated by 
(Dinari and Dadkhah 2020). The 4‑nitrophenols are used as 
precursors to produce drugs, but their accumulation in the 
environment causes very toxic effects. Ingestion and inhalation 
of 4‑nitrophenol damage the respiratory system and cause can‑
cers. Magnetite bio nanocomposite can convert 4‑nitrophenols 
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to environmentally friendly products. Silver nanoparticles have 
high catalytic activity for the degradation of nitrophenols. Lay‑
ered double hydroxides have high surface areas and high deg‑
radation activity. So, the introduction of magnetite and silver 
nanoparticles on layered double hydroxides had a great poten‑
tial to degrade 4‑nitrophenol. Starch polymers were used as a 
substrate for magnetite stabilization due to hydroxyl groups on 
their chains that act as capping agents. As a result, magnetite, 
silver, layered double hydroxide, and starch nanocomposite 
were biodegradable composites with high photocatalytic activ‑
ity. The composite was separated from the treated aqueous 
solution with a permanent magnet and washed using distilled 
water. It can be reused many times with performance above 
90%.

Emídio and his group (Emídio et al. 2020) investigated the 
performance of copper‑substituted magnetite on the removal 
of anticancer drugs. Cytostatic agents are used very largely 
as chemotherapeutic drugs to kill cancer cells. Some of these 
cytostatic agents have cytotoxic effects on aquatic animals. 
So, it becomes a dangerous problem for the aquatic environ‑
ment. Magnetite has an effective role in removing cytostatic 
agents using the heterogenized photocatalytic Fenton process 
promoted by  H2O2. The magnetite is stable, low cost and has 
ferrous  (Fe2+) responsible for photocatalytic performance. So, 
it is recommended in the heterogenized photocatalytic Fenton 
process. Copper was inserted on magnetite nanoparticles due 
to its unique characteristics. Copper has a wide pH range, suit‑
able reduction–oxidation properties, and generates hydroxyl 
radicals that enhance the degradation rate. So, copper‑substi‑
tuted magnetite had significant degradation performance. The 
performance of the photocatalytic activity of copper‑substi‑
tuted magnetite as a catalyst for heterogenized photocatalytic 
Fenton reactions was investigated in the removal of 5‑fluoro‑
uracil and cyclophosphamide. The performance of removal of 
5‑fluorouracil was 99%. At the same time, the performance of 
the removal of cyclophosphamide is 97%.

Recently, (Chen et al. 2021) prepared nanocomposites of 
carbon dots‑hematite quantum dots‑loaded hydroxypropyl 
cellulose‑chitosan and searched its photocatalytic activity 
for degrading 4‑chlorophenol as a contaminant under sun‑
light irradiation. The synthesized nanocomposite demon‑
strated an excellent photocatalytic performance for degrading 
4‑chlorophenol with about 98.64% during 70 min of sunlight 
irradiation.

Also, (Li et al. 2020) investigated if the hematite‑sulfite‑
photo system could be used to break down other organic 
contaminants, such as pesticides, dyes; four typical con‑
taminants, atrazine, bisphenol A, rhodamine B, and meth‑
ylene blue, were selected in the degradation experiments. 
The solution changed to colourless after 20 min to degrade 
rhodamine B and methylene blue dyes. For atrazine, bis‑
phenol A, both contaminants are gradually diminished 
over time. After 50 min, practically all atrazine (98.67%) 

is destroyed. Bisphenol A is degraded by about 67.15%. 
These results imply that the existing hematite/sulfite/photo 
can be employed to break down many resistant organic 
contaminants.

Also, (Doan et al. 2020) developed Cu/Fe3O4@carboxy‑
late‑rich carbon composite and examined its photo‑Fenton 
catalytic activity. The synthesized composite was utilized as 
a photo‑Fenton‑like catalyst for the elimination of methyl‑
ene blue. The photocatalytic degradation efficiency achieved 
97.5 per cent under visible irradiation for 40 min. The pro‑
duced composite shows an excellent removal efficiency and 
stability after five cycles.

Antimicrobial activity

Research of the microbial flora in over 250 homes has been 
reported in recent studies (Keijser et al. 2008). The appear‑
ance of possible microbial pathogens and the potential 
of infection at different places, especially in the kitchen, 
bathroom and shower, is defined, and the associations for 
hygiene applications in the house are presented in various 
scientific papers (Bloomfield et al. 2016). Microbial con‑
tamination may happen at any process level, from fabricat‑
ing in the food industry or pharmaceutical processing to 
patient treatment in the hospital situation (Querido et al. 
2019). Disinfection is a simple microbial treatment by gen‑
eral disinfectant agents like  H2O2, ethanol, and chlorine or 
filtration, which is considered inadequate (Wagner et al. 
2002). Cryptosporidiosis is the common enteric infection 
to be recognized throughout waterborne disorders (Chique 
et al. 2020). The enteric bacteria may be subject to risks 
through primary faecal contamination issues that are poorly 
controlled (McKee and Cruz, 2021). Removing microbial 
contaminants is an example of the standard essential levels 
in Good Manufacturing and Healthy Practices (GMHP) to 
support food and health safety (Kendall et al. 2016). Vari‑
ous original materials and chemicals exhibit antimicrobial 
action towards the principal foodborne and health‑associated 
pathogens, showing high potential for purpose in food and 
pharmaceutical manufacturing (Dandie et al. 2020). They 
were usually disinfected by chemical disinfectants, which 
had been generally applied for disinfection purposes (DeLeo 
et al. 2020). Some problems like unusual rapid evaporation, 
remaining taste or degeneration by a display to severe pro‑
cessing states have been summarized (Nilius et al. 2007). 
Nanotechnology and nanoscience seem to elevate the anti‑
microbial activity and present managed microbial diseases 
through the present high and encouraged physicochemical 
properties (Abd Elkodous et al. 2019). Between the synthe‑
sized nanomaterials‑based disinfectant agents are magnetic 
nanomaterials such as iron oxides; (magnetite & hematite), 
spinel ferrites, and perovskite oxides which possesses great 
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antimicrobial potential (Asab et al. 2020a; Jamzad and Bid‑
korpeh 2020; Maksoud et al. 2021; Manjunatha et al. 2019), 
thus will summarize in the following points.

The application of the synthesized nanoparticles is 
increasing quickly over technology and biomedicine, postur‑
ing attention to their value on the environment and personal 
health (Khalil et al. 2020). Magnetite and hematite have 
been synthesized by nearly all the identified wet chemical 
processes, such as electro‑deposition and co‑precipitation 
(Hu et al. 2021). Magnetite is a colloidal iron oxide  (Fe3O4) 
substance that displays superparamagnetic characteristics 
at room temperatures. This substance has been applied in 
magnetic nanotechnology study, nano‑toxicology and bio‑
medicine as antimicrobial agents (Maria Holban et al. 2014). 
Hematite (α‑Fe2O3) nanoparticles have drawn researchers' 
consideration for holding the common steady iron oxides in 
the air (room conditions).

Moreover, α‑Fe2O3 are additionally identified for their 
broad uses in different disciplines (Eggleston 2008). Mag‑
netite and hematite have displayed great potential for their 
purposes as catalytic elements, wastewater processing adsor‑
bents, gas sensors, suitable coatings, ion exchangers, mag‑
netic data storage media, magnetic disc materials, inks for 
xerography, antimicrobial and anticancer agents, and used 
in magnetic resonance imaging (LI et al. 2005; Marcinow‑
ski et al. 2020; Kim et al. 2011; Singh et al. 2015; Xu et al. 
2012). Still, the mechanism following antimicrobial activ‑
ity is a topic of fundamental research today. Investigations 
have been performed to confirm the antimicrobial potential 
of iron oxides, as shown in Table 1. Chatterjee et al. (Chat‑
terjee et al. 2011) demonstrated that magnetite and hema‑
tite possess antimicrobial action towards E. coli, and the 
performance improves with an increase in the iron oxides 
concentration.

Regarding the performance of potentials in connection at 
the interface, magnetite and hematite with a positive surface 
charge will possess a more suitable surface for microbial 
appendage with more effective communications than non‑
modified iron oxides (Chatterjee et al. 2011). The more effec‑
tive communications will happen in approximately improved 
reactive oxygen species production like  H2O2 (Maksoud 
et al. 2020a). Therefore, to confirm the condition, the exte‑
rior surface of the non‑modified iron oxides was transformed 
by a sheet with positively charged polymers like chitosan 
(Attia et al. 2021). The schematic illustration in Fig. 5 pre‑
sents the possible antibacterial behaviour for magnetite and 
hematite nanoparticles. It is necessary to understand that 
magnetite and hematite nanoparticles create their potential 
action through penetrating at the bacterial cell's outer sur‑
face, causing membrane damage and exchanged transport 
activity (Farag et al. 2019). Next, the appearance of  Fe3+ 
(for hematite), and both  Fe3+, and  Fe2+ (for magnetite) in the 

bacterial cytoplasm at pH = 3.5 and scattering all the intra‑
cellular structures such as genetic materials, a plasmid, and 
other vital organelles. Finally, genetic and cellular toxicity 
alters the signal transduction pathways because of the oxida‑
tive pressure created by reactive oxygen species production 
(Sardana et al. 2018).

Magnetite & hematite nanoparticles may assist as a car‑
rier to efficiently release  Fe3+ and  Fe2+ ions to the cytoplasm 
and layer, where proton motive power would lower the pH 
to be more invisible than 3.5 and promote the discharge of 
 Fe3+ and  Fe2+ ions.

Spinel ferrite NPs are in the flashlight of modern nanotech‑
nology because of their extensive purpose (Maksoud et al. 
2020b). The spinel ferrite nanoparticles owns unique mag‑
netic characteristics that are frequently conducted by other 
valuable features, such as catalytic and antimicrobial activi‑
ties (Maksoud et al. 2019; Maksoud et al. 2020c). The ferrite 
nanoparticles have mainly been‑usage in many fields such as 
biomedical (Hoque et al. 2016), energy area (Martinez‑Julian 
et al. 2014), gas sensors (Wu et al. 2019), drug distribution 
(Aisida et al. 2019), antimicrobial potential (Madhukara Naik 
et al. 2019), photocatalytic activity (Maksoud et al. 2020c; 
El‑Sayyad et al. 2020), and wastewater treatment (El‑Sayyad 
et al. 2020; Hassan et al. 2020). Ferrites nanoparticles have 
unique interesting and physical properties have started to con‑
sider possible biomedical treatments (Maksoud et al. 2018), 
including improved drug solubility and durability and reduced 
harmful effects (Maksoud et al. 2018). It has been applied for 
fascinating orientation in drug distribution (Nigam and Pawar, 
2020), imaging agents and treatment of brain cancer (Hyder 
and Manjura Hoque, 2017), as a drug‑delivery transport in 
biomedical procedures (Wang et al. 2018), for the superior 
antimicrobial performance (Ashour et al. 2018b; Mmelesi 
et al. 2020). Shape, and nano‑size, and purity of spinel fer‑
rites, high catalytic performance, and encouraging magnetic 
feature, in addition to high elasticity increasing the removal of 
pathogenic microbes and the easy connection to the microbial 
cell which intern elevated their antimicrobial potential (Mak‑
soud et al. 2021b). The surface area, pore‑volume, and pore 
size also presented a critical function in raising and encour‑
aging ferrites nanoparticles on all pathogenic bacteria and 
fungi. The elevated surface area provided a higher connection 
with a more significant quantity of pathogenic microbial cells, 
improving the ferrites nanoparticles' antimicrobial activity 
(Maksoud et al. 2021a). Investigations have been performed to 
confirm the antimicrobial potential of spinel ferrites as shown 
in Table 1. There are several plausible mechanisms for the 
antimicrobial potential of ferrites. It has been proposed that 
the ferrites nanoparticles adheres to the microbial membranes 
by improving the lag step of the microbial growth phase, 
increasing the generation point of the pathogenic microbes, 
and enhancing bacterial cell division (Maksoud et al. 2019). 
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The main reactive oxygen species (ROS) producing antimi‑
crobial actions are active superoxide  (O2

−) and  H2O2, built 
from the ferrite’s nanoparticles.  H2O2 generated from the 
surface of ferrites nanoparticles can penetrate the microbial 
cell wall and present cell loss (Fig. 6). Ashour and his group 
(Ashour et al. 2018b) synthesized different metal‑substituted 
cobalt ferrite, and investigated their antimicrobial activity. 
Between the synthesized ferrite, zinc cobalt ferrite possessed 
high bactericidal potency upon S. aureus (16.0 mm) and P. 
aeruginosa (15.0 mm), in addition to high antifungal activity 
against C. albicans (15.0 mm). A laboratory experiment per‑
formed by (Žalnėravičius et al. 2016) showed that the size of 
ferrite is a critical factor for antimicrobial potency towards S. 
cerevisiae and some Candida species, especially C. krusei, C. 
parapsilosis, and C. albicans. The tiny and ultra‑small parts 
of cobalt ferrite maintain decisive antimicrobial action upon 
all examined pathogenic microbes.

Perovskites are one of the exciting collections of sub‑
stances that show high‑temperature superconductivity, 
pyro‑electricity, ferroelectricity, piezoelectricity, and exhibit 
catalytic and antimicrobial characteristics (Benlahrache 

et al. 2006). Lanthanum containing perovskite oxides was 
the most commonly considered and confirmed exceptional 
achievement in various biomedicine and catalysis (Singh 
et al. 2017). Lanthanum‑doped  NaTaO3 and  MnTiO3 were 
investigated for photocatalytic treatments (Wang et  al. 
2015a). However, the purpose of La‑perovskites in the area 
of bacterial treatment is inadequate. A few articles were pre‑
pared where some La‑based perovskites oxides were applied 
as a microbial disinfectant (De et al. 2010; Yang et al. 2012; 
Zhang et al. 2014).

Investigations have been performed to confirm the anti‑
microbial potential of perovskite oxide, as shown in Table 1. 
The antibacterial results collected by Singh et al. (Singh 
et al. 2017) noted that MIC results for the pathogenic bac‑
teria P. aeruginosa, and S. aureus were from 50 μg/ml to 
200 μg/ml, and the most negligible minimum inhibitory 
concentration state was achieved for  LaCo0.4Fe0.6O3 per‑
ovskite oxide, which confirms that  LaCo0.4Fe0.6O3 perovs‑
kite oxide owned unique antibacterial activity. So, the high 
antibacterial potential of lanthanum cobalt ferrate indicates 
the performance of an economical nanomaterial which 
could be a possible antibacterial factor in water remedia‑
tion and other biomedical applications (Singh et al. 2017; 
Zhang et al. 2014). The bactericidal reaction mechanism of 
 LaCo0.4Fe0.6O3 perovskite against bacteria is due to more 
significant adsorption of the perovskite oxide because of 
their nature of the cationic charge, which improved com‑
munication with Gram‑negative cells surfaces (the appear‑
ance of great lipopolysaccharide including a negative charge 
due to carboxylic moiety) and more limited width of the 
peptidoglycan sheet (Niazi and Gu 2009).

Heavy metal removal applications

Tatarchuk et  al. prepared Magnesium‑Zinc ferrites 
 (Mg1‑xZnxFe2O4: x = 0–1) as magnetic adsorbents for the 
removal of both hexavalent chromium Cr (VI) and divalent 
nickel Ni (II) ions (Tatarchuk et al. 2021). Langmuir equa‑
tion well fitted the adsorption of both ions. In addition, the 
adsorption processes of both ions had a chemical nature. 
Their results also showed that the prepared  Mg0·2Zn0·8Fe2O4 
sample exhibited the highest Cr (VI) adsorption efficiency of 
about  (qe = 30.49 mg/g). While a maximum Ni (II) removal 
percentage of 93.2% was achieved by  Mg0·4Zn0·6Fe2O4 
sample. Moreover, by increasing the zinc (Zn) content, the 
heavy metal removal percentage of the mixed ferrite samples 
increased.

Narayana et  al. reported an optimized lead ions Pb 
(II) removal by a nanocomposite of inverse spinel nickel 
ferrite and reduced graphene oxide (Narayana et al. 2022). 
Their results showed that the prepared sample could obtain a 

Fig. 5  Four main steps of antibacterial action of iron oxides (magnet‑
ite & hematite), where: (1) Magnetite and hematite nanoparticles on 
the bacterial cell outside and finishes in membrane destruction, fol‑
lowed by endocytosis and endosome formation, and changed trans‑
port potential. (2) Magnetite & hematite nanoparticles hinder the ions 
transportation from and over the bacterial cell. (3) Magnetite & hem‑
atite nanoparticles generate and enhance the reactive oxygen species, 
pointing to weakening bacterial cell walls. (4) Magnetite & hematite 
nanoparticles enter the bacterial cells and combine with cellular orga‑
nelles, influencing respective cellular devices, modulating the cellular 
signal operation, and beginning cell destruction



550 Environmental Chemistry Letters (2022) 20:519–562

1 3

maximum removal efficiency of about (99.8%). In addition, 
stability of 5 successive cycles was achieved.

The removal of different heavy metals such as Cr (VI), 
Cd (II), and Pb (II) from wastewater was also reported by 
Khoso et al. using magnetic Nickel‑Ferrite Nanoparticles 
(NFNs) prepared by a co‑precipitation method (Khoso et al. 
2021). They also studied the effect of many parameters, 
including pH, dose, and contact time, on the adsorption effi‑
ciency. The best‑found sample dosage was (30 mg) at lower 

pH values. Under optimal conditions, removal efficiencies 
of about 89%, 87%, and 79% were obtained for Cr (VI), Cd 
(II), and Pb (II), respectively. Moreover, adsorption kinetics 
fitted the pseudo‑second‑order model.

Mohammadi et al. prepared a nanocomposite of super‑
paramagnetic  CoFe2O4/polyaniline for the removal of both 
Cr (VI) ions and Acid Red 18 (AR 18) under external ultra‑
sonic fields (Mohammadi et al. 2021). Both hydrothermal 
and in‑situ polymerization routes prepared the presented 

Fig. 6  a scanning electron 
microscope imaging of the 
treated S. aureus cells by 
 CoZnFe2O4 where cells appear 
as possesses a‑holes and pits 
on the outer surface, and b 
the corresponding schematic 
description about the main steps 
of antibacterial action of ferrite 
(Co‑ZnFe2O4 nanoparticles 
as an example), where: (1) 
Cobalt zinc ferrite  (CoZnFe2O4 
nanoparticles) on the S. aureus 
outside and causing membrane 
destruction, followed by endo‑
cytosis and endosome formation 
and changed transport potential. 
(2)  CoZnFe2O4 generate and 
enhance the reactive oxygen 
species pointing to S. aureus 
wall weakening. (3)  CoZnFe2O4 
enter the bacterial cells and 
combine with cellular orga‑
nelles, influencing respective 
cellular devices, modulating 
the cellular signal operation, 
and beginning cell destruction. 
 CoZnFe2O4 may assist as a car‑
rier to efficiently release  Co2+, 
 Zn2+, and  Fe3+ ions to the cyto‑
plasm and layer, where proton 
motive power would lower the 
pH to be more invisible than 3.5 
and promote the discharge of 
 Co2+,  Zn2+, and  Fe3+ ions
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nanocomposite. A maximum monolayer adsorption effi‑
ciency of 103.11 mg   g−1 was obtained by the prepared 
sample. The effect of pH on the adsorption efficiency was 
studied. It is worth mentioning that  CoFe2O4/ polyaniline 
nanocomposite showed higher adsorption efficiency than 
bare  CoFe2O4. In addition, the thermodynamic analysis 
revealed that the adsorption process was endothermic and 
spontaneous in nature.

Abdel Maksoud et al. have used adsorbent nanostruc‑
ture based on carbon modified  ZrO2/Mn‑Mg‑Zn ferrite for 
cobalt and europium radionuclides from solutions (Abdel 
Maksoud et al. 2021e). Scanning electron microscopes 
image unveiled that the carbon modified  ZrO2/Mn‑Mg‑
Zn ferrite composite owned a heterogeneous morphology 
(Fig. 7). The studied optical band gap values were found 
to be 1.45 for Mn‑Mg‑Zn ferrites, 2.38 eV for  ZrO2, and 
1.54 eV for the composite. Many parameters have been 
studied as the effect of time, solution pH, and initial ion 
concentration. The kinetics models for the cobalt and euro‑
pium radionuclides removal were examined. The obtained 
capacity for cobalt was 82.51 mg/g, and europium radio‑
nuclides were 136.98 mg/g.

Cao et  al.  prepared mesocrystalline anatase 
 TiO2‑anchored  SrTiO3 nanodots with type‑II heterojunction 
for the photocatalytic reduction of Cr (VI) ions under‑stimu‑
lated solar light irradiation (Cao et al. 2021). The observed 
efficiency was ascribed to the favoured Cr (VI) adsorption, 
improved separation of the photogenerated charge carrier, 
and the well‑preserved reduction efficiency because of the 
well‑defined type‑II heterojunction construction with strong 
interactions and tight interfacial contacts.

Additionally, Yang et  al. prepared Cr‑doped  SrTiO3 
nanoplates using a facile one‑pot solvothermal technique to 
remove Cr (VI) ions under visible light irradiation (Yang 
et al. 2019). Upon  Cr3+ ions doping, they substituted the 
sites of  Sr2+ ions in the crystal structure of  SrTiO3, which 

led to a reduction in the  SrTiO3 bandgap, making it active 
for visible light absorption. Their results revealed that the 
prepared sample with 0.9% Cr content showed the highest 
photocatalytic Cr (VI) reduction ability within 3.5 h. In addi‑
tion, outstanding stability after six cycles was maintained.

Additionally, Yang et al. evaluated the performance of 
bimodal‑pore microspheres of  SrTiO3 for Cr (VI) reduction 
under simulated sunlight (Yang et al. 2016). The micro‑
spheres were obtained by a sol–gel templating technique. 
The prepared sample possessed both outstanding perfor‑
mances under simulated sunlight, reaching an efficiency of 
nearly 100% after 2 h and good stability after six cycles. 
The recorded efficiency was attributed to the rapid mass 
transport, incident light’s multi‑reflections, and the efficient 
adsorption of reactants thanks to the largest interconnected 
structure.

Also, Abdel Maksoud has used nanostructured bismuth 
tungstate  Bi2WO6 to remove radioactive caesium and euro‑
pium radionuclides (Abdel Maksoud et al. 2021f). The effect 
of pH on the adsorption of caesium and europium radionu‑
clides by using  Bi2WO6 was studied. It is illustrated that 
the adsorption of europium is greater than the adsorption 
of caesium. Besides, the adsorption enhanced as the value 
of the pH rising.

Ramesh et  al. used nanoporous  Fe2O3 nanoparticles 
with high surface area, prepared by a hydrothermal method 
for the photocatalytic degradation of Cr (VI) under vis‑
ible light (Mavinakere Ramesh and Shivanna 2018). Their 
results showed that, after 120 min of visible light irradia‑
tion, 82.11% of Cr (VI) solution was efficiently removed. 
The observed performance was ascribed to the efficient 
electron–hole separation. In addition, the prepared sample 
possessed a low bandgap and a hollow structure which is 
suitable for the enhanced photocatalytic performance.

While Yang et al. used the sol–gel method to prepare 
composites of  Fe3O4‑ZnAl‑layered double hydroxide/

Fig. 7   Scanning electron 
microscopes images of a C 
modified  ZrO2/Mn‑Mg‑Zn 
ferrites composite b the spinel 
Mn‑Mg‑Zn ferrites, and c  ZrO2. 
Adapted from Ref. (Abdel Mak‑
soud et al. 2021e)with copyright 
permission from Elsevier, 2022. 
The carbon modified  ZrO2/Mn‑
Mg‑Zn ferrite composite owned 
a heterogeneous morphology
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TiO2 to remove Cr (VI) aqueous solutions (Yang et al. 2020), 
under ultraviolet irradiation, the prepared sample showed a 
good performance of 97% removal. Their results exhibited 
that adsorption kinetics, isotherm, and photocatalytic reac‑
tion followed the pseudo‑second‑order, Langmuir model, 
and the first‑order equations, respectively. It is worth men‑
tioning that the efficient separation of photo‑generated elec‑
tron–hole pairs was confirmed as depicted by the photocur‑
rent and the electrochemical impedance analysis.

Conclusion

This review presented the adsorption procedure based on 
magnetic oxides to eliminate various contaminants (heavy 
metals, organic dyes, radionuclides, and pharmaceutical 
compounds) in wastewater. Furthermore, the synthesis meth‑
ods and advanced properties of magnetic oxides materials 
have been reviewed. Moreover, the structural, optical, and 
magnetic properties of these materials have been analysed. 
The photocatalytic degradation performance of the magnetic 
oxide nanoparticles has been studied. The incorporation 
of the magnetic oxides materials with suitable adsorbents 
(tungsten oxide, titanium dioxide, reduced graphene oxide) 
lessened the rapid recombination of photogenerated (elec‑
tron and holes) carriers and improved the photocatalytic 
degradation ability. Besides, the photodegradation of the 
pathogenic microbes via magnetic oxides have been pre‑
sented, along with utilizing the magnetic oxides as candidate 
adsorbents for heavy metals and radionuclides removal has 
been examined. Finally, challenges were presented towards 
the efficient use of magnetic oxide nanoparticles as effective 
adsorbents for wastewater treatment.
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