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A B S T R A C T   

Sustainable accessibility and adequate availability of healthy water are preconditions for healthy living and 
effective uninterrupted ecological networking. However, the presence of organic pollutants like organochlorine 
(OC) and organophosphorus (OP) compounds in the environment has led to continuous shrinkage in the per
centage of clean water available for humanity's basic needs. Interestingly, green nanoparticles biosynthesized 
using biogenic entities have recently emerged as an appealing choice for photocatalytic degradation of a wide 
range of pollutants owing to their eco-benignness. Particularly, biogenic iron-based nanoparticles (BIBNPs) have 
demonstrated unique properties such as ease of fabrication, excellent regenerability, strong redox potential, the 
ability to absorb a wide range of visible light, and the ability to produce highly reactive oxygen species that can 
enhance degradation efficiency and low aggregation which are beneficial for the remediation of water con
taminants. The ability of BIBNPs to maintain stability and reactivity under various environmental conditions 
makes them a promising solution for environmental cleanup efforts. This review aims to critically report and 
empirically juxtapose the efficiency of biogenic iron and iron oxide NPs for photocatalytic degradation of a wide 
spectrum of OC and OP pollutants in aquatic environments. The work also generously elucidates the potential of 
BIBNPs as eco-benign and recyclable photocatalysts for the complete mineralization of OC and OP. The study 
also pragmatically expounded the photocatalytic degradation mechanism and presented frontiers and future 
research directions in circular economy, financial analysis, artificial intelligence integration, and hybrid tech
nology. It was discovered that the most prevalent end mineralization products were CO2 and H2O, that the least 
amount of time needed for degradation was just five minutes, and plant extract was the most widely used bio- 
reductant for the bio-fabrication of BIBNPs. The greatest degradation efficiency was also found to be 100 % 
which is a testament to the superior efficacy of BIBNPs.   

1. Introduction 

Water is essential for the survival and health of all ecosystems [1,2], 
thus, protecting it must always be a top priority. However, the alarming 
water pollution growth has breached water security [3–5]. Today, ap
proximately 4 billion people, or half of the global population, experi
ence extreme water scarcity for at least one month of the year [6–8] and 

it has been projected that in the next 2 years (2025), it will increase to 
about 60 to 66 % and may even escalate to 4.8–5.7 billion by 2050  
[9,10]. More specifically, the World Water Assessment Program 
(WWAP) estimates that each year, water pollution kills 100 million 
people, 1 million aquatic creatures, and 1 million seabirds. It also 
predicts that by 2025, almost 1000 million people who live in dry re
gions may face severe water problems[11]. This trajectory escalation is 
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due to inevitable rapid industrialization, population growth, and 
modernization of the agricultural system to control pests, boost crop 
and animal production, and solve food insecurity problems [12,13]. 
Without gainsaying, OP and OC are among the major chemicals em
ployed to modernize and boost the agricultural sector(the backbone of 
the world economy) and control insects that are detrimental to human 
and animal health[14–16]. Nevertheless, this has made these chemicals 
pollute the ecosystem when they find their way into the environment, 
particularly the aquatic bodies through spray drift, transportation from 
the application site during heavy rains (hundreds to thousand miles), 
pesticide-filled waste dumping sites, leaching from stockpiles, indis
criminate disposal of the used container, emissions from industrial 
operations, runoff of agricultural wastage, accidental spills, direct 
farmyard sewage system discharge during field sprayer filling, cleaning 
of equipment, indiscriminate disposal of expired or unused or un
finished OP and OC pesticides[17–19]. Notably, the presence of these 
pollutants in aquatic bodies has led to the degradation of water quality, 
loss of biodiversity, death of aquatic organisms, disruption of the food 
chain, interruption of eco-fundamental networking[20–25], and dete
rioration of human health as they are found to be carcinogenic, muta
genic, teratogenic and even affect endocrine, neuro and reproductive 
systems[20,26,27]. Thus, the most essential task in this 21st century is 
to fight the growing water pollution caused by OP and OC for humanity 
to enjoy their blessing and avert the curse. 

Interestingly, several methods including[28–30] ultraviolet radia
tion, adsorption[31,32], solid phase extraction[33], nanofiltration 
membrane[33,34], aerobic/biodegradation [35], coagulation 
[32,33,36,37], ozonation[38], photocatalytic degradation[39–41], and 
other advanced oxidation processes have been employed remove OP 
and OC in aquatic environment[20]. Nevertheless, the majority of these 
methods have several drawbacks, including high costs, drawn-out 
processes, low efficiency due to OP and OC persistence(remaining in 
the environment for years), and secondary pollution issues because of 
the adsorbents' and degraders' inferior cycling capacities [42,43]. As
tonishingly photocatalytic degradation—a very economical and en
vironmentally friendly technology—came to light to fully mineralize 
dangerous organic contaminants like OP and OC into less toxic products 
and to address the drawbacks of the materials and technologies that 
were previously in use[43]. 

It is important to note that degraders and adsorbents are essential to 
the successful remediation of water pollution. Sadly, some of the ma
terials (clay, kaolin, activated alumina, and activated carbon, among 
others) employed in photodegradation techniques have shortcomings, 
including low charge, poor thermal stability, low degradation effi
ciency/capacity, poor active sites, low photostability, and poor re
newability and recyclability [44,45]. 

Interestingly a better solution to these previously described pro
blems has emerged through the use of Au, Ni/TiO2, Ag, TiO2, Fe3O4/ 
CdS, Fe, Fe2O3, Zn, Cu/ZnO, and other nanoparticles with exceptional 
surface characteristics, environmental friendliness, catalytic efficiency, 
and chemical reactivity[46–49]. However, iron-based NPs stood out 
owing to their excellent recyclability/recoverability, biocompatibility, 
low toxicity, wide band gap (for iron oxide NPs), ability to absorb a 
wide range of visible light, ability to produce highly reactive oxygen 
species, large surface area, and abundance[20,50–52]. However, there 
are certain hitches to the chemical and physical ways of fabricating 
metal nanoparticles, including low stability, low curation, poor particle 
growth, high energy consumption, and the need for a lot of hazardous 
chemicals. As a result, nanoscientists find it challenging to design new 
nanoparticles[11,53]. Thankfully, the use of biogenic entities in the 
production of Fe-based nanoparticles has garnered much attention re
cently and has been shown to overcome the drawbacks of the physical 
and chemical techniques, with the added benefit of highly controlled 
size and shape. Iron nanoparticles are more economical and exhibit 
lower toxicity to organisms compared to other metal nanoparticles. 
Additionally, they possess strong redox and adsorption capabilities, 

making them versatile for various applications across multiple fields 
such as catalysis, where they improve reaction efficiency; optics, where 
they contribute to advanced materials; electronics, where they enable 
the development of novel devices; and environmental remediation, 
where they play a crucial role in the cleanup of pollutants [54]. Ad
ditionally, their cost-effectiveness and broad applicability underscore 
their potential as a valuable resource in both industrial and environ
mental contexts and don't call for the use of dangerous chemicals or a 
lot of energy [11,53–56]. Iron-based biogenic nanoparticles have been 
extensively studied for their effectiveness in photocatalysis, attributed 
to their unique properties, including a large specific surface area, 
magnetic interactions, high surface energy, excellent regenerability, 
strong redox potential, ability to absorb a wide range of visible light, 
and the ability to produce highly reactive oxygen species that can en
hance degradation efficiency and low aggregation which are beneficial 
for the remediation of water contaminants [54,57]. These properties 
allow them to easily agglomerate into micron- or millimeter-sized 
floccules [58]. They have been reported to function as reductants and 
catalysts to remove various contaminants, including dyes and chlori
nated pollutants [59–61]. Due to their excellent reduction and ad
sorption capacities, stabilized iron nanoparticles are widely used in 
environmental remediation, offering a promising solution for the re
mediation of polluted water, soil, and sediments [62]. Consequently, 
many biogenic entities have been used to bio-fabricate NPs over time  
[50,63]. Notably, through an extensive literature survey done by the 
author, there exist several review works  
[20,40,70–79,42,80,81,43,64–69] that have been published on photo
catalytic degradation of OP and OC using NPs, but no single review 
work has been directed towards the use of biosynthesized iron and iron 
oxide based NPs for photocatalytic degradation of OP and OC. 

Thus, this present study takes its novelty in being the first review 
paper on this subject. This review's primary goal is to provide a thor
ough discussion of the latest empirical trends and cutting-edge studies 
employing a variety of biogenic iron and iron oxide-based nanoparticles 
(NPs) for the photodegradation of OP and OC in aquatic environments. 
Another principal goal of this study is to provide an all-inclusive ana
lysis of the photocatalytic mechanism of biogenic iron and iron oxide- 
based nanoparticles (NPs) for the degradation of OP and OC pollutants, 
along with a pragmatic comparison of their photocatalytic efficacy. This 
work also empirically discussed the regeneration and recyclability of 
exhausted biogenic iron and iron oxide-based NPs as this is one of the 
chief motivations for various researchers and industries employing 
them in pollution remediation. Furthermore, a methodical and objec
tive analysis was conducted on the impact of parametric experimental 
factors on photodegradation %, including pH, NP dosage, OP and OC 
concentration, and temperature. 

This work also underscores the current and future state of water 
insecurity up till 2050 and could help scientist and United Nations 
fasten up their belt on Water Action Agenda and Water Action Decade 
(2018–2028). Additionally, it is anticipated that the review's section on 
the health and ecological impact will serve as an assertive reminder to 
readers in general, especially those employed in labs and industries 
where OP and OC are used, small- and large-scale farmers, agrochem
ical workers, and others working in industries where OP and OC are 
used, to firmly embrace the appropriate safety precautions more than 
ever before and to fervently ensure proper wastewater treatment in
stead of the random release of untreated effluent for the general public's 
safety. Finally, this review also highlighted key challenges and provided 
an innovative future perspective that is expected to spark fresh ideas in 
upcoming researchers. 

2. Water insecurity 

Although the fact that water makes up roughly 71 % of the entire 
surface of the planet is no longer news [82–84], however, water scarcity 
is still been identified as one of the largest global risks[85,86] because 
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just 2.5 % of all the water on Planet is regarded as freshwater(Fig. 1) to 
meet basic demand within the ecological system[82,87] due to the 
arrival of modernization, fast global industrialization and population 
growth which has caused water insecurity[17,88,89]. Surprisingly, 
people still confront water insecurity while consuming just 0.03 % of 
the fresh water covering the world[11]. Water insecurity, therefore, is 
distinct from physiological water demands as it encompasses the water 
required for all earthly occupations and livelihoods [90–92]. Aside 
from affordability[93], the four dimensions that define water insecurity 
[90] are shown in Fig. 2 and this includes, availability (physical pre
sence of water and how it is distributed to people) [90,92], accessibility 
(if there are no obstacles of a physical, financial, cultural, or political 
nature preventing family members from getting access to adequate 
water to meet their demands) [90,94,95], use (if the water that is 
readily accessible and readily available is also suitable, safe to drink, 
and healthful for non-consumptive uses i.e. free from any form of 
contamination) [92,93,96], and stability (how consistent are the 
availability, usability, and accessibility throughout time?) [91,97]. It is 
imperative to mention that if any of the four domains is compromised, 

it leads to a state of water insecurity that endangers or threatens well- 
being, encompassing social, physical, and mental health as well as the 
ability to engage in vital productive and cultural activities[98–100]. 
Furthermore, there are ethical considerations surrounding water in
security[101] as the UN made it clear that access to sanitary facilities 
and clean drinking water is necessary for the fulfillment of all human 
rights[102–105]. Furthermore, the significance of water for the growth 
of humanity and society is highlighted by the 6th SDG (Sustainable 
Development Goal), which is to "ensure the availability and sustainable 
management of water and sanitation for all."[92,101]. 

Statistically, according to the Global Water Security 2023 Assessment 
[106], 3 out of every 4 people, or 78 % of the world's populace (6.1 bil
lion), currently reside in nations with inadequate access to water. It was 
further accentuated that the number of deaths caused by inadequate ac
cess to clean drinking water, sanitation, and hygiene services surpasses 
that of water-related disasters[106–109]. In fact, according to the World 
Health Organization 2023 water report[110], an estimated 502,000 
deaths from diarrhea alone are attributed to polluted drinking water an
nually. It was also envisaged that around two-thirds of the world’s in
habitants will continue to live water-insecure well beyond 2030 if radical 
actions are not taken now with all alacrity[106]. In addition, the overall 
water demand is steadily increasing by one percent yearly and rivalry for 
water by the triangulated sectors shown in Fig. 3b will worsen more than 
ever, as the world’s entire populace is anticipated to reach 9.8 billion by 
2050 and 11.2 billion by 2021 as shown in Fig. 3a [10,111,112]. The 
above-highlighted worldwide widespread water insecurity thus conveys its 
6usignificance irrefutably[92] and calls for urgent attention as it may be 
impossible for water bodies to replenish naturally themselves due to the 
alarming climate change effect. 

3. Sources and mobility of OP and OC in aquatic bodies 

Typically, the major way that OC and OP enter into the environment 
is through the use of agricultural pesticide sprays[113]. Notably, only 
0.1 % of sprayed OP/OC targets pests; the remaining 99.9 % move far 
and near across numerous environmental matrices and reach humans, 
as seen in Fig. 4. Thus, the primary point sources in the environment are 
the places where their utilization is still practiced [113,114]. In parti
cular, OC/OP can be detected hundreds to thousands of kilometers from 
the application location since it can travel a great distance through the 
wind before depositing on soils and water [115,116]. As shown in  
Fig. 4, during application, after volatilizing out of the soil, OC and OP 
are suspended in the atmosphere before being redeposited. Ad
ditionally, they might be absorbed by plants or seep into the earth, 
contaminating groundwater[116,117]. 

Fig. 1. Water distribution on the planet, displaying the proportion of freshwater and surface water that is available [87].  

Fig. 2. Four dimensions defining water security.  
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Specifically, the use of OP and OC pesticides can contaminate the 
aquatic environment in several ways, such as spray drift, transportation 
from the application site after rain, indiscriminate disposal of used con
tainers, emissions from industrial operations, direct farmyard discharge 
into sewage systems during field sprayer filling, and more, runoff, leaching 
from stockpiles, pesticide-contaminated waste dumping sites, runoff of 
agricultural wastage, accidental spills, cleaning of equipment, indis
criminate disposal of expired or unused or unfinished OP and OC pesti
cides[18,118,119]. Additionally, soil runoff from OP/OC-containing waste 
disposal sites and soil-air exchange, which allows the pollutants to vola
tilize from the soil into the atmosphere, can carry these pollutants into 
aquatic bodies and return them to the soil[113,120], water via air-water 
exchange[113], and direct industrial ejections[19,113]. Pesticides in 
aquatic environments can desorb or adsorb on suspended materials before 
sinking to the bottom and settling there, where they then bioaccumulate in 
fish and other aquatic life [116]. Notably, research has shown that OP/OC 
contaminants get to humans largely through water and food, especially 
fish and vegetables because they are commonly eaten by a lot of people 
and have no cultural or religion rebuff[116,121]. 

4. Global ecological, and health impact of OP and OC 

The widespread use and persistence of OP and OC compounds have 
made their pollution a significant global issue as well as having a 
profound environmental and public health challenge on a global scale  
[122]. By and large, both acute and chronic disorders are among the 
many health and environmental risks brought on by OP and OC pol
lution[19,123]. Because they are deadly to some groups of organisms, 
they can have extremely negative effects on certain environmental ni
ches, such as water, as well as other habitats [123]. From a global 
perspective, it is important to note that a mere 0.1 % of applied OP and 
OC pesticides effectively hit target pests. The remaining 99.9 % dis
perses into various environmental matrices, resulting in significant 
water quality degradation, adversely affecting non-target organisms, 
and contributing to a considerable loss of biodiversity, particularly 
within aquatic ecosystems [19,114,123]. Additionally, reports from the 
World Health Organization (WHO) in the early 1990s estimated that 
around one million unintentional organochlorine and organopho
sphorus pesticide poisonings occurred annually, resulting in 

Fig. 3. (A) World population growth trend, (B) sector-wise use of freshwater across the globe.  

Fig. 4. Transportation of OP and OC to humans within the environment[114].  
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approximately 20,000 deaths per year globally. However, in recent 
years, these figures have drastically increased to over 150,000 people 
per annual worldwide [124,125]. More specifically, 44 % of farmers fall 
victim to these tragic deaths yearly on a global scale [126]. 

Furthermore, regarding aquatic lives, fish may be directly impacted 
by OC and OP, with smaller fish being more affected than bigger fish 
[127]. Pesticides can also have indirect harmful impacts on fish by 
reducing the amount of algae and plankton that fish eat, altering their 
eating preferences, and degrading the integrity of fish habitat. Some OC 
and OP may severely affect and decrease the profusion of primary 
producers like zooplankton, micro-crustaceans, etc., and thus ulti
mately decrease the primary and secondary consumers[128,129]. Some 
of the negative impacts the OP and OC have on the aquatic faunas 
comprise renal tubule necrosis, aberrant behavior, secondary lamellae 
curling, respiratory strain, irregular swimming, prolonged metamor
phosis, glomerulus contraction and disturbance of the hepatic system 
[130,131]. 

From the biomagnification standpoint, higher predators, including 
humans, have been shown to have extremely high levels of OP and OC 
pollutants in their tissues and other organs as a result of larger species 
eating fewer living things as they go up the food chain[132,133]. 

In addition, there also exists an indirect eco-economical impact of 
OP and OC through bioaccumulation because the chief receptor for 
these pollutants is fat tissue and thus accumulates in fish fats. When 
humans consume eatable fish and fish tissue contaminated by fat-so
luble OC like DDT, it gets to the human adipose tissues and begins 
mayhem in the body[127,134]. Therefore, human exposure to OC and 
OP through the consumption of polluted fish and shellfish may have an 
effect on economies since the survival of fish that reside at the bottom 
of the primary agriculturally submerged portions of the ocean is de
pendent upon it[135,136]. 

Notably, In addition to immune system deficits and inborn defects, 
the effects of OC and OP on humans are often linked to pulmonary 
dysfunction, and hematological morbidity[127,137]. However, the 
ecological impact as per physiological effects includes reproductive 
failure or inhibition (includes decreased testicular weights, decreased 
sperm potentiality, spermatogenesis suppression, sperm DNA damage, 
and an upsurge in the generation of abnormal sperm)[138,139], dis
ruption of the endocrine system[19,140], death, immune system sup
pression, cancers(breast, lung, and prostate), tumors, and wounds on 
animals and fishes[137,141–144], obesity[19], occurrence of type 2 
diabetes[145,146], teratogenic effects and cardiovascular toxicity 

[127,147], DNA, cellular mutilation, poor fish health is observed 
through a low red-to-white blood cell ratio, severe mud on fish gills and 
crusts, etc., and eggshell weakness[127]. Also, mild exposure to OP and 
OC has been attributed to unintentional muscle contraction, nausea, 
impaired vision, chronic muscle spasms, dizziness, headache, and irri
tation[130,148]. Moderate exposure is commonly accompanied by 
symptoms such as vomiting, palpitations, trembling in the muscles, 
diarrhea, disorientation, and copious amounts of mucus[130]. 

In addition, convulsion, complete collapse, sluggish pulse, dis
orientation, profuse tears, mucus and saliva, and coma are signs of 
significant exposure to these OPs[130]. The majority of the aforemen
tioned effect is because when OP/OC found their way into the human 
body tissues (adipose tissue, breast milk, and blood), they accumulate 
in fat tissue, gradually degrade, and stay in human bodies for quite a 
while[19,116]. Furthermore, the induction of peroxisome proliferator- 
activated receptors, alteration of calcium signaling, and lipid metabo
lism are the main ways that exposure to OCPs in breast milk impairs an 
infant's brain development[149,150]. Exposure to OCPs impairs thyroid 
hormones by imitating their action, which reduces the hormone's ef
fectiveness and harms the brain, nerves, and reproductive systems in 
humans. In women, OCPs are particularly known to cause spontaneous 
miscarriages, early births, ovarian issues, and hormone problems 
[151,152]. Furthermore, these contaminants can enter the mother's 
bloodstream during pregnancy, travel to the placenta, and then disrupt 
its ability to produce and release hormones and enzymes, transport 
nutrients, and produce waste, disrupting fetal development and the last 
stages of placental life[116,153]. Exposure to OP and OC has also been 
associated with changes in the urogenital tract's development, growth 
of “Lewy bodies”, hypertension, Alzheimer's disease, hepatitis, ATP 
synthesis disruption, pulmonary fibrosis, asthma, cough, multiple 
myeloma, brain cancer, and sore throat [19,154,155]. In summary, the 
death caused by OP and OC via any of the routes shown in Fig. 5 is 
becoming higher than that caused by common diseases as reports have 
it that out of millions of people exposed to these pollutants yearly, a 
very alarming death rate of 0.4 % to 1.9 % follow[125,134,156]. 

5. Synthesis of the biogenic Iron and Iron oxide NPs 

By and large, the bio-fabrication of iron and iron oxide nano
particles using biogenic entities is accomplished through a bottom-up 
approach [53,157]. Notably, the iron-based NP biosynthesis method 
can be broadly divided into two, namely phyto-genic synthesis and 

Fig. 5. Exposure routes of organochlorine and organophosphorus to humans.  
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microbial synthesis [53]. These approaches not only minimize the en
vironmental impact but also enhance the biocompatibility, and afford 
the nanoparticles more important function groups and thus broadening 
their potential applications in areas such as environmental remediation, 
and catalysis. 

6. Phytogenic synthesis of Iron and Iron oxide nanoparticles 

Iron and Iron oxide nanoparticles are formed by the reduction of 
metal ions in the presence of a suitable reducing agent and a capping 
agent, typically phytochemicals found in the plant extract as shown in  
Fig. 6. The process generally involves three phases: the activation 
phase, which involves the breakdown of the precursor; the nucleation 
or growth phase; and the termination phase, which is the decline phase 
that determines the final morphology of the nanoparticles [53,87]. The 
metal salt is gradually added to the plant extract with constant gentle 
stirring until nuclei begin to form. The size and shape diversity of the 
synthesized nanoparticles (NPs) depend on the composition and con
centration of the bioactive molecules present in the plant extract [158]. 
The key factors influencing the nucleation and stabilization of plant- 
mediated nanoparticle (NP) formation include the pH of the reaction 
solution, the concentration of reactants, reaction time, temperature, 
metal salt concentration, and extract concentration. These variables not 
only control the initial formation and stability of the NPs but also sig
nificantly impact the overall quality, size, and morphology of the syn
thesized Iron and Iron oxide NPS. Adjusting these parameters can lead 
to the production of Iron and Iron oxide NPS with specific character
istics tailored for various applications [53,87,159]. In addition, a few 
limitations that need more attention in future research. Firstly, stan
dardization issues: The chemical makeup of plant extracts may vary 
greatly depending on the species, growth environment, harvesting 
period, and extraction techniques used. Because of this heterogeneity, it 
is challenging to standardize the synthesis process, which results in 
inconsistent yield, size, and shape of the nanoparticles[87,160]. Sec
ondly, the purity of nanoparticles can be sometimes questionable be
cause numerous biomolecules have been found in plant extracts; some 
of these biomolecules may stick to the biogenic NPs and compromise 

their functioning and purity. Thus, additional purification is required to 
obtain high-purity NPs, which might, in turn, increase the complexity of 
the phyto-genic method. Thirdly, extensive and careful optimization of 
reaction conditions is often required to achieve desired NP character
istics[82]. Lastly, scalability is still a challenge and requires urgent 
attention. 

7. Microbial synthesis of Iron and Iron oxide nanoparticles 

The formation of microbial iron-based NPs occurs through either an 
intracellular or extracellular pathway. In the intracellular pathway, 
metal ions are transported into the microbe's cell where cellular en
zymes facilitate their reduction. Conversely, in the extracellular 
pathway, metal ions adhere to the cell's surface and are reduced by 
enzymes present outside the cell [161]. Extracellular mechanisms are 
particularly advantageous for the recovery of NPs, enhancing the 
practicality and efficiency of the biogenic synthesis approach. The hy
droxyl groups present in the polysaccharides of both microalgae and 
macroalgae play a critical role in the reduction and stabilization of iron- 
based NPs. Additionally, membrane-bound oxidoreductases and yeast- 
derived quinones act as effective bio-reductants in this process  
[53,161]. Additionally, as illustrated in Fig. 7, the intracellular bio- 
production of iron-based NPs involves the participation of NADH and 
NADH-dependent nitrate reductase enzymes. These enzymes play a 
crucial role in the reduction process, facilitating the conversion of metal 
ions into nanoparticles within the cellular environment. The involve
ment of NADH, a key coenzyme in cellular metabolic processes, un
derscores the intricate biochemical interactions that drive the synthesis 
of iron-based NPs. In extracellular bio-preparation, nitrate reductase- 
mediated fabrication plays a key role. Here, iron NPs are synthesized by 
reductase enzymes either embedded in the cell wall or secreted into the 
growth medium. This process involves nitrate reductase or metabolites 
converting metal ions into their zero-valent form, facilitating the for
mation of nanoparticles outside the cellular environment [162]. 

Notably, the mycogenic NP synthesis method faces some salient 
challenges in the area of selecting the mycogenic entities, controlling 
resulting NP morphology so as not to take the morphology of the 

Fig. 6. Overview of phyto-genic synthesis of Iron nanoparticles[53].  
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mycogenic entity employed, optimizing reaction conditions, controlling 
product quality, and ensuring [163,164]. Specifically, similar to phy- 
togenic biosynthesis, regulated growing conditions and possible con
tamination concerns make scaling up for industrial purposes challen
ging. In addition, in the fungus-mediated production of nanoparticles, 
the exact mechanism behind the process remains poorly known. 
Therefore, more research is required to precisely define the mechanism 
and pinpoint the proteins and other biomolecules (enzymes) accoun
table for the stability and reduction of NPs[164]. 

8. Photocatalytic degradation performance of organochlorine and 
organophosphorus compounds using biogenic Iron nanoparticle 
and its composites 

A variety of nano-engineered functional materials have been iden
tified and reported as exceptional adsorbents and highly effective 
photocatalysts for the degradation of organochlorine and organopho
sphorus pesticides, including biogenically synthesized iron nano
particles. The subsequent paragraphs will delve into the discussion of 
photocatalytic degradation efficiency of certain bio-fabricated iron- 
based nanoparticles. For instance, the effectiveness of Iron nano
particles, which were synthesized using yeast extract, was examined for 
their capacity to degrade the organophosphorus insecticide, dichlorvos. 
The UV/Vis spectrum analysis of the synthesized nanoparticle revealed 
two distinct peaks at 216 nm and 260 nm, consistent with findings 
earlier reported [165–167]. Additionally, the diameter of the biologi
cally formed FeNPs was discovered to vary between 9 and 18 nm and 
the TEM result displayed a uniformly distributed, spherical morphology 
with sizes ranging from 3–10 nm. The degradation capacity of the 
FeNPs' was evaluated by varying the effects of different nanoparticle 
concentrations, oxidants, and incubation times. This evaluation was 
based on a distinctive absorption peak at 208 nm, serving as the re
ference point. The study focused on the breakdown of dichlorvos, and 
this was assessed by measuring the release of phosphate ions using 
ammonium molybdate. The introduction of hydrogen peroxide resulted 
in the generation of hydroxide ions, which enhanced the degradation of 

dichlorvos. The most significant level of dichlorvos degradation was 
achieved when 2000 mg/L of FeNPs were utilized alongside 1000 µl of 
H2O2 within a 60-minute timeframe, achieving an efficiency rate ex
ceeding 90 % [168]. In another study, irregular zero-valent iron clusters 
of <  100 nm were biogenically synthesized by utilizing an extract of 
pomegranate peel as the reductant, and FeCl3 as the precursor candi
date to break down lindane. The decomposition process was monitored 
for 24 h using gas chromatography while using a FeNP concentration of 
0.1 g/L. The results were remarkable, with a 99.4 % degradation of the 
pesticide achieved in a slightly acidic environment [169]. Lately, there 
have been studies where Dalium guineense stem bark extract has been 
employed to synthesize magnetic iron nanoparticles for the degrada
tion of diverse organochlorine and organophosphorus compounds.  
[170]. This process utilized magnetic iron nanoparticles, which were 
synthesized with extracts from the stem bark of D. guineense, including 
both ethanolic and aqueous extracts, as well as iron oxide nano
particles incorporated within carboxymethylcellulose. The spherical 
nanoparticles reported by Nnaji and his team were utilized to degrade 
a range of OCPs, including dieldrin, alpha(α)-BHC, heptachlor ep
oxide, beta(β)-BHC, gamma(γ)-BHC, P, P′-DDT (dichlorodiphenyltri
chloroethane), delta(δ)-BHC, heptachlor, aldrin, endosulfan I, en
dosulfan II, endosulfan sulfate, endrin, endrin ketone, P,P′-DDD 
(dichlorodiphenyldichloroethane), endrin aldehyde, gamma(γ)-chlor
dane, P,p′-DDE (dichloro-diphenyl chloroethane), alpha(α)-chlordane, 
and methoxychlor. This degradation process was conducted for 
180 min and resulted in an almost 100 % degradation efficiency for 
most of the compounds. Similarly, spherical zerovalent iron nano
particles (Fe0) were bio-fabricated and incorporated into a biochar 
nanocomposite (Fe0-BRtP) using waste material from Nephelium lap
paceum fruit peel. These nanoparticles had a size range of 20–80 nm 
and were employed for the concurrent elimination of six specific or
ganochlorine pesticides. As shown in Table 1, the degradation lasted 
for 120 mins for each pesticide achieving a remarkable efficiency of 
>  95 %. The presence of polyphenols, including flavonoids and ca
techins, within the biogenic source was important to facilitate the 
conversion of Fe2+ into Fe0. 

Fig. 7. Overview of mycogenic synthesis of Iron nanoparticles [53].  
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9. Photocatalytic degradation performance of organochlorine and 
organophosphorus compounds using biogenic Iron oxide 
nanoparticle and its composites 

Without gainsaying, aside from bio-fabricated iron-based NPs re
ported in the forgoing section, Iron oxide-based nanoparticles, parti
cularly those biogenically synthesized, have emerged as a promising 
material for efficiently breaking down organochlorine and organopho
sphorus compounds. The results of some of these biogenic iron oxide 
nanoparticles are summarized in the succeeding paragraphs and  
Table 2. 

For instance, Wend and his team [174] reported the biogenic 
synthesis of magnetite Fe3O4 nanoparticles for the removal of doxor
ubicin hydrochloride which is an organochlorine compound. Spherical 
nanoparticles with an average size of 10–30 nm were prepared using 
Euphorbia cochinchinensis extract and their results were similar to what 
was obtained by Prasad and his colleagues [175]. In comparison to the 
commercial Fe3O4 nanoparticles, which were used at a concentration of 
only 20 mg/L, the biogenically synthesized nanoparticles exhibited re
markable removal efficiency. After a 48-hour duration, they achieved 
an impressive removal efficiency of 80.2 % for the substance, while the 
commercial Fe3O4 nanoparticles only managed to degrade 23.5 % of 
DOX. The exceptional degradation capability of these nanoparticles is 
credited to their substantial specific surface area (measuring 79.9 m2/ 
g), diminutive size (ranging from 10 to 30 nm), and the existence of 
phenolics and flavonoids in the leaf extract. The pH dependency of DOX 
removal is evident, with the removal efficiency of DOX showing a 
gradual increase from 57.2 % to 87.9 % as the pH of the solution shifted 
from 3 to 7. Beyond this range, specifically in the pH range of 7 to 9, no 
additional improvement in removal efficiency was observed. This sug
gests that hydrogen ions in the adsorption process compete with DOX, 
particularly at lower pH levels. When the pH level rose and approached 
saturation, the process stabilized and the degradation behavior was 
limited[176,177]. Additionally, the effective degradation of DOX on the 
surface of Fe3O4 was verified by the presence of functional groups from 
DOX, as indicated by fresh bands at 1282 and 990 cm−1 in the 
stretching vibration of C-O-C. Fe3O4 nanoparticles synthesized through 
a green approach exhibit remarkable magnetic properties. After their 
use in DOX removal, they demonstrated high recyclability and re
generative capabilities. Also, an analysis of the magnetic properties 
using a SQUID magnetometer revealed that these nanoparticles are 
ferromagnetic, with a saturation magnetization value of 359 emu/g.  
[178]. In 2018 El-said and his colleagues synthesized a novel magnetite 
MSNPs/Fe3O4 nanocomposites by employing extracts from green tea as 
capping and reducing agents. After 420 mins, the quasi-spherical na
nocomposite of diameter 30 nm was used to degrade an organochlorine 
pesticide known as lindane with more than 99 % efficiency [179]. The 
remarkable use of the nanocomposite to be able to capture lindane is 
due to an increase in the contact time, a slightly acidic medium to 
neutral pH as it was revealed that there is no removal of lindane in the 
alkaline medium unlike the removal of DOX, as well as the magnetic 
feature which is important when separating lindane from waste water 
with the use of an external magnetic field [174]. The absorption 
spectrum of lindane at a neutral pH showed a peak at 270 nm. However, 
as the pH increased, the peak shifted to longer wavelengths, reaching 
286 nm. This shift indicates a de-chlorination of lindane, suggesting 
that lindane is unstable in an alkaline medium. Additionally, the con
firmation of lindane removal involved examining the FTIR spectra for 
changes in functional groups. The emergence of a novel peak in the 
MSNPs/Fe3O4 nanocomposite bound to the pesticide, shifting away 
from the typical C-Cl functionality at 1385 cm−1, served as evidence of 
adsorption. Additionally, the magnetic characteristics of the manu
factured nanoparticles were assessed through VSM measurements 
conducted at room temperature. 

In another investigation, Pushkar and Sevak focused on the removal 
of the organochlorine pesticide DDT. They employed biogenically Ta
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synthesized Fe oxide nanoparticles, which were created using Neem 
leaf extract as both a reducing and stabilizing agent. The formation of 
Fe3O4 nanoparticles was verified by a noticeable change in the color of 
the aqueous solution of the iron precursor, ferric chloride, from yel
lowish to a deep black hue. The presence of a distinct peak at 304 nm 
confirmed the generation of Iron oxide nanoparticles, and the presence 
of a narrow peak at 304 nm indicated their mono-dispersity. Spherically 
shaped nanoparticles were formed with an average size of 80 nm, al
though their surface was not uniform [180]. As reported in previous 
studies [174,179], varying the pH is an important parameter for 
achieving an optimum result (removal of pollutant steadily decreases as 
the pH of the solution is increased), thus 88–92 % of DDT was degraded 
with a maximum concentration of 500 ppm of DDT by the bio-fabri
cated green Fe3O4 NPs at a pH 3 ( a strongly acidic medium). Other 
parameters such as time of contact and DDT concentration were also 
varied and it was revealed that the longer the contact time the higher 
the removal rate but the higher the concentration the lower the removal 
of the pollutant [180]. In recent times, novel Iron oxide nanoparticles 
have been synthesized to remove stubborn pollutants achieving an 
outstanding efficiency within a relatively short period. A novel super
paramagnetic adsorbent was developed by modifying a polysaccharide 
known as Gum Arabic with polyamidoxime to facilitate the degradation 
of the chlorpyrifos pesticide from contaminated water. The process 
involved the creation of a biosorbent hydrogel nanocomposite through 
several steps. Initially, CuFe2O4 MNPs were synthesized using the co- 
precipitation method by first using free radical polymerization to graft 
the acrylonitrile (AN) monomer onto the Gum Arabic (AG) chain fol
lowed by modifying AG-g-PAN/CuFe2O4 by using hydroxylamine hy
drochloride and NaOH solution. Within 15 mins of exposure of the 
nanocomposite to the chlorpyrifos pesticide, about 99 % of it had been 
removed at a pH of 6 with just 0.005 mg of the adsorbent. Efficient 
removal of the organophosphorus pesticide was attributed to the pre
sence of numerous reactive functional groups or adsorption sites, in
cluding amidoxime, hydroxyl, amide, and carboxyl groups. These 
groups, in conjunction with a three-dimensional network, interacted 
with chlorpyrifos through mechanisms like electrostatic interaction and 
hydrogen bonding. The experimental adsorption kinetics fit well with 
the pseudo-second-order model, providing an overall confirmation of 
the high efficiency of the prepared bio-adsorbent. [181]. Going for
ward, guar gum was incorporated in CdMgFe2O4 @TiO2 nanocomposite 
to optimize and improve its efficiency in degrading hazardous pesti
cides [182] forming distorted cubic and spherically shaped nano
particles and nanocomposites. Meanwhile, guar gum (GG) displayed an 
irregular flake-like morphology. However, when GG was incorporated 
into a polymeric matrix, its morphology transformed into a sheet-like 
structure. The shape obtained in the photodegradation experiment is 
accordant with the one reported by Rani et al., where combination 
biochar (BC) was prepared using waste peels of Citrus limetta embedded 
with green synthesized Fe2O3 nanoparticle by using green tea extract  
[183] whereas there was a low degradation efficiency (< 50 %) 
achieved when Fe2O3 nanoparticles confirming the effectiveness of 
doping the Iron oxide nanoparticles with other materials such as GG 
which act both as capping and stabilizing agents, effectively en
capsulating the nanomaterial. This encapsulation results in remarkable 
light absorption properties across the entire spectrum owing to the 
strong H-bonding and cross-linking capabilities of the -OH groups  
[184,185]. About 20 mg of the prepared 100 nm GG-CdMgFe2O4 @TiO2 

was used to degrade 94 % Endosulfan (ES) and 88 % DDE at neutral pH 
under sunlight after 180 mins [182] by varying the concentrations of 
pesticides (ranging from 20 to 40 mg/L), the amount of nano-catalyst 
(between 15 to 35 mg), and pH levels (from 3 to 11). The findings in
dicated that as the concentrations of ES and DDE surges, the degrada
tion output decreased for all nano-catalyst quantities. Also, Rani and his 
team compared the use of green tea extract to synthesize Fe2O3 nano
particle and BC synthesized by using waste peels of Citrus limetta to 
comparatively degrade two pesticides, Endosulfan and Ethion. Both Ta
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nanoparticles yielded an 8 nm spherical catalyst but a higher de
gradation efficiency was achieved for Citrus limetta BC@ Fe2O3 (94 % 
ES; 91 % ET) in contrast with Fe2O3 (< 50 % ES; < 40 % ET) after 
300 mins under natural sunlight [183]. It was concluded that hybrid 
BC@Fe2O3 showed better photocatalytic effectiveness and averted the 
ability of generated e-/h+ duos to recombine when exposed to visible 
light. 

10. Photodegradation mechanism of organochlorine/ 
organophosphorus compounds 

Photocatalysts are responsible for an economically viable degrada
tion of organic pollutants such as OP/OC in the presence of sunlight or 
Uv-radiation[188]. Biogenic iron (Fe)–based nanoparticles have shown 
promise in facilitating the degradation of OP and OC via a process 
known as photocatalysis[189]. Generally, the mechanism of photo
degradation of OP/OC using biogenic metal-based nanoparticles as 
catalysts including FeNPs, involves several steps such as; reactive 
oxygen species (ROS) generation, OP/OC adsorption on the surface of 
catalysts, degradation of adsorbed OP/OC by the ROS, and miner
alization of degradative products to simple, environmental benign 
molecules like carbon dioxide, water, or inorganic ions (Fig. 8)[190]. 

The general mechanism of photocatalytic degradation of OP/OC 
using iron nanoparticles (FeNPs) may be represented by the following 
reactions in Eqs. 1–8 [190]:  

FeNPs + hν → h+ + e− (photogeneration of excitons)               (1)  

H2O + h+(VB) → •OH+ H+                                                    (2)  

OH−+ h+ → •OH                                                                  (3)  

e−(CB) + O2 → •O2
−                                                             (4)  

•O2
− + H+ → •OOH/H2O2                                                     (5)  

H2O2 → •OH + •OH                                                               (6)  

Org + hν → Org*·                                                                 (7)  

Org* + O2 or •OH or •O2
− → (unstable intermediate) → CO2 + H2O                                                                                             

(8)  

Org = OP/OC; VB = valence band; CB = conduction band                

The generation of ROS begins with an initiation step, where FeNPs 
photocatalysts are exposed to ultraviolet radiation or sunlight, subse
quently absorbing the photon energy[191]. The initiation mechanism 
started by transferring electron (e-) from the photocatalyst valence band 
(VB) into its conduction band (CB) provided the light energy is >  the 
photocatalyst band gap[191], leading to holes (h+) creation, which in 
turn produce e-/h+ pairs within the excited photocatalyst as depicted in  
Eq. (1) [190,191]. The reaction between the holes generated and the 
H2O molecule forms hydroxyl radical (•OH) and hydroxonium ions 
(H+) as presented in Eq. (2). There is also a possibility of interaction 
between the holes and the catalyst surface adsorbed hydroxyl anion to 
generate hydroxyl radical shown in Eq. (3). Then, the excited e- in the 
CB reacts with the molecular oxygen (O2) and the hydronium ions 
present in solutions to generate superoxide radical anion and hydrogen 
peroxide, further dissociation of these ROS in the presence of oxygen, 
generates hydroxyl ions, as depicted in Eqs. (4–6). Moreover, the gen
erated ROS and the holes could interact efficiently with organic pol
lutants such as OP/OC compounds. Finally, the captured electron by the 
molecular oxygen migrated into the VB and was then trapped by OH- or 
H2O species previously adsorbed on the surface of the catalyst to •OH, 
which subsequently facilitated oxidative cleavage of the organic pol
lutants to smaller unstable intermediate, and finally into CO2 and H2O 
as represented in Eqs. (7 and 8) [190–192]. 

Generally, the mechanism by which organic contaminants including 
OP/OC are degraded by photocatalysis follows either a direct or in
direct degradation mechanism pathway. 

10.1. Direct degradation pathway 

Degradation of organic pollutants occurs in the presence of easily 
absorbed visible light radiation. The excitation of electrons occurs from 
the organic pollutant singlet ground state into the triplet excited state 
under visible light with >  400 nm wavelength. Further migration of 
this triplet excited state electron from the organic pollutant into the 
FeNPs CB generates a partially oxidized radical cation analog of the 
pollutant. The dissolved molecular oxygen in the solution then trapped 
the electron from the FeNPs CB to form superoxide radical anions (O2

-), 
which further transformed into hydroxyl radical (OH•). Finally, the 
oxidative degradation of the pollutant is facilitated by the generated 
OH• [193]. 

Fig. 8. General mechanism of photodegradation of OP/OC using bio-fabricated iron-based nanoparticles as the catalysts[190].  
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10.2. Indirect degradation pathway 

This involved the photoexcitation of an electron from the lowest 
occupied molecular orbital (HOMO), i.e. the VB of the photocatalyst to 
generate a hole (h+) into the highest unoccupied molecular orbital 
(LUMO), i.e. CB containing unpaired electron (e-). The photogenerated 
holes then interact with the water to form the hydroxyl radical (OH•). 
Moreover, a non-selective interaction between the OH• and previously 
adsorbed organic pollutants on the surface of the catalyst enhances the 
degradation or mineralization of the pollutant depending on the 
structural morphology and stability of the pollutant. To maintain the 
electron neutrality with the photocatalyst, molecular oxygen in solution 
trapped the electron in the catalyst CB to produce O2

-, which not only 
prevents electron-hole aggregation but also participates in further oxi
dation of the OP/OC. The protonation of O2

- forms H2O2, which then 
decomposes into highly unstable OH• [193]. 

11. Effect of operating parameters 

11.1. Effect of radical scavengers 

A scavenger experiment involving trapping or quenching free radi
cals including h+ and e− is employed to identify the reactive species 
(RS) participating in pollutant degradation and measure and evaluate 
the quantity of biogenic nanocatalyst inhibitor/antagonist present 
during a catalysis operation. Scavengers hinder or obstruct a catalyst's 
function, which lessens the catalyst's capacity to facilitate the intended 
chemical reaction[186,194]. 

Notably, only a few studies have explored the impact of radical 
scavengers on the photocatalytic degradation of organochlorine and 
organophosphorus contaminants using biogenic iron-base nano
particles. For instance, to explore the role of various reactive radical 
species in the photocatalytic degradation of Endosulfan and Atrazine 
using biogenic BC@NiFe2O4, tert-butyl alcohol (TBA), para-benzoqui
none (para-BQ), ethylenediaminetetraacetic acid disodium salt 
(Na2EDTA) were employed as •OH, •O2

− and h+ radical scavengers 
[186]. For this, 5 mg/L of Endosulfan, 15 mg of biogenic BC@NiFe2O4 

at acidic pH, and 2 mL of quenchers were exposed to sunlight for about 
half an hour and the same procedure was carried out in the case of 
Atrazine. In addition, an exact duplicate sample devoid of quencher was 
generated to serve as a comparative study. The result revealed that the 
least photocatalytic degradation was seen in TBA, and then para-BQ as 

shown in the degradation efficiency plot of both contaminants dis
played in Fig. 9. Interestingly, the highest photocatalytic degradation 
efficiency was observed in the sample without the scavengers. Never
theless, the Na2EDTA-containing test also exhibited effectual En
dosulfan and Atrazine photocatalytic degradation. These radical 
scavenging findings show that h+ and •O2 − play supportive roles in 
the photocatalytic degradation of both Endosulfan and Atrazine, while 
the •OH plays a prominent role as the active species i.e. •OH is largely in 
control of the photocatalytic degradation of both Endosulfan and 
Atrazine using biosynthesized BC@NiFe2O4[186]. Similarly, in another 
study[182] for the photocatalytic degradation of DDE and Endosulfan 
using biosynthesized CdMgFe2O4 @TiO2, isopropyl alcohol (IPA), BQ, 
triethanolamine (TA) were employed as •OH, •O2

− and h+ radical 
scavengers. For this, 20 mg/L of DDE, 20 mg of biogenic CdMgFe2O4 

@TiO2 at pH 7, and 2 mL of quenchers were exposed to sunlight for 
about 210 min and the same procedure was carried out in the case of 
Endosulfan. The result revealed that when the respective radical 
quencher was added, the degradation percentages of both DDE and 
Endosulfan decreased with the inhibitory effect of TA coming to the 
fore, followed by IPA and BQ. These radical scavenging results de
monstrate that h+ and •O2 − play minor roles in the photocatalytic 
degradation of both Endosulfan and DDE, while •OH largely controls 
the photocatalytic degradation operation i.e there were more •OH ra
dicals than other reactive species[182]. Also, Rani’s research group 
[187] did not differ in their report. In this report, when EtOH, BQ, and 
TA were employed to study the effect of radical scavengers on the 
photocatalytic degradation of Endosulfan and DDD using biosynthe
sized BC@ α-FeOOH and BC@ β-FeOOH, it was discovered that •OH 
radical played the main function in the photocatalytic degradation 
process of the pollutants compared to other reactive radical species like 
h+ and •O2 −[187]. 

In summary, there is an inverse relationship between radical sca
vengers and photocatalytic degradation efficiency. Notably, the de
gradation efficiency is often reduced by the presence of radical sca
vengers that trap electrons. By absorbing electrons or reactive radicals 
created during the photocatalytic process, these scavengers can prevent 
the development of reactive species, which are essential for the attack 
and breakdown of the pollutants. Additionally, from our own per
spective, the presence of a plethora of phytochemicals containing OH 
and other oxygenated functional groups in the biogenic entities 
[87,195] employed for the biosynthesis of Fe-based nanomaterials 
probably contributes to the dominance of OH radical role in the 

Fig. 9. Effect of different free radical scavengers on photocatalytic degradation of (a) Atrazine and (b) Endosulfan using biosynthesized BC@NiFe2O4[186].  
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photocatalytic degradation of organochlorine and organophosphorus 
agro-pollutants. 

11.2. Effect of pH 

pH significantly influences various environmental processes, parti
cularly in the realm of environmental remediation. The initial pH of the 
solution is critical for the FeNP performance as it can affect both the 
degree of ionization of the dye pollutant and the surface charge, func
tional groups, and properties of the photocatalyst [196,197] Weng et al  
[174] emphasize pH substantial impact on the photocatalytic de
gradation of organochlorine pollutants using Fe3O4 photocatalyst syn
thesized with Euphorbia cochinchinensis extract. This influence stems 
from alterations to the catalyst's surface charge, reactant degradation, 
and the generation of ROS, notably hydroxyl radicals (OH•), which 
enhance pollutant degradation, especially in acidic conditions. Batool 
et al [172] stress the significance of regulating initial pH levels, sig
nificantly impacting degradation efficiency. This underscores the pi
votal role of pH control, especially in dichlorination processes involving 
nanocomposites like Fe0-BRtP and chemically synthesized Fe0-BChe. In 
this investigation, as the pH level ranged from 5 to 12, the elimination 
of pesticides using Fe0-BRtP and Fe0-BChe declined, and the most ef
ficient degradation was observed at pH 4 with a degradation percentage 
of about 80 %. Beyond a pH of 4, secondary reductants developed on 
the iron (Fe) surface, leading to a decrease in the efficiency of de
gradation. Under mildly acidic conditions (pH < 5), these reductants 
were eradicated, facilitating iron's engagement in the dichlorination 
process. However, in strongly acidic environments, an excessive pre
sence of H+ ions resulted in damage to the carbon and Fe0 oxidation, 
consequently reducing the capacity for Fe pollutant degradation using 
Nephelium lappaceum fruit peel. Consequently, a pH of 4 is identified 
as the optimal pH level for achieving maximum dichlorination of or
ganochlorine pollutants within a pesticide-Fe0-BRtP-water system 
[172]. El-Said research group[179] delves into the interplay between 
pH and temperature, revealing their crucial roles in efficiently re
moving nanocomposites during lindane pesticide degradation. pH in
fluences the surface charge and ionization of the pesticide, while tem
perature affects the kinetics and thermodynamics of the degradation 
process. Another team[181] points out the substantial impact of 
varying pH levels on the degradation process, with alterations in sur
face charge affecting the composite's affinity for chlorpyrifos. Keshu 
and his team[182] establish a connection between pH and the de
gradation of Endosulfan (ES) and DDE under neutral pH conditions. 
This indicates that variations in pH alter surface charge and chemical 
reactivity, influencing both degradation and the photocatalytic de
gradation of pesticides. Pushkar’s team [180] emphasizes pH's role in 
DDT degradation, demonstrating that maximum degradation occurs at 
pH 3[182]. This underscores the crucial nature of pH control in 
achieving efficient pollutant degradation. The pH significantly influ
ences the degradation of DDT on Fe3O4 nanoparticles, with maximum 
degradation (90 %) occurring at pH 3 due to favorable electrostatic 
attraction, while degradation gradually decreases as the pH increases, 
attributed to the changing surface charge of the adsorbent and elec
trostatic repulsion caused by hydroxyl ions [182]. Lastly, [183] dis
covered that their nanohybrid was effective under acidic conditions, 
highlighting the significance of pH control in ensuring efficient pesti
cide breakdown during photocatalysis. In different contexts,  
[168–170,198] may not explicitly mention pH's role in their studies, but 
they acknowledge its importance in catalytic reactions, affecting sur
face charge and reactant ionization. 

11.3. Effect of temperature 

Temperature significantly influences reaction kinetics, that is the 
mobility of pollutant ions [199]. Higher temperatures generally accel
erate reactions by increasing kinetic energy, facilitating reactant 

diffusion and energy availability. However, maintaining the optimal 
temperature range is crucial to prevent catalyst or reactant thermal 
decomposition[174]. Batool’s team[172] discovered that elevating the 
temperature from 25 °C to 45 °C had a beneficial impact on eliminating 
Organochlorine and Organophosphate Pollutants (OCPs) using Fe0- 
BRtP, Fe0-BChe, and Nephelium lappaceum fruit peel. Initially, at 
25 °C, Fe0-BRtP removed approximately 86–91 % of OCPs in 120 min, 
while Fe0-BChe removed 76–86 % in 150 min. Nevertheless, with the 
temperature increase to 45 °C, during the same periods, there was a 
significant enhancement in degradation rates, reaching 96–99 % for 
Fe0-BRtP and 83–91 % for Fe0-BChe. The rapid degradation of OCPs 
highlights the influence of temperature on these nanocomposites' effi
ciency. Kinetic models indicate that pseudo-second-order degradation 
and pseudo-first-order reduction mechanisms primarily govern de
gradation[172]. El-Said et al. investigate the interplay of pH and tem
perature, emphasizing their roles in efficiently removing lindane pes
ticides. pH variations affect the composite's surface charge and the 
pesticide's ionization, while temperature influences the kinetics and 
thermodynamics of the degradation process[179]. While  
[168–170,180,198] does not detail temperature's specific effects, it is 
important to note that temperature significantly impacts catalytic re
action rates. Higher temperatures enhance reaction kinetics due to in
creased kinetic energy but must be carefully controlled to prevent 
thermal degradation. Temperature remains a crucial factor in reaction 
kinetics, with the rate of pollutant degradation varying significantly 
based on temperature. Optimal temperature ranges are essential for 
maintaining efficiency. Temperature's role in reaction kinetics, espe
cially in nanoparticle-based degradation processes, should not be un
derestimated. In the context of photocatalysis, temperature's influence 
on reaction kinetics is a critical consideration. 

11.4. Effect of residence time 

Time is a fundamental parameter influencing pollutant degradation 
in various studies. Longer reaction or contact times provide increased 
opportunities for interactions between the catalyst, adsorbent, or nano
material and pollutants, resulting in more efficient pollutant degradation. 
However, this parameter must be meticulously optimized to ensure ef
ficient degradation. In another context, Hassanzadeh-Afruzi et al. [181] 
found that the contact time between the photocatalyst and the chlor
pyrifos solution plays a vital role in the degradation processes. Longer 
contact times generally result in more efficient degradation. Moreover,  
[182] suggested that the duration of exposure to sunlight or reaction 
time is a crucial operating parameter for the degradation of Endosulfan 
(ES) and DDE. Longer exposure times typically lead to more efficient 
degradation of pesticides. In another study[168], the effects of incuba
tion time on the degradation activity of FeNPs were highlighted. Longer 
incubation times likely provide more opportunities for molecules to in
teract with the FeNPs, resulting in enhanced degradation. Additionally, 
Ningthoujam’s team[169] indicated that 0.1 g/L of FeNPs degraded ap
proximately 99 % of lindane within 24 h, emphasizing the essential role 
of reaction time in achieving efficient pollutant degradation. Paknikar 
et al[198] emphasized the importance of understanding the time re
quired for degradation in practical applications, as their nanoparticles 
efficiently degraded lindane over 8 h. In yet another context, Rani et al. 
demonstrated the critical role of contact or reaction time in achieving 
effective pesticide degradation, as the process required a specific dura
tion for successful degradation[183]. Finally, Pushkar et al. highlighted 
that the contact or incubation time is a key parameter for optimizing the 
degradation process[180]. The study found that the maximum de
gradation equilibrium for DDT was reached after two hours, after which 
DDT began to desorb from the nanoparticles The impact of time was 
examined to establish the equilibrium period for degradation, with the 
findings indicating rapid DDT degradation on iron oxide nanoparticles 
within 2 h, achieving 60–85 % degradation due to the abundant active 
binding sites and high surface[180]. 

A.A. Adesibikan, S.S. Emmanuel, S.A. Nafiu et al.                                                                                                              Desalination and Water Treatment 320 (2024) 100591 

13 



11.5. Effect of nano-catalyst dose 

The quantity of nanoparticles or catalysts plays a critical role in 
various studies. Higher doses provide more active sites for reactions, 
but balance is essential to avoid issues like increased scattering[174]. 
Efficient degradation and dechlorination hinge on the successful dis
persion of Fe0 nanoparticles on biochar surfaces. For example, Batool’s 
team [172] found that green-synthesized Fe0-BRtP exhibited consistent 
reactivity, highlighting stability. The research revealed that as the ad
sorbent dosage increased, the degradation of OCPs also increased. This 
relationship is due to the expansion of the degradation surface area and 
the greater availability of active sites. The highest degradation rates, at 
86–91 % and 76–86 %, were obtained when 0.45 g L1 dosages of Fe0- 
BRtP and Fe0-BChe were used. Notably, once this 0.45 g L1 dosage was 
reached, the degradation percentage remained steady. Using meso
porous silica nanoparticles with iron oxide in nanocomposites, as 
shown by El-Said’s research team[179], emphasizes the importance of 
nanoparticle characteristics for creating a high surface area for inter
action with chlorinated compounds. Another research group[181] dis
cussed the influence of biosorbent dosage on degradation capacity for 
CuFe2O4 using Arabic Gum-grafted-polyamidoxime, emphasizing the 
provision of more binding sites with higher doses. In the case of Keshu 
et al., the nanocomposite dose was optimized for efficient pesticide 
degradation[182]. Nnaji et al[170] also stressed that the concentration 
of nanoparticles significantly affects the rate and extent of removal. 
Similarly, Pushkar et al. underlined the essential role of Fe-oxide na
noparticle concentration in DDT degradation[180]. In another research 
[183], a catalytic dose of 25 mg was found effective in pesticide de
gradation. The amount of the catalyst significantly impacts the rate and 
extent of removal. 

11.6. Effect of initial OC and OP concentration 

By and large, researchers observed that higher pollutant con
centrations diminished the degradation output due to the over
saturation of the employed nanomaterial. Higher concentrations may 
require longer reaction times or increased catalyst doses. However, 
excessively high concentrations can hinder reaction kinetics due to 
limited active sites[174]. High degradation percentages suggest the 
efficiency of nanocomposites in handling elevated initial pollutant 
concentrations, such as OCPs[172]. This indicates their effectiveness 
across various pollution levels. El-Said et al., 2018 demonstrated a high 

sorption capacity (around 99 %) of mesoporous silica nanoparticles/ 
iron oxide nanocomposites for lindane molecules, implying effective
ness even at elevated initial SiO2, and Fe3O4 pollutant concentrations 
[179]. Regarding the study by[181], the initial concentration of 
chlorpyrifos is crucial. Higher initial concentrations may require more 
adsorbent or extended contact times for efficient degradation. Mehrotra 
et al. emphasize the importance of the initial concentration of di
chlorvos. Higher concentrations may necessitate longer reaction times 
or increased catalyst doses for efficient degradation[168]. In a study by 
another group of researchers[180] the impact of Fe3O4 pollutant con
centration on degradation efficiency was investigated using DDT con
centrations up to 500 ppm. Higher initial concentrations may necessi
tate longer contact times or increased nanoparticle doses for effective 
degradation. The study of DDT degradation by Fe3O4 nanoparticles, 
covering concentrations from 50 ppm to 1000 ppm, showed that de
gradation efficiency increases up to 500 ppm but declines beyond this 
point. This suggests that at lower concentrations, a larger proportion of 
available degradation sites on the adsorbent are utilized per mole of 
solute, leading to enhanced degradation, a phenomenon consistent with 
prior research. Rani et al. in 2023 worked with a pollutant concentra
tion of 50 mg/L, underscoring the significance of Citrus limetta and 
Fe2O3 pollutant concentration in influencing the efficiency of photo
catalytic processes[183]. Higher initial concentrations may necessitate 
longer reaction times or increased catalyst doses for effective de
gradation. Understanding initial pollutant concentrations is crucial in 
wastewater studies, as higher concentrations may require longer con
tact times or increased nanoparticle doses for efficient degradation. 

11.7. Recyclability and regenerability of biogenic Fe-based photocatalyst 

Catalyst’s recyclability is an important factor to be considered in 
catalysis experimental design, especially in the photocatalytic de
gradation of organic pollutants. The overall catalytic activity, effi
ciency, robustness, and stability of biogenic-based FeNP catalysts can 
be evaluated via reusability analysis[200]. Moreover, catalysts recycl
ability determines the economic aspects of the catalyst, the higher the 
number of times a catalyst can be reused or regenerated without losing 
its catalytic properties, the more economical it is. The reusability of 
biogenic-based photocatalysts is usually evaluated through a series of 
cyclic experiments and determines the cycle at which the catalysts' 
degradation efficiency is identified[200]. For example, in a particular 
study[182], the recyclability and stability of biogenic GG-CdMgFe2O4 

Fig. 10. (a) PXRD analysis of biogenic GG-CdMgFe2O4 @TiO2 stability study (b) Recyclability study of biogenic GG-CdMgFe2O4 @TiO2 for photocatalytic de
gradation of ES and DDE [182]. 

A.A. Adesibikan, S.S. Emmanuel, S.A. Nafiu et al.                                                                                                              Desalination and Water Treatment 320 (2024) 100591 

14 



@TiO2 were examined for the photocatalytic degradation of ES and 
DDE. Following each round, the biogenic NP was centrifuged to remove 
the photocatalyst from the reaction mixture. It was then repeatedly 
cleaned with distilled H2O and acetone and heated to 60 °C for six hours 
to test the catalyst's reusability. Successful recyclability was confirmed 
by the photocatalyst efficiency for the GG-CdMgFe2O4 @TiO2 nano
composite, which dropped from 94 % to 87 % for ES and 88 % to 80 % 
for DDE as shown in Fig. 10a. Under the same condition, the biogenic 
Fe-based nanocatalyst was successfully employed nine times in a row 
without losing any of its photocatalytic effectiveness or ability to gen
erate active species. However, the very little decrease in the pesticide 
degradation % noted in each subsequent round might be due to 
washing. In addition, after nine cycles, pesticides can be coated on the 
surface of conglomerate NPs, blocking the active areas for photon ab
sorption and resulting in less degradation. The PXRD spectra of bio
genic GG-CdMgFe2O4 @TiO2 following rounds three, five, and nine 
confirmed that the structure of the biogenic nanocomposites remained 
unchanged as shown in Fig. 10b. To confirm the stability of the 

nanocomposite even further, atomic absorption spectroscopy is used to 
check for Cd2+ ions in the photodegraded pesticide solution following 
each round. The lack of measurable levels of leached Cd2+ in the ex
perimental solution suggests that the Fe-based biogenic NPs exhibited 
remarkable stability during the photodegradation of pesticides and also 
indicates that lattice structural deformation was absent for nine cycles, 
so confirming the catalyst's recyclability potential in a real-world ap
plication [182]. 

Somanathan et al. investigated the degradation efficiency of a 
Calotropis gigantean extract-based Ce0.2Ni0.8Fe2O4 NPs. It was revealed 
that the degradation efficiency reduced significantly after the fifth 
successful cycle. This was attributed to the blocking of the catalyst's 
active sites by the reaction by-products[201]. Similarly, Rani and co- 
workers design Fe2O3 NPs from a biochar (BC) synthesized from Citrus 
limetta peel to fabricate BC@Fe2O3 as photocatalyst for degradation of 
Endosulfan (ES) and Ethion (ET) from the wastewater in acidic medium 
under natural sunlight. The degradation efficiency of ES and ET are 
94 % and 91 % respectively. BC@Fe2O3 was reused for seven 

Fig. 11. (a) PXRD analysis of biogenic BC@NiFe2O4 stability study and (b) Recyclability study of biogenic BC@NiFe2O4 for photocatalytic degradation of Atrazine 
(AT) and Endosulfan (ES) [186]. 

Fig. 12. PXRD spectral of spent biogenic (a) BC@ α-FeOOH and (b) BC@ β-FeOOH for photocatalytic degradation of Endosulfan and DDD[187].  
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consecutive reaction cycles without loss of photocatalytic properties. 
Notably, up to the seventh round, the PXRD study supported the usage 
of biosynthesized Fe-base NP in succession and indicated that despite 
multiple recyclability, there was no discernible structural or lattice 
deformation in the biogenic NP [183]. Biogenic-based heterogeneous 
photocatalyst regeneration usually involves washing, centrifugation, 
and subsequent drying of the catalyst. The magnetic property of bio
genic FeNP photocatalysts simplifies their reusability using external 
magnets to remove the catalysts from the reaction mixture, wash, and 
reuse [201]. 

In another study[186], for the photocatalytic degradation of En
dosulfan and Atrazine using biosynthesized BC@NiFe2O4 the stability 
and recyclability potential of the biogenic NP was evaluated. This was 
done by using centrifugation to separate and recover the spent biogenic 
catalyst. The spent biogenic nanocatalyst was then repeatedly washed 
with acetone and deionized H2O to get rid of any contaminants that 
could have adhered to its surface. Before being employed in the fol
lowing recyclability experiment, the catalyst was dried at 60 °C in a hot 
air oven. The nanocatalyst was then reused under the same optimal 
conditions. As shown in Fig. 11b, it was discovered that the photo
catalytic degradation percentage had altered a little for AT and ES, 
going from 98 % to 88 % and 92 % to 86 %, respectively. The author 
opined that the Aggregation of AT and ES onto the nanocatalyst surface 
may be the cause of a minor drop in the reported % degradation. Ad
ditionally, it was observed that the biogenic nanocatalyst structure had 
not changed significantly as shown in Fig. 11a. PXRD analysis was 
performed to confirm the photocatalyst stability, and small variations in 
angle or intensity confirmed the catalyst's capacity to be recycled. After 
the eighth cycle, there was a little drop in BC@NiFe2O4's efficiency. 
Because the active areas that initiated the degradation event were oc
cluded after the eighth cycle, photodegradation effectiveness de
creased. The regenerated nanocatalyst's reduced performance is prob
ably due to the un-desorbed ES and AT' blocking of the nanocatalyst's 
active sites and the passivation of the nanocatalyst during the re
generation process. These results offer compelling proof of the biogenic 
Fe-based nanocatalyst's stability[186]. A comparable recyclability per
formance and explanation were also accentuated for the photocatalytic 
degradation of Endosulfan and DDD using biosynthesized BC@ α and β- 
FeOOH[187]. As shown in the PXRD analysis displayed in Fig. 12, the 
authors established that there was no lattice structural distortion fol
lowing the recyclability test and this confirms the stability of the bio
genic Fe-based NP [187]. 

Generally, biogenic-based photocatalysts can be reused for up to 
five or six consecutive reaction cycles without any significant loss in 
photocatalytic properties[202]. The summary of previously reported 
photocatalytic degradation of organochlorine and organophosphate 
using biogenic-based FeNPs photocatalysts is presented in Table 3 
below. 

12. Key challenges and future perspectives 

To be perfectly frank, this study has revealed that biosynthesized Fe- 
based NPs are an excellent eco-benign photocatalyst for the degradation 
of OP and OC. However, a few challenges and promising research gaps 
that can serve as areas for future exploration by researchers were dis
covered and highlighted below: 

One of the first crucial areas for future investigation is an industrial 
scale and real-life scenario photocatalytic degradation most of the present 
studies were carried out on a laboratory scale, and this is important for the 
long-term viability and general adoption of biogenic Fe-based nano
particles. Additionally, there is a dearth of studies on the regeneration and 
recyclability of biogenic Fe-based NPs as only a very few works are 
available in this very important operation. Thus, it is advised that future 
researchers concentrate their attention and energies on the recovery, re
generation, and recycling of spent degraders as this will confer more eco- 
economical honor on the use of biogenic Fe-based NPs for the degradation Ta
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of many organic pollutants beyond OP and OC. Because the cost of fab
ricating new NPs often will be reduced or eliminated and this will moti
vate industries that are interested in wastewater treatment. Additionally, 
after being recycled several times, it is not recommended to release wasted 
biogenic Fe-based NPs back into the environment as this will defeat the 
original purpose of win-win environmental pollution mitigation. 
Therefore, in our opinion, future studies can examine the circular economy 
element of discarded biogenic Fe-based NPs and possibly even reuse them 
to create materials like super-capacitors even after they have been recycled 
several times in the process of pollutant degradation. Moreover, as there 
hasn't been a thorough investigation into the ecological impact and long- 
term stability of biogenic Fe-based nanoparticle applications, researchers 
ought to take this very seriously. Moreover, scant research has been con
ducted on the fate, leaching capacity, and secondary impact(s) of biogenic 
Fe-based NPs following their application for degradation. This is important 
because if their usage is expanded industrially, things might soon get out 
of hand. New research on genetically altered organisms is needed to en
hance the production of certain reducing molecules and reductants, which 
control the size and architecture of the biogenic Fe-based NPs[203] for 
better photocatalytic activities. A critical area for future research would be 
the creation of a set of guidelines to aid in the programming of the bio- 
fabrication of biogenic Fe-based NPs and the systematic investigation of 
the roles played by each component of biological synthesis (DNA se
quence, cloning, protein molecule expression, etc.) in the biosynthesis 
process[203]. We also believe that integrating AI-assisted theoretical 
methods to support the evaluation of experimental properties of Iron na
noparticles will significantly enhance the robustness of synthetic pathways 
in the bottom-up approach, enabling the production of large quantities of 
the nanoparticles. The incorporation of artificial intelligence can provide 
predictive models and simulations that guide experimental design, opti
mize reaction conditions, and improve the efficiency and scalability of 
nanoparticle synthesis. By leveraging AI, researchers can achieve more 
precise control over the size, shape, and composition of Iron nanoparticles, 
leading to more consistent and high-quality outcomes. This approach not 
only accelerates the development process but also reduces the reliance on 
trial-and-error methods, making the production of Iron nanoparticles more 
cost-effective and sustainable on an industrial scale. In addition, ultra
structural experimental methods like atom probe tomography and com
bined spectroscopic techniques with electron tomographic technique 
would enrich single particle analysis with a high degree of precision and 
might be applied in future studies [204]. From an economic and en
vironmental protection standpoint, it is crucial to develop a multi
functional surface modifier for iron nanoparticles. This modifier should be 
designed to maintain the nanoparticles' unique physical and chemical 
properties, ensuring their enhanced effectiveness in various applications. 
Additionally, the surface modifier must be readily biodegradable in the 
soil environment to minimize long-term ecological impact. It should also 
be free of any hazardous substances to ensure safety for both the en
vironment and human health. Such a development would not only en
hance the practical utility of iron nanoparticles but also align with sus
tainable and environmentally friendly practices, promoting broader 
acceptance and application of nanotechnology [54]. Furthermore, future 
research endeavours can explore the possibility of hybrid technology for 
application optimization by combining photocatalytic degradation with 
other wastewater remediation techniques. We believe this can deliver 
better degradation performance synergistically. Finally, given that in
dustrial engineers and investors find this to be a significant issue, financial 
evaluation is suggested for further research on the production of biogenic 
Fe-based nanoparticles and their use in OP and OC degradation. 

13. Conclusion 

Details of photocatalytic degradation of OP and OC by biogenic Fe- 
based NPs are presented in this review including biogenic Fe-based NPs 
performance, photocatalytic degradation mechanism, effect of experi
mental variable, water insecurity overview till 2025, sources and 

deadly health impact of OP and OC pollutant, and regeneration and 
reusability studies. These contents are critically and pragmatically re
viewed according to recently published peer-reviewed works. 

Based on this review, some interesting conclusions were derived. 
Biogenic Fe-based NPs have been shown to achieve >  80 % OP and OC 
mineralization and this is suspected to be a result of the exclusive novelty 
of biogenic iron-based NPs such as excellent regenerability, strong redox 
potential, ability to absorb a wide range of visible light, and the ability to 
produce highly reactive oxygen species that can enhance degradation ef
ficiency and low aggregation which are beneficial for the remediation of 
water contaminants. Moreover, the ability of biogenic iron nanoparticles 
to maintain stability and reactivity under various environmental condi
tions makes them a promising solution for environmental cleanup efforts. 
Findings also show that biogenic iron NPs compete head-to-head and 
shoulder-to-shoulder as per photocatalytic degradation efficiency. 
Mechanistically speaking, it was shown that the formation of the oxidizing 
capability of biogenic Fe-based NPs for the photocatalytic breakdown of 
OP and OC was significantly influenced by •OH and O2

•. It was also re
vealed that the most prevalent end mineralization products are CO2 and 
H2O, and the least degradation time required is 5 min under 80 W Hg- 
lamp irradiations for 0.5 μg/L chlorpyrifos-methyl at pH 7. Plant extract is 
the most often applied reductant for the bio-fabrication of iron and iron 
oxide NPs. Factors such as temperature, pH, initial concentration of OP 
and OC, contact/exposure time, and degrader dose have been shown to 
affect the photocatalytic degradation performance of biogenic Fe-based 
NPs. The results further showed that the regenerated biogenic Fe-based 
NPs could be reused for up to seven cycles with over 85 % recovery of 
pollutants and over 75 % degrading efficiency, provided that the nth re
generation cycle was documented in most degradation tests. Their ex
ceptional reusability marks a significant advancement resulting from on
going research and development efforts. This progress is largely due to 
their outstanding magnetic properties, among other unique characteristics 
mentioned earlier, which enhance their effectiveness and practicality in 
photocatalysis. In the end, we recommend areas for future work such as 
circular economy, financial analysis, artificial intelligence integration, and 
hybrid technology implementation. In conclusion, this study suggests that 
biogenic Fe-based NPs can be used as a recyclable, environmentally 
friendly green photocatalyst in real-world scenarios to mineralize and 
decontaminate various OP and OC contaminants from aquatic ecosystems. 
This will enable the implementation of robust and viable water security 
and runoff treatment plans. 
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