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A B S T R A C T   

There are large amounts of residual pesticide in water, which has caused serious environmental problems 
worldwide and poses a great threat to environmental organisms and human health. Thus, effectively removing 
pesticides from the water environment is important, among which adsorption has become a promising method 
due to its low cost, simple operation, rapidity, and convenience. Fe3O4-based adsorbents have attracted much 
attention due to their magnetic properties, rapid recovery, and various modification methods. This review 
summarizes various materials (inorganics, polymers, silica, metal–organic frameworks, multi-layer composites) 
used to construct Fe3O4-based adsorbents for pesticides removal from water environment. On this basis, the 
effects of adsorbent dosage, adsorption time, temperature, pH, and other factors on the adsorption capacity of 
Fe3O4-based adsorbents were discussed. The adsorption mechanism is generalized as follows: van der Waals 
forces, hydrogen bonds, electrostatic interactions, π-π interactions and hydrophobic interactions. Finally, the 
future challenges and perspectives of Fe3O4-based adsorbents for practical water purification are proposed.   

1. Introduction 

The water environment is one of the fundamental elements that 
constitute the environment, is essential for the existence and develop
ment of human society, which can affect the life and development of 
human beings directly or indirectly (Nemeth et al., 2017, Westall & 
Brack, 2018). However, a large number of negligent human activities 
have caused pollution of the water environment, thereby reducing the 
coherence and functionality of ecosystems and posing a threat to the 
survival of environmental organisms and the health of humans (Evans 
et al., 2019, Lee et al., 2017). The introduction of anthropogenic pol
lutants into the water environment causes damage to the native char
acteristics of the water, thus making the water bodies inadequate to 
meet the most basic requirements for human and ecosystem continuity 
(Deletic & Wang, 2019, Mitchelmore et al., 2019). At present, water 
pollution has become an urgent global problem affecting the survival of 
humans and natural life. 

Pesticides are synthetic, functional chemicals that are widely used in 
agriculture, private gardens, indoor public hygiene, and other areas to 
kill harmful organisms in the environment, control the occurrence of 
pests and the spread of human diseases, and greatly ensure improved 

crop yields and human health (Deka et al., 2021, Singh et al., 2020). To 
ensure the massive food needs resulting from the increase in the global 
population, pesticides have become an extremely vital factor in food 
production (de et al., 2020). However, traditional pesticides formula
tions such as emulsifiable concentrate, wettable powder can cause 
serious water pollution through subsurface drainage, runoff, leaching, 
and spray drift (Cryder et al., 2021). 

It has been reported that the concentrations of pesticides in the 
aquatic environment range from 7 ng/L to 121222 ng/L in rivers and 
lakes, 23 ng/L to 3172 ng/L in wastewater streams, 20 ng/L to 1060 ng/ 
L in groundwater, and 141 ng/L to 14629 ng/L in drinking water sources 
(Mojiri et al., 2020). Long-term low-dose pesticide exposure can lead to 
chronic diseases and toxic effects on organisms’ immune, neurological, 
cardiovascular, and genetic systems, inducing carcinogenicity, terato
genicity, and mutagenicity (Kermani et al., 2021, Sidhu et al., 2019, Sun 
et al., 2019). Hence, the eradication of pesticide residues in the envi
ronment has received considerable attention. 

At present, the methods of removing pesticide residues in water 
generally include physical and chemical treatments, such as adsorption 
(Del Rio et al., 2020), membrane filtration (Abdelhameed et al., 2016), 
biodegradation (Liu et al., 2022), and chemical catalysis (Vellingiri 
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et al., 2017). However, most of these methods have certain limitations. 
Although membrane filtration can also purify water, it sometimes leads 
to pore clogging and high drainage, which reduces pesticide removal 
efficiency (Ullah et al., 2020). Biodegradation is an environmentally 
friendly solution. However, due to the use of microorganisms, the re
quirements for the environment in which they are used are quite strict, 
and the time required is long, which greatly limits their application (Liu 
et al., 2021a). Chemical catalytic methods often require the introduction 
of new catalysts into the system and often face problems such as un
known products after catalytic degradation or even secondary pollution 
(Zhou et al., 2021). Compared with the above methods, adsorption is a 
method that uses a solid adsorbent to directly extract pollutants from 
solid water, thereby purifying wastewater, which has been widely 
accepted as a promising technique with the advantages of high effi
ciency, rapidity, and convenience (Keshvardoostchokami et al., 2021, 
Mondol & Jhung, 2021). 

Adsorption has been widely used in industries as an effective means 
of wastewater treatment (Ighalo et al., 2022). The adsorption effect is 
influenced by many factors (including self and external factors), among 
which the adsorbent plays a decisive role in the whole adsorption pro
cess (Jain et al., 2021). The adsorption effect of different adsorbates on 
different adsorbents varies widely, so the selection, combination, or 
modification of different adsorbents has become a current research 
trend (Singh et al., 2018). Although traditional adsorbents without 
magnetism can also remove pesticides from water, they always have 
limitations such as poor reusability and inconvenient recycling, which 
can easily cause secondary pollution to water bodies. Recently, Fe3O4- 
based adsorbents have emerged from numerous types of adsorbents by 
virtue of their unique magnetism, versatile functions, easy modification, 
diverse types, and so on (Wang et al., 2018b). Fe3O4 particles are easy to 
synthesize, low cost, and environmentally friendly, and most impor
tantly, their strong magnetic properties enable them to be easily 
recovered after adsorption (Fu et al., 2023), whereas the adsorption 
capacity of purely naked Fe3O4 particles is relatively poor, and they tend 

to agglomerate in water, which is not conducive to adsorption (Gil et al., 
2019). Hence, Fe3O4 particles are often modified by various moieties or 
materials with particular functions to obtain superior adsorbents with 
improved adsorption performance and to avoid agglomeration (Wei 
et al., 2022). 

This review discusses the adsorption and purification of pesticides 
from aqueous solutions based on Fe3O4-modified materials. Although 
several reviews have been published on adsorbents for pesticide 
adsorption in water, to our knowledge, there is no systematic review on 
Fe3O4-based adsorbents for pesticide removal. In addition, adsorption is 
an interaction between surfaces, which is associated with the physico
chemical properties of the adsorbent and the pesticide, so this review 
also discusses the factors affecting the adsorption effect, the main 
mechanism of pesticide adsorption and the current problems and 
development prospects of Fe3O4-based adsorbent applications. 

2. Materials used for surface modification of Fe3O4 

Many current studies have grafted, coated, or modified Fe3O4 sur
faces with modification materials, including inorganics (clays, gra
phene), polymers, silica, and metal–organic frameworks, to obtain 
adsorbents with unique properties and excellent adsorption perfor
mance, which ensure that the adsorbents have strong magnetic prop
erties for easy recovery. The modification of Fe3O4 to construct 
adsorbents is shown in Fig. 1. 

2.1. Inorganics 

Some inorganic substances, such as mud, graphene, and activated 
carbon, are frequently used to remove pesticides from the water envi
ronment. As traditional adsorbents, their low cost is the most prominent 
advantage, but these adsorbents are usually difficult to recover, which 
easily causes secondary pollution (Premarathna et al., 2019). The 
adsorption characteristics of Fe3O4-based adsorbents modified by 

Fig. 1. Construction of Fe3O4-based adsorbents by inorganics, polymers, silica, MOFs and multilayer composites.  
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inorganics for various pesticides removal is shown in Table 1. Boruah 
et al. prepared Fe3O4 by chemical co-precipitation method and synthe
sized Fe3O4 / reduced graphene oxide composites by in-situ solution 
chemistry method, which efficiently adsorbed five triazine pesticides 
(atrazine, prometryn, simazine, simeton, and ametryn) in aqueous so
lution with an effective adsorption rate of 93.61 % in 70 min due to the 
graphene’s aromatic ring (Boruah et al., 2017), although it takes a 
relative long time. Aydin synthesized magnetic Fe3O4/red mud nano
particles for the adsorption of organophosphorus pesticides in water 
environments with high adsorption capacity (>180 µg/g) (Aydin, 2016). 
Since the adsorbent is constructed from red mud, which has not many 
groups to form a reversible interaction force, so it shows poor reus
ability. Herrera-García et al. extracted activated carbon from yam bark 
and combined it with Fe3O4 to obtain magnetic activated carbon (MAC), 
which has a high surface area for the removal of 2,4-dichlorophenoxy
acetic (2,4-D) acid from water, but its adsorption capacity decreased 
by 40 % after five cycles, indicating relatively low reusability (Herrera- 
García et al., 2019). As mentioned in some of the above references, the 
Fe3O4 adsorbent obtained by inorganic modification has the advantages 
of low cost, simple preparation, and good stability. However, compared 
with other adsorbents, its dosage is large, and the most prominent 
problem is that the reusability is low, which may cause waste of re
sources to a certain extent. Therefore, using inorganic (mud, activated 
carbon, etc.) modified Fe3O4 nanoparticles to construct adsorbents has 
faded out to be the central hot spot in the research field. 

2.2. Polymers 

Polymers such as chitosan (Yang et al., 2022), poly(indole-co- 
thiophene) (Ebrahimpour et al., 2017), polydopamine (Wang et al., 
2019a) and polyaniline (Goswami & Mahanta, 2020) have abundant 
sources in nature and are inexpensive and nontoxic, with simple syn
thesis methods and a certain functionality and purpose compared to 
other materials. The affluent groups in the polymers allow for grafting 
modification on the surface of Fe3O4 particles and the possibility of 
adsorption by forming interactions with pollutants in water (Samaddar 
et al., 2019). The adsorption characteristics of Fe3O4-based adsorbents 
modified by polymers for various pesticides removal is shown in Table 2. 
Wang et al. coated Fe3O4 by polydopamine to prepare Fe3O4@PDA-DES, 
which could capture and adsorb sulfonylurea herbicides in aqueous 
solution by hydrogen bonding and π-π interactions within a short time 
(3 min) at low dosage (0.5 g/L) (Wang et al., 2019a). Polymers can 
indeed achieve an increase in adsorption capacity, but whether all 
polymers have the same effect. Goswami et al. prepared Fe3O4 by sol
vothermal method, and then coated the prepared nanoparticles with 
polyaniline (PANI) and polypyrrole (PPy) by chemical oxidative poly
merization to prepare magnetic Fe3O4-PANI and Fe3O4-PPy for efficient 
adsorption of 2,4-D in aqueous solution. Fe3O4-PANI achieved an 
adsorption capacity of 60.97 mg/g for 2,4-D at 90 min, while Fe3O4-PPy 
achieved 96.15 mg/g for 2,4-D at 60 min (Goswami & Mahanta, 2020), 
indicating that polypyrrole-modified Fe3O4 can achieve better perfor
mance in the adsorption of 2,4-D. Due to the different properties and 
diverse structures of various polymers, the characteristic groups can 
interact with the target pesticide molecules, which means that the se
lection of polymers will directly affect the adsorption capacity. There
fore, it is necessary to select the most suitable polymer material 
according to the characteristics of the target pesticide molecules before 
constructing the adsorbent. Compared with the inorganic-based Fe3O4 
adsorbent modified with mud and graphene, polymer-modified Fe3O4 
adsorbents have the ability to orient easily, and there is more chemi
sorption to achieve efficient adsorption of pesticides during the 
adsorption process. However, the inherent characteristics of the poly
mer itself lead to poor dispersion of the adsorbent, which may be chal
lenging and thus affect its use in practical scenarios and fail to achieve 
the expected performance. 

2.3. Silica (SiO2) 

Silica (SiO2) is a mesoporous material with high stability, environ
mental friendliness, great specific surface area and good biocompati
bility that is widely used in many fields, such as adsorption and 
controlled release of drugs, and is often combined with other materials, 
which can provide more adsorption channels for Fe3O4 and improve the 
adsorption capacity (Gao et al., 2020, Soltani et al., 2019). It is worth 
noting that by modifying SiO2 appropriately, such as adjusting its 
morphology and size, changing its surface charge, and functionalizing 
the surface, the dispersibility of SiO2 in water can be improved, which 
can overcome some problems caused by the strong magnetism of Fe3O4 
nanoparticles. The adsorption characteristics of Fe3O4-based adsorbents 
modified by silica for various pesticides removal is shown in Table 3. 
Farmany et al. prepared Fe3O4 nanoparticles by chemical co- 
precipitation method, and then synthesized Fe3O4/SiO2 core–shell 
structure adsorbent by ultrasonic assisted method (Farmany et al., 
2016). The adsorbent effectively adsorbs diazinon from water, which 
not only ensured the magnetic properties of the adsorbent and facilitated 
recovery but also improved the dispersibility of the adsorbent and 
avoided the agglomeration of Fe3O4 in water. Tian et al. prepared a 
multifunctional core–shell microsphere adsorbent by embedding bilayer 
SiO2 onto Fe3O4 nanoparticles using hydrothermal and impregnation 
methods. The inner nonporous silica layer served as a protective layer to 
prevent the magnet from being etched in the adsorption system. The 
outer layer of mesoporous silica with a high specific surface area and 
large pore volume ensured its powerful adsorption capacity and efficient 
adsorption of DDT in water (Tian et al., 2014). The mesoporous struc
ture of SiO2 ensures that the adsorbent has large pores to adequately 
accommodate external contaminants, and in numerous adsorption ap
plications, SiO2 is an ideal material for constructing adsorbents due to its 
strong compatibility and adjustability, which is often combined with 
other functional materials. However, the time-consuming nature of 
synthesizing SiO2 often limits its application in constructing adsorbents, 
so the development of a rapid synthesis method is necessary. 

2.4. Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs) are a new class of materials that 
are currently being researched with great enthusiasm and are widely 
used in important fields such as hydrogen storage, adsorption and sep
aration, drug mitigation, and catalysis (Do et al., 2022, Nguyen et al., 
2020). MOFs are considered extremely efficient adsorbents in water 
environmental pollutant adsorption due to their abundant active sites, 
extraordinary stability, and excellent specific surface area (Do et al., 
2021, Rojas et al., 2022). As a rich variety of functional materials, many 
researchers will choose the appropriate MOF to construct adsorbents 
according to their own needs, so as to obtain or enhance some functions. 
The adsorption characteristics of Fe3O4-based adsorbents modified by 
MOFs for various pesticides removal is shown in Table 4. Lu et al. firstly 
synthesized Fe3O4@MXene by co-precipitation method, and then pre
pared Fe3O4@MXene@MOF-74 by combining the oxygen-containing 
functional groups and zinc ions in Zn-MOF-74. Fe3O4@MXene@MOF- 
74 has excellent adsorption performance for triazole fungicides in actual 
paddy water samples (maximum adsorption capacity: epoxiconazole 
120.96 mg/g, tebuconazole 108.26 mg/g), and at the same time, the 
adsorbent itself has an inhibitory effect on the rice pathogen (Magna
porthe grisea Barr.). This provides a novel concept for the practical 
application of bifunctional adsorbents (Lu et al., 2022). Li et al. con
structed a bilayer MOF adsorbent (Fe3O4@ZIF-8@ZIF-67) through one- 
pot method and layer-by-layer self-assembly method, which showed 
high removal rates (>95 %) for fipronil and its metabolites in water and 
cucumber samples. The data rarely fit the bilayer Freundlich model 
rather than the monolayer Langmuir model, which may be due to the 
similar bilayer pore structure of the adsorbent (Li et al., 2020). Despite 
the widespread interest in MOFs for pesticide removal in water 
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Table 1 
The adsorption characteristics of Fe3O4-based adsorbents modified by inorganics for various pesticides removal.  

Modifiers Adsorbent Pesticide Adsorption 
temperature 
(◦C) 

Adsorption pH Equilibrium 
time (min) 

Adsorbent 
dosage (g/ 
L) 

Adsorption 
capacity (mg/ 
g) 

Kinetic 
model 

Isotherm 
model 

Mechanism References 

Inorganics Fe3O4/graphene 
nanocomposite 

Triazine pesticides 25 5 70  0.5 54.8 PSO L electrostatic 
interactions, π-π 
stacking interactions, 
hydrophobic 
interactions 

(Boruah et al., 
2017) 

Magnetic diatomite (m-DE- 
OTMS) 

DDT 25 / 30  4.0 120.0 PSO L hydrophobic 
interactions 

(Erol et al., 
2019) 

Fe3O4/red mud nanoparticles Organophosphorus 
pesticides 

25 7 (diazinon, 
malathion, 
parathion) 3 
(chlorpyrifos) 

60  5.0 / PSO F / (Aydin 2016) 

Graphene/Fe3O4 

nanocomposite 
Triazole fungicides / 2–13 30  0.4 / PSO L electrostatic 

interaction, hydrogen 
bonding, π-π stacking, 
hydrophobic 
interaction, cation- π 
interaction 

(Wang et al., 
2019b) 

Amine-modified magnetic 
diatomite (m-DE-APTES) 

endosulfan 25 / 60  4.0 97.2 / L / (Alacabey 
2022) 

Algerian palygorskite modified 
with magnetic iron 

linuron 20 / 480  2.5 1.70 PSO F / (Belaroui et al., 
2018) 

Aminoguanidine-modified 
magnetic graphene oxide 
(AGu@mGO(R)) 

chlorpyrifos / 6.5 30  1.0 85.47 PSO F hydrogen bonding, 
π-π interactions 

(Mahdavi 
et al., 2021) 

Magnetic graphene 
nanocomposite 
(graphene@SiO2@Fe3O4) 

Organophosphorus 
pesticides 

/ 7 5  2.0 / / / / (Wang et al., 
2018a) 

Sugarcane bagasse (MBo) and 
peanut shell (MPSo) magnetic- 
composites 

carbofuran, iprodione / 7 720, 480 
(MBo) 
480,720 
(MPSo)  

2.0 175, 89.3 
(MBo) 119, 
2.76 (MPSo) 

Elovich Sips / (Toledo-Jaldin 
et al., 2020) 

Activated carbon modified with 
Fe3O4 

2,4- 
Dichlorophenoxyacetic 
Acid 

25 2.8 50  2.0 79.05 PSO L / (Herrera- 
García et al., 
2019) 

Bioadsorbent from Magnetic 
Activated Carbon Hybrid 
(AA@Fe3O4 NPs@AC) 

acetamiprid / 3 30  0.4 357.14 PSO L hydrogen bonding, 
electrostatic 
interactions, π-π 
interactions 

(Nejadshafiee 
& Islami, 
2020) 

Magnetic polyethyleneimine 
functionalized reduced 
graphene oxide (Fe3O4@PEI- 
RGO) 

Polar acidic herbicides / 4 6.5  0.36 / / / electrostatic 
interactions, π-π 
stacking interactions 

(Li et al., 2017) 

Kinetic model : pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich.Isotherm model : Langmuir (L), Freundlich (F), Temkin, and Sips. 
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environments, their preparation is usually tedious, and functionalized 
MOFs and their derivatives are not currently combined with Fe3O4 to 
obtain more compact and efficient adsorbents. In addition, the adverse 
effects of MOFs, especially the metal ions they contain, on aquatic or
ganisms have not been extensively studied thus far (Li et al., 2021), 
which is extremely relevant at the ecological and toxicological levels. 

2.5. Multilayer composite modification 

Although the adsorbents constructed by modification of Fe3O4 with a 
single type of material do have better adsorption effects on pesticides, 
they are often limited in application due to the single type of modifier, 
such as a single type of target, unstable properties of the adsorbent, and 
single-factor limitations in application (Lin & Lee, 2020). Hence, a 
growing number of studies have focused on the multilayer composite 
modification of Fe3O4 to obtain multiple advantages of the adsorbent, 
optimize adsorption performance, expand its application scope and 
overcome the shortcomings in practical applications (Foroutan et al., 
2022). The common combinations in current research include polymer/ 
graphene (Liu et al., 2017), polymer/SiO2 (Mahpishanian et al., 2015), 
polymer/MOFs (Senosy et al., 2020), and SiO2/MOFs(Yang et al., 2018). 
The problems of monolayer-modified adsorbents can be solved by 
different combinations. The adsorption characteristics of Fe3O4-based 
adsorbents modified by multilayer composite for various pesticides 
removal is shown in Table 5. Lu et al. firstly coated a layered double 
hydroxide (LDHs) on Fe3O4 by co-precipitation method, and then 
covered a layer of MIL-53 (Al) on its basis by hydrothermal method (Lu 
et al., 2021a). The two modified materials selected in this study have a 
high number of active sites for azole fungicides, and once combined, the 
strong combination can make the adsorption achieve equilibrium in a 
short time (5 min), which is efficient and fast. In addition, many studies 
have taken into account the complementary advantages of different 
materials in the construction of multilayer composite adsorbents. Yang 
et al. constructed a novel smart adsorbent Fe3O4@SiO2@UiO-67 for the 
adsorption of the organophosphorus pesticide glyphosate, integrating 
the advantages of each component with a very high adsorption capacity 
(256.54 mg/g) (Yang et al., 2018). It is noteworthy that SiO2 plays a role 
in the adsorbent to protect the Fe3O4 cores, prevent external electron 
transfer and transition with Fe3O4, and facilitate dendritic modification, 
as demonstrated in numerous studies. The multilayer composite- 
modified Fe3O4 adsorbents enhance the performance of the adsorbent 
in many aspects, but it is a more cumbersome and costly synthesis 
process due to the variety of modified materials used. In addition, the 
compatibility between various materials sometimes limits the design 
and synthesis of the adsorbent, which are urgent problems for long-term 
practical applications in the future. 

3. Factors affecting Fe3O4-based adsorbents for the adsorption of 
pesticides 

The adsorption of pesticides in the water environment is a complex 
multistep process involving the diffusion and interaction of pesticide 
molecules on the surface and inside the adsorbent (Soltani et al., 2021). 
This process is influenced by the following parameters: adsorbent 
dosage (Liu et al., 2018a), adsorption time (Dinari et al., 2020), tem
perature (Saad et al., 2021), pH (Wang et al., 2020), external ionic 
strength (Fu et al., 2023), and natural organic matter (Boruah et al., 
2017), which determine the practical application of adsorbents in the 
remediation of water environments with various contaminants, 
including pesticides. Fig. 2 shows the factors affecting the adsorption 
performance of Fe3O4-based adsorbents for pesticides. 

3.1. Adsorbent dosage 

The solid-to-liquid ratio is an extremely critical factor affecting the 
adsorption process, which is essentially the adsorbent dosage put into Ta
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Table 5 
The adsorption characteristics of Fe3O4-based adsorbents modified by multilayer composite for various pesticides removal.  

Modifiers Adsorbent Pesticide Adsorption 
temperature 
(◦C) 

Adsorption 
pH 

Equilibrium time 
(min) 

Adsorbent 
dosage (g/ 
L) 

Adsorption 
capacity (mg/g) 

Kinetic 
model 

Isotherm 
model 

Mechanism References 

Multilayer 
composite 
modification 

New magnetic molecularly 
imprinted polymer 
nanocomposite (GO/Clay/ 
Fe3O4@PDA MIP) 

diazinon / 7 16 1.24 1.17 PSO, 
Elovich 

F intraparticle and 
extraparticle diffusion 

(Sohrabi et al., 2022) 

Phenyl-modified magnetic 
graphene/mesoporous silica (MG- 
MS-Ph) 

eight pesticides 25 / / 2.0 / PFO F / (Wang et al., 2017) 

Mixed hemimicelle SDS-coated 
magnetic chitosan nanoparticles 
(MHMS-MCNPs) 

diazinon, phosalone, 
chlorpyrifos. 

/ 2.5 3 / / / L hydrophobic and 
electrostatic 
interactions 

(Ranjbar Bandforuzi 
& Hadjmohammadi, 
2019) 

Post-modification of magnetic 
metal–organic frameworks with 
β-cyclodextrin (Fe3O4@MIL-100 
(Fe)/β-CD) 

tebuconazole, 
flusilazole 

25 7 50 1.0 64.52–102.10 PSO L acid-base interaction, 
π-complex formation, 
hydrogen bonding, 
electrostatic interaction 

(Senosy et al., 2020) 

Ionic-liquid-functionalized 
magnetic particles 

Sulfonylurea 
herbicides 

/ 4 5 0.05 / / / Hydrophobic 
interaction 

(He et al., 2013) 

Magnetic graphene oxide and 
carboxymethyl cellulose (MGOC) 

chlorpyrifos 20 6 40 0.4 108.3 PSO L hydrogen bonding, 
surface complexation, 
π-π interactions 

(Dolatabadi et al., 
2022) 

Superparamagnetic core–shells 
anchored onto graphene oxide 
grafted with phenylethyl amine 
(Fe3O4@SiO2@GO-PEA) 

Organophosphorus 
pesticides 

/ 6 5 15 / / / π-stacking interaction (Mahpishanian et al., 
2015) 

Amino-functionalized Iron oxide 
inside SBA-15 (RED-Fe-NH2-SBA- 
15) 

glyphosate / 2.1 1440 5.7 / / / / (Fiorilli et al., 2017) 

Mesoporous KIT-6-magnetite 
composite (Fe3O4@SiO2@KIT-6) 

Pyrethroid pesticides 25 7 10 0.4 / PSO L / (Zhang et al., 2019a) 

Magnetic zeolitic imidazolate 
framework-8@deep eutectic 
solvent (M− ZIF− 8@DES) 

Pyrethroid pesticides / 6 15 1.6 /  / hydrogen bonding (Liu et al., 2019) 

Fe3O4-graphene oxide (GO)- 
β-cyclodextrin (β-CD) 
nanocomposite 

Neonicotinoid 
pesticide 

/ / 30 0.05 1.77–2.96 PSO L (thiacloprid) 
F (others) 

/ (Liu et al., 2017) 

Graphene oxide-based silica 
coated magnetic nanoparticles 
functionalized with 2-phenyleth
ylamine (Fe3O4@ SiO2@GO) 

chlorpyrifos, 
parathion, malathion 

25 3–11 15 1.5 11.1 (chlorpyrifos) 
10.6 (parathion) 
10.9 (malathion) 

PSO Sips hydrogen bonding, π-π 
interaction 

(Wanjeri et al., 2018) 

Covalently functionalized 
Fe3O4@SiO2-MWCNTs core–shell 
magnetic microspheres 

pentachlorophenol / 2.5 / 0.5 96.4 PSO F π-π electron- 
donor–acceptor 
interaction, 
hydrophobic 
interaction, electrostatic 
interaction 

(Zhou et al., 2014) 

Magnetic multi-walled carbon 
nanotubes @organic framework 
ZIF-8 (M− M− ZIF− 8) 

Organophosphorus 
pesticides 

/ 4 15 3.75 2.18–3.89 / F electronic sharing or 
exchange 

(Liu et al., 2018b) 

Magnetic chitosan/activated 
carbon@UiO-66 bio- 
nanocomposite 

imidacloprid / 6.5 20 0.6 25.2 PSO L electrostatic forces, 
hydrogen bonding, π-π 
and n-π interactions 

(Motaghi et al., 2022) 

Fe3O4@SiO2@UiO-67 glyphosate 25 / 60 0.03 256.54 PSO L chemisorption (Yang et al., 2018) 

(continued on next page) 
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the reaction system. In general, when the adsorbent concentration, pH, 
temperature and other conditions are the same, the smaller the amount 
of adsorbent, the higher the adsorption capacity (Morin-Crini et al., 
2018). Therefore, it is always desirable to construct an adsorbent that 
effectively removes the target pollutant with a minimum dosage, thus 
reducing the purification cost and making magnetic adsorbent recovery 
more convenient. In general, during the initial stage of adsorption, the 
adsorption of the target pollutant increases with increasing adsorbent 
dose and finally reaches equilibrium, which is attributed to the abun
dance of active sites on the surface of the adsorbent. For example, 
Wanjeri et al. investigated the effect of an adsorbent (Fe3O4@SiO2@GO) 
on the adsorption of organophosphorus pesticides at different doses 
from 2 to 40 mg in a reaction system with a volume of 10 mL and 
observed that the maximum adsorption was reached at an adsorbent 
dosage of 15 mg (1.5 g/L) (Wanjeri et al., 2018). When the dosage 
exceeded 1.5 g/L, the adsorption reached equilibrium as the interactions 
between the adsorbent surface and organophosphorus pesticide mole
cules stabilized. After this point, the increase in adsorbent dosage could 
not improve the adsorption effect and even inhibited adsorption, prob
ably due to the decrease in specific surface area and exposure of active 
sites caused by the aggregation of excess adsorbent in the water envi
ronment. Therefore, in all adsorption operations, the most appropriate 
adsorbent dosage is always selected because too much or too little 
cannot obtain the best adsorption effect; of course, as small of an 
adsorbent dosage as possible to save costs is always desired. 

3.2. Adsorption time 

Adsorption is a time-dependent process that will reach equilibrium 
after a certain time because the number of reactants in the system is 
finite. For the adsorption process, the shorter the time it takes to remove 
a certain amount of pollutant is, the better the performance of the 
adsorbent. A long adsorption time may lead to a waste of resources and 
excessive consumption of energy. Thus, the time taken for adsorption is 
a significant indicator of the performance of an adsorbent (Sajid et al., 
2018). Typically, it can be observed that in the initial stage of adsorp
tion, the large pollutant concentration difference between the adsorbent 
surface and the internal and external water environment, the large 
adsorption driving force, and the fact that the adsorbent still possesses 
an abundance of active sites lead to rapid binding of the pesticide to the 
adsorbent and a rapid increase in the adsorption rate (Cao et al., 2017). 
For example, Mahdavi et al. studied the adsorption of chlorpyrifos by the 
magnetic adsorbent AGu@mGO(R) in 5–50 min. The adsorption rate of 
chlorpyrifos gradually increased in the first 30 min, and the adsorbent 
had not reached saturation at this stage. After 30 min, the adsorption 
rate tended to equilibrate or even slightly decrease due to the lack of 
remaining adsorption sites, decrease in adsorption driving force, and 
partial desorption of chlorpyrifos (Mahdavi et al., 2021). In addition, Lu 
et al. synthesized Fe3O4@LS@ZIF-8 for the adsorption of azole fungi
cides (tebuconazole and imazalil), and the adsorption of tebuconazole 
reached equilibrium after 50 min, while the adsorption of imazalil 
required 160 min (Lu et al., 2021b). Different pesticides have different 
structures and characteristic groups, thus differing in their rate of 
interaction with the active site of the adsorbent, which leads to a dif
ference in the equilibrium time. In practical applications, the time point 
of adsorption equilibrium needs to be explored in advance to ensure that 
the maximum adsorption effect is obtained and no resources are wasted. 

3.3. Temperature 

At the thermodynamic aspect, the adsorption process also involves 
heat transfer, and the temperature determines the speed and even the 
nature of the reaction between the surface of the adsorbent and adsor
bate, whether exothermic or endothermic (Mehta et al., 2022, Soltani 
et al., 2020). If a certain adsorption process is endothermic, the 
adsorption capacity of the adsorbent may increase with increasing Ta
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temperature, probably because of the increased interaction between the 
surface of the adsorbent and the adsorbate, while the exothermic 
adsorption process is the exact opposite. Zhou et al. investigated the 
thermodynamic behavior of covalently functionalized Fe3O4@SiO2- 
MWCNTs core–shell magnetic microspheres for pentachlorophenol 
(PCP) adsorption in the range of 288–318 K. The results show that the 
adsorption capacity of PCP increased with increasing temperature, 
indicating an endothermic adsorption process. At the same time, the 
standard enthalpy (ΔHθ) and standard entropy (ΔSθ) of the adsorption 
process of PCP in water are negative so that the standard free energy 
(ΔGθ) was also negative, indicating that the adsorption reaction was 
spontaneous and decreased spontaneously with increasing temperature 
(Zhou et al., 2014). The same pattern was found by Saad et al., who 
found that the adsorption of matrix-dispersed superparamagnetic iron 
oxide nanoparticles (SPIONs) on chlorpyrifos is also an endothermic and 
spontaneous process. It is worth mentioning that ΔGθ moves in the 
positive direction when the temperature is higher than 318 K. Therefore, 
room temperature (25 ◦C) is most favorable for adsorption (Saad et al., 
2021). In practical industrial applications, for energy consumption 
reasons, adsorption at room temperature is the most economical and 
desired condition, which requires a precise understanding of the 
designed adsorbent and the target pesticide properties. 

3.4. pH 

The initial pH of the system is an essential factor affecting adsorp
tion, which not only determines the form of adsorbate present but also 
influences the surface charge of the adsorbent (Wang et al., 2020), thus 
significantly enhancing or inhibiting the adsorption effect, which 

determines the strength of the interaction (Bahrami et al., 2018). In 
research studies on the removal of triazole pesticides from water by a 
magnetic adsorbent compounded with β-cyclodextrin and metal organic 
frameworks (Fe3O4@MIL-100(Fe)/β-CD), the pH of the reaction system 
was adjusted to 3–10 by adding appropriate amounts of 0.1 M HCl or 0.1 
M NaOH, and the best adsorption effect was finally determined when the 
solution was neutral. It was observed that as the pH gradually increased 
from 3, the charge between the adsorbent and the pesticide gradually 
became the same on opposite sides, resulting in electrostatic repulsion, 
so the adsorption efficiency decreased. However, the adsorption ca
pacity gradually increased after a pH of 6, peaked at 7, and then 
equilibrated, indicating that electrostatic interaction is not the main 
adsorption mechanism (Senosy et al., 2020). However, Wang et al. 
found that the change in pH had no significant effect on the adsorption 
of tebuconazole by graphene/Fe3O4. This was attributed to the fact that 
tebuconazole has two pKa values, electrostatic interactions played no 
major role, and pH adjustment did not affect the adsorption process via 
hydrogen bonding and π-π interactions (Wang et al., 2019b). Therefore, 
the different surface groups of adsorbents and pesticides may be affected 
differently at different pH values, including changes in the surface 
charge of adsorbents and ionization of pesticide molecules; thus, ad
sorbents with a wide range of pH adaptability are worth developing. 

3.5. Ionic strength and natural organic matter 

The number of adsorption sites available on the adsorbent surface is 
limited; unfortunately, metal ions and natural organic matter (NOM) in 
the external water environment may inhibit or promote the binding of 
target adsorbates and adsorption sites, thus directly or indirectly 

Fig. 2. Factors affecting the removal of pesticides from water by Fe3O4-based adsorbents.  
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affecting the removal efficiency of the target contaminant (Zhao et al., 
2019). In the adsorption system, as the amount of salt addition in
creases, the viscosity of the solution increases, preventing the diffusion 
of pesticide molecules, while the solubility of the pesticide in aqueous 
solution decreases as the ionic strength increases due to salt precipita
tion (Zhang et al., 2019b). The adsorption of Fe3O4@PEI-RGO on polar 
acidic herbicides inhibits the adsorption efficiency due to the addition of 
NaCl, which may also be due to the ion exchange between NaCl and the 
adsorbent, which inhibits the electrostatic interaction and occupies the 
adsorption site of the herbicide (Li et al., 2017). The ionic strength af
fects the electric potential at the interface, which is external to the 
adsorbent (external ions often occupy active sites on the adsorbent 
surface), thus affecting the strength of the adsorbent-pesticide binding. 
The mechanism of the effect of NOM such as humic acid on adsorption is 
more complex, as it can change the nature of the adsorbent and improve 
its dispersion and stability in the water column, thus improving the 
adsorption performance. In the study of ametryn adsorption by Fe3O4/ 
rGO, the adsorption performance was improved by adding humic acid to 
the reaction system, which may be attributed to the formation of 
hydrogen bonds promoted by the presence of NOM (Boruah et al., 
2017). NOM can transfer a negative surface charge to the adsorbent and 
change its adsorption behavior (Karimi Pasandideh et al., 2016), so it is 
necessary to study the specific effect of NOM on specific adsorbents with 
a wide range of prospects. In general, the presence of salt ions (including 
K+, Na+, Ca2+, Mg2+, Cl-, NO3

–, SO4
2-, PO4

3-, etc.) in the solution increases 
the viscosity of the solution and causes salt precipitation, which inhibits 
the adsorption process. In contrast, the presence of NOM, such as humic 
substances in solution, promotes the adsorption process and increases 
the adsorption capacity. Therefore, the choice of the external environ
ment will directly affect the adsorption. 

In summary, any adsorption process is influenced by a mixture of 
factors, and the best adsorption performance can be obtained by 
adjusting multiple factors to achieve an optimal combination. The 
construction of a low dosage and high efficiency adsorbent that does not 
require adjustment of system pH, is not affected by external ions, and 
can exhibit excellent performance at room temperature has been the 
goal of multiple research studies. 

4. Mechanism of pesticide adsorption 

As a mass transfer process, adsorption is essentially an interaction 
between the interface of the adsorbent and the adsorbate (Liu et al., 
2021b). Due to some special groups on the surface of the adsorbent and 
the target adsorbate, as well as the suitability of the pore channels on the 
surface of the adsorbent to the size of the target molecules, there are 
some adsorption mechanisms in the adsorption process, including van 
der Waals interactions, hydrogen bonding, electrostatic interactions, π-π 
interactions, and hydrophobic interactions, as shown in Fig. 3. These 
mechanisms have been currently used to explain the Fe3O4-based 
adsorbent adsorption of organic pollutants, including pesticides, in 
water environments. It is worth noting that Fe3O4 particles do not have 
abundant groups on their surface (providing magnetic properties only to 
the adsorbent), so the above adsorption mechanisms often occur be
tween the modifier and the pesticide. 

4.1. van der Waals interactions 

van der Waals interactions, also known as intermolecular forces, 
include orientation, induction and dispersion forces, which are gener
ated by the polarity of the adsorbent and the pesticide (Huang et al., 
2020). Romero et al. demonstrated through model calculations that van 
der Waals interactions are the main driving force for the adsorption of 
atrazine and chlorpyrifos by the magnetic covalent organic framework 
and that van der Waals interactions are always present between the 
adsorbent and the pesticide molecules at different positions of the 
simulation, accompanied by changes in intensity (Romero et al., 2020). 
However, Wanjeri et al. found that van der Waals interactions may lead 
to lower theoretical values of adsorbent specific surface area, which is 
unavoidable (Wanjeri et al., 2018). The same problem was found by 
Dolatabadi et al., as well as in the presence of graphene (GO) (Dolata
badi et al., 2022). For adsorbents with high specific surface area and 
porosity, van der Waals interactions are extremely prevalent and un
avoidable and, in most cases, can be considered a complementary 
mechanism to explain the observed results. 

Fig. 3. Based on van der Waals interactions, hydrogen bonding, electrostatic interactions, π-π interactions and hydrophobic interactions, the adsorption mechanism 
of Fe3O4-based adsorbents for pesticides. 
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4.2. Hydrogen bonding 

Hydrogen bonding is traditionally defined as occurring between the 
donor hydrogen atom and the electronegative acceptor atom with lone 
electron pairs (Brinkley & Gupta, 2004). Since the formation of 
hydrogen bonds requires the presence of H-acceptor and H-donor sites 
on the adsorbent and adsorbate, this action is not affected by external 
factors such as pH (Samadi et al., 2021). Romero et al. developed two 
models, A and B, for atrazine and chlorpyrifos by theoretical calcula
tions to investigate the adsorption mechanism when using magnetic 
covalent organic skeletons for the removal of endocrine-disrupting 
pesticides. The number of hydrogen bonds was statistically analyzed 
in 40 snapshots, and in the model for atrazine, a higher number of 
hydrogen bonds (average 3) was observed. In contrast, for chlorpyrifos, 
only one hydrogen bond was found on average. The reason for this result 
is that pesticide molecules have different structures and contain 
different elements, namely, different numbers of H donors or acceptors, 
which can result in different adsorption amounts of different pesticides 
(Romero et al., 2020). The degree of strength of hydrogen bonding is 
related to the number of H donors and acceptors; thus, when designing 
and constructing adsorbents, the introduction of sufficient H-acceptors 
or donors to form a large number of hydrogen bonds during the 
adsorption process is a powerful way to enhance the performance of 
adsorbents, and this is an idea to be considered for the design of special 
adsorbents in the future. 

4.3. Electrostatic interactions 

During adsorption, electrostatic interactions (including electrostatic 
repulsion and electrostatic gravitational forces) are often observed when 
the adsorbent and adsorbate have surface charges, which are frequently 
related to the pH of the adsorption system (Shi et al., 2022). For 
example, the zeta potential value of the adsorbent Fe3O4/MIL-101(Fe) is 
8. When the pH of the system is greater than 8, both the adsorbent and 
the adsorbate mass (fenitrothion) are negatively charged, whereas when 
the pH decreases below 6, both the adsorbent and the adsorbate are 
positively charged. Both cases have a large electrostatic repulsion, 
which is not favorable for adsorption. When the pH is neutral, the 
adsorbent surface is negatively charged, fenitrothion is in the form of 
amphoteric ions, and the electrostatic gravitational force dominates, 
showing a strong electrostatic interaction (Samadi-Maybodi & Nikou, 
2021). As shown in Table 1, although many adsorbents can be used 
directly without pH adjustment because the reaction system is neutral 
when applied specifically to pesticide adsorption, some adsorbents still 
require special pH adjustment when used, which obviously cannot 
exclude the influence of the nature of the pesticide itself. To fully form 
electrostatic interactions in the adsorption process to improve the 
adsorption performance, there are special requirements for the modi
fiers used in the design of adsorbents; the surface charge should be as 
opposite as possible to that of the pesticide molecules, and their zeta 
potential should match the adsorption conditions. 

4.4. π-π interactions 

When π-electrons are present in both the adsorbent and the pesticide 
molecule, more specifically, when the presence of aromatic rings is 
needed, π-π interactions can be observed during the adsorption process 
(Igwegbe et al., 2021). Due to the specificity required for the adsorbent 
structure, π-π interactions are often found in materials such as graphene 
and metal–organic frameworks. Lu et al. analyzed the adsorption 
behavior of Fe3O4@MXene@MOF-74 for triazole fungicides by FT-IR 
and XPS. The FT-IR analysis showed that the aromatic C–C and C–H 
characteristic peaks almost disappeared after adsorption, and XPS 
analysis showed that the C = O and C = C bonds of Fe3O4@MXene@
MOF-74 and the intensity of the triazole fungicides’ aromatic rings was 
decreased, and these characterization results indicated proved the 

existence and action of π-π interactions (Lu et al., 2022). In addition, Lu 
et al. reached the same conclusion by XPS analysis in a study using 
Fe3O4@ZnAl-LDH@MIL-53(Al) for the adsorption of azole fungicides 
(Lu et al., 2021a). It is noteworthy that the AGu@mGO(R) nano
adsorbent has a wide adaptability to pH changes (3–11) when applied 
for the adsorption of chlorpyrifos due to the strong π-π interactions 
formed between chlorpyrifos molecules in the rich aromatic ring struc
ture domain on the adsorbent surface (Mahdavi et al., 2021). Although 
π-π interactions are not the dominant adsorption mechanism in some 
adsorption processes, they are more common for some adsorbents and 
pesticides that possess electron-donating and electron-withdrawing 
functional groups. 

4.5. Hydrophobic interactions 

The hydrophobicity of a substance is closely related to its solubility 
in water and octanol–water partition coefficient (Kow), while most 
pesticides have lower solubility in water and larger Kow values, hence 
their high hydrophobicity (Xu et al., 2020). Hydrophobic interactions 
are also an important mechanism for the adsorption process between 
adsorbents and liposoluble pesticides if the adsorbents are also strongly 
hydrophobic. Erol et al. modified the strongly hydrophobic ligand 
octadecyltrimethoxysilane (OTMS) onto magnetic diatomaceous earth 
(m-DE) to obtain the strongly hydrophobic adsorbent m-DE-OTMS, 
which formed a strong hydrophobic interaction with the equally 
strongly hydrophobic pesticide DDT in an water environment and ach
ieved efficient adsorption (Erol et al., 2019). This work provides a 
reference for the targeted design of functional adsorbents. In addition, 
some MOFs also show hydrophobic properties, so some adsorbents with 
MOF structures will also have hydrophobic interactions with pesticides. 
For example, Liu et al. prepared a magnetic copper-based metal organic 
framework (M− MOF− 199), which had a better adsorption effect due to 
the hydrophobicity of both MOF-199 and triazole pesticides (Liu et al., 
2018a). Due to the specificity of the formation conditions of hydro
phobic interactions, they are currently not very common in adsorption 
mechanisms. Nevertheless, the current trend suggests that a large 
number of hydrophobic materials, such as MOFs, are increasingly used 
to construct adsorbents (Zhang & Snurr, 2017), and hydrophobic in
teractions will increasingly appear in adsorption systems to explain the 
adsorption mechanism. 

Based on the above discussion, it can be concluded that the 
adsorption of pesticides is a complex and interesting process that in
volves numerous different adsorption mechanisms. In actual adsorption 
processes, it is not possible to explain it by just one single mechanism; 
alternatively, a combination of a series of mechanisms is a more 
appropriate explanation of the observed results. 

5. Future directions 

Currently, the Fe3O4-based adsorbents constructed by a single 
modifier are limited by single performance and can no longer meet the 
high requirements of practical applications. Considering the two 
development directions of pesticide adsorption specificity and univer
sality, composite multilayer modifications have become a research 
trend, and various modifiers with different properties can be combined 
in various ways to purposefully construct multifunctional high- 
performance magnetic adsorbents. Otherwise a more environmentally 
friendly approach can be used for the construction of sustainable Fe3O4- 
based adsorbents, and toxicity assessments, including the potential 
impact of the adsorbent on ecosystems (especially aquatic environ
ments) and human health, need to be completed to ensure their safety 
for practical application in water environments.  

• Most of the current studies on adsorption have been carried out on a 
small scale in the laboratory, and although adsorbent performance 
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on pesticides has been demonstrated, further industrial studies 
investigating their performance in real complex effluents are lacking.  

• The dispersion stability of the vast majority of adsorbents in the 
water environment was not considered, especially the addition of 
Fe3O4. The magnetic properties brought about can also lead to 
agglomeration of the adsorbent in water, which affects the adsorp
tion performance, and modifiers that can improve the dispersibility 
are preferred.  

• Some of the modifiers for constructing Fe3O4-based adsorbents have 
excellent physicochemical properties, but they have some irresistible 
limitations, such as the time-consuming process of SiO2 preparation, 
complicated synthesis of MOFs and high cost. More facile prepara
tion approaches and inexpensive materials must be explored in the 
future.  

• To date, a large number of studies have shown that the adsorption 
performance can be affected by many external factors, and almost all 
adsorption studies involve the optimization of adsorption parame
ters. In practical applications, it is also necessary to consider the 
influence of various factors to maximize the adsorption effect as 
much as possible. The development of adsorbents with a wide range 
of applicability and less susceptible to external factors has always 
been desired since large-scale adjustment of the reaction system is 
unrealistic.  

• In addition, to avoid secondary contamination, the next stage after 
the adsorption of pesticides by Fe3O4-based adsorbents, that is, the 
possibility of recovery and reuse of the adsorbed substances, is still a 
completely unexplored research area, which has far-reaching im
plications for the full utilization of resources. 

6. Conclusion 

This review attempts to cover the Fe3O4-based adsorbents used for 
pesticide adsorption in water environments in the last decade. Sum
marizing the work of previous scholars, it was found that most Fe3O4- 
based adsorbents could achieve more than 90 % adsorption efficiency 
for pesticides in water. In general, it is still focused on improving the 
adsorbent performance (namely, increasing the adsorption capacity). 
The adsorption of pesticides in water environment is a complex and 
interesting process, which is affected by many factors and accompanied 
by a complex mechanism. We believe that using Fe3O4-based adsorbents 
to remove pesticides in water is an important and effective approach to 
reducing environmental pollution. 
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