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ABSTRACT 
A large amount of synthetic dyes is being produced worldwide and a significant amount of these dyes are consumed 
in various industries like textiles, leather, cosmetics, plastic, paper, printing, pharmaceutical, food industries and 
many more. The processed water streams containing dyes as major contaminants are discharged into water bodies 
leading to water pollution. Therefore, the exclusion of these dyes from the industrial streams is essential for the 
water remediation and the subsistence of aquatic life. Nanoparticles are being used for the degradation of dye 
effluents from polluted water. Though, the surface-functionalized magnetite nanoparticles have drawn the attention 
of the scientists. This review article covers the utility of the only surface-functionalized magnetite nanoparticles for 
the sorption of colored effluents from polluted water. 
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INTRODUCTION 
Water is the basic requirement for the subsistence of human beings and all other animals. However, the 
water is being contaminated day by day due to increasing population and industrialization. The pollution 
of water with chemical and biological pollutants has become a severe problem in modern times. The 
discharge of industrial wastewater containing dye contaminants to the water bodies also contributes to 
water pollution in a significant proportion. Some of the dyes are highly toxic and can enter into the bodies 
of human beings and other animals via the food chain1. Therefore, water detoxification becomes 
important to avoid the adverse effects of the pollutants. Some methods used for water detoxification are 
adsorption, ion exchange, filtration and reverse osmosis. Besides this, coagulation-flocculation, 
precipitation, evaporation, oxidation and biosorption method have also been adopted2. In this context, 
nanotechnology offers effective tools for the efficient removal of toxins and contaminants from the 
wastewater. These tools include nanoparticles, nanopowder and nanomembrane, which can be used for 
the removal of toxic chemical substances like dyes and metal ions.  However, due to commercial and 
ecological factors, evacuation of dyes from the water using surface-functionalized magnetite 
nanoparticles has gained more attention3. Numerous researchers have already studied the synthesis, 
benefits and detriments of surface-modified nanoparticles4. In this review article, the work published on 
the use of functionalized magnetite nanoparticles specifically for the separation of dyes from the 
wastewater has been summarized. 
 
Magnetite Nanoparticles (MNPs) 
Iron oxide nanoparticles (IONPs) are small particles of the iron oxides having nanoscale sizes i.e. from 
1nm to 100 nm. The most extensively studied IONPs include magnetite (Fe3O4) and maghemite (γ-Fe2O3) 
nanoparticles. Among these IONPs, magnetite nanoparticles are extensively studied due to their unique 
properties. In the present study, the use of surface-functionalized magnetite nanoparticles has been stated 
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for the degradation of dye contaminants from the wastewater due to their biocompatibility and magnetic 
character5. Moreover, magnetite nanoparticles show superparamagnetism; a state of zero magnetization 
without applying an external magnetic field.  
 
Methods for Preparation of Magnetite Nanoparticles (MNPs) 
Several methods for the synthesis of magnetic nanoparticles have been described in the literature. Co-
precipitation, micro-emulsion and hydrothermal methods are the most popular methods being adopted for 
the synthesis of MNPs. Out of these, the co-precipitation method is possibly the simplest and cost-
effective pathway to synthesize MNPs in good yield. The size and shape of the MNPs generally depend 
upon many factors including the types of iron salts used and the pH of the medium. In the co-precipitation 
method, ferrous and ferric salts (2:1 molar ratio) are dissolved in deionized water and heated in an 
oxygen-free environment6. Finally, the pH is raised to ~9-10 by the addition of NH4OH to give a black 
precipitate of MNPs. 
 

Fe2+  + 2Fe3+  + 8 OH-
Oxidation, Dehydration

    pH= 9.0, 80°C
Fe3O4  + 4H2O

 
 
Another common method used for the preparation of MNPs is microemulsion method such as 
cyclohexane was used as the oil phase while nonoxylnol-9 phosphate and polyoxyethylene isooctyl ether 
phosphate were treated as the surfactant for the preparation of superparamagnetic MNPs7. 
FeSO4/Fe(NO3)3 was used as the source of iron. This method has an extra advantage as MNPs don’t get 
agglomerated. However, in this method, the pH of the reaction mixture affects the morphology of 
nanoparticles under preparation. In hydrothermal method, MNPs are synthesized by hydrolysis and 
oxidation reaction followed by the neutralization of mixed metal hydroxides. Contrary to the methods 
discussed above, in hydrothermal method, only one salt of iron is used. The large-sized MNPs are 
obtained via this method8. Highly crystalline and large-sized MNPs can be synthesized by using 
hydrothermal method.  
 
Applications of Magnetite Nanoparticles 
Magnetite nanoparticles have unique physical, chemical, mechanical, thermal and magnetic properties. 
Owing to these properties, the MNPs offer great opportunities to scientists for their use in biomedical and 
environmental fields. In brief, cellular therapy, hyperthermia, targeted drug delivery are the major 
biomedical applications of magnetite nanoparticles. Besides this, these nanoparticles can be used as 
potential MRI contrast agents. As far as environmental applications are concerned, magnetite 
nanoparticles are used for the purification of wastewater by extracting dyes, heavy metal ions as well as 
other organic and inorganic contaminants. However, in this review article, the focus will be on new 
developments in the exclusion of the dye pollutants from the contaminated water using surface-modified 
MNPs. 
 
Surface Functionalized Magnetite Nanoparticles as Potential Nanoadsorbents 
A variety of traditional adsorbents are available for the degradation of dyes and other impurities from the 
contaminated water. However, surface tailored   MNPs are proven excellent adsorbent tools owing to 
their exceptional properties i.e. “high surface to volume ratio” and “magnetic character”. One of the major 
advantages of using surface-modified MNPs as nano adsorbents is their easy separation from the water by 
applying an external magnetic field. 
 
Surface Functionalization of Magnetite Nanoparticles for the Removal of Dyes from Water 
A lot of work has been already reported on the surface functionalization of MNPs using different kinds of 
coating materials having suitable functional groups [Scheme-1] to enhance the dye removal proficiency 
from the wastewater. The upcoming sections illustrate the use of various types of compounds for the 
surface functionalization of magnetite nanoparticles to increase their dye removal efficiency. 
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Scheme-1: Schematic Representation of Surface Functionalization of Magnetite Nanoparticles 

 
Surface Functionalization using Organic Molecules 
Coating of organic molecules on the surfaces of inorganic molecules results in the change of their 
surface/interface properties. So, their properties e.g. adhesion, sensing and catalysis are also affected. 
Organic molecules used for surface functionalization of MNPs can be divided into two categories i.e. 
polymeric organic molecules and non-polymeric organic molecules. 
 
1. Surface Functionalization with Polymeric Organic Molecules 
Due to biocompatibility and high adsorption capacity, polymers are considered a good choice for the 
surface functionalization of MNPs. For example, polyacrylic acid (PAA)9 and poly-glutamic acid (PGA)10 
modified MNPs have been reported as potential nano adsorbents for the sorption of the colored effluents 
from the aqueous solution. 3-aminotriethoxysilane and copolymer acrylic acid and crotonic acid (APTES-
AA@Co@CA) modified magnetite nanoparticles were synthesized and their efficiency to isolate cationic 
dyes from the aqueous solution was examined11. O-carboxymethyl chitosan-n-lauryl functionalized Fe3O4 

nanoparticles were utilized for the adsorption of “Remazol Red 198” dye from water12. It was observed 
that the adsorption process was facilitated to a significant extent with an increase in temperature. The 
temperature rise caused a swelling effect which favored the dispersion of dye molecules into the inner 
structure of surface-modified MNPs. Four cycles of adsorption and desorption were performed to evaluate 
the ability to reuse these surface coated nanoparticles. A noteworthy decrease in adsorption capacity was 
detected after each cycle. Polymer engineered MNPs for the degradation of dye “Alizarin Red S” from 
the aqueous solution of different concentrations13 was studied. Further, the adsorption capacity of [2-
(methacryloyloxyl) ethyl] trimethylammoinum chloride (polyMETAC) coated MNPs for dye removal 
was found in the range of 80-96%. Chitosan, a well-explored polymer, has been used for the surface 
functionalization of MNPs for the separation of dyes from the water. Chitosan, however, due to some 
properties like poor mechanical strength and low specific gravity showed limited adsorption capacity. 
Therefore, to improve its adsorption capacity, chitosan is being used in combination with MNPs. 
Chitosan-coated MNPs were synthesized which were utilized for the degradation of “Blue 19” dye from 
the waste water14. pH influences on the adsorption capacity were also investigated. It was perceived that 
the sorption of dye decreased at low pH. This effect was observed due to variation in solubility of 
chitosan shells at different pH.  Polypyrrole, a polymer having a multifunctional structure, has also been 
used for the surface modification of MNPs15. The percentage removal efficiency of Alizarin Yellow GG 
(AY) and Alizarin Red-S (AR) dyes was found to be 98% and 79%, respectively. Poly(styrene-co-
methacrylic acid) modified the surface of magnetic nanoparticles were synthesized for the separation of 
“crystal violet” and “Rhodamine B” dyes from the aqueous solution16. The desorption study was also 
explored which suggested the reusable characteristics of these magnetic nanoparticles. Polyethylene 
glycol (PEG) functionalized Fe3O4 in combination with Mg-Al-layered double hydroxides were prepared 
for their utility as adsorbent for the effective degradation of methyl orange dye17. Adsorption kinetics 
studies, along with thermodynamic studies were also investigated. Thermodynamic data indicated the 
endothermic and spontaneous nature of the process. Moreover, the effect of pH, temperature and dye 
concentration of methyl orange on adsorption efficiency was also examined. A recent development on the 
use of polymer-modified magnetic nanoparticles for the deduction of methylene blue from waste water18 
has been reported. Fe3O4@SiO2-MPS-g-AA-AMPS magnetic nanoparticles were prepared by attaching 
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acrylic acid (AA) and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) over the surface of vinyl-
functionalized-Fe3O4@SiO2 core. The study revealed that the adsorption capacity of these magnetic 
nanoparticles can be enhanced by increasing the concentration of grafting monomer. The overall study 
validated the fact that these modified magnetic nanoparticles possess great potential to adsorb the 
methylene blue (MB) dye from wastewater. It was observed that the adsorption capacity of these 
functionalized MNPs remained more than 60 % even after eight cycles of adsorption and regeneration. 
Recently, the use of carboxymethyl cellulose was reported for functionalization of magnetic nanoparticles 
with Fe3O4@SiO2 core-shell for the removal of cationic dye, methylene blue from waste water19. Bare 
magnetite nanoparticles synthesized using the co-precipitation method were silylated (Fe3O4@SiO2) 
followed by their treatment with 3-aminopropyltriethoxysilane (APTES) to form Fe3O4@SiO2-APTES. 
The surface of Fe3O4@SiO2-APTES was functionalized with biopolymer carboxymethyl cellulose 
through amide linkage (CMC functionalized Fe3O4@SiO2). In this paper, the effects of several factors 
influencing the dye removal efficiency of these CMC functionalized Fe3O4@SiO2 were investigated. The 
overall study suggested that these polymer-modified nanoparticles can be used as a potential tool for the 
adsorption of methylene blue dye. Lignin biopolymer obtained from green coconut fiber was used for 
surface functionalization of Fe3O4 to form lignin/Fe3O4 nanoparticles20. Thus, synthesized nanoparticles 
demonstrated adsorbent characteristics including low equilibrium time and high proficiency of adsorption 
for various textile dyes. Lignin-tailored iron oxide nanoparticles were consumed for the degradation of 
textile dyes including methylene blue, cibacron blue and remazol red. 
 
2. Surface Functionalization with Non-polymeric Organic Molecules 
Surface functionalization of MNPs with non-polymeric organic molecules for their utilization in dyes 
removal from the aqueous solution has been widely reported such as surface functionalization of 
magnetite NPs using organic acids i.e. oleic acid, lauric acid21 and organosulphate anionic surfactant, 
sodium dodecyl sulfate (SDS)  for the deduction of cationic dye “methyl violet” from the aqueous 
solution22. Effect of variation in pH, SDS concentration and ionic strength was also studied. Sodium 
dodecyl sulfate was also used to engineer the surface of MNPs to estimate the deduction of safranin O dye 
from an aqueous solution23. 

N

N

H2N

H3C CH3

NH2
Cl

Safranin O Dye  
Fig.-1 

Modification of Chitosan-coated MNPs has been reported to improve their adsorption capacity. 
Ethylenediamine modified chitosan-coated MNPs were used for the adsorption of acidic dyes from 
aqueous solutions.24  
Another, magnetic bio sorbent i.e. magnetic peach gum bead (MPGB) was synthesized by linking the 
magnetic nanoparticles with peach gum.25 These nanoparticles were simultaneously displayed admirable 
adsorption properties for cationic dyes. The overall study revealed that these nanoparticles can be used as 
an effective and environment-friendly adsorbent. Cetyltrimethylammonium bromide (CTAB), an organic 
bromide salt and a surfactant have also been used for the surface modification of MNPs.26 The influence 
of numerous parameters such as pH, surfactant amount, sorbent amount and ionic strength on the 
adsorption of dyes was also studied. A significant decrease in adsorption with the increase in the salt 
concentration (NaCl) was observed. The increased amount of salt may have lowered the electrostatic 
interactions between magnetic nanoparticles, analyte and CTAB molecules. A new nanocomposite, 
Fe3O4-TSPED-Tryptophan (FTT) was prepared27 for the adsorption of Congo-Red dye. Bare magnetite 
nanoparticles were prepared using the co-precipitation method. The black Fe3O4 nanoparticles were 
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treated with N-[3-(Trimethoxysilyl)propyl]-ethylenediamine (TSPED) to form Fe3O4-TSPED. These 
modified magnetite nanoparticles were treated with tryptophan to form Fe3O4-TSPED-Tryptophan. These 
functionalized nanocomposites were used as adsorbents for the degradation of Congo-Red dye. The 
adsorption efficiency was investigated by varying several parameters including pH, dye concentration etc. 
This work suggested that the reported functionalized nanocomposite may be employed as an efficient tool 
for water treatment.  
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Fig.-2 

 
Surface Functionalization using Inorganic Molecules  
Many researchers have reported the surface-modified nanoparticles having an inner core of iron oxides 
and an outer covering of inorganic materials e.g. metals like silica, gold and gadolinium. Such metal-
coated IONPs not only offer stability to the nanoparticles in the solution but also help them to bind with 
various biological ligands. This property has been utilized in the elimination of dyes from water. 
Hexadecyl functionalized magnetic silica nanoparticles were prepared (C16/SiO2-Fe3O4) for the removal 
of dye “Rhodamine 6G” under various experimental conditions.28 For adsorption experiments, the 
optimum pH was found to be 11.00. Adsorption isotherm studies were observed to be following the 
Langmuir isotherm model. The adsorption kinetics was found to be in good agreement with pseudo-
second-order kinetics. Ionic liquid (IL) was used for surface functionalization of magnetite nanoparticles 
having Fe3O4@SiO2 core to facilitate the adsorption of reactive yellow 15 dye from waste water.29 The 
Fe3O4@SiO2@IL nanoparticles were found to have a remarkable capacity to trap the reactive yellow 15 
dye from wastewater. Kinetic data suggested the pseudo-second-order reaction mechanism. 
 

Table-1: Various Coating Materials and Methods of Synthesis, used to Study the Sorption of Dye Effluents 
S. No. Coating Material Method of 

synthesis 
Dye adsorbed 

1.  Polyacrylic acid (PAA) Co-precipitation Methylene Blue 

2.  Poly-glutamic acid (PGA) Co-precipitation Methylene Blue 
3.  APTES-AA@Co@CA Co-precipitation Crystal Violet, Methylene Blue, 

Alkali Blue 6B 
4.  O-carboxymethylchitosan-n-lauryl Co-precipitation Remazol Red 198 
5.  PolyMETAC Co-precipitation Alizarin Red S 
6.  Chitosan Co-precipitation Blue 19 
7.  Polypyrrole Co-precipitation Alizarin Yellow GG & Alizarin Red-S 
8.  Poly(styrene-co-methacrylic acid) Co-precipitation Crystal Violet & Rhodamine B 
9.  PEG Hydrothermal Methyl Orange 
10.  Fe3O4@SiO2-MPS-g-AA-AMPS Solvothermal Methylene Blue 
11.  CMC Co-precipitation Methylene Blue 
12.  Lignin biopolymer Co-precipitation Methylene Blue, Cibacron Blue & 

Remazol Red. 
13.  Lauric acid Co-precipitation Methyl Violet 
14.  SDS Co-precipitation Methyl Violet & Safranin O 
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15.  Ethylenediamine modified chitosan-
coated MNPs 

Microemulsion Acid Orange 7 & Acid Orange 10 

16.  MPGB Co-precipitation Methylene Blue 
17.  CTAB Co-precipitation Nyloset Yellow E-RK 
18.  FTT Co-precipitation Congo-Red 
19.  Hexadecyl functionalized magnetic 

silica nanoparticles 
Solvothermal Rhodamine 6G 

20.  Ionic liquid Co-precipitation 
followed by 
solvothermal 

Reactive Yellow 15 

 

CONCLUSION 
Nanoadsorbents are being used as a potential tool for the degradation of colored pollutants from 
contaminated water. Among these nano adsorbents, surface-functionalized magnetite nanoparticles have 
become more popular due to their large surface area to volume ratio and ease of separation from water by 
their magnetic property. Surface functionalization of magnetite nanoparticles with polymeric, non-
polymeric, inorganic and protein molecules have been described for the efficient deduction of dyes from 
the aqueous solution. To recapitulate, surface fabricated magnetic iron oxide nanoparticles can be used as 
an eco-friendly and efficient tool for the sorption of dye components from the wastewater. 
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