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This report is focused on the wastewater cleaning using a type of magnetic 

nanoparticles that was rather recently considered for applications in life sciences. It 

is gallic acid/magnetite that we prepared and characterized for the study of 

methylene blue removing from dye loaded waters. The magnetic nanoparticles were 

let to interact with pollutant molecules under UVC exposure. Optimization of 

polluting molecule/magnetic nanoparticle ratio was carried out by electronic 

absorption spectrum and resulted in total degrading of 0.1 M methylene blue in 

120 minutes of UVC exposure in the presence of 4 gL
-1

 magnetic nanoparticles. 

Keywords: Gallic Acid/Magnetite, Transmission Electron Microscopy, X-Ray 
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1. Introduction 

The applications of magnetic nanoparticles (MNPs) in life sciences were 

first dedicated to experimental biomedicine [1-5], but next the scientists’ attention 

was attired by environmental issues. On a side there is the interest for MNP 

toxicity [6-7] while, on the other side, some benefits of MNPs were taken into 

consideration, related to their interaction with environment risk factors, mainly 

wastewater [8-9]. Some studies reported the usability of MNPs in removal 

pollutants like: phenolic compounds [10-11] dyes like methylene blue [12-14], or 

methyl orange [15-17].  During last years the developing of gallic acid/iron oxide 

magnetic nanoparticles could be underlined, in the first place for drug delivery 

[18] and then for removal of specific toxic components from industrial waters 

[19]; cleaning of pharmaceutical wastewater loaded with anti-inflammatory drugs 

was discussed in [19] and microorganism inactivation was presented in [20].  

We also studied iron oxide magnetic nanoparticles from the view point of 

their properties when stabilized in the form of stable aqueous suspension [21-23] 

and aiming some applications in physics [24] and life sciences [25]. 
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2. Experimental  

2.1. Nanosized magnetic powder synthesis
 

 

Massart’s basic procedure [26] was applied starting with synthesis of the 

ferrophase by mixing together the precursor reagents, ferrous chloride tetrahydrate 

FeCl24H2O) and ferric chloride hexahydrate (FeCl36H2O) under normal 

atmospheric conditions, in the presence of a strong alkaline precipitation agent 

(1.7M NaOH). The chemicals used in the study were high-purity analytical 

reagents purchased from Merck (Sigma-Aldrich) and used without additional 

purification; the deionized water (18.2 MΩ/cm) used throughout the whole 

experiment was obtained using Barnstead EasyPureII water purification system.  

2.2. Gallic acid supply for nanosized powder capping 

Magnetic nanoparticles (MNP) were coated with gallic acid (GA) by 

continuous mechanical stirring at high temperature, in concentration of 0.6 mM 

GA/g magnetite, adapted after [27], and repeatedly washed with ultrapure water, 

in order to remove impurities and excess coating molecules. These way 

Fe3O4@GA nanoparticles were prepared. 

2.3. Physical properties characterization 

TEM (Transmission Electron Microscopy) investigation was done using 

Hitachi High-Tech HT7700 device working at 120 kV with 1 nm resolution.  

X-ray diffractometry was applied for crystalinity study using Shimadzu 

6000 X-ray diffractometer device with Cu-Kα radiation at λ = 1.5406 Å on the 

range of 2 from 20 to 80 degrees. 

 Magnetic properties were evidenced at room temperature by means of 

magnetization measurements using Vibrating Sample Magnetometer System 

(MicroMag model 2900/3900) device on freshly prepared Fe3O4@GA suspension. 

 The hydrodynamic diameter distribution and Zeta potential of ferrophase 

aqueous suspension were estimated by Dynamic Light Scattering (DLS) with 

Zetasizer Ultra device (Malvern Instruments), after the magnetic materials were 

dried under vacuum at 90 C for 6 h, and resuspended in ultrapure water as diluted 

concentration samples.  

2.4. Methylene blue spectral characterization 

Quantum-mechanical modeling of methylene blue (MB) electronic 

absorption spectrum (EAS) was carried out with commercially available software 
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HyperChem. Spectral properties of MB aqueous solution were studied by means 

of Shimadzu 1700 UV–Vis spectrophotometer (using 1 cm quartz cuvette) that 

allowed spectral monitoring of the environmental application. 

2.5. Wastewater samples  

The MB aqueous solutions were prepared by adding an appropriate 

amount of methylene blue (C16H18CIN3S,) in ultrapure water in order to reach the 

studied concentration (1 μM and 1.5 μM).  

Fe3O4@GA nanoparticle suspensions were dried under vacuum at 90 C 

for 6 hours; two Fe3O4@GA concentrations, 2.0 and respectively 4.0 gL
-1

 were 

tested. The experiments were performed at room temperature under mechanical 

stirring (1200 rpm). The UV exposure was carried out using UVC lamps (UV 

Flow Activa HF 120) with 30 Wm
-2 

intensity. In all experiments a total reaction 

volume of 10 mL was irradiated, the sample vessel being placed at 20 cm under 

the radiation source with exposed surface of 12.57 cm
2
.  

The light absorbance curve was recorded at different times (T=0; 30; 60 

and 120 min) during irradiation; before absorbance recording the nanoparticles 

used in the study were withdrawn from their action medium by magnetic 

decantation. Since absorbent molecule concentration is directly proportional to 

sample light extinction – in accord with to Beer-Lambert law, degrading rate 

could be assessed with the relation: MB degradation (%)=(Af−A0)/Af ×100%, 

where A0 corresponds to the light extinction of MB initial concentration and Af  to 

the concentration of MB after degrading. 

3. Results and discussion 

3.1. Microstructural and magnetic properties 

TEM images (Fig. 1) of Fe3O4@GA nanoparticles showed rather regular 

geometric structures, mostly quasi-spherical, with average nanoparticle diameter 

(ImageJ software), DTEM, of about 9.5 nm (Table 1). XRD recording (Fig. 2a) 

evidenced the crystalline nature of synthesized MNPs; inverse spinel structure 

with all characteristic magnetite peaks according to ASTM Card 11-614 [28] were 

recorded with no additional peaks and no amorphous fraction. Measured positions 

of diffraction peaks were close to literature standard values (ASTM Card 11-614) 

of magnetite powder: (220), (311), (400), (422), (511), (440) and (533) in the 2θ 

range of 20–80 degrees. The crystallite size was calculated from the strongest 

peak (311), using Scherrer's formula [29]. 

VSM recording (Fig. 2b) reveals the superparamagnetic properties of 

Fe3O4@GA nanoparticle aqueous suspension with saturation magnetization of 

14.5 emu/cm
3
, presenting very thin hysteresis loop (coercitive field in Table 1). 
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Fig. 1. Transmission Electron Microscopy images for Fe3O4@GA nanoparticles 

 

The MNPs largest magnetic diameter (DM - Table 1) was calculated from 

Langevin’s theory: 

 

    (1) 

 

where kB is Boltzmann’s constant, T is the absolute temperature, Ms is saturation 

magnetization of MNP-coated powder, μ0 is vacuum magnetic permeability, 

ms=0.48x10
6
 A/m (bulk magnetite saturation magnetization, [28]) and (dM/dH) is 

the slope in the graph origin (for H-magnetic field intensity-near zero).  

 

  
Fig. 2. (a) XRD recording; (b) magnetization curves recorded for Fe3O4@GA  

 

Table 1 summarizes the microstructural and magnetic properties of the 

analyzed nanoparticles, namely Fe3O4@GA.  

As shown in Fig. 3a, DLS investigation provided the size distribution 

profile, with mean hydrodynamic diameter DH of 660.9 nm. Zeta potential, 
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resulted from surface charge double layer effect, can greatly influence particle 

stability in suspension through the electrostatic repulsion between particles. 

 
Table 1.  

The microstructural and magnetic parameters of gallic acid coated magnetite nanoparticles 

used in the study 

Fe3O4@GA 

DTEM  

(nm) 

D311  

(nm) 

DM 

(nm) 

Hci 

(Oe) 

Ms 

(emu/cm
3
) 

DH  

(nm) 

V  

(mV) 

9.5 8.0 8.87 158.5 14.5 660.9 -23.93 

 
As shown in Fig. 3b, the Fe3O4@GA nanoparticles had a Zeta potential V, 

of -23.93 mV. 

 

  
Fig. 3. (a) The size distribution; (b) Zeta potential of Fe3O4@GA nanoparticles  

 

According to [30] physical stability of nanosuspensions stabilized by 

electrostatic repulsion theoretically requires Zeta potential threshold of ±30 mV; 

so the studied Fe3O4@GA aqueous sample is close to theoretical threshold, thus 

additional stirring was carried out during UVC exposure to ensure suspension 

homogeneity. 

 3.2. Methylene blue molecule study 

Optimized MB structure was released with some general and specific 

parameters (electric dipole, partition coefficient, boundary molecular orbital 

energies) using mathematical modeling method with PM3 (Parametric Method 3, 

based on parametrization by optimization of one-center electron repulsion 

integrals) (Table 2). The modeled electronic absorption spectrum (EAS) as 

transitions between HOMO (Highest Occupied Molecular Orbital) and LUMO 
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(Lowest Unoccupied Molecular Orbital) levels, in Fig. 4a is represented while the 

experimentally recorded spectrum for MB in water in Fig. 4b can be seen. Log P 

parameter positive value reflect limited solubility of MB in water compared to 

hydrocarbons. 

 

  
Fig. 4. (a)  Modeled EAS of isolated MB        (b) Recorded EAS of MB in water solution 

  

The differences of EAS peak positions and relative intensities are 

explained mainly by the solvent effect, in this case the red shift (toward higher 

wavelength) and reversal of peak relative intensities. 
  Table 2 

Methylene blue parameters 

MB 

(C16H18ClN3S) 

Dipole 

moment 

(D) 

HOMO 

energy 

(eV) 

LUMO 

energy 

(eV) 

Refractivity 

(Å
3
) 

Polarizability 

(Å
3
) 

LogP 

0.78 -7.5222 -1.9571 94.11 38.61 4.1 

Spectral 

properties 

Isolated molecule EAS (nm) EAS of MB in water (nm) 

305 355 615 665 

 

The solute-solvent intermolecular interactions are expected to occur due to 

electric dipoles of water. Quantum mechanics estimations resulted in 1.85 D for 

water and respectively 0.78 D for MB - the two molecules coexisting within the 

solutions studied in this research. 

To monitor the concentration changes of methylene blue dye the 665 nm 

absorption maximum was selected. In Fig. 5 the UV exposure effect is presented 

for the tested time durations (30; 60; 120 min) with up to 46% diminution of EAS 

maximum intensity in the case of 1.0 µM concentration of MB. The increase to 

1.5 µM of MB concentration has resulted in the saturation of UV exposure effect 
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(with about 30% diminution of EAS intensity at 665 nm) from 30 min to 120 min 

exposure time (Fig. 5 b).  

 

  
Fig. 5. Photodegradation of MB for three UV exposure time durations of 30 min, 60 min, 120 min 

(1.0 μM MB concentration – left; 1.5 μM MB concentration - right) 

 

According to [31] in the presence of UV light, MB can absorb light energy, which 

could lead to the self-decomposition with formation of extremely energetic and 

active singlet and triplet species. Those can react with the available oxygen and 

form reactive oxidation species (ROS) like superoxide, peroxide and hydroxyl 

radicals.  

Due to their reactivity, ROS can degrade and mineralize the MB molecule, 

leading to the decrease of the MB concentration from the solution. Other authors 

[32] evidenced by EPR various paramagnetic MB species resulted from 

photolysis, including oxidized and reduced ones as well as dimmers and trimers – 

with absorption peak at about 615 nm, co-existing to initial monomers – with the 

main absorption peak at 665 nm. Since in Fig. 5 the relative intensity of 665 nm 

peak (relatively to 615 nm peak intensity) has decreased after UVC irradiation for 

120 min (from about 2.5 to less than 1.7), we might suppose that UV light effect 

is underlying this changing. 

3.3. MB photodegrading with Fe3O4@GA nanoparticles 

Two MNPs concentrations that were tested in the aqueous MB samples 

under UV exposure were of 2.0 and 4.0 gL
-1

. Compared to photodegradation 

under UV exposure only, the addition of either 2 gL
-1

or 4 gL
-1 

of Fe3O4@GA 

nanoparticles, has caused the intensification of MB degradation for both 

concentrations (1.0 μM and 1.5 μM MB).  
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Fig. 6 a. Degradation of 1.0 M MB with 2gL

-1
 and 4 gL

-1
 magnetic nanoparticles under UVC 

exposure 

 

 
Fig. 6b. Degradation of 1.5 M MB under UVC exposure with 2gL

-1
 and 4 gL

-1
 magnetic 

nanoparticles  

 

(i)The effect of magnetic nanoparticles supply on the methylene blue 

degradation is shown in Fig. 6a, for 4.0 gL
-1 

Fe3O4@GA nanoparticles, that has 

induced complete (100%) degradation of 1.0 μM MB after about 60 min UV 

exposure, while 65.5% MB degrading in 1.0 μM MB sample was obtained with 

2.0 gL
-1 

Fe3O4@GA nanoparticles for 120 min exposure to UV beam (standard 

deviation of about 3%); 

(ii) for higher MB concentration, of 1.5 μM, the magnetic nanoparticles 

effect was lowered: no more than 63.8% intensity diminution of 665 nm EAS 

band was recorded for 4.0 gL
-1 

Fe3O4@GA nanoparticles (for longest UV 

mailto:Fe3O4@GA
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exposure time, of 120 min) and respectively 58.6% for 2.0 gL
-1 

Fe3O4@GA 

nanoparticles. According to [33-35] the mechanism of interaction between 

magnetic nanoparticles and MB is mainly the adsorption of dye molecules at the 

surface of ferrophase grains.  

The results could be interpreted as corroborated effects of UV rays, that 

induce MB photolysis, and magnetic nanoparticles, that adsorb them at the surface 

modified with coating molecules. The dye molecule association in reversible 

dimmers/trimers also could influence the efficiency of MB degradation from 

loaded waters. New experiments could be developed based on similar 

experimental design to search for catalytic effect of metal ions released from the 

surface of gallic acid/magnetite nanoparticles in the presence as well as in the lack 

of UV induced photolysis. 

4. Conclusion 

Wastewater loading with methylene blue dye could be adjusted by treating 

them with energetic light beam based on photolytic effect, able to destabilize 

pollutant molecules; the supply with magnetic nanoparticles could further led to 

collecting of degraded pollutant species by adsorption at their surface up to 

completely cleaning.  

The above presented study showed that UVC exposure alone could 

degrade up to 30% or 46% for the MB concentrations tested in this experiment.  

When gallic acid/magnetite nanoparticles were additionally involved, then 

the degradation percentage increased remarkably reaching 100% for optimal 

combination of Fe3O4@GA nanoparticles and MB concentrations.  

Deeper insight in the mechanisms of dye pollutant decomposition under 

UV rays as well as by supplying magnetic nanoparticles is planned to be obtained 

from testing new variants of experimental conditions and reaction parameters to 

shape the possible application to large wastewater volumes. 
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