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ABSTRACT 

The presence of heavy metal ions in wastewater treated by incorrect forms can generate impacts for the 

environment and human health, since these contaminants stay accumulated for years, they are not 

biodegradable, and can be toxic or can cause damage to various organs of the human body (such as lungs, 

kidneys and even the brain) when consumed. Additionally, currently used technologies for the removal of 

heavy metal ions are difficult to implement and involve high costs. Therefore, there is a need to develop 

new processes that are more economically viable, simple, sustainable and easy to use. 12th grade 

Chemistry students, working in partnership with the Faculty of Science of the University of Porto, used 

the Project-based learning (PBL) methodology to develop a project for the removal of heavy metal ions 

from contaminated waters, through magnetic separation. The project consists in synthesizing and 

characterizing nanoparticles composed by Iron oxides (magnetite) surrounded by porous silica in a core-

shell configuration Fe3O4@SiO2. By doing so, it`s possible to combine the high adsorption ability of 

porous silica with the magnetic separation from the magnetite nanoparticles. The system allows, after 

treatment, the efficient and simple removal of the adsorbent from a large volume of water by applying an 

external magnetic field. 
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1. INTRODUCTION 

Figure 1: Heavy metals in the periodic table 

 

Source: The authors 

Heavy metals are defined as a group of elements located between copper and lead in the 

periodic table that have a higher density value than 4.0 grams per cubic centimeter. 

Most of the heavy metals do not have a recommended daily intake, this means that they are 

not essential for our body. 

Those with a recommended daily intake are essential in small amounts. Some of these, it is 

still unknown with certainty its function in our organism. Others, the daily intake depends on the 

person's age and / or gender. This is because the body composition of women and men is different 

and the age is important to have an estimate of that person's weight [1].  
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Table 1 and 2: Recommended daily intakes of heavy metals 

 

Source: The authors 

*  - The intake is not correctly defined 

** - depends on the person’s age 

The presence of heavy metals in wastewater is a problem in the treatment of effluents, as 

these contaminants, unlike organic pollutants, are not biodegradable, therefore they accumulate 

in the environment for years and affect public health and the ecosystem. [2] 

One of the most common heavy metals in waters that are not treated properly is copper, 

which is essential for living beings in small doses (daily dose of 2-3 mg - reference value used by 

the FDA (Food and Drug Administration)) [1, 3, 4, 5]. However, at higher concentrations, it can 

cause poisoning, liver damage, vomiting, abdominal pain, dysentery and nausea (children are 

more susceptible to side effects) [6]. According to CETESB (Environmental Company of the 

State of São Paulo), this metal is even more harmful to fish, since a concentration of 0.5 mg / L 

is lethal for catfish, red fish, trout and carp. [7, 8] 

Among the methods used to remove heavy metals in industrial effluents, the main ones are 

separation by filtration membrane (macromolecules fix metal ions, increasing the size of these 

macromolecules and, therefore, they are retained in the filter and the water is purified), 

biosorption (the heavy metal is contained in a biomass or biomolecule and separated from the 

aqueous solution) and chemical precipitation (the metals precipitate according to the conditions 

of the environment, such as pH) [6]. However, these methods, in addition to not being simple and 

taking a long time, are neither sustainable nor economically viable. Another method for removing 

heavy metals from effluents is adsorption, which is a simpler method and has a more flexible 

operation compared to other methods. [8, 9] Adsorption can be defined as a process in which a 

material (adsorbate) travels from a gas or liquid phase and forms a superficial monomolecular 

layer on a solid or liquid condensed phase (substrate). This can occur because of physical forces 

or by chemical bonds. [9, 10]. However, many of the known adsorbents have limited adsorption 

capacity, are difficult to regenerate (a term used to refer to the Desorption process) and separate 

these materials from contaminated water and the costs involved are high. Therefore, the main 

challenge that researchers face in this area is the development of new adsorbents that have high 

adsorption capacity, rapid separation of a large volume of the treated solution and regeneration 

capacity and low production cost. [2, 8] 

Nanotechnology is the study and manipulation of materials on the nanoscale, in a range 

from 1 to 100 nm (figure 1). 
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Figure 2: Representation of the nanoscale

 

Source: The authors 

Currently, the synthesis of materials on a nanometric scale has been developed due to the 

interest in different technological applications and in biomedicine. This progressive interest 

observed in nanotechnology can be explained by the relationship between the dimensions of 

nanomaterials and the properties presented by them, which can be adjusted by controlling the size 

and morphology of the nanoparticles. For these reasons, these materials have a high potential for 

different applications, such as catalytic processes, magnetic fluids, magnetic inks, environmental 

decontamination, etc. [8, 11] 

 

1.1 Objective 

Nano4Green is a project that aims to remove heavy metal ions from contaminated water in 

an efficient and economically viable way, through magnetic separation. For this, magnetic 

nanoparticles composed of iron oxides surrounded by mesoporous silica will be used in a core-

crown structure Fe3O4@SiO2. Therefore, it is intended to combine the high adsorption capacity 

of porous silica with the magnetic separation of the magnetite nanoparticles. [9] This system 

allows, after the treatment, the efficient and simple removal of the adsorbent from a high volume 

of water through the application of an external magnetic field. 

Magnetite nanoparticles can be obtained from iron sources, a low-cost material, and it is 

possible to reuse them in consecutive water treatment cycles. These characteristics combined with 

excellent adsorption and strong magnetism make Fe3O4@SiO2 nanoparticles a promising material 

to be used in water remediation. In addition, the proposed method for the synthesis of the 

adsorbents follows the principles of Green Chemistry, avoiding the use of highly toxic solvents. 

[9, 12, 13] 

In this perspective, it is intended with this project to create a solution that incorporates these 

requirements, according to the following objectives: 

1. Reduce chemical pollution. 

2. Reduce the number of cases of heavy metal ion poisoning. 

3. Use of an inexpensive and effective process. 

 

2. MATERIALS AND METHODS 

The work was accomplished in a laboratory at the Faculty of Sciences of the University of 

Porto (FCUP) 

2.1  Preparation of magnetic nanoparticles of magnetite 

We started by preparing 25,00 mL of an aqueous solution of hydrochloric acid (HCl) ( 

[HCL] = 0,5 mol / dm3 ) and 100,00 mL of an aqueous solution of sodium hydroxide (NaOH) ( 

[NaOH] = 1,5 mol / dm3).  

After preparing the solutions, we weigh 2,1624g of iron chloride(III) hexahydrate 

(FeCl3.6H2O) and 1,1120g of iron sulfate (II) heptahydrate (FeSO4.7H2O) and solubilize each 

one in 5,00 mL of the aqueous solution previously prepared HCl. 
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We mixed the iron salt solutions and added to the aqueous solution of NaOH under 

vigorous stirring at room temperature for 30 minutes. 

After 30 minutes, we pour the resulting solution into 3 Falcon tubes, we magnetically 

separated the resulting black precipitate and wash twice with 50,00 mL of deionized water. 

Finally, we dispersed the precipitate in a stabilizing medium (tetramethylammonium 

hydroxide solution). 
  

2.2 Characterization of iron particles (Fe₃O₄) 

We place 1,00 mL of the precipitate that we disperse in a stabilizing medium in 3 

eppendorfs. Then, we placed the eppendorfs in a centrifuge and removed the solution that 

surrounded the particles. 

Afterwards, we wash the particles twice with ultra-pure water, with the help of the 

ultrasound machine.  

We placed 2 eppendorfs to dry in the desiccator for characterization by infrared 

spectroscopy and disperse the content of an eppendorf in ultra-pure water to analysis of particle 

size and surface charge, with the help of a Capillary zeta cell and a Zetasizer. 

We added KBr (potassium bromide) to the solution we had left in the desiccator, which 

was in a solid state, and mixed it in a mortar with the pestle until homogeneous. Then, with the 

help of the press, we prepared a pellet that afterwards we use to characterize by infrared 

spectroscopy. 
      

2.3 Preparation of Fe₃O₄@SiO₂ particles 

We start by placing about 20,00mL of the particles (precipitate that we disperse in a 

stabilizing medium) in a Falcon tube.  

We wash with 20,00mL of ethanol, and separate, with the help of a magnet, the particles 

from the solution, which we then remove with a pipette and then, we transferred the particles with 

80,00mL of ethanol (it was divided into 4 of 20,00mL) for a 3-tube flask. 

We add 6,00mL of 25% ammonia and, with the help of a micropipette, Tetraethoxysilane 

and leave the solution under vigorous stirring for 2 hours. 

Then we transferred about 20,00mL of the solution to Falcon tubes and, with the help of a 

magnet, we separate the particles from the solution, which we then remove with a pipette and put 

it in a bottle (Decantation). We put the Falcon tube with the particles in the desiccator. 

 

Figure 3 

 

Source: The authors 

2.4 Involve the particles in silica (2x) 

We started by weighing the nanoparticles that were in the Falcon tube and then we put 

ethanol in the tube. After stirring, we transfer the particles with ethanol to the 3 tubers flask that 

we later placed on the ultrasound for 15 minutes. 

Later, with the help of a micropipette, we add Tetraethoxysilane to the flask and the 

solution is left under vigorous stirring 
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Then, we transfer about 20,00mL of the solution to Falcon tubes and, with the help of a 

magnet, separate the particles from the solution, which we then remove with a pipette and place 

in a bottle. Finally, we place the Falcon tube in the desiccator. 

 

2.5 Characterization of Core-shell nanoparticles with different thicknesses 

 We added KBr (potassium bromide) to the dried powder and mixed it in a mortar with 

the pestle until homogeneous. 

Then, with the help of the press, we prepared a pellet that we use to characterize by infrared 

spectroscopy. 

We repeated the same process for the solution that was in the tube of Falcon (2x). 

Then we put the solution (which we separate from the particles and removed when 

preparing Fe₃O₄@SiO₂ particles), with the help of a syringe, in a cell (previously rinsed with ultra-

pure water) and put it on the Zetasizer, which allowed us to measure the zeta potential and particle 

size by dynamic light scattering. 

We repeat the same process for the solution that we separate from the particles (2x). 

 

 

 

2.6 Observation of particles in the Scanning Electron Microscope (SEM) 

We remove a little bit from each particle sample (without, 1x and 2x of silica), that were in 

an eppendorf and in Falcon tubes, and we put each in an eppendorf with ethanol, which was 

agitated on ultrasound. 

We clean and prepare the Aluminum supports, which will be used in the Scanning Electron 

Microscope (SEM). To prepare them we put a coal tape on each silicon wafer, where we put 1 

drop of each solution. 

Finally, we observed the particles in the Scanning Electron Microscope. 

 

 

 

 

2.7 Preparation of a copper solution 
 

We started by preparing 100,00mL of a 1ppm Cu2 + solution. Then, we divided the solution 

into 3 beakers, each with 20,00mL of the prepared solution. 

We changed the pH of the solution in each beaker to 4, 7 and 10, with the help of a pH 

meter and HCl and NaOH solutions (both with concentration of 0,1 mol / dm3) 

In 6 bottles, we put 3 with about 20mg of particles Fe₃O₄@SiO₂ (1x) and the other 3 with 

particles Fe₃O₄@SiO₂ (2x), then we put 10,00mL of the solutions with previously adjusted pH. 

We put the particles in agitation for 2 hours and then we place them in a centrifuge to 

separate them from the solution surrounding them. 

 

2.8 Atomic absorption spectroscopy with flame 

We observed the behavior of the particles in the copper solution, with the help of flame 

atomic absorption spectroscopy 

2.9 Preparation of a copper solution, with pH = 7 

We started by preparing 100,00mL of a Cu2+ solution (1 ppm). Through a pH meter and 

HCl and NaOH solutions (both with a concentration of 0,1 mol / dm3), we changed its pH to 7. 
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In 2 bottles we put 19,5mg of Fe₃O₄@SiO₂ particles (2x). With the help of a volumetric 

pipette and a pompet, we put 10,00mL of the copper solution with the pH previously changed in 

the bottles. 

Finally, we placed them in a centrifuge and then, with the help of a magnet, we separate 

the particles from the solution, which we then remove with a pipette and put it in a Falcon tube 
  

 

3. RESULTS AND DISCUSSIONS 

  

3.1 Zetasizer 

 

 

Sourc 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6: Zetasizer results (Fe3O4 @ SiO2 - 2x)

 

Source: The authors 

The table 1 shows the size of the particles, as well as the polydispersity index (PdI) and 

Zeta Potential. 

 

 

 

 

Figure 4: Zetasizer results (Fe3O4) 

 

 

 

 

 

 

 

 

Source: The authors 

 

Figure 5: Zetasizer results (Fe3O4@ SiO2 - 1x) 

 

 

 

 

 

 

 

 

Source: The authors 
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Table 3: Comparison of Zetasizer results (Fe3O4 @ SiO2 - 1x and 2x)  

 Particle size (d.nm) PdI Zeta potencial (mV) 

1x 71.53 0.515 211.2 

2x 202.9 0.267 275.9 

   

Source: The authors 

d.nm – diameter value in nanometers 

PdI – polydispersity index 

Zeta Potential - potential difference between the phase limits between solids and liquids. It is a measure of the 

electrical charge of particles that are suspended in liquid. 

 

The size of the particles involved twice with  silica, it’s almost twice the size of the 

particles involved once with silica, as expected, since the particles were involved twice with 

silica, providing particles with diameters larger than those coated only one. 

The PdI is the polydispersity index, varies from 0 to 1, and indicates the homogeneity of 

the particle diameter- the smaller the value, the more uniform is the particle diameter. 

For our nanoparticles that were involved once with silica, the PdI is relatively large, 

therefore, there are particles with different diameters. But the PdI of the nanoparticles involved 

twice with silica is lower, so the nanoparticles have similar diameters. 

Zeta potential is a useful indicator that can be used to predict and control the stability of 

solutions. The higher the zeta potential, the more likely the suspension is stable. 

 

3.2 Infrared Spectroscopy 

Infrared spectroscopy is a type of absorption spectroscopy, in which the absorbed energy 

is in the infrared region of the electromagnetic spectrum. 

 

Graph 1: Results of Infrared Spectroscopy

 

Source: The authors 

As can be seen in Graph 1, the Fe₃O₄ particles have a lower transmittance unlike those 

that are involved with silica. 
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Therefore, we can conclude that the particles involved with silica have a larger thickness 

compared to the Fe₃O₄ particles, which was expected. 

 

3.3 Scanning Electron Microscope (SEM) 

The Scanning Electron Microscope, SEM, is an electron microscope capable of producing 

high-resolution images of the surface of a sample, which allows us to check its morphology. 

SEM microscopes are usually coupled with Energy-Dispersive X-ray spectrometers that allow 

to evaluate the chemical composition of samples. 
When observing the particles with X-ray electroscope, we noticed that they had the 

following constituents: 

● Particle Fe₃O₄: Fe; O; 

● Particle Fe₃O₄@SiO₂(1x): Fe; O; Si; C; Na; 

● Particle Fe₃O₄@SiO₂(2x): Fe; O; Si; C; Na; 

Figure 7: Result of Scanning Electron Microscope (SEM) 

 

Source: Authors  

It was also possible to observe them. (figure 8 and 9). 

Figure 8: Result of SEM -Fe₃O₄@SiO₂(1x) 

 

Source: Authors 
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Figure 9: Result of SEM -Fe₃O₄@SiO₂(2x) 

 

 

Source: Authors 

 

 

3.4  Atomic absorption spectroscopy with flame  

         Graphic 2: Results                                             Graphic 3: Results 

 

Source: Authors 

 

The calibration line is necessary to establish the relationship between the measurement 

(absorbance) and the Cu concentration. It was performed by measuring the absorbance of 

standard copper solutions with a known concentration. 

In order to observe how the adsorptive capacity of the prepared materials behave in a 

copper solution, we use the atomic absorption spectroscopy with flame which, through the 

Absorbance Graphic (Standard) (Graphic 2), the amount of Cu that remained in solution was 

determined and through the difference with the initial concentration of the Cu solution, the 

removal percentage was calculated. 
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In order to observe how particles behave in a copper solution, we use the atomic 

absorption spectroscopy with flame which, through the Absorbance Graphic (Standard) 

(Graphic 2), allow us to calculate the percentage of removal of the Particles 

From the visualization of the percentage particle removal graphic, we notice that particles 

involved  only once with silica show a greater removal at pH 7 (neutral) with 86%, at pH 4 

(acid) an 81% removal and at pH 10 (alkaline) 83% removal. 

The particles involved twice with silica show the same percentage of removal for the 

acidic, neutral and alkaline solutions, 97%.  

Therefore, we can conclude from this procedure that the particles involved twice with 

silica (Fe₃O₄@SiO₂ (2x)) show a better removal than the particles involved only once 

(Fe₃O₄@SiO₂ (1x)) and that at neutral pH there is a better removal, which was expected because 

there is a greater amount of mesoporous material and therefore allows to accommodate a greater 

amount of Cu ions. 
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