
 CHEMICAL ENGINEERING TRANSACTIONS  
 

VOL. 60, 2017 

A publication of 

 
The Italian Association 

of Chemical Engineering 
Online at www.aidic.it/cet 

Guest Editors: Luca Di Palma, Elisabetta Petrucci, Marco Stoller 
Copyright © 2017, AIDIC Servizi S.r.l. 
ISBN 978-88-95608- 50-1; ISSN 2283-9216 

An Innovative Application of Super-Paramagnetic Iron Oxide 
Nanoparticles for Magnetic Separation 

George Banisa, Maria E. Koulia, Angelo Ferraroa,b, Antonio Molinoc, Despina 
Karatzad, Simeone Chianesed, Dino Musmarrad, Evangelos Hristoforoua* 
a School of Electrical and Computer Engineering, National Technical University of Athens, Zografou Campus, 9, Iroon 
Polytechniou str, 15780 Athens, Greece 
b Institute of Physics, Laboratory of Functional Programmable Materials of Quantum Electronics for Biomedicine, Kazan 
Federal University, 18 Kremlyovskaya Street, Kazan 420008, Russia 
c ENEA, Italian National Agency for New Technologies, Energy and Sustainable Economic Development, Research Centre of 
Portici. P. Enrico Fermi, 1, 80055 Portici (NA), Italy  
d Department of Civil and Building Engineering, Design and Environment, Università degli Studi della Campania “L. Vanvitelli”, 
Real Casa dell’Annunziata, Via Roma 9, 81031 Aversa (CE), Italy  
*hristoforou@ece.ntua.gr 

In the last decades, iron oxide nanoparticle application has taken root in several technological fields, such as 
magnetic separation of biomolecules, biosensors, bio-fuel production, nano-devices and nano-adsorption. 
Various approaches can be found for the magnetic nanoparticle manufacturing. Among them a new technology 
to manufacture core-cell super-paramagnetic iron oxide nanoparticles (SPIONs), based on a vapour 
composition using single ion precursors, like cyclodextrines, has been recently developed.  
In this paper, we present the synthesis of functionalized SPIONs as well as the modelling for an innovative 
application of this magnetic nanotechnology. It consists on the use of SPIONs to trap target organic or inorganic 
molecules in a continuous-flow apparatus. SPIONs with proper ligands are immobilized on a magnetic surface. 
On that surface, the solution containing target molecules is circulated. We modelled the magnetic properties of 
the magnetic surface and SPIONs as well as the velocity of liquid needed in order to avoid removal of 
nanoparticles by the solution flow. 

1. Introduction 
Nanostructured materials with size between 1 and 100 nm are classified as nanoparticles. Such kind of 
nanomaterials may hold exclusive electrical, chemical, structural, and magnetic properties which are suitable 
for biotechnological applications. Among them, nanoparticles possessing magnetic properties offer great 
advantages due to a characteristic, named superparamagnetism, that makes magnetic nanoparticles attractive 
for biomedical applications because the risk of forming agglomerates is very low in the absence of magnetic 
fields. Indeed, single magnetic domains manifest magnetization only in response to applied magnetic fields. In 
particular, superparamagnetic nanoparticles are suitable for imaging and drug delivery (Sun et al., 2008), gene 
therapy and gene delivery (Majidi et al., 2015); isolation and purification of DNA and RNA (Berensmeier, 2006); 
isolation and purification of proteins (Safarik et al., 2004), hyperthermia and magnetomechanical cell disruption 
for cancer therapies (Liu et al., 2012; Kim et al., 2010), cell immobilization for bioscience research (Tseng et al., 
2012); stem cell therapies for tissue regeneration (Cromer et al., 2011). Moreover, superparamagnetic 
nanoparticles can be used in several techniques for pollutant removal (Chiavola et al., 2016), such as 
adsorption, which is one of the main techniques for air emission and wastewater treatment (Karatza et al., 2013; 
Molino et al., 2013).  
The superparamagnetic iron oxide nanoparticles (SPIONs) synthesis is simple, inexpensive and depending on 
the protocol used sufficiently fast. Magnetic nanoparticles are synthesized from a variety of metallic atoms 



combined eventually with oxygen including iron oxides, such as Fe3O4 and γ-Fe2O3 (Adamaki et al., 2016; 
Metaxa et al., 2016), spinel-type ferromagnets such as MgFe2O4, MnFe2O4, and CoFe2O4, alloys such as CoPt3 
and FePt as well as pure metals such as Fe and Co. 
In this paper, we propose the use of SPIONs made of iron oxides as tools for bio-magnetic 
separation/purification of organic and inorganic molecules in a given liquid solution. The method proposed aims 
to tackle the drawbacks connected with scalability of the actual purification protocols (e.g. affinity 
chromatography) and other methods based on magnetic separation (e.g. no possibility to operate in continuous-
flow).   

2. Synthesis of magnetic nanoparticles by microwave assisted co-precipitation 
Referring to the synthesis of the particle magnetic core (paramagnetic in micro-scale: 0.1 to 1000 microns or 
superparamagnetic in nano-scale: 1 to 100 nanometers) which is the backbone of the process, we used the 
hybrid microwave assisted co-precipitation – thermal decomposition method. Microwaves are region of the 
electromagnetic waves with a wavelength between 0.1 and 100 cm, corresponding to frequencies between 0.3 
- 300 GHz. The operating principle of this method is based on the high power of microwave and the heating 
from the inside of the solution, which leads to oscillation of the bonds of the molecules. The bonds which vibrate 
are those of the solvent and those inherent in the solid bodies, the outcome is the heat of the entire solution. 
The nano- and micro-particles designed are strictly magnetic and their core might be either a metal, or a metal 
oxide with either ferromagnetic, paramagnetic or superparamagnetic (in case of nanoparticles of specific 
diameter). Such materials can be ferrous oxides, iron, nickel, gold and others. 
 
 2.1. Magnetic nanoparticles preparation 
40 ml of deionized water have been added in a beaker with 1gr of polyvinyl alcohol (PVA) powder and 7 ml of 
NH4OH (solution A). PVA was used as surfactant agent to create suitable chemical groups for subsequent 
nanoparticles functionalization. The solution A was stirred at 90oC for 10 minutes. In a second beaker, 40 ml of 
deionized water have been mixed with 2.36 gr FeCl3 and 0.86 FeCl2 gr (solution B). Solution A has been 
combined with solution A and the resulting mixture (C) was put in a microwave furnace. The solution C has been 
heated at the lowest power for 2.5 minute. After microwave treatment, a liquid mixture containing magnetic 
nanoparticles was obtained. The nanoparticles have been removed from the solution via magnetic decantation 
and then washed five times with deionized water and ethanol. Finally, magnetic nanoparticles have been dried 
for 12 hours at 70oC under vacuum atmosphere. A representative TEM image of magnetic nanoparticles is 
showed in figure 1. 
 

 
 

Figure. 1: TEM image of iron oxide magnetic nanoparticles 
 produced by microwave assisted co-precipitation 

3. Modelling of magnetic nanoparticles and magnetic surface 
Simulations in ANSYS were realized aiming to design, study and optimize the appropriate magnetic surface.  
An experimental setup was designed in order to verify the simulations. The setup is formed by an array of 
permanent magnets, a plastic surface, a peristaltic pump and silicon tube (Figure 2 and Figure 5). 
 



 
 

Figure. 2: Neodymium magnets array 
 
Figure 2 shows a 10x10 cm foil of soft steel that was used together with 42 small neodymium magnets to realize 
the magnetic surface. The magnetic field created by the magnetic array was simulated and is depicted in Figure 
3.  
 

 
Figure.3: Total magnetic flux density on plastic surface 

 
As can be seen from the simulation, the magnetic flux density on the surface has a minimum value of 1mT (blue 
areas) between the vertical columns formed by the neodymium array, whereas above each magnet the value 
of the magnetic flux density is around 80mT. This way, in a few millimetres, a high gradient magnetic field is 
created which causes SPIONs to preferably move towards higher magnetic field areas (yellow-red areas). 
Above each neodymium magnet, the shape of the created magnetic field has an intense spatial gradient in 3 
dimensions (Figure 4) which provides enough magnetic force to retain SPIONs against a water (or other liquid) 
stream. We then calculated the force applied by a magnetic field (magnetic field intensity H) on magnetic particle 
of radius α(m) and magnetic susceptibility χ by using the following equation:  
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The magnetic susceptibility of the SPIONs is χ~20 (Zhao et al., 2013). The magnetic force depends strongly on 
the size of the nanoparticles. Furthermore, it can be concluded that the magnetic force is being increased 
accordingly to the increase of the magnetic field gradient. The steeper is the gradient, the bigger is the force 
applied on a nanoparticle. 
 



 

 
Figure. 4: Magnetic flux density vectors. A) on x, y axis and B) on y, z axis 

 
 
Knowing the magnetic field at each point, a mean value of the magnetic field gradient can be calculated. On y 
axis where the grid of magnets is denser, the gradient is 15 T/m, on x axis 9,5 T/m and on z axis 3,3T/m. 
To establish the velocity of water or other fluids that can be circulated on the SPIONs immobilized on top of 
the magnetic surface we used the following Stoke's law: 
 

𝐹𝐹𝑑𝑑 = 6𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅                                                                     (2) 
 

where μ is the viscosity of the medium, R is the radius of the SPION and u is the velocity of the fluid. 
The condition that defines the effectiveness of the SPIONs' retaining is that the magnetic force must be bigger 
than the fluid force at least at one section of the x axis. That way, it is ensured that there is a "magnetic barrier" 
able to immobilize the SPIONs on the plastic surface and inhibit them from escaping with the fluid flow. 
The SPIONs under the influence of the magnetic field create clusters of a few μm and thus the force applied on 
them is much bigger than that applied on one nanoparticle since the magnetic force depends on the third power 
of the radius of the particle (α^3, equation 1). 
Assuming that the SPIONs aggregate in clusters of 100μm, the magnetic force on these clusters is being 
calculated from a minimum of 36 nN (blue areas) to 840 nN (yellow-red areas). The max velocity of the fluid for 
the two values corresponds to 0.019 m/s to 0.44 m/s. Above these values, the SPIONs' clusters are not able to 
be retained on the magnetic surface. 
The experimental procedure was realized to compare the results of the simulations. The setup was consisted 
of a plastic surface (ABS) (120x100x1mm), the array of 42 neodymium magnets (N52) (2x5mm) located 
underneath the plastic surface, a peristaltic pump, two tanks and a silicon tube (d=5mm). 
 



  
Fig. 5 Experimental setup A) the SPIONs are retained at the areas above the magnets B) after the magnets are removed, the 
flow gradually washes away the SPIONs C) after a few seconds the SPIONs are completely removed. 
 
The SPIONs were suspended in an ethanol-oleic acid mix in order to avert agglomeration and they were being 
circulated via the pump through the magnetic surface. From the first pass, the SPIONs were retained on the 
surface. After removing the magnetic array, the SPIONs started washing away with the flow. The same 
experiment was repeated several times at different velocities in order to assert the max velocity allowing the 
SPIONs to be retained on the surface and they were in accordance with the simulations. 

4. Discussion 
The use of magnetic nanoparticles for bio-separation/extraction of valuable compounds from natural crops or 
their by-products (Sarno et al., 2016; Manaenkov et al., 2016), as well as for adsorption of dangerous materials 
(Chiavola et al., 2016; Petralito et al., 2016; Zuorro et al. 2013), has been successfully demonstrated in recent 
years. However, yet the vast majority of magnetic separations are executed in a non-continuous fashion and 
still these techniques remain at lab-scale. Making magnetic separation a continuous-flow process and at the 
same time scaling it up requires well-defined knowledge of the magnetic forces as well as the gradient of the 
magnetic field on the magnetic particles and how the circulating fluid affects those properties.  
Concerning bio-separation, chromatography is the elective technique currently used world-wide, which is based 
on the use of two phases, one stationary and one mobile, packed on a column. This approach, however, 
presents high cost, difficulty in scaling-up and low throughput that, especially for biomedical purposes, poses 
many issues. For example, at industrial scale the purification of monoclonal antibodies via chromatographic 
approaches may require a column’s volume of about 2,000-litres and more than 50,000-litres of buffer solutions 
(Thömmes and Etzel, 2007). Furthermore, chromatographic columns can be used only at the final stage of 
purification since they cannot be loaded with raw mixtures because of the presence of minute suspended solids 
(Fields et al., 2015). Removal of hazardous elements from wastewater also struggles with issues associated to 
scalability, even though the most important problem is related to the continuous-flow operation. At the present 
the most popular method consists in the addition of functionalized magnetic particles (adsorbent) to the waste 
liquid in a closed container. Subsequently, magnetic particles that have trapped the hazardous material are 
recovered by means of potent magnets. While this method offers the possibility to treat relatively high amount 
of wastewater, it remains inefficient because the mixture needs to be stirred continuously and is quite time-
consuming.  
To solve issues connected with bio-separation and adsorption by means of magnetic particles, we have studied 
the possibility to immobilize magnetic particles, which can be functionalized with a variety of ligands, over a 
magnetic surface on which a fluid can be continuously circulated. Indeed, with this approach, bio-separation as 
well as adsorption can be easily scaled-up since the active surface can be enlarged by using arrays of magnetic 
surfaces which can be organized vertically. Furthermore, high volumes of liquid can be treated without 
supplemental agitation and, most import, the process can work in a continuous fashion without interruption until 
all magnetic particles are saturated. Finally, depending on the ultimate purpose, magnetic particles can be 
harvested and either regenerated to be re-used or further processed to separate the target compound from the 
magnetic material. 

5. Conclusion 
In this paper, the synthesis of SPIONs as well as the modelling for an innovative application of this magnetic 
nanotechnology were proposed. The hybrid microwave assisted co-precipitation – thermal decomposition 
method to synthetize the particles magnetic core was used. Bio-magnetic separation of organic and inorganic 
molecules from a liquid solution by using SPIONs was investigated by modelling the magnetic properties of the 
magnetic surface and SPIONs as well as the velocity of liquid needed in order to avoid removal of nanoparticles 
by the solution flow. The feasibility of the immobilization of SPIONs onto a magnetic surface while a liquid 



solution flows on them continuously was highlighted. The key parameters to avoid loss of SPIONs due to 
dynamic forces associated with the fluid movement can be easily calculated and relate to the nanoparticles size 
as well as the magnetic gradient.  

Acknowledgments  

This paper has received funding from the Bio Based Industries Joint Undertaking under the European Union’s 
Horizon 2020 research and innovation programme under grant agreement No 745695 (VALUEMAG). 

Reference  

Adamaki B., Karatza D., Chianese S., Musmarra D., Metaxa E., Hristoforou E., 2016. Super-Paramagnetic 
Nanoparticles: Manufacturing, Structure, Properties, Simulation, Applications, Chemical Engineering 
Transactions, 47, 79-84, DOI: 10.3303/CET1647014 

Berensmeier S., 2006. Magnetic Particles for the Separation and Purification of Nucleic Acids, Applied 
Microbiology and Biotechnology, 73(3), 495–504, DOI: 10.1007/s00253-006-0675-0 

Chiavola A., D’Amato E., Stoller M., Chianese A., and Boni M.R., 2016. Application of Iron Based Nanoparticles 
as Adsorbents for Arsenic Removal from Water, Chemical Engineering Transactions, 47, 325-330, DOI: 
10.3303/CET1647055 

Cromer Berman S.M., Walczak P., Bulte J.W.M., 2011. Tracking Stem Cells Using Magnetic Nanoparticles.” 
Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology, Wiley Interdisciplinary Reviews: 
Nanomedicine and Nanobiotechnology, 3(4), 343-355, DOI: 10.1002/wnan.140 

Fields C., Li P., O’Mahony J.J., Lee G.U., 2016. Advances in Affinity Ligand-Functionalized Nanomaterials for 
Biomagnetic Separation, Biotechnology and Bioengineering, 113(1), 11–25, DOI: 10.1002/bit.25665 

Karatza D., Lancia A., Prisciandaro M., Musmarra D., Mazziotti Di Celso G., 2013. Influence of oxygen on 
adsorption of elemental mercury vapors onto activated carbon, Fuel, 111, 485-491, DOI: 
10.1016/j.fuel.2013.03.068 

Kim D.-H., Rozhkova E.A., Ulasov I.V., Bader S.D., Rajh T., Lesniak M.S. and Novosad V., 2010. 
Biofunctionalized Magnetic-Vortex Microdiscs for Targeted Cancer-Cell Destruction, Nature Materials, 9(2), 
165–71, DOI: 10.1038/nmat2591 

Liu X.L., Fan H.M., Yi J.B., Yang Y., Choo E.S.G., Xue J.M., Fan D.D. and Ding J., 2012. Optimization of Surface 
Coating on Fe3O4 Nanoparticles for High Performance Magnetic Hyperthermia Agents, Journal of Materials 
Chemistry, 22(17), 8235–44, DOI: 10.1039/C2JM30472D 

Majidi S., Zeinali Sehrig F., Samiei M., Milani M., Abbasi E., Dadashzadeh K., Akbarzadeh A., 2016. Magnetic 
Nanoparticles: Applications in Gene Delivery and Gene Therapy, Artificial Cells, Nanomedicine and 
Biotechnology, 44(4), 1186–1193, DOI: 10.3109/21691401.2015.1014093 

Manaenkov O.V., Matveeva V.G., Sinitzyna P.V., Ratkevich E.A., Kislitza O.V., Doluda V.Y., Sulman E.M., 
Sidorov A.I., Mann J.J., Losovyj Y., Bronstein L.M., 2016. Magnetically Recoverable Catalysts for Cellulose 
Conversion into Glycols, Chemical Engineering Transactions, 52, 637-642, DOI:10.3303/CET1652107 

Metaxa E.D., Berkesi K., Musmarra D., Mamalis A., Hristoforou E., 2016. Synthesis of superparamagnetic 
nanoparticles for desalination purposes, Materials Science Forum, 856, 105-115, DOI: 
10.4028/www.scientific.net/MSF.856.105 

Molino A., Erto A., Di Natale F., Donatelli A., Iovane P., Musmarra D., 2013. Gasification of granulated scrap 
tires for the production of syngas and a low-cost adsorbent for Cd(II) removal from wastewaters, Industrial 
and Engineering Chemistry Research, 52(34), 12154-12160, DOI: 10.1021/ie4012084 

Petralito S., Paolicelli P., Nardoni M., Apollonio F., Liberti M., Merla C., Pinto R., Casadei M.A., Annesini M.C., 
2016. Magnetoliposomes: Envisioning New Strategies for Water Decontamination, Chemical Engineering 
Transactions, 47, 37-42, DOI: 10.3303/CET1647007 

Safarik I. and Safarikova M., 2004. Magnetic Techniques for the Isolation and Purification of Proteins and 
Peptides, BioMagnetic Research and Technology, 2(1): 7, DOI: 10.1186/1477-044X-2-7 

Sarno M., Ponticorvo E., Cirillo C., Ciambelli P., 2016. Magnetic Nanoparticles for PAHs Solid Phase Extraction, 
Chemical Engineering Transactions, 47, 313-318, DOI: 10.3303/CET1647053 

Sun C., Lee J.S.H., Zhang M., 2008. Magnetic Nanoparticles in MR Imaging and Drug Delivery, Advanced Drug 
Delivery Reviews, 60(11), 1252–1265, DOI: 10.1016/j.addr.2008.03.018 

Tseng P., Judy J.W., Di Carlo D., 2012. Magnetic Nanoparticle-Mediated Massively Parallel Mechanical 
Modulation of Single-Cell Behavior, Nature Methods, 9(11), 1113–1119, DOI: 10.1038/nmeth.2210 

Zuorro A., Battista A.D., Lavecchia R., 2013. Magnetically Modified Coffee Silverskin for the Removal of 
Xenobiotics from Wastewater, Chemical Engineering Transactions, 35, 1375-1380, DOI: 
10.3303/CET1335229 


	An Innovative Application of Super-Paramagnetic Iron Oxide Nanoparticles for Magnetic Separation

