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Abstract 

Iron is a component of heme in hemoglobin and myoglobin in which it plays an 

important role in the transport, storage and utilization of oxygen. Iron deficiency is 

one of the primary risk factors for health worldwide (especially woman and 

children). This deficiency induce anemia, alteration in mental development and 

decrease in immunity. Nutritional iron deficiency arises when physiological 

requirements cannot be met by iron absorption from diet. 

Particle size is a determinant of iron (Fe) absorption from poorly soluble Fe 

compounds. The compounds most suitable for this purpose are iron salts as FePO4 

e FeSO4. Decreasing the particle size of ferric pyrophosphate added to foods might 

strongly increase Fe absorption and bioavailability. 

The aim of this study was to investigate the production of FePO4 nanoparticles by 

Flame spray pyrolysis (FSP). 

 

1.Introduction 

One of the most common health problems in both developed countries than in 

developing countries is anemia. The most affect target are children below 4years, 

woman and especially pregnant women. The anemic subjects are characterized by a 

reduced concentration of hemoglobin (Hgb), which carries oxygen in the blood 

from the respiratory organs (lungs or gills) to the rest of the body (i.e. the tissues), 

where it releases the oxygen to burn nutrients providing energy to the functions of 

the organism, and collecting back the resultant carbon dioxide to the respiratory 

organs to be dispensed from the organism. Hgb consists of a protein component 

(globulin) and a cofactor (heme) which consist of iron. 

Food fortification with iron (Fe), can be an effective strategy to control iron 

deficiency, but the addition of iron to foods, may cause several problems.[1] 

The main requirements for the fortification, are a high bioavailability of the 

micronutrient supplement by feeding, in this case the iron, and the ability not to 

cause alterations in the appearance of the food. Water-soluble, highly bioavailable 

Fe compounds often cause adverse organoleptic changes, whereas low solubility Fe 

compounds, although more stable in foods, tend to have low bioavailability. 
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Particle size can be an important determinant of Fe absorption from poorly soluble 

Fe compounds in foods. However, smaller ferric pyrophosphate particles, with an 

Mean Particle Size of 0.3–0.5 μm in aqueous solution with emulsifiers preventing 

agglomeration, have an Relative Bioavailability value of ~95% [1] 

Flame Spray Pyrolysis (FSP) is an industrial consolidated process used to obtain 

nanosized powders in large scale. This technique is attractive because it is 

economical, easy to accomplish, and has a good flexibility due to different kind of 

liquid precursors used for synthesis of a broad spectrum of functional nanoparticles 

[2]. In this work we used FSP to produce Iron and phosphate -based nanoparticles 

potentially be used to fortify food. The nanoparticle size distribution functions 

were in-line characterized in the range 7 nm-10 m by a low pressure impactor, 

ELPI
TM

, and subsequently analyzed by gravimetric measurement, Scanning 

Electron Microscopy (SEM) and nitrogen adsorption BET. The use of 

nanotechnology in food industry is controversial due to the shortage of available 

toxicological data. Adequate characterization of Enginering Nano Material is 

essential for establishing its identity and physico-chemical forms in food/feed 

products and under testing conditions. The physico-chemical parameters may 

change in various environments and the characterization of ENM should ideally be 

determined in five stages, i.e. as manufactured (pristine state), as delivered for use 

in food/feed products, as present in the food/feed matrix, as used in toxicity testing, 

and as present in biological fluids and tissues [3]. 

 

2.Materials and Method 

Figure1 show a schematic representation of the lab-scale experimental apparatus. 
 

 
 

Figure 1. Experimental set-up for nanoparticles synthesis, in line sampling an 

powder collection. 

 

Nanoparticles synthesis, in-line sampling and powder collection  

FePO4 nanoparticles were made in lab-scale by FSP [4]. The precursors, Fe(III)-

acetylacetonate and tri-butylphosphate (reagent grade, Fluka), were dissolved in 

xylene (Riedel-de-Haen, 96%, dried over molecular sieves) in suitable amounts to 
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achieve two different concentration of iron and phosphorous: 0.2 mol/L and 

0.1mol/L [1]. The diffusion flame burner with concentric annuli was made by 

stainless steel. At the center line was placed a gas (N2) assisted atomizer for the 

precursor solution. Methane (1.13 l/min) was fueled at the inner annulus, while 

oxygen (5.40 l/min) was fueled in the second annulus and protection flow of 

oxygen (5 l/min) was fueled at the outer annulus. The liquid precursor solution was 

contained in a Drexel in which blowing nitrogen to avoid the precipitation of the 

salt and a peristaltic pump delivered the liquid to the nebulizer. To investigate the 

effect of precursor, different flow rate were used: 1.97ml/min, 2.41ml/min, 

2.50ml/min, 2.59ml/min. 

Nanoparticles and flue gas were sampled by a isokinetic water cooled stainless 

steel probe at the center line. The sample was in-line analyzed by ELPI that returns 

nanoparticle size distribution real time. Alternatively the sample was bypassed, 

downstream the probe, in the powder-collection line which consisted in an ice trap, 

a PTFE filter (pore diameter 0.45 µm) and a vacuum pump. 

 
Characterization of the powders 

The filters on which the powders were collected were subjected to gravimetric 

analysis to draw the production flow rate. Diameter and morphology of 

nanoparticles were achieved by a SEM analysis and these results were compared 

with the diameter values obtained by ELPI
TM

 analysis. BET specific surface area 

measurements were performed with a Quantachrome Autosorb 1-C by N2 

adsorption at 77 K. The percentage by weight of the different elements recognize 

on filters, were draw by SEM microanalysis. To characterize the reactive 

environment before precursor flame inclusion, also the CH4/xylene/O2 flame were 

studied by ELPI in-line analysis, SEM analysis and microanalysis. 

 

3.Results and discussion 

Figure 2. shows SEM pictures of powder stuck to the filters for three different 

precursor flow rate: (a) 1.97 ml/min, (b) 2.41 ml/min, (c) 2.59ml/min. In pictures 

(b) and (c) we observed particle agglomerations. 
 

 
 

Figure 2. SEM pictures of iron-pyrophosphate nanoparticles for three different 

precursor (0.1M) flow rate: (a) 1.97 ml/min, (b) 2.41 ml/min, (c) 2.59ml/min. 
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In Figure 3. are presented the different size distribution function for four precursor 

flow rate values: 1.97 ml/min, 2.41 ml/min, 2.50ml/min, 2.59ml/min.  
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Figure 3. Nanoparticle size distribution functions for four different precursor 

(0.1M) flow rate: 1.97 ml/min, 2.41 ml/min, 2.50ml/min, 2.59ml/min. 

 

We observed that the increase of the precursor flow rate induced an increase of the 

of particles and the size distribution functions became sharper. 
 

 
 

Figure 4. (a) Number of particles as function of precursor; (b) maximum diameter 

of particle. 

 

In Figure 4 are show number concentration and diameter of particle as function of 

precursor (0.1 M) flow rate obtained by the ELPI
TM

.  

In the range of precursor from 1.97 ml/min to 2.41 ml/min, the nanoparticle 

concentration was constant, while for value of flow rate up to 2.59 ml/min, 

nanoparticle concentration rose sharply. The increased feed rate generates a higher 
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enthalpy of the flame that lead to longer particle residence times at high 

temperatures increasing the particle sintering rate resulting in the formation of 

larger particles.[5]. This effect was observed in tests at 0.1M precursor 

concentration, but it was no observed in tests at 0.2M precursor concentration. 

In Table 1 are summarizes the values of number concentration and particle 

diameter obtained from the tests changing the flow of precursor using 0.1 and 0.2 

M solutions. 

 

Table 1. Summary of the main results related to concentration and particle size. 

 

Precursor 

flow rate 

[ml/min] 

NanoParticle concentration 

[N/cm
3
] 

NanoParticle diameter 

[nm] 

Precursor 

concentration 

0.1M 

Precursor 

concentration 

0.2M 

Precursor 

concentration 

0.1M 

Precursor 

concentration 

0.2M 

1.97 2.46E+07 5.72E+07 87.7 70.5 

2.41 2.57E+07 5.61E+07 84.5 70.5 

2.50 3.72E+07 5.51E+07 81.8 70.5 

2.59 4.15E+07 5.33E+07 77.5 70.5 

 

The size values observed by SEM pictures ranged between 80 and 112 nm, for 0.1 

M, and were rather constant for 0.2M precursor concentration. 

 

4.Conclusion 

Iron nanoparticles were synthetized by FSP with a lab-scale system. The 

combustion system was a diffusion flame of methane and oxygen. Into the flame 

was nebulized solutions of Fe(III)-acetylacetonate and tri-butylphosphate dissolved 

in xylene at different and concentration: 0.1M and 0.2M for each one.  

The powder was analyzed in-line with a low pressure impactor ELPI
TM

 and 

characterized by gravimetric and SEM analyses. To emphasize the effect of 

precursor, a preliminary study was conducted on CH4/O2/XYLENE combustion 

system. The precursor release in the flame caused a shift of size distribution 

function to bigger sizes. 

The increase of precursor flow rate, for 0.1M solution, generated a higher 

nanoparticle concentration number and a shift of the size distribution functions. 

This effect was not observed for 0.2M solution. The increase of precursor 

concentration doubled the concentration number. However, the increase of 

precursor concentration caused considerable instability of system. 

Table 2 sums up the results relative to iron in the flame: mass flow rate of collected 

powder, iron percentage by weigh of iron on the filters obtained by SEM 

microanalysis and the ratio between iron product and iron feed. 
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Table 2. Results related to powder collection and process’s yield. 
 

 
Precursor 

flow rate 

[ml/min] 

Mass flow 

rate of 

collected 

powder 

[mg/min] 

Iron 

percentage 

on filters 

[wt%] 

Mass 

flow rate 

of iron 

collected 

[mg/min] 

Iron 

product/Iron 

feed 

Precursor 

concentration 

0.1M 

1.97 0,82 0,7981 0,654442 0,059 

2.41 0,7 0,5072 0,35504 0,026 

2.59 0,73 0,7297 0,532681 0,036 

Precursor 

concentration 

0.2M 

1.97 1,33 0,7777 1,034341 0,047 

2.41 0,6 0,6084 0,36504 0,013 

2.59 1,78 0,6275 1,11695 0,038 

 

The low yield of the process expressed as Iron product/Iron can be attributed to the 

low degree of optimization of the system. 
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