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Nitrates are considered hazard compounds for human health due to their tendency to be reduced to nitrites, in 

particular in reducing environment. Nano zero valent iron (nZVI) represents an efficient and low-cost 

adsorbent/reductive agent for nitrate removal from groundwater. In this work, nZVI particles were produced by 

means of two different equipment types based on the same chemical synthesis method: a batch stirred tank 

reactor (BSTR) and a spinning disk reactor (SDR). This latter apparatus is capable to strongly promote 

micromixing at a steady-state, continuous condition, and such as qualifies to subsist in the framework of 

process intensification. Particle size distribution (PSD) of the obtained nZVI particles were measured by a DLS 

technique. The removal efficiency of the produced nVI particles were checked by using two NO3
-
 solutions (1.6 

and 6.4 mM) and by monitoring nitrate concentration reduction rates at selected time intervals. Results 

showed that the nZVI particles produced by SDR have a narrow PSD with a mean diameter of 65nm; on the 

contrary, particles produced by BSTR shows bimodal PSD with modal sizes of 105 nm and 400 nm, 

respectively. Experimental tests of nitrates reduction in water have been performed, using both the particles 

produced by the above mentioned techniques. Results of batch tests showed that the highest removal 

efficiency of nitrates was observed by using the nZVI particles produced by means of SDR, as a consequence 

of the higher average specific surface. Since nitrate removal process involves both reduction and adsorption 

processes, the removal mechanism has been investigated, and the pseudo-first-order reduction kinetic model 

was successfully tested and reported in both cases. 

1. Introduction 

Due to the growing interest in the applied nanotechnology in several fields (environmental, industrial and civil 

ones) an increasing demand of controlled-size and shape particles was observed in the last twenty years 

(Bavasso et al., 2016).  Innovative equipment and processes, which grant a significant improvement in the 

chemical production industry, compared to those used today, have developed a novel philosophy early based 

on the reduction capital cost involved in a particular production system (Dautzenberg and Mukherjee, 2001). 

All of these developments share a common focus on ‘’Process Intensification’’ an approach which leads to go 

beyond ‘’traditional’’ chemical engineering and which has as main purpose the development of new 

equipment, strategies and processes in order to achieve a substantially smaller, cleaner and more energy-

efficient technology (Stankiewicz and Moulijn, 2000; Di Palma and Verdone, 2009). 

Spinning Disk Reactor (SDR) represents a successful technology for the continuous production of 

nanoparticles by wet chemical synthesis and grants the synthesis of products characterized by a narrow and 

uniform size distribution (de Caprariis et al., 2012). As already reported in previous studies, SDR was a 

suitable device for the development of more efficient and faster chemical synthesis based on the chemical 

precipitation method (D’Intino et al, 2014). SDR has been already used for the production of titanium dioxide 

nanoparticles (Stoller et al., 2009) and hydroxyapatite nanoparticles (Parisi et al., 2011; de Caprariis et al., 

2015).  To obtain particles at nano-scale the attainment of local micro-mixing conditions in the reaction volume 

of the vessel is mandatory; SDR, compared with T-mixer, seems to be more profitable due to the involvement 

of a much smaller specific energy consumption (Cafiero et al., 2002). The rotation of disk surface at high 

speed (200-6000 rpm, depending on the diameter of the disk) induces high centrifugal fields which grant the 



formation of a liquid film characterized by a thickness of 0.05-0.5 mm. Thus, the main benefit of the SDR is the 

mass transfer improvement followed by a significant reduction of the mixing time and the possibility to produce 

nanoparticles in continuous. Another benefit is the ease of industrial scaling-up of the device. 

Nano zero valent iron (nZVI) particles have been synthetized in batch stirred tank reactor by authors (Di 

Palma et al., 2015a) by the classical borohydride reduction method (Glavee et al., 1995). Thus, the top-down 

approach was selected, which results more suitable for a lab-scale production in comparison with the bottom-

up approach, which requires a mechanical size reduction of micrometric iron which could originates from End 

of Life Vehicles shredding (Di Palma et al., 2015b). The nanoparticles produced are characterized by a large 

specific surface area, high chemical reactivity and the capacity to remain in suspension as colloidal dispersion 

for several hours, due to the use of a dispersing agent, such as carboxymethylcellulose (He and Zhao, 2007). 

nZVI represents the most versatile agent for the removal of both organic and inorganic pollutants, such as 

heavy metals (Gueye et al., 2016), respect to other chemical treatments (Marsili et al., 2007; Stoller et al., 

2016) and inorganic anions, such as nitrates (Muradova et al., 2016). The latter chemical species, NO3
-
, is 

considered an hazardous compound for human health, due to the possibility of its reduction to nitrite in the 

stomach and the subsequent oxidation of haemoglobin-bounded-Fe(II) to Fe(III), which produce 

methemoglobin, a metalloprotein which in the heme group brings a ferric ion and is not able to carry oxygen or 

carbon dioxide (Vilardi and Di Palma, 2016). The main nitrogen compounds sources are septic waste, animal 

manure, leachate from landfill and the over-fertilization of soils. In particular, among the different inorganic N-

based compounds, nitrates are the most diffuse and are characterized by a high chemical stability (highest 

oxidative state of N) and solubility. nZVI has demonstrated high efficacy for the nitrate treatment also at high 

concentration (Sparis et al., 2012) and the main products of the reaction are ammonia and oxyhydroxide of 

Fe(II) and Fe(III). In this study a comparison between the production of nZVI particles in batch (BSTR-nZVI) 

and in continuous (SDR-nZVI) by means of a SDR is reported, with respect to the mean hydrodynamic 

diameter and size distribution obtained. Furthermore, the nitrates removal efficiency in synthetic aqueous 

solutions was investigated using the SDR-nZVI and BSTR-nZVI. A kinetic study was also reported. To the 

best of our knowledge this is the first work which deals with the production of nZVI by means of a SDR. 

2. Materials and methods 

All reagents used were of analytical grade (ACS) and were purchased from Sigma Aldrich, Milan. A schematic 

representation of the SDR used for the production of nZVI particles is reported in Figure 1 (de Caprariis et al., 

2015). 

 

Figure 1: Spinning Disk Reactor 

The redox-precipitation reaction between the iron precursor (FeSO4*7H2O) and the reducing agent (NaBH4) 

took place on an inner disk of 8.5 cm in diameter. The product was continuously removed from the bottom of 

the reactor. The two reagent solutions were injected over the disc at three different distances (4, 3 and 2 cm) 

and the two injection positions were placed at the same distance of 2 cm from the center of the disk to achieve 

more easily micro-mixing efficiency (Cafiero et al., 2002). The first reagent solution (A) is an aqueous solution 

of FeSO4*7H2O 40 mM, whereas the second reagent solution (B) is an aqueous solution of NaBH4 80 mM, 

adopting a stoichiometric molar ratio BH4
-
/Fe(II)=2, according to the following reaction (Vilardi and Di Palma, 

2016): 

 

2𝐵𝐻4
− + 𝐹𝑒(𝐻2𝑂)2+ → 𝐹𝑒(0) + 2𝐵(𝑂𝐻)3 + 7𝐻2 ↑                                                                                              (1)                    

 

These solutions are fed in two steps: first only the reagent A was injected to create the liquid film all over the 

disc. Once the film is created, the reagent B was injected. No inert gas was supplied during the process and 

no buffer systems or temperature control were adopted. In order to optimize the production of nanoparticles, 

only the injection position-disk centre distance (2 cm) and rotational velocity (146.5 rad s
-1

 according to de 



Caprariis et al., 2012) were fixed, while the injection distance over the disk (H) and the flow rate of the two 

reagents, QA for reagent A and QB for reagent B, were varied. In particular, QA was varied in the range 100-

150 mL min
-1

, whereas QB was varied in the range 25-50 mL min
-1

. Seven runs were carried out in three 

steps: initially fixing QB=37.5 mL min
-1

 and H equal to 4 cm, setting QA equal to 200, 175 and 150 mL min
-1

. In 

the second step the optimum QA was chosen and QB was set equal to 25 and 50 mL min
-1

. In the third and 

final step optimum QA and QB were fixed, while the value of H was set equal to 3 and 2 cm, respectively. The 

optimum process parameters were evaluated by measuring the produced particle size distribution (PSD) by 

the instrument Plus 90 supplied by Brookhaven. 

As regards the second experimental set-up, a batch stirred tank reactor (BSTR) was adopted. The synthesis 

followed was carried out according to previous studies (Di Palma et al., 2015b; Gueye et al., 2016; Vilardi and 

Di Palma 2016). The produced nanoparticles were then used in the nitrate reduction in aqueous solution, to 

compare the efficiency of the two series of nanoparticles. In brief, removal nitrates experiments were carried 

out in a 250 mL conical flask on a shaker at 25°C. NaNO3 was the model contaminant. Two nitrate solutions 

(1.6 and 6.4 mM of NO3
-
) were tested to investigate the reaction kinetic of nitrates by sampling about 2 mL of 

solution at selected time intervals (0, 15, 30, 45, 60, 75, 90, 105, 120 min). The samples were then filtered 

through a 0.45 mm Whatman membrane filter and diluted to 10 mL with deionized water. Nitrates 

concentration was measured by ion chromatography (Dionex ICS—1100). The nZVI loading was fixed at 

stoichiometric amount according to the following reaction (Sparis et al., 2012): 

 

4𝐹𝑒(0) + 𝑁𝑂3
− + 7𝐻2𝑂 → 4𝐹𝑒(𝐼𝐼) + 𝑁𝐻4

+ + 10𝑂𝐻−                                                                                          (2) 

 

All the experiments were conducted in triplicates to ensure repeatability and accuracy: the mean values are 

reported. 

3. Results and Discussion 

3.1 Optimization of the nZVI production by means of a SDR 

The main purpose of this work was to start an optimization process of the nZVI synthesis focusing on a 

continuous production of the nanoparticles by a lab-scale SDR, which represents a perfect equipment for the 

subsequent industrial scale-up. The effect of the reagents feeding mode was investigated and the fixed 

parameters and obtained results are reported in Table 1. 

Table 1: Experimental results and operating parameters 

Run H (cm) 
QA (mL 
min

-1
) 

QB (mL 
min

-1
) 

dm (nm) 

1 4 200 37.5 94 
2 4 175 37.5 87 
3 4 150 37.5 70 
4 4 150 25 75 
5 4 150 50 80 
6 3 150 37.5 68 
7 2 150 37.5 65 

 

In Table 1, H is the distance of the injection point over the disk whereas dm is the mean hydrodynamic 

diameter of the nanoparticles produced. As it is possible to observe decreasing the flow rate of the reagent A, 

which creates the liquid film on the disk surface, produces a significant decrease of the mean size of the 

nanoparticles, from 94 nm to 70 nm. A possible explanation of this result is based on the relation between the 

flow-rate of the solution, which creates the liquid film, and the thickness of the film. Indeed, the thickness of 

the liquid film is strongly dependent on the disk diameter, on the rotational velocity, on the radial distance of 

the injection point, on the physical properties of the solution and on its flow-rate. In these experiments only the 

latter parameter was varied, and according to the following equation (3) a decrease in the flow rate produces a 

decrease in the thickness of the film: 

 

𝛿 = (
3𝜐𝑄

2𝜋𝑟2𝜔2)1/3                                                                                                                                                   (3) 

 

where  (rad s
-1

) is the rotational velocity, r (m) is the radial distance of the injection point, Q (m
3
 s

-1
) the flow-

rate and v (m
2
 s

-1
) the kinematic viscosity of the liquid. The mass transfer is foster by a decrease of the film 

thickness and this improve the diffusion of the nucleation on the disk which results in a less significant 

agglomeration of the particles produced. Subsequently the optimum QA was set to 150 mL min
-1

 and the QB 



was varied. In the last step, fixing optimum QA (150 mL min
-1

) and optimum QB (37.5 mL min
-1

), the distance of 

the injection point over the disk was varied. The best result was obtained in the last runs, when the distance 

between the disk and the two injection points was set to 2 cm. A possible justification of this observation may 

be that at reduced height H, the impact of the injected reactant flow in the liquid film results to be reduced, 

and, as a consequence, disturbing less the film integrity and sensibly reducing splashing effects. Moreover, 

the injected stream is not capable anymore to perforate the thin film, therefore mixing immediately triggers 

within the liquid film and not at the disk surface, where radial velocities are very low. To deeply investigate the 

performances achieved, the distribution of the particle’s diameter of the last two best runs are reported in 

Figure 2 and 3, respectively. 

 

Figure 2: Diameter distribution of the particles obtained in the run 6. 

 

Figure 3: Diameter distribution of the particles obtained in the run 7. 

The sixth run yielded a unimodal distribution as the seventh one, but in the latter case no agglomerates were 

observed. Probably a decrease of the distance between the injection point and the disk surface favours a 

homogeneous agglomeration of the particles, resulting in a narrower particle size distribution. 

 

3.2 Comparison of nZVI produced by means of BSTR and SDR 

To make a comparison between the BSTR and the SDR equipment for the production of nZVI, the distribution 

diameter of the nanoparticles where reported (Figure 3 shows the case of the SDR production, while Figure 4 

shows the case of the BSTR production). 

 

Figure 4: Diameter distribution of the particles produced by means of a BSTR. 

As it is possible to observe, the first significant difference is that the mean size of the nanoparticles produced 

by BSTR is 198 nm, one order of magnitude higher than that of nanoparticles produced by SDR. Furthermore, 

the BSTR produced several aggregates characterized by a mean diameter of 400 nm, which were classified 

as micro-cluster and depended on the absence of micro-mixing conditions in the reaction volume. On the 



contrary, the SDR permitted to obtain a narrow size distribution and a homogeneous distribution of the 

nanoparticles in the reaction volume. 

 

3.3 Nitrate removal efficiency and kinetic study 

To test and to compare the reactivity of the produced nanoparticles the nitrate removal efficiency was 

evaluated, varying the initial concentration [NO3
-
]0 of the nitrates. The experimental data were subsequently 

fitted successfully by the pseudo-first order reduction kinetic, as already reported by other authors (Vilardi and 

Di Palma, 2016). Figure 5 shows the kinetic reduction of nitrates, according to the following equation: 

 

𝐿𝑛 ([𝑁𝑂3
−]) =  𝐿𝑛([𝑁𝑂3

−]) − 𝑘𝑜𝑏𝑠𝑡                                                                                                                       (4) 

 

where kobs (min
-1

) is the observed rate constant of the pseudo-first-order reaction and t (min) is the contact 

time. 

 
Figure 5: Pseudo-first-order regression lines. 

 

The ZVI nanoparticles produced by means of a SDR showed a remarkable reactivity respect to that produced 

by a BSTR, independently on the initial concentration of NO3
-
. In both cases in fact the nitrate removal 

efficiency (%) resulted higher than 80 %, while in the removal process where the ZVI nanoparticles produced 

by SDR,  values resulted less than 70%. In Table 2 the kinetic parameters and the efficiency removal are 

reported. 

Table 2: Kinetic parameters of the nitrate removal process, varying the reactor used and the [NO3
-
]0 value. 

 
        

Test kobs (min
-1

) t1/2 (min) R
2
  (%) 

BSTR ([NO3
-
]0=6.4 mM) 0.0097 71.46 0.99 66.87 

BSTR ([NO3
-
]0=1.6 mM) 0.0073 94.95 0.99 60.02 

SDR ([NO3
-
]0=6.4 mM) 0.0148 46.83 0.97 81.92 

SDR ([NO3
-
]0=1.6 mM) 0.0118 58.74 0.99 77.62 

 

In Table 2 the half life time t1/2 (min) where obtained through the following equation: 

 

𝑡1/2 =
𝐿𝑛(2)

𝑘𝑜𝑏𝑠
                                                                                                                                                          (5) 

4. Conclusions 

The present work reported for the first time the production of the zero valent iron nanoparticles by means of a 

SDR. Due to this process intensified equipment it was possible to produce in continuous the nanoparticles, 

achieving a narrow PSD and reducing significantly the mean size of the particles. Consequently, also the 

specific surface area of the nanoparticles increased, yielding more reactive nanomaterials for the nitrate 

removal process. In detail, nZVI produced by means of BSTR and SDR were compared in terms of mean 

diameter, diameter distribution and nitrate removal efficiency (nZVI reactivity). The former production yielded a 

bimodal size distribution of the nanoparticles diameters, with two modal size equal to 105 nm and 400 nm 

respectively, a mean diameter of 198 nm, a nitrate removal efficiency of 60.02 % and 66.87 % at 120 min and 

a t1/2 equal to 94.95 min and 71.46 min in the case of initial nitrate concentrations equal to 1.6 and 6.4 mM, 

respectively. The SDR production yielded instead a narrow unimodal size distribution, after a first optimization 



process, and a mean diameter equal to 65 nm. As regards the nitrate removal process, the reduction seemed 

to be more efficient and rapid; it was obtained a nitrate removal efficiency of 77.62 % and 81.92 % at 120 min 

and a t1/2 equal to 58.74 min and 46.83 min in the case of initial nitrate concentrations equal to 1.6 and 6.4 

mM, respectively. Moreover, the SDR technology allows to develop a fast and efficient industrial scale-up to 

take the nZVI production on an industrial scale. 
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