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Abstract: In the present work, synthesis of iron oxide 
nanoparticles (NPs) using continuous flow microreac-
tor (MR) and advanced flow™ reactor (AFR™) has been 
investigated with evaluation of the efficacy of the two 
types of MRs. Effect of the different operating parameters 
on the characteristics of the obtained NPs has also been 
investigated. The synthesis of iron oxide NPs was based 
on the co-precipitation and reduction reactions using iron 
(III) nitrate precursor and sodium hydroxide as reducing 
agents. The iron oxide NPs were characterized using trans-
mission electron microscopy (TEM), Fourier transform 
infrared spectroscopy, and X-ray diffraction (XRD) analy-
sis. The mean particle size of the obtained NPs was less 
than 10 nm at all flow rates (over the range of 20−60 ml/h) 
in the case of spiral MR, while, in the case of AFR™, the 
particle size of NPs was below 20 nm with no specific trend 
observed with the operating flow rates. The XRD and TEM 
analyses of iron oxide NPs confirmed the crystalline nature 
and nanometer size range, respectively. Further, magnetic 
properties of the synthesized iron oxide NPs were studied 
using electron spin resonance spectroscopy; the resonance 
absorption peak shows the g-factor values as 2.055 and 
2.034 corresponding to the magnetic fields of 319.28 and 
322.59 mT for MR and AFR™, respectively.

Keywords: advanced flow reactor (AFR™); co-precipita-
tion; iron oxide nanoparticles; microreactor (MR); particle 
size distribution (PSD).

1  Introduction
Over the past decade, research related to the synthesis 
and modification of nanoparticles (NPs) has made a great 
impact on material engineering and surface science appli-
cations attributed to the unique chemical and physical 
properties for the NPs as compared to the bulk materi-
als [1]. The colloidal NPs have applications in a variety of 
fields including biosensors, catalysis, targeted drug deliv-
ery system, detection of genes, conducting inks, magnetic 
resonance imaging, energy storage devices such as fuel 
cells, batteries etc., medical diagnostics, and antimicro-
bial agents [2–13]. In recent years, interest in the efficient 
synthesis of magnetic iron oxide NPs has increased signif-
icantly due to the wide range of applications in the field of 
magnetic storage devices, chemical processing industries, 
biotechnology, water purification, and biomedical appli-
cations like thermal therapy, chemotherapy, diagnostic 
magnetic resonance imaging, magnetofection, and drug 
delivery [12–21]. The common forms of iron oxide gener-
ally found are maghemite (γ-Fe2O3), hematite (α-Fe2O3), 
magnetite (Fe3O4), and oxo-hydroxide (FeOOH) [22, 23]. 
Yuvakkumar et al. [24] prepared nano-scaled zero valent 
iron (50−100  nm) using the reduction method based on 
the use of ferric ions and sodium borohydride in ethanol 
under atmospheric conditions. Behera et al. [25] also pre-
pared iron oxide NPs for antibacterial applications using 
co-precipitation method. Lee et  al. [26] investigated the 
synthesis of iron oxide nanomaterials in microfluidics 
device under ambient conditions with the use of co-pre-
cipitation method. The reported particle size of iron oxide 
NPs was less than 10  nm with applications explored in 
the biomedical fields. Shahane et  al. [27] used low tem-
perature co-precipitation method for the synthesis of 
superparamagnetic Fe3O4 NPs for ferrofluids application. 
It was reported that the nanocrystalline sizes of 11.5 and 
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20 nm were obtained before and after annealing as con-
firmed using the X-ray diffraction (XRD) and transmis-
sion electron microscopy (TEM) analysis. Azimi et al. [28] 
studied the formation of the magnetically excited NPs and 
reported particle size in the range of 10.5−25 nm for the case 
of Y-type micromixer at conditions of flow rate of 2–30 ml/
min. The synthesized NPs were reported to give significant 
enhancement in the mass transfer coefficient and extrac-
tion efficiency. The present work deals with synthesis of 
colloidal iron oxide NPs using co-precipitation and reduc-
tion method using the continuous flow spiral copper wire 
microreactor (MR) and Corning® advanced flow™ reactor 
(AFR™). It is important to understand that both MR and 
AFR offer several advantages over the conventional reac-
tors. The significantly higher surface to volume ratio in 
the case of both MR [7, 29] and AFR™ [30, 31], which is 
a patented technology of Corning industry, is responsi-
ble for the improvement in heat and mass transfer rates 
in comparison with conventional reactors such as con-
tinuous stirred tank reactor, plug flow reactor, and batch 
reactor [32]. Also, efficient heat management and mixing 
can be achieved due to smaller reaction volume especially 
important for the efficient synthesis of colloidal iron oxide 
NPs. Small-scale channels in AFR reactor and MRs offer 
advantages such as safety, scale up, mixing quality, heat 
management, and improved yield over the classical batch 
approach [33–35]. In addition, the desired reactions can be 
completed in MR and AFR™ within much lower time (in 
second or even few milliseconds). Based on these advan-
tages, MR and AFR™ were used for the synthesis of mag-
netic iron NPs based on the use of iron (III) nitrate and 
sodium hydroxide. The effect of various operating condi-
tions on the particle characteristics in terms of the size, 
morphology and distribution as well as elemental com-
position has been investigated. The selection of the iron 
oxide NPs as the model system is justified based on the 
number of important applications in the field of catalysis, 
pigments, electronic energy devices (like lithium ion bat-
teries, fuel cell), medical/biomedical applications (like 
diagnostics magnetic resonance imaging, drug delivery, 
targeted thermos-sensitive chemotherapy, and cancer 
treatment), wastewater treatment, etc. [14–16, 36–49].

2  �Materials and methods
2.1  Materials

For the synthesis of colloidal NPs, iron (III) nitrate nonahydrate 
[Fe(NO3)3.9H2O, analytical grade], procured from Merck Specialities 
Pvt. Ltd., Mumbai, India, was used as a precursor. Sodium hydroxide 

(NaOH) was procured from MOLYCHEM, Mumbai, India. N-Cetyl tri-
methyl ammonium bromide (CTAB, C19H42BrN, analytical grade) was 
procured from Sisco Laboratory Pvt. Ltd. Mumbai, India. All the pro-
cured chemicals were with specified purity of above 98% and used as 
received from the supplier. Distilled water, prepared in the laboratory 
freshly, was used for the preparations of various solutions used dur-
ing the experiments.

2.2  Microreactor assembly

Copper tube with 800 μm inner diameter and 1240 mm length was 
used for the fabrication of low-cost inhouse MR system (Figure 1A). 
The copper tube was arranged spirally with 6 turns of 200 mm diam-
eter for each loop. The spirally wound tube was provided with Y-type 
microchannel for the injection of the reagents with the help of syringe 
pumps (Scientech Tech. Pvt. Ltd., Pune, India). The schematic repre-
sentation of the experimental setup based on spiral copper tube MR 
has been shown in Figure 1A.

2.3  �Synthesis of stable colloidal iron oxide nanoparticles 
in spiral copper tube microreactor

Initially, homogeneous solutions of desired concentration of iron (III) 
nitrate nonahydrates [Fe(NO3)3.9H2O] and sodium hydroxide (NaOH) 
as given in Table 1 were prepared in distilled water at temperature 
of 25°C ± 2°C. CTAB surfactant having critical micelle concentration 
of 1  mm/l was added into the solutions of both reagents [50, 51]. 
Fe(NO3)3.9H2O and NaOH solutions were fed to the reactor, with the 
use of syringe, separately at temperature of 25°C ± 2°C through Y-type 
micromixer connected on the feed side of the MR (Figure 1A). The 
product was collected from the other side of the MR. The flow rates 
of Fe(NO3)3.9H2O and NaOH solutions were varied over the range of 
20−60 ml/h, with the help of syringe pumps during synthesis of iron 
oxide NPs in the spiral MR. The molar ratio of reductant to precur-
sor was maintained constant at 1 : 1 for all experiments as given in 
Table 1.

2.4  �Synthesis of stable colloidal iron oxide nanoparticles 
in Corning AFR™

Synthesis of stable colloidal iron oxide NPs was also achieved in the 
Corning AFR™ which typically contains two heart-shaped modules. 
Each module has dimensions of 77 mm × 62 mm and is made up of 
ceramic with a maximum capacity of 0.45 ml. Two modules of AFR™ 
were used in order to maintain the required residence time of the 
reactants in the reactor. The total volume capacity of two modules 
with the given mixing length is 1 ml. Two syringe pumps were used 
to feed the reactant solutions in AFR™ system. Aqueous solutions of 
iron (III) nitrate nonahydrate and sodium hydroxide of desired con-
centrations (Table 1) with surfactant (CTAB) added in both solutions, 
were fed to the AFR™. The reaction mixture was maintained at a con-
stant temperature of 25°C ± 2°C during the course of the reaction. Tef-
lon tubing was used for the interconnection of syringes with AFR™. 
During the passage through the reactor, iron (III) nitrate nonahydrate 
is reduced by sodium hydroxide resulting in the formation of reduced 
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Figure 1: Schematic diagram of (A) experimental set up with fabricated microreactor (MR) and (B) experimental set up of advanced flow 
reactor™ (AFR™) for the synthesis of magnetic iron oxide nanoparticles (NPs).

Table 1: Different conditions of reagents and flow rates used in the synthesis as well as the results for particle size distribution for the 
obtained colloidal iron oxide nanoparticles in microreactor and advanced flow reactor.

Concentration   Flow 
rate 

(ml/h)

 
 

Synthesis in microreactor 
 

Synthesis in AFR™

Fe(NO3)(M)   NaOH (M)  CTAB Residence 
time (min)

  Particle 
size (nm)

  Zeta potential 
(mV)

Residence 
time (min)

  Particle 
size (nm)

  Zeta potential 
(mV)

0.1   0.1  0.005  60  0.62  6.3  14.6  1  10.5  0.0462
0.1   0.1  0.005  50  0.75  9.11  20.5  1.2  6.64  14.4
0.1   0.1  0.005  40  0.94  9.21  42.1  1.5  15.5  22.0
0.1   0.1  0.005  30  1.25  9.8  37.2  2  10.92  4.60
0.1   0.1  0.005  20  1.87  9.01  − 0.06  3  18.19  0.0806

iron, which is subsequently stabilized into iron oxide NPs. The exper-
imental conditions used during the synthesis of iron oxide NPs using 
AFR™ have been reported in Table 1. The flow rates of Fe(NO3)3.9H2O 
and NaOH solutions were varied over the range 20−60 ml/h with the 
help of syringe pumps. The molar ratio of the reductant to precur-
sor was again maintained constant at 1 : 1 for all the experiments. 
The problem of agglomeration was observed at lower flow rates and 
higher precursor concentration during experiments performed in 
AFR™. Therefore, higher flow rates of precursor solutions with lower 
concentrations were preferred in AFR™. At lower flow rates, the resi-
dence time of the reactant is higher, which leads to the formation of 
more iron oxide NPs inside the AFR™ giving clogging in the reactor. 
It was also observed that the specific heart shape design of AFR™ 
cannot handle the quick formation of larger size particles and hence, 

it is undesirable to use the higher feed concentration and higher 
molecular weight or long chain polymeric surfactant molecules 
in this type of reactor. The schematic representation of the experi-
mental setup for the synthesis of iron oxide NPs in AFR™ has been 
depicted in Figure 1B.

2.5  Characterization

The particle size distribution (PSD) and zeta potential analysis were 
performed in order to establish the size distribution of particles and 
stability of colloidal suspension based on dynamic light scattering 
technique, respectively. For the analysis of zeta potential, Malvern 
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3.2  �Iron oxide nanoparticles formation in MR 
and AFR

Colloidal iron oxide NPs were prepared under conditions 
of different flow rates at constant temperature of the reac-
tion medium as 25°C ± 1°C in MR maintained with the help 
of water bath. The reductant to precursor molar ratio was 
maintained at 1 : 1 and the product obtained was yellow-
ish brown in color. Figure 2A,B shows the UV absorption 
spectra of the obtained iron oxide NPs in the presence of 
the surfactant (CTAB) at different flow rates in MR and 
AFR, respectively. It can be seen from the figure that the 
λmax value was in between 470 and 480 nm. An increase 
in the flow rate gives a corresponding increase in the 
absorption value, which indicates the formation of a large 
number of iron oxide NPs in the MR. With an increase in 
the flow rate, decrease in the residence time occurs and 
hence there is no appreciable growth of the NPs result-
ing in smaller particles in MR (Figure 2A). Due to this 

Nano-Series Zeta sizer (ZS90, Malvern Instrument) has been used. 
UV-visible absorption spectra of the iron oxide NPs obtained at dif-
ferent experimental conditions were recorded using UV-Vis Spectro-
photometer (Shimadzu UV 1800). Fourier transform infrared (FTIR) 
analysis of the NPs was also performed using a Shimadzu 8400 model 
FTIR spectrometer. The morphological and structural properties of 
the obtained NPs were established using the Transmission Electron 
Microscopy analyzer (PHILIP, CM200 model) and XRD analyzer (PAN-
alytical, X’Pert-PRO diffractometer). The XRD analysis was performed 
using a Cu Kα source (λ = 1.540598 Å). Magnetic properties and mag-
netization dynamic behavior of iron oxide (Fe2O3) NPs were also ana-
lyzed using the electron spin resonance (ESR) analysis based on the 
use of Bruker ESP300  spectrometer equipped with the X-type band 
at an applied power of 1 mW, sweep time of 30 s, and microwave fre-
quency of 9.185 GHz at a constant temperature of 25°C ± 3°C.

3  �Results and discussion

3.1  �Reaction mechanism for the formation 
of iron oxide nanoparticles

The overall precipitation cum reduction reaction govern-
ing the formation of iron oxide NPs occurring in both the 
reactors is as follows:

	
3 3 2 aq. aq.( ) ( ) ( )

( )

3 s

3 aq. 2

Fe(NO ) .9H O 3NaOH Fe(OH)
3NaNO 9H O 

→
+

↓
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During the reaction, Fe(NO3)3.9H2O gets dissociated into 
Fe3 + and NO3

 − ions in distilled water. Similarly, NaOH gets 
dissociated into Na + and OH − ions. The complete ionic 
reaction mechanism can be written as follows:
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Subsequently the formation of iron oxide occurs as per the 
following reaction:

	 (3 s) (2 3 s) 22Fe(OH) Fe O 3H O+→ � (3)

In the spiral copper tube MR and AFR™, co-precipitation 
cum reduction reaction is probably the simplest and most 
efficient chemical pathway to obtain iron oxide NPs. Iron 
oxides (either magnetite Fe3O4 or maghemite γ-Fe2O3) are 
usually formed by adding an aqueous solution of base to 
an aging stoichiometric mixture of ferrous and ferric salts 
at room temperature [52]. The overall formation of iron 
oxide NPs by co-precipitation and reduction reaction in the 
MR and AFR™ is generally controlled by the following two 
steps: (1) the precursors obtained by precipitation reaction 
are required for the nucleation and crystallization and (2) 
the direct formation of a metal oxide [25, 26, 52].
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Figure 2: (A) UV absorption spectra of iron oxide NPs with varying 
flow rate in MR and (B) UV absorption spectra of iron oxide NPs with 
varying flow rate in the AFR™.
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combination of larger number but smaller NPs, a larger 
concentration of iron oxide NPs is obtained in the reac-
tion mixture which leads to an increase in the absorbance 
value of the sample. At higher flow rate, more turbulence 
favoring the formation of NPs is observed as compared to 
lower flow rate where agglomeration might take place.

Similarly, in the case of AFR™ reactor, colloidal iron 
oxide NPs were obtained as yellow brown colored precipi-
tate formed due to iron reduction acceleration. As shown 
in Figure 2B, it was observed that the λmax value obtained is 
between 480 and 490 nm for all cases at different flow rates 
in AFR™ in the presence of CTAB surfactant. The heart-
shaped design in AFR™ gives superior mixing, however, 
the residence time is higher in the case of AFR™ as com-
pared to the MR and hence the particle size was higher 
in the case of AFR™ as compared to the MR and also the 
PSD was more wider in the case of AFR™ as compared to 
the MR. Due to the higher residence time in AFR™ higher 
extent of crystal growth of NPs occurs after short nuclea-
tion time resulting in higher size and also wider distribu-
tion [53–56]. From the data obtained for the UV absorbance 
spectra and average particle size (Table 1), it was estab-
lished that the iron oxide NPs prepared in AFR™ have 
higher particle size compared to that obtained in the case 
of the MR, attributed to higher residence time in AFR™.

3.3  �Effects of feed flow rate on PSD of the 
obtained iron oxide nanoparticles in 
microreactor and AFR™

The effect of feed flow rate on the PSD of iron oxide NPs was 
studied using various flow rates (20−60 ml/h) at a constant 
reductant to precursor molar ratio (1 : 1) in the presence of 
surfactant (CTAB). As per the data shown in Figure 3A−E 
for the PSD and average particle size reported in Table 1, it 
can be established that the particle size deceases with an 
increase in the feed flow rate which is attributed to lower 
residence time [1, 57]. The minimum average particle size 
obtained in the case of spiral MR was 6.3 nm at higher flow 
rate of 60 ml/h and the PSD was also narrow in the range 
of 3.76−18.92 nm as reported in Figure 3A and Table 1. At 
the lower flow rate of 30 ml/h in the MR, wide size distribu-
tion was obtained over the range of 6.77−25.37 nm (Figure 
3D and Table 1). Therefore, it can be established from the 
obtained data for the particle size analysis that larger resi-
dence time (lower flow rates) in the reactor results in the 
formation of larger sized nanoparticle. The observed trend 
is attributed to the larger residence time offering more time 
for agglomeration and crystal growth of particles result-
ing into larger particle size. It was also confirmed by TEM 
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Figure 3: Particle size distribution (PSD) of iron oxide NPs in MR at 
60, 50, 40, 30, and 20 ml/h flow rate.

images depicted in Figure  4A,B that at the flow rate of 
50 ml/h used in the MR, the particle size obtained was in 
the range of ~ 3−8 nm (Figure 4A,B).

Similarly, the effect of feed flow rates on the particle 
size was studied at the same flow rates and constant molar 
ratio in AFR™ reactors. As depicted in Figure  5A−E and 
Table 1, average particle size of iron oxide NPs generally 
decreased with an increase in the flow rate with minimum 
size being obtained at the flow rate of 50 ml/h (Figure 5B). 
The uniform mixing obtained due to the unique heart 
shape design of Corning reactor played a significant role in 
the reduction of the particle size. At higher flow rates of 60 
and 50 ml/h, narrow PSD over the range of 6.77−29.39 nm 
and 3.76−18.92 nm, respectively, was observed as depicted 
in Figure 5A,B and Table 1. On the other hand, at lower 
flow rate of 20 ml/h, wide PSD was observed over the range 
of 10.1−43.82 nm as depicted in Figure 5D and Table 1. It can 
also be established from the data depicted in Figure 5B that 
the average particle size is 6.64 nm for the flow rate 50 ml/h 
from PSD data due to initiation and nucleation of NPs (in 
AFR™) occurs faster at 50 ml/h than at 60 ml/h because 
particle size depends on nucleation process and residence 
time of NPs in reactor, which was also confirmed using the 
TEM image as represented in Figure 6, which showed that 
the particle size is over the range of ~ 2−8 nm.

3.4  �Zeta potential analysis for particles 
obtained in microreactor and AFR

As per the data shown in Figure  7, it was observed for 
the case of spiral MR that as the flow rate reduced from 
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60 ml/h to 40 ml/h, zeta potential value increased from 
14.6 to 42.1 mV, which confirms more stability of formed 
NPs in homogenous solutions. However, at a very low 
flow rate of 30 and 20 ml/h, the observed zeta potential 
value is 37.2 and − 0.06 mV which shows less stability of 
the formed NPs.

Similarly in the case of AFR™ reactor, reduction in 
the flow rate from 60 to 40 ml/h resulted in an increase in 
the zeta potential value from 0.046 and 22.0 mV confirm-
ing higher stability of NPs at optimum flow rates. At very 
low flow rates of 30 and 20 ml/h, the zeta potential values 
observed were 4.60 and 0.0806  mV, respectively, which 
confirmed less stability, similar to the case of spiral MR.

It is also important to understand that the zeta poten-
tial values were different in the two types of reactors used 
in the reactor indicating difference in the stability of the 
obtained NPs. The observed trends can be attributed to the 

N
or

m
al

iz
ed

 n
um

be
r 

de
ns

ity

Particle size (nm)

20 ml/h60 ml/h to 20 ml/h

30 ml/h
40 ml/h
50 ml/h
60 ml/h

1.0

0.8

0.6

0.4

0.2

0.0
5 10 15 20 25 30 35 40 45

Figure 5: Particle size distribution of iron oxide NPs in AFR™ at 60, 
50, 40, 30, and 20 ml/h flow rate.

A B

Figure 6: (A, B) TEM image of iron oxide NPs synthesized in AFR™ at 50 ml/h using CTAB as a surfactant. Scale bars: (A) 50 and (B) 10 nm.
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Figure 4: (A, B) Transmission electron microscopy image of iron oxide NPs synthesized in MR at 50 ml/h using CTAB as a surfactant. Scale 
bars: (A) 50 and (B) 20 nm.
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and 611.45  cm − 1 in the AFR reactor (peak B) were attrib-
uted to Fe–O band vibration of iron oxide (Fe2O3). In both 
reactors, the observed peaks at 1366.6 and 1378.18 cm − 1 are 
attributed to C–N bond whereas the C–H bands stretching 

changes in the size (affected by the residence time) and 
shape (affected by the mixing pattern) for the obtained 
NPs. The changes in the mixing patterns and its intensity 
affect the nucleation, formation and growth of the iron 
oxide NPs, in turn, affecting the size and poly-dispersity 
of the obtained NPs. Further the mixing pattern in the 
reactor plays an important role in the process of nanopar-
ticle formation in different types of reactors, affecting the 
particle size, PSD, and stability of iron oxide NPs which 
in turn affects the obtained zeta potential values [53, 57].

3.5  �Stabilization of iron oxide nanoparticles 
using surfactant

The FTIR spectrum analysis for the iron NPs prepared in MR 
and AFR™ at a flow rate of 50 ml/h have been depicted in 
Figure 8 which clearly indicates that the formed iron oxide 
NPs were stabilized by surfactant, i.e. CTAB. The observed 
absorption bands are in the range of 450–740 cm − 1 repre-
senting the Fe–O vibration band of iron oxide NPs [36]. The 
observed peaks at 523.7 and 503.44  cm − 1 in MR (peak  A) 
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3.8  �Magnetic property analysis of iron oxide 
nanoparticles using ESR

Electron spin resonance (ESR) techniques were used to 
detect unpaired electrons and identify the magnetic char-
acteristics as well as the purity of iron oxide NPs samples 
[63]. The ESR technique is also called as the electron para-
magnetic resonance and the analysis works by two ways of 
without an external magnetic field (the internal electron 
spins randomly) and with applied external magnetic field 
where unpaired electron spins are arranged in parallel or 
anti-parallel, which then separate into two energy levels 
(E1 and E2). The observed phenomenon is also called the 
Zeeman effect/splitting [64]. The spectroscopic splitting 
factor (g) can be calculated using the relation

	 /g h Hυ β= � (4)

where h is the Planck’s constant, υ is the applied micro-
wave frequency (9.185 GHz), β is the Bohr magneton, and 
H is the resonance magnetic field [27, 65].

The ESR measurements were performed at con-
stant temperature of 25°C ± 3°C. The magnetization ESR 
spectrum curves of iron NPs synthesized in the MR and 
advanced flow reactor have been shown in Figure 10A,B. 
The iron oxide NPs synthesized in the MR and AFR™ 
showed higher value of saturated magnetization. From 
the ESR spectra (Figure 10), it can be clearly seen that 
the symmetric resonance absorption peaks of iron NPs 
showed broad peak intensity at the room temperature 
with g-factor values equal to 2.05544 and 2.03421 (from 
Equation 4) corresponding to the magnetic field of 319.28 
and 322.59 mT for MR and AFR™, respectively [14, 18, 66]. 
The g-factor value is nearly similar to the g-factor value 

vibration of CTAB are observed at the peaks of 3000 and 
2909.7 cm − 1 in MR and AFR™, respectively. The prominent 
peaks of N–H bond and O–H stretching show more stretch-
ing vibrations at 3235.7 and 3314.78 cm − 1 and also the char-
acteristic band of amide group (–NH2) is observed at 1635.7 
and 1650.16  cm − 1 in MR and AFR, respectively (Figure 8) 
[58–60].

3.6  �Effect of type of reactors and residence 
time on the formation of colloidal iron 
oxide nanoparticles

In the case of an MR, the average particle size was found 
to be less at a high flow rate of 60 ml/h (about 6.3 nm as 
depicted in Table 1). The particle size is less in the case of 
spiral MR attributed to the shorter residence time which 
gives higher rate of nucleation and slower growth rate. In 
the case of AFR™ reactor, at higher flow rates of 60 and 
50 ml/h, the average particle sizes 10.5 and 6.64 nm were 
observed, respectively. At the lesser flow rate of 20 ml/h, 
the observed average particle size was larger (around 
18.2 nm as reported in Table 1) in the AFR™. Narrow PSD 
was also observed in the case of MR compared to that in 
the AFR™. It is attributed to the lesser residence time 
observed in the case of MR as compared to the AFR™ 
(Table 1). The dimensions of the mixing zone and path 
length volume of the AFR™ are larger than that of the MR 
and hence in the case of AFR™ wide PSD was observed 
as compared with MR. Hence, it was established that the 
spiral MR will provide superior mixing of a precursor and 
a reducing agent for the formation of small size NPs.

3.7  �XRD analysis

The crystallinity of the synthesized iron oxide NPs in MR 
was investigated by the XRD study. The obtained results 
for the XRD pattern have been depicted in Figure 9. The 
JCPDS file 019-0629 closely matched with the XRD pattern 
observed in this study showing the characteristic peaks at 
2θ of 20.75, 31.71, 36.59, 38.98, 45.45, 53.49, 56.44, and 61.11 
corresponding to face centered cubic phase of (111), (220), 
(311), (222), (400), (422), (511), and (440) planes, respec-
tively. The presence of strong and sharp peaks of Fe2O3 
crystals are attributed to the highly crystalline nature [60–
62]. The average crystal size was estimated as 6.62 ± 0.5 nm 
from the sharp broad peak width of pure Fe2O3 NPs at (111) 
using the Debye-Scherrer equation (Figure 9), which is in 
good agreement with the particle size observed from TEM 
images (Figure 4A,B).

Figure 9: XRD pattern of synthesized iron oxide NPs in a MR.
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The average particle size of iron oxide NPs was observed to 
be around 6 nm for flow rate of 60 ml/h in MR and 50 ml/h 
in AFR™, respectively. The size distribution of the synthe-
sized iron oxide NPs was over the range of 3 and 8 nm for 
the case of spiral MR and over the range of 2 and 8 nm for 
the case of AFR™ which were also confirmed from TEM 
images. The prepared iron oxide NPs showed super-para-
magnetic behavior as confirmed by ESR spectrum analy-
sis and studies based on the use of a permanent magnet. 
Overall the current work demonstrated efficient synthesis 
of the magnetic iron oxide NPs using two types of MRs and 
also establishing the efficacy of each type.
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