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Abstract: There is a growing need for production of iron particles due to their possible use in
numerous systems (e.g., electrical, magnetic, catalytic, biological and others). Although severe
reaction conditions and heavy solvents are frequently used in production of nanoparticles, green
synthesis has arisen as an eco-friendly method that uses biological catalysts. Various precursors are
combined with biological material (such as enzymes, herbal extracts, biomass, bacteria or yeasts)
that contain chemicals from the main or secondary metabolism that can function as catalysts for
production of nanoparticles. In this work, batch (“one-pot”) biosynthesis of iron nanoparticles is
reviewed, as well as the possibilities of using microfluidic systems for continuous biosynthesis of
iron nanoparticles, which could overcome the limitations of batch synthesis.

Keywords: iron nanoparticle; green synthesis; batch (“one-pot”) biosynthesis; continuous microflu-
idic nanoparticle synthesis

1. Introduction—The Definition of Nanotechnology

Nanotechnology includes the science, technology, production, processing, design
and analysis of materials with sizes from 1 to 100 nanometers. Nanomaterials include
nanoparticles, nanotubes, fullerenes and different types of nanofibers. Nanoparticles
contain components whose three dimensions must be 100 nm or less [1,2]. Nanomaterials
are defined as insoluble, biologically stable materials with one or more external dimensions
or an internal structure ranging in size from 1 to 100 nm.

Nowadays, many nanoparticles are successfully synthesized on an industrial level:
silver, palladium, iron, titanium, carbon, manganese oxide, copper, etc. [3-5]. The biggest
issue concerning synthesis of those particles is use of many solvents and chemicals that
are often harmful to the environment. Because of that, in recent years, scientists are explor-
ing “green” ways of nanoparticle synthesis, one of them being biocatalysis using herbal
extracts, yeasts, fungi and bacteria. The aforementioned organisms produce secondary
metabolites (bioactives) capable of acting as biocatalysts and capping agents for synthesis
of nanoparticles. Among others, silver, calcium, iron, copper, zinc and gold nanoparti-
cles can be synthesized using the green biocatalysis approach [6-12]. Among them, iron
nanoparticles have a wide array of application in agriculture (nanoadditives, nanofertil-
izers, nanosensors, nanopesticides and herbicides) [13]; food industry (analysis of food,
enzyme immobilization, protein separation and purification) [14]; and pharmaceutical
industry and biomedicine (drug delivery, anticancer, antiviral and antimicrobial agent
development) [15]. Furthermore, their biosynthesis is considered to be simple, with no
aggressive chemicals needed, feasible and resulting in iron nanoparticles whose properties
can be regulated using different process conditions, such as pH, temperature, time or
precursors [16]. This review paper is focused on biocatalytic synthesis of iron nanoparticles
using two approaches: batch synthesis and continuous micro-flow synthesis. Throughout
the review, as an introduction, basic aspects of the synthesis process of nanoparticles in
general will be addressed, followed by a description of the biosynthesis specific for iron
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nanoparticles as well as a description of “green” biocatalytic synthesis in batch (“one-pot”)
conditions and green biosynthesis in continuous microsystems.

2. General Approaches to Nanomaterial Production

Production of nanomaterials can be divided into two categories: “top down” and
“bottom up” [2]. “Top down” production of nanomaterials involves crushing particles of
larger dimensions to nano sizes using various physical and chemical methods [17]. “Top
down” processes include sputtering, laser ablation, etching, electro-explosion or mechanical
grinding [16]. An example of this type of production is mechanical grinding, which is used
to shred wheat bran as a potential bioactive food ingredient, which results in enhancement
of their bioactive action [18]. Dry grinding to nano size is also used in grinding of green
coffee, which enhances its antioxidant activity [19]. Homogenization is also described
as one of the most effective “top down” methods, and it is applied mostly in the dairy
industry. Pairing a laser in combination with cooling as a “top down” method is also
mentioned in the literature [20]. Plus sides of the top down processes include the ability to
produce particles with low contamination and well-defined shapes and sizes, as well as the
possibility to control the stability, shape and size of nanoparticles by controlling the process
conditions (e.g., pH, temperature, time, etc.) [21]. Downsides include costly equipment,
which makes the process economically unsustainable, and use of solvents, which makes
the process environmentally unfriendly [16,22,23].

The “bottom up” approach is applied as an alternative to the “top down” process,
where synthesis begins at an atomic level through self-assembly of atoms into new nuclei,
and growth of nanoparticles continues to a desired size or shape [21]. Some of the processes
included are aerosol-based processes, laser pyrolysis, sol-gel process, spinning, green syn-
thesis, atomic and molecular condensation, supercritical fluid synthesis, co-precipitation,
mineralization, flow injection, sonochemical synthesis, microemulsions, etc. [10,16]. This ap-
proach can result in complex molecular structures that arise as a result of self-organization.
Casein micelles are an example of independent organization and structuring of biolog-
ical compounds resulting in stable nanomaterials [24]. Downsides of the “bottom up”
approaches include formation of nanoparticles whose shape and size cannot be completely
controlled since most of them are synthesized based on self-arrangement of the particles at
the molecular level. Furthermore, after synthesis, nanoparticles need to be purified and
isolated from the reaction mixture, which is often hard and with very low recovery [16,25].
Moreover, some of these processes include use of organic solvents, which are considered
to be damaging to the environment and have to be performed at harsh reaction condi-
tions (high temperature, high pressure, high acidity, etc.). However, green synthesis or
biocatalysis is one of the “bottom up” processes with a promising future perspective since
it excludes use of heavy solvents and enables use of biological materials for nanoparticle
synthesis and is often described as safe, cost-effective and easy to perform [10,22,26].

3. Iron Nanoparticles

Iron nanoparticles are non-toxic particles with excellent dimensional stability, high
catalytic activity, high magnetism, high thermal and electrical conductivity, high surface
area and high microwave adsorption ability [16,27]. However, iron nanoparticles are prone
to oxidation, which is described as their greatest weakness [28]. The classification of iron
nanoparticles is shown in Figure 1.

Iron nanoparticles have multiple possible applications, which are largely dependent on
the type of iron nanoparticle. Some examples of their application include: (i) magnetic and
electrical applications (transformers, inductors, magnetic recording heads, electromagnets,
motors and other electrical components); (ii) application in catalytic reactions (hydroformy-
lation of an alkene, hydrogenation of naphthalene, conversion of nitrogen compounds
to N, during coal pyrolysis, degradation of trichloroethylene, growth of gallium nitride
nanostructures and growth of carbon nanotubes); (iii) biomedical applications (magnetic
resonance imaging, biological staining, drug delivery, pollutant adsorption, gene therapy,
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antimicrobial agent, etc.) [16,28]; food applications (food preservation and analysis, en-
zyme immobilization, protein separation and purification) [14] and agriculture applications
(nanoadditives, nanofertilizers, nanosensors, nanopesticides and herbicides) [13]. Because
of their wide range of applications, there is an emerging need for synthesis of iron particles.
As mentioned earlier, synthesis of nanoparticles often includes heavy solvents and harsh
reaction conditions, but green synthesis has emerged as an environmentally friendly type
of synthesis using biological material as catalysts. This type of synthesis will be discussed
further in this review paper.

Iron oxide len ox!de Zero valent iron
. hydroxide .
nanoparticles . nanoparticles
nanoparticles
magnetite
— FeOOH
(Fe;0,)
| hematite (a-
Fe,05)
maghemite
(v-Fe,05)

Figure 1. Classification of iron nanoparticles.

4. Green Synthesis of Iron Nanoparticles

Green synthesis includes different precursors that are mixed with biological material
(e.g., enzymes, herbal extracts, biomass, bacteria or yeasts) that contains molecules from
their primary or secondary metabolism. These molecules can act as catalysts for formation
of nanoparticles. According to literature data, bacteria, fungi, algae and plants mixed with
a precursor solution can be used for green synthesis of nanoparticles [7,29]. Synthesis can
occur via extracellular and intracellular mechanisms [10].

Bacteria-mediated synthesis of iron nanoparticles is described in a review paper (Ash
and coworkers [30]) as a result of two possible pathways: biologically induced biomin-
eralization (extracellular), where magnetite crystals are formed in the culture solution as
a by-product, and biologically controlled biomineralization (intracellular). Extracellular
processes can be mediated using Fe(Ill)-reducing bacteria (Geobacter metallireducens, She-
wanella putrifaciens, Thermoanaerobacter ethanolicus, Archaeoglobus fulgidus, Desulfuromonas
acetoxidans) and sulfate reducing bacteria (Desulfuromonas, Actinobacter), where bacterial
metabolites exerted from the cell act as reducing agents. The intracellular processes oc-
cur within the cytoplasm or the cell wall. The specific ions must be transferred inside
the cell where nucleation occurs, and the crystal formation is under strict control of the
micro-organism [30]. Furthermore, Nadeem and coworkers [31] mention synthesis of iron
nanoparticles using Bacillus cereus, Staphylococcus warneri, Bacillus subtilis and Lactobacillus
casei for extracellular synthesis [31-33] and Lactobacillus fermentum and Gluconacetobacter
xylinus for intracellular synthesis [31,34,35].

Fungi-mediated synthesis or mycosynthesis occurs when fungi secrete bioactive com-
pounds that act as biocatalysts for formation of nanoparticles. Furthermore, fungi are
considered as excellent nanosynthesis mediators because of their high growth rate [29].
Although the mechanisms of nanoparticle formation using fungi are not yet fully under-
stood [36], it is considered that, similar to bacteria, synthesis can occur extracellularly and
intracellularly [31]. Usually, cells are first grown, filtered and washed, after which the
cells are removed by filtration and cell-free extract is mixed with precursors to synthesize
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nanoparticles [37]. Among others, Trichoderma asperellum, Phialemoniopsis ocularis, Fusarium
incarnatum, Aspergillus flavus Aspergillus niger, Rhizopus stolonifera, Penicillium oxalicum,
Alternaria alternata and Candida bombicola have been reported to be successfully used for
synthesis [29,37—-41]. According to Adeleye et al. [42] and Nadeem et al. [31], functional
groups such as thiol, carboxylic acid, hydroxyl and alkyl groups were responsible for
synthesis and stabilization of the nanoparticles.

Algae are eukaryotic photoautotrophic organisms harvested from seas. Since they are
capable of producing secondary bioactive metabolites, which can act as reducing, capping
and stabilizing agents, they can be used in production of NPs. Furthermore, because
of their rapid grow rate, red, green and brown algae are often considered to be the best
choice for NP synthesis [43]. The synthesis procedure can be described by three main steps:
(i) production of the algal extract, (ii) preparation of precursor solutions of ionic metallic
compounds and (iii) mixing and incubation of algal extracts and precursor solution at
defined experimental conditions (pH, temperature, duration and mixing) [44,45]. Win
et al. [46] reported synthesis of Fe304 nanoparticles using Chlorella-K01 extract with a yield
of 16-829 mg of Fe;O4 NP depending on the pH of the reaction mixture
(pH = 6-12). El Kassas et al. [47] used extracts of seaweeds Padina pavonica (Linnaeus) Thivy
and Sargassum acinarium (Linnaeus) Setchell 1933 for synthesis of iron oxide NPs from
FeCls3-6H,O precursors, while Salem et al. [48] reported synthesis of spherically shaped
Fe;04 NP with a size of 22.22-33.33 nm using the algae Jania rubens. Aside from synthesis
of iron NP, there have been numerous reports of synthesis of Ag, Au, Cu and Zn NPs
using algal extracts such as Bifurcaria bifurcate, Galaxaura elongate, Sargassum plagiopyhllum,
Caulerpa racemose, Ulva fasciata, etc. [44,49].

Abundance of plants and their bioactive properties make them a very desirable and
cheap source of biocatlysers for NP synthesis [50]. Plant parts that can be used include root,
stems, leaves, flower, seed, wood, the whole plant or any other part of the plant that contains
bioactives that can reduce the iron precursor [10,16,50]. Bioactive molecules derived from
plants that have the ability to reduce metal precursor solutions include phenols, tannins,
saponins, alkaloids, organic acids, flavonoids, sugars, proteins, vitamins, terpenoids and
free amino acids [10,16,22,26]. Synthesis of Fe NPs is referred to as “one-pot” synthesis [22],
which occurs extracellularly, and the most common procedure involves several steps:
(i) preparation of the herbal extract, (ii) synthesis of nanoparticles by mixing extracts with
iron precursor solutions at desired conditions and (iii) separation and purification of the
nanoparticles. The proposed mechanism of formation of the NPs is bondage of iron ions to
bioactive compounds, which then reduce iron atoms, and formation of the iron nucleus
occurs [16]. It is important to mention that the catalytic reaction using plant extracts is
faster in comparison to the microbe reaction; the time required for synthesis ranges from
a few minutes to a few hours and depends on plant type and concentration of bioactives
in a given plant [25]. Prunus persica, Agrewia optica, Citrus macroptera, Cynometra ramiflora,
Eucalyptus globules, Lawsonia inermis (Henna), Syzygium cumini, saffron plant, apple, apricot,
avocado, cherry, kiwi, lemon, pine, pomegranate, oak, olive, black tea, green tea, vine,
peach, pear, Hibiscus rosa sinensis, Artocarpus heterophyllus, Lagenaria siceraria and Moringa
oleifera are only some of the numerous examples of plants that can be used to synthesize Fe
NPs [22,23,26,51-61].

5. Batch (“One-Pot”) Biosynthesis of Iron Nanoparticles
5.1. Batch Synthesis Using Herbal Extracts

Batch synthesis is considered to be the most efficient and environmentally friendly pro-
cedure for synthesis of iron nanoparticles. Since the whole synthesis is actually performed
in one beaker, glass, pot or reactor, it is often referred to as “one-pot” synthesis. A schematic
diagram of the process is shown in Figure 2. Moreover, in comparison to synthesis using
bacteria and fungj, it is considered to be much simpler since the step where bacterial and
fungal biomass has to be synthesized and maintained under aseptic conditions [62] is not
present, and preparation of herbal extracts is much simpler.
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Figure 2. Flow diagram of batch synthesis of iron nanoparticles using herbal extracts.

Green synthesis of iron nanoparticles using plants and algae starts with preparation of
the extracts and the precursor solutions (Figure 2). According to literature data, compounds
such as mimosine, mimosinic acid, tyrosine, carotenoids, terpenoids, flavonoids, tannins,
alkaloids, glycosides, vitamins, quercetin, phytosterol, rutin, apigenin, chlorogenic acid, gal-
lic acid, vanillic acid, cinnamic acid, catechol, ferulic acid, theanine, theobromine, caffeine,
anthocyanins, gallocatechins, proanthocyanidin, ellagic acid, chebulagic acid, eugenol,
nerol, kaempferol and many more have been identified as compounds with functional
groups that can act as reductant and capping/stabilizing agents for iron nanosynthesis [9].

The mechanism of action of the bioactive compounds has not yet been completely
explored, but studies show that natural antioxidants reduce iron ions to iron nanoparti-
cles and can bind to the surface of the nanoparticles as stabilizing and capping agents,
improving their physicochemical properties [63—-65]. As precursor solutions, FeClz-6H,0O,
FeCl,-4H,0, FeSO,4-7H,0, and Fe(NOj3)3-9H,0 can be used in different concentrations
(0.01 M-0.1 M) [10,16,22,23]. After the solutions have been prepared, the extract is filtered
and mixed with the precursor solution to begin synthesis. It is important to note that the
yield of the iron particles is highly dependent on the process conditions (pH, temperature,
extract concentration, extract antioxidant capacity, precursor solution concentration, extract:
precursor ratio, time, etc.), and the process has to be optimized. The effect of pH has been
addressed in several studies, with contradictory results. For example, Ebrahiminezad and
co-workers mention the effect of pH on particle size distribution and stability of INPs,
saying that lower pH value enables production of iron NPs with smaller particle size and
higher stability in comparison to the iron NPs produced at higher pH [16]. On the other
hand, Lenders and co-workers reported the pH range 7-9 as optimal for INP synthesis
using Aeromonas hydrophila [66], while Woznica and co-workers reported that extreme acidic
and basic conditions retard synthesis of INPs [67]. A study by Huang et al. revealed that
size and shape of particles can be controlled by regulating the pH of the reaction solution;
the optimal synthesis conditions using green tea extract were defined as pH = 6.0 and
T = 318 K [68]. Furthermore, Ebrahiminezhad et al. state that the presence of organic acids
(oxalic and citric) increases the stability of iron nanoparticles [16]. Extract properties and
the ratio of extract:precursor also affect formation of nanoparticles and the particle size
distribution of the formed particles, as stated in various studies [16,64,69-73]. In general,
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higher concentration of bioactive compounds that are available to reduce Fe in the extract
also means higher rate of synthesis. However, too high extract:precursor ratio and too
high extract concentration lead to INP instability in terms of agglomeration of iron NPs to
larger clusters of particles as excess reducing agents can cause secondary reduction on the
surface of formed nuclei and thus the need for process optimization [6,10,16,26,72]. Patra
and co-workers investigated the effect of temperature on synthesis of iron nanoparticles
and concluded that synthesis is much faster at higher temperatures [74]. However, one
needs to be careful with temperature increase since many bioactive compounds used as
reducing and capping agents tend to be heat-sensitive; e.g., Rajendran and Sen reported
that an increase in temperature beyond 40 °C resulted in poor synthesis rates, which they
attributed to inactivation of bioactives [75]. It is important to emphasize that temperature
sensitivity also depends on the type of extract used and the bioactives present in those
extracts; e.g., Bibi et al. managed to synthesize INPs using Punica granatum seed extract
at temperatures as high as 70 °C [76], and Khan and co-workers managed to synthesize
INPs using Mentha spicata leaf extract at 100 °C [77]. Generally speaking, INPs can be
synthesized at temperatures ranging from 25 to 100 °C, but, due to volatility of some
bioactive catalysts, room temperature is considered to be the preferred temperature for
synthesis [74]. Furthermore, the influence of temperature is also important during extract
preparation since it affects the concentration of bioactives present in the extract. Higher
extraction temperatures usually yield higher extraction efficiencies, but some studies em-
phasize that too high extraction temperature (>70 °C) leads to lower antioxidant capacity
and, therefore, lower concentration of bioactive molecules, which can act as biocatalysts
and capping agents [16]. Incubation time has also been reported to influence INPs particle
size distribution and morphology: longer incubation times tend to lead to undesirable
aggregation of the particles [10]. Salt used for preparation of the precursor solution as
well as the concentration of the precursor solution both influence formation of INPs; type
of Fe salt usually affects the time needed for INP synthesis, as well as INPs shape and
size, while a decrease in the concentration of the precursor solution results in smaller
particles [10,75,78,79].

Color change of the reaction mixture is usually an indicator that the nanoparticles have
been synthesized. However, color change cannot be considered as the only confirmation
that nanoparticles are present, and different analysis methods are used to identify the
particles present in the mixture. One of the most widely used methods is continuous UV
spectra of the reaction mixture. Fourier transform infrared spectroscopy (FTIR) is also
used for confirmation of nanoparticle formation, with the basic aim to identify the exact
chemical composition of the particles, while scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are used to obtain insight into the structure of the
particles and energy-dispersive X-ray spectra for crystallinity assessment. Furthermore,
nanoparticle size can be determined using dynamic light scattering (DLS) as well as electron
microscopy [10,22,26]. After the nanoparticles have been successfully characterized, they
need to be separated from the reaction mixture, purified and dried, which is usually
completed by sedimentation, centrifugation, filtration, washing of the particles using
organic solvents and then drying in convective dryers or desiccators.

An overview of some studies performed in the last several years (2018-2022) involving
green biosynthesis of INPs using plant extracts is shown in Table 1.

Based on the data shown in Table 1, there are many plant species that possess bioactive
compounds that can be used as reducing and capping agents in synthesis of iron nanopar-
ticles. However, since each plant is different, different reaction conditions are required
for synthesis, and nanoparticles with different properties, morphologies and sizes can be
produced. Since each plant is a story of its own, future research should be aimed toward
screening of plants that can be used as precursors, as well as finding plants that can result
in nanoparticles with the most controllable properties. Furthermore, most of the studies
listed in Table 1 do not have a single well-defined compound that was identified as the
capping agent; in most cases, only a general group of compounds is listed (e.g., phenolic
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compounds, bioactives with antioxidant capacity, etc.). Therefore, one more aim of future
research should be definition of an exact compound that has the highest capping potential
so that the green synthesis processes can generate even higher yield.

Table 1. An overview of recent studies on iron nanoparticle synthesis using plant extracts.

Plant Precursor Synthesis Conditions Iron Nanoparticle Properties Reference
. . . Room temperature, extract:precursor Cubic crystals, average
Ageratum conyzoides (whole plant extract) FeCl;-6H,O (0.1 M) solution ratio: 11, t = 3 min diameter 85.98 nm [80]
o Room temperature, extract:precursor Crystalline particles, average
Bauhinia tomentosa (leave extract) FeCl; (0.01 M) solution ratio: 1:1, continuous stirring until diameter 70 nm ’ [81]
visible color change
§ Irregular, non-uniform
. . Rogm temperature, extract:precursor crystalline particles, visible
Carica papaya (leaves extract) FeCl3-6H,0 (0.1 M) solution ratio: 1:1, t = 30 min, continuous formation of agglomerates [82]
stirring average diameter 21.59 nm
1 g of Fe(NO3)3-9H,0 salt added to Spherical shape with an
Platanus orientalis (leaves extract) Fe(NO3)3-9H, 0 salt (99.8 %) 10 mL leaf extract, t=1h, T=25°C, asera o diamIZter of 38 nm [83]
continuous stirring &
Crystalline nanoparticles of
Hibiscus rosa sinensis (flowers extract) FeCl;-4H;0 (1 mM) solution Precursor:extr_act ratio: 1:1’. 1:.2 and nearly spherical shape, [84]
1:3, t = 20 s microwave radiation polydisperse, average
diameter 51 nm
Precursor:extract ratio 2:3, room Spherical particles, irregular
Artocarpus heterophyllus (peel extract) 0.1 M FeCl; solution tem eratﬁre H=-6 i surface, agglomerated, [85]
P PR = average diameter 33 nm
§ . . . Aggregates, maximum
Punica granatum (seeds extract) FeCl; (1 M) solution Extra'ctprect'lrsor ratl? 1.2'1’ 70°C for distribution in the range of [76]
15 min, continuous stirring 28.4-66.2 nm
Extract:precursor ratio 1:1, 60 °C for Nanoparticle structures with
Crocus sativus (whole plant extract) FeCl3 (1 M) solution ctprecy L average grain sizes of [51]
30 min, continuous stirring 04.27-46.27 nm
Quercus virginiana, Eucalyptus globulus Extract:precursor in a 2:1 ratio, room  Spherical, particle diameter
(leaves ext é‘ ct) ’ yptus g FeClj; solution (0.1 M) temperature, continuous stirring at around 10-100 nm, [86]
300 rpm amorphous structure
extract:precursor ratio: 1:1, 5 min Spherical particles, bimodal
Thymus vulgaris L. (leaves extract) FeCl;-6H,O (0.1 M) P o ’ distribution with peaks at [71]
room temperature 2 am and 40 nm
) ) extract:precur‘sor ratio: 1‘:10, room EVF;?}T?ZZmeter ranging from
Vitex leucoxylon (leaves extract) FeSOj, solution (0.05 mM) temperature, incubated in the dark 45 nm to 100 nm based on [87]
until a visible color change occurred SEM images
Lawsonia inermis (parts of the plant not . extract:precursor ratio: 1:1, 60 °C, Spherical, average size
identified, extract) FeS047H;0 (0.02 M) solution 1y 47 30 min 150-200 nm [26]
Precursor: extract ratios 1:1, 4:1 and Spherical, average size
Syzygium cumini (leaves extract) FeCl; solution (0.01 M) 9:1, continuous stirring, room / [22]
temperature 55-65 nm (SEM)
. Irregular particles, chain-like
01M FgClg “6H,0 sol_unon was structures, size dependant on
i . slowly introduced using a peristaltic p
ittosporum undulatum, Melia azedarach, ump with a flow rate of 2 mL/min the extract used (min.
Schinus molle and Syzygium paniculatum 0.1 M FeCl3-6H,0 solution Ensulrpin a2:1 extractprecursor rati(; 5-10 nm formed using [88]
(var. australe) (leaves extract) g a 21 € P " Pittosporum undulatum extract,
continuous mixing, room max. 100 nm for
temperature Schinus mole)
Irregular, cubic and
Apium graveolens (stalks extract) and Fe(NO3),-6H,0, 0.02 M 75 °C initial temperature, reduced to ;i);zgsg?llglsgzp efeof;i\ééa;lous 89]
Camellia sinensis (leaves extract) solution 60 °C and incubated for 60 min smoc;th surfacgg i agmetér
raged from 30.52 to 95.14 nm
40 mL of the extract added to 100 mL.  Crystalline multiform
Ficus carica (leaves extract) 0.01M FeCl3-6H,O solution of the precursor solution, pH =11, particles, aggregates visible, [90]
continuous stirring at 70 °C for 1h diameter 43-57 nm
Extract:precursor ratio 1:1, 500 rpm, Polydisperse amorphous
Pometia pinnata (leaves extract) FeCl3-6H,0 (0.01 M) solution 25 °C, 2h, with (pH = 11) and magnetic particles, size [91]
without pH adjustment 10-20 nm
Camellia sinensis (leaves extract) FeCl; 0.01M solution Extract:precursor ratio 1:1, room Pgrhcles of maximum [56]
temperature diameter of 116 nm
FeCl3-6H,0, 97% and pH = 11, 30 min, continuous stirring, Irregularly shaped magnetic
Garcinia mangostana (fruit peel extract) FeCl,-4H,0 (0.99 g) ata different extract concentrations (1, 2, particles, mean size of 13.42 & [92]

molar ratio of 2:1

5and 10 % w/w)

1.58 nm
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Table 1. Cont.

Plant

Precursor

Synthesis Conditions

Iron Nanoparticle Properties

Reference

FeCl,-4H,0 (1 mol)

100 mL of precursor solution with
5 mL of extract heated at 80 °C with

Nanospheres (3-5 nm),
aggregates, and

Ocimunm tenuiflorum (leaves extract) F?C.l 3-6H,0 (2 mol) m 100 mL. continuous stirring until color nanoelipsoidal particles with 193]
distilled water (solution) & p p
change a diameter of 100-200 nm
5 mL of the extract was added to Spherical nano clusters
. o . 10 mL of the precursor solution, pherk o )
Sidacordifolia (whole plant extract) 0.07 M Fe(NO3); solution heated at 60 °C for 5 min under hematite of average diameter [94]
continuous stirring 16nm
F8C13'6H20, FESO4 ‘7H20 . .
. o (aqueous mixture of ferric pH 10-11, 80 °C for 1 h with Sphgrlcal, uniform and -
Azadirachta indica (leaves extract) N . ot o particles smaller than 100 nm, [95]
(Fe’*) and ferrous ions (Fe**) constant stirring L.
at a 2:1 molar ratio) aggregates visible
§ Lo o Circular and rod-shaped
Mentha spicata (leaves extract) FeCl3, 0.4 M solution 5())( trﬁcrtlt.precursor ratio 11,100 °C, nanoparticles with an average  [77]
diameter 21-82 nm
Citrus macroptera juice extract FeCl3 0.14 M solution Not specified Spherical particles with [61]

diameter of 12 nm

5.2. Batch Synthesis Using Algae and Seaweed

Similar to plants, algae also produce bioactive compounds capable of acting as reduc-
ing and capping agents for synthesis of iron nanoparticles, with the procedure of synthesis
being very similar to the procedure described for plants (Figure 1). As mentioned earlier,
the synthesis procedure can be described by three main steps: (i) production of the algal
extract, (ii) preparation of precursor solutions of ionic metallic compounds and (iii) mixing
and incubation of algal extracts and precursor solution at defined experimental conditions
(pH, temperature, duration and mixing) [44,45]. Some examples of using algae for synthesis
of nanoparticles are shown in Table 2.

Table 2. Some examples of use of algae for synthesis of iron nanoparticles.

Algae Precursor Synthesis Conditions Iron Nanoparticle Properties Reference
Ulva lactuca extract 0.1 M FeCls solution Extrgct:precursqr ratio 1:1; 30 °C, 2 h, Uniform, spherical, diameter 196]
continuous stirring 20-40 nm
Colpomenia sinuosa and Pterocladia Extract:precursor ratio 1:1; 800 rpm, room Nanospheres, diameter
P 0.1 M FeCl3 solution temperature for 1h (C. sinuosa) and 2 h P 4 [97]
capillacea extracts . 16.85-22.47 nm
(P. capillacea)
. . o c o Spherical Fe3O4 nanoparticles,
Chlorella-K01 extract 0.1 M FeCl,-4H,0O solution P'recursor.algal extract ratio 2:3, 6-70 °C, diameter in the range of [46]
different pH values (6, 8, 10 and 12) .
approximately 50 to 100 nm
Spherical Fe3O4 nanoparticles
Padina pavonica Thivy and Sargassum . Extract:precursor ratio 1:1, 60 min, room in the range of sizes 10 to )
acinarium Setchell 1933 extracts FeCl; 0.1 M solution temperature, continuous stirring 19.5 nm (P. pavonica) and 21.6 to [47]
27.4 nm for S. acinarium
Extract:precursor ratio 1:1, immediate color Agglomerated non- uniform
Spirulina platensis extracts geécﬁ 6H;0 from 0.1 to change, stabilization for another 2h atroom  magnetic particles, diameter [98]
: temperature <10 nm
- spherical shape and size
ranged from 6.54 to 13.46 nm
with an average 9.42 + 2.84nm
i . . o Extract:precursor ratio 1:1, immediate color (P. fascia)
Petalonia fascia, Colpomenia sinuosa FEC13.'6H20 O1M) change, incubation for 72 h at room - cubic shape of the Fe304-NPs [99]
extracts solution L . .
temperature synthesized using C. sinuosa
with a size range 10.56 to
19.91nm and an average
17.78 £ 3.63nm
Extract:precursor ratio 1:1, immediate color
Sargassum muticum extract 0.1 M FeCls solution change, the mixture was stirred for 60 min Cubic particles with mean [57]

and then allowed to stand at room

temperature for another 30 min

diameter of 18 4+ 4 nm
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Table 2. Cont.

Algae

Precursor Synthesis Conditions Iron Nanoparticle Properties Reference

Chlorella vulgaris extract

Large aggregates of ultrafine
nanoparticles obtained by
uncontrolled synthesis, discrete
spherical nanoparticles ranging
from 8 to 17 nm for controlled
synthesis in the presence of C.
vulgaris secretory carbohydrates
contained in the extract

15 min, continuous stirring, room
temperature (controlled synthesis using
algal extract and uncontrolled synthesis
without algal extract)

FeCls.6H,0 [100]

Extract was added drop by drop manually
into 0.1 M FeClj3 solution in a 1:2 volume Spherical, porous agglomerates

Enteromorpha spp. extract 0-1 M FeCls solution ratio at room temperature, immediate visible, mean diameter 78.83 nm (1o1]
color change
Iron nanoparticles were prepared by adding
ferric chloride (2%), ferrous sulphate (1%)

Dictyota dicotoma extract FeCl;s (2% solution) and solution, to the extracts (10 mL) and Cubic nanoparticles, size range [102]

FeSOy (1% solution) precipitated with 2 mL sodium hydroxide about 40 nm to 50 nm
(0.1 M), pH 7-10, room temperature, 1 h,

continuous stirring

Moringa oleifera extract

Granular, homogenous,
80 mL of iron(IIl)chloride solution was spherical-shaped structure with
mixed with 20 mL of the extract, 60 °C, 4h an average diameter of
approximately 16 nm

0.6 M FeClj solution

In direct comparison to the synthesis principle using plants, algal synthesis occurs in
very much the same way: after extract preparation, precursor solutions are added, with a
color change as an indicator of nanoparticle formation, which occurs almost instantaneously.
Therefore, it can be concluded that this type of synthesis is also eco-friendly, fast, feasible
and easy to perform.

5.3. Batch Synthesis Using Bacteria and Fungi

Batch synthesis of iron nanoparticles using bacteria and fungi is also described in
the literature as a sustainable, eco-friendly, adaptable and diverse method [31]. In com-
parison to synthesis that involves plant extracts, the procedure using fungi and bacteria
is considered to be more complicated, mainly due to the fact that the biomass has to be
grown and sustained prior to synthesis of iron nanoparticles, and the work has to be
completed in aseptic conditions. Furthermore, the synthesis mechanisms can be intra- or
extracellular, and, if the mechanisms are intracellular, there is an extra step in the separation
of the iron nanoparticles: they first have to be excreted from the intracellular space to be
further purified and used. In extracellular synthesis, metal ions are reduced to nanopar-
ticles by microbial enzymes and proteins, bacterial or fungal cell wall components or
organic molecules present in the culture medium. The intracellular process is connected
to synthesis on the microbial wall; namely, the microbial wall contains carboxyl groups
that are electrostatically charged and attract metal precursor ions that then pass the cell
wall and enter the cell, where they are reduced by intracellular proteins and cofactors to
nanoparticles [103]. Similar to biosynthesis using plant extracts, process conditions such as
temperature, pH, biomass and others affect synthesis of iron nanoparticles, including the
morphology, particle size distribution and yield of the synthesis.

Although bacteria are more commonly used in synthesizing nanoparticles, fungi could
be more advantageous due to the presence of mycelia that provide greater surface area
for interactions, but they also involve some risks, mostly related to biosafety, since some
bacteria and fungi can be pathogenic [103]. The flowchart of synthesis is shown in Figure 3.



Catalysts 2023,13, 112 10 of 21
INTRACELLULAR EXTRACELLULAR
Figure 3. Flowchart of iron nanoparticle synthesis using bacteria and fungi.
An overview of some studies performed in the last several years involving green
biosynthesis of INPs using bacteria and fungi is shown in Table 3.
Table 3. Some examples of use of bacteria and fungi for synthesis of iron nanoparticles.
Microorganism Precursor Synthesis Conditions Iron Nanoparticle Properties Reference
Bacteria
Bacillus meeaterium cell Bacterial suspensions combined with
culture & 0.1 M Fe(NO3), solution precursor solution at 1:1 ratio, room Cubic shape, 40-60 nm [104]
temperature, 20 min
. - iron salt precursor Fe* Cell-free broth supernatant was added to . .
Ef;:ﬁf:tfgﬁ:;t()c ell-free (FeCl3-6H,0) and Fe?* the precursor solution, 35 °C, 30 min, firi{aerileliz Zl_lg;c;r}:ped particles, [105]
P (FeCl,-4H,0) at a 2:1 M ratio continuous stirring, pH = 11
Intracellular synthesis, the isolates were
Pseudomonas aeruginosa cultured in a simple 9 K medium to isolate
8 ferric quinate (FQ) solution magnetotactic bacteria, magnetic properties Metallic structures, size 35-45 nm [106]
(cell culture) q 81 g prop!
confirmed by a magnet, magnetosomes
extracted by sonication
Bacterial biomass was cultured in a Luria After 24 h, quasi-spherical
Actinobacter spp. bacetrial K3Fe(CN)g /KyFe(CN)g broth, sterilized and, after 24 h, aqueous nanoparticles of 10—40 nm were [107]
biomass broth mixture (2:1 molar ratio) K3Fe(CN)g /KsFe(CN)g mixture (2:1 molar obtained, after 48 h uniform cubic
ratio) was added, 3 days, 150 rpm, 28 °C particles of 50—150 nm
M . : 29 °C, 24 h, 141 rpm, reaction mixture Cuboidal anfl rectangular prisms,
agnetospirillum magneticum : - nearly spherical faceted
FeCl; comprised of MTB culture and ferric . . [108]
culture broth chloride at different pH values (4-12) nanoparticles, size 18-52 nm,
P depending on the pH of the mixture
~ . . Quasi-spherical, granular, crystalline
Streptomyces sp. (SRT12) Cell-free supernatant was mixed with the and smooth cubical surfaced clusters
FeCl,-4H,0, FeCl;-6H,O precursor solution, 120 min, . . [109]
cell-free broth supernatant with the size range from 65.0 to
room temperature
86.7 nm
Cell cultures in deionized water
containing an electron donor (sodium
acetate 20 mM), an electron acceptor Spherical and square shapes, particle
g:gf:;flr ::ifu g:ilz;esns gg(r)rfl(\)/lH)/ (Fe(III)-oxyhydroxide, size during synthesis can be [110]
P 50 mM) and a sodium bicarbonate buffer controlled in the range 10-50 nm
(30 mM), 30 °C, 1 week incubation in
the dark
irabili ; 8
Protgus mirabilis 108 stra}n .(10 CFU./ mL) Uniform, small, monodispersed and
was inoculated to the optimized medium spherical nanoparticles without
Proteus mirabilis 10B bacterial supplemented with 7 mM of Fe phe pa : .
7 mM of Fe (NO3)3-9H,O distinct aggregation with a diameter [111]

suspensions

(NO3)3-9H,O; reaction was monitored
based on color change of the
reaction mixture

of 1.44 to 1.92 nm; spider-web-like
shape size 11.7 to 60.8 nm
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Table 3. Cont.
Microorganism Precursor Synthesis Conditions Iron Nanoparticle Properties Reference
Ferric quinate (FQ) solution: Bacterial culture was inoculated in 100 mL Sp :}encaﬂlri? s;lrllap E ‘évilt?nr(t)ighf
. . 10 mM FQ solution was nutrient broth supplemented with 0.5 mM suriace. 1he mean diameter o
Pseudomonas stutzeri bacterial . . . IOMNPs clusters was estimated to
. prepared by dissolving 0.27 g FQ. Of the two sets, one was incubated as K . [112]
suspension . . . . be below 100 nm (SEM); spherical
of ferric chloride and 0.19 g of  static culture and other was agitated at morphology with size in the range of
quinic acid in 100 mL H,O 120 rpm at 37 °C for 72 h 10-20 nm (TEM)
Fungi, yeasts
FeCl3-6H,O, ferric chloride 10 g of wet biomass was added to 90 mL
Pennicillium rogeforti fungal hexahydrate (0.001 M) and mixture of salt Non-spherical, coated, diameter [13]
mycelia suspension FeCl,-4H,0 (0.001 mM) solution and was incubated for 24 h at 28 °C 5-16 nm -
in the ratio 2:1 in a dark-shaking incubator at 150 rpm
Saccharomuces cerevisiae yeast Freshly prepared yeast culture was added
culture su sy ended in a yrowth FeCl;-6H,0 (0.001 M), to the mixture of precursor solution, Spherical Fe;O3 particles, diameter [114]
X P g FeSO4-7H,0 (0.1 M) incubated in a rotary shaker at 30 °C at 70-100 nm
medium
120 rpm for 2-3 days
, . Cell-free filtrate mixed with 1 mM Fe(NO3), . . .
Alternaria ”“””f”” (Mili-Q Fe(NO3),, 1 mM solution incubated at 28 °C in dark with shaking Cubic particles, diameter [37]
water cell-free filtrate) 54-12.1nm
(150 rpm) for 72 h
P . e Fungal mycelia filtrate was mixed with . .
Penicillium oxalzqtm (Mili-Q FeSOy, 100 mM solution precursor solution (1:1), overnight, Spherical shapg, filameter 140 nm, [41]
water cell-free filtrate) . - . agglomerates visible
continuous stirring, 30 °C
Aspergillus niger homogenized ~ FeSO, and FeCl; solutions Precursor/fungus solutions were incubated Spgeriiral P?lr tllclels sl}:mthesti.zied mftra- [115]
mycelia cells solution (2000 ppm) for 6 days at room temperature anc extrace fuiarty, ve particies o -
18 nm, Fe304 of 50 nm
Trichoderma asperellum Spherical with average particle size
; 4 asp i . Fungal cell filtrate mixed with FeCl; and ranging between 25 £ 3.94 nm for T.
Phialemoniopsis ocularis, and FeCl; and FeCl; salt solution . R o
S ; N X FeCl, salt solution, 5 min, 30 °C, asperellum, 13.13 + 4.32 nm for P. [116]
Fusarium incarnatum fungal (2:1 mM final concentration) : - ;
1l broth filtrat continuous stirring ocularis and 30.56 + 8.68 nm for
celbro ate F. incarnatum
. . Cell-free filtrate and precursor solution . . . .
Aspergillus oryzae TFRY Mili-Q FeCl3, 0.001 M solution were mixed and kept on rotary shaker at Spherical crystalline particles with [117]
water cell-free filtrate 28 °C at 150 rpm for 12 h diameters 10nm and 24.6 nm
Mushroom extract:ferric chloride solution Spherical. roughly with 100 nm
Pleurotus florida water extract FeCl3, 1 M solution ratio 1:1, temperature 50-60°, stirred dP © tc al, roughly w [118]
continuously 1ameter
Cryptococcus humicola 9-6 cells ~ Fe;SO4-7H,0, 0.05 M C. humicola nutrient media were enriched Spherical nanoparticles present in
suspended in a growth solution added to the growth with iron, incubated at 22-25 °C, mixed the cell and adhered to the cell wall, [119]
medium medium every 3 days diameter 8-9 nm
. . o Cell filtrate(50 mL) was mixed with 50 mL .
Rhizopus stolonifera (Mili-Q FeCl3, 1 mM solution of 1 M FeCl; solution, agitated in the orbital Diameter and morphology not [42]

water cell-free filtrate)

shaker for 72 h at room temperature

determined in the study

Based on the data shown in Table 3, different bacteria and fungi possess the ability to

reduce precursor solutions of iron ions. All of them differ based on whether the synthesis
occurs intra- or extracellularly, with the intracellular one being more complex because the
nanoparticles have to be extracted from the cell to be further purified and used. Moreover,
in direct comparison of fungal /bacterial and plant/algal synthesis, it can be noticed that the
bacterial / fungal synthesis takes more time and requires specific incubation temperatures
and times to be successful. Moreover, incubation of biomass and isolation of nanoparticles
requires use of more chemicals, reagents and solvents, which makes this synthesis less
feasible than the one using plants and algae.

6. Continuous Synthesis Using Microfluidic Systems

Surface-to-volume ratio (S/V) has dramatically increased with development of nanoscience
and nanotechnology. Generally speaking, the majority of nanoparticles were created in a bulk
system using traditional methods by changing the precursors into the desired NPs. According
to Han and Jiang [120], there are some drawbacks of conventional batch techniques, which
include polymerization, self-assembly and nanoprecipitation. Basic problems of functional NP
synthesis are listed in the literature data as follows: (i) synthesis of nanoparticles is a laborious
and challenging procedure, (ii) there is a good chance that the size distribution of nanoparticles is
wide and (iii) lack of bulk fluidic control makes it challenging to create core-shell NPs. However,
those issues can be avoided by creating functional NPs using microfluidic devices [121]. Due
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to their high productivity, versatility, transparency, effectiveness, reproducibility and precision,
microfluidic systems are excellent for synthesizing nanomaterials because they may be used to
create multispecies strategies [122-124].

The advantages of using microfluidic systems include their compact size, low cost,
need for few sample reagents, safe operation and user-friendly setting [125,126]. In a far
more deliberate and regulated approach, microfluidics systems may produce uniform mix-
tures of particles [127-130]. In order to create NPs with greater quality optical, mechanical,
biological and chemical characteristics for a variety of applications, researchers now rely on
the miniature microfluidic platform [131,132]. Laminar fluid flow at the microscale size and
considerably better heat/mass transmission are characteristics of microfluidics [133-135].
As described by James et al. [136], since the channels that make up microfluidic devices
are so narrow, reaction conditions may be precisely controlled to provide uniform reaction
volumes inside the channels. Furthermore, during coprecipitation of NPs, laminar flow
provides great control over the kinetic characteristics of the two solutions to be combined.
Microfluidic systems are mostly manufactured from chemically resistant materials, such as
silicon, glass, thermoplastics, ceramics and metals, using (micro)fabrication, additive man-
ufacturing and tubing/extrusion technologies [137]. Additionally, microfluidic technology
has rapidly evolved to be one of the most important technologies in the field of purposive
biomaterial production [138,139], along with the advantages of variable modification and
large-scale integration.

6.1. Strategies for Iron Nanoparticle Synthesis Using Microfluidic Devices

Due to the benefits already described, flow systems employed in nanosynthesis are
now being researched extensively. Microfluidic systems can be categorized into two groups
based on the phases they involve: single-phase continuous flow and segmented flow
microfluidic systems [121,140]. As stated by James et al. [136], Niculescu et al. [140], Chen
et al. [124] and Ma et al. [121], inverse mixing and reaction of various fluids within the
microchannel is accomplished by continuous laminar flow in single-phase continuous
flow microreactors. Geometric barriers can be inserted within the microchannels or the
geometries of the microchannels can be altered to ensure appropriate mixing of the reactants.
It is well-known that, in the laminar flow rate, dominant in a microfluidic device, molecule
interdiffusion across laminar streams serves as the main mixing mechanism for passive
mixers. Channel width and flow ratio of the miscible fluids are inversely correlated with
mixing time [121]. As described by Abiev et al. [141], microreactors have shown to be the
most effective tools for co-precipitation-based NP production, where micromixing can be
enhanced by different diffusion path reduction approaches, such as: (i) using microinjector,
(ii) using microreactor with swirled flows, (iii) application of microreactor with impinging
swirled flow, (iv) using pulsating flow type apparatus, (iv) using straight axis two-phase
microreactor, (v) injecting the flow into a main stream or (vi) injecting the substreams.

On the other hand, segmented flow microreactors and droplet microreactors are two
categories of multiphase flow microreactors. They have numerous inlets and separate
introductions of a gas and a liquid or a liquid and a liquid, forming a continuous and
dispersive portion. The various reaction reagents are thoroughly combined and undergo
chemical reactions in the dispersed portion. The fact that the reaction zone is not in contact
with the outer channel walls is a benefit of the multiphase flow reactor, which significantly
lowers the possibility of contamination and blockage of the microchannels. On the other
hand, multiphase flow microreactor systems are difficult to manipulate and there is a
possibility of reagent dispersion.

Under specific settings, it is possible to generate a consistent pattern of consecutive
fluid slugs when two fluid flows (either immiscible liquids or a gas and a liquid) are injected
in capillaries [142-145]. Meanwhile, the dispersion phase creates drops that are entirely
captured by the continuous phase; the continuous phase makes slugs that are joined by
thin films in interface with the tube walls [146,147]. The characteristics of the channel
surface, specifically its wettability with regard to the two fluids, determine which phase is
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continuous and which is disperse. The capillary number and the Weber number are the
two primary dimensionless numbers that describe this flow [148,149]. Some examples of
use of microfluidic systems for iron nanoparticle syntheses based on both approaches are
provided in Table 4.

When optimizing NP production using microfluidic devices, different variables, such
as volumetric flow rate, mixing efficiency, catalyst concentration, microchannel geometry
and material and wall surface, play a significant role [150]. Suryawanshi et al. [151]
compared the iron oxide NP synthesis in two geometries of continuous flow microreactors.
It has been shown that different residence times and mixing behaviors noted in those
systems have a significant impact on the polydispersion index and particle size of the
produced iron oxide NPs, which in turn impact the stability and magnetic characteristics.
An important factor to determine the mean particle size as well as the size distribution
of NPs was found to be the reactant flow rate: as the reactant flow rate increased, the
average particle size of iron oxide NPs dropped. Their results can be directly compared
with those provided by Gopfert et al. [152]: magnetic iron NPs with average diameter of
about 10 nm and low polydispersity index were synthesized using microfluidic technology.
The effect of different ratios of iron ions and base iron ions at different flow rates on the
process productivity was also analyzed. Ahrberg et al. [153] stated that, for the process
of iron oxide NP synthesis using a droplet-based microfluidic device for short residence
times (2-8 min), the influence of small differences in residence time on the mean particle
diameter is rather considerable, and a direct correlation between the mean particle size and
the residence time of the droplets in the reactor could be observed. However, as the reagent
supply is decreased during extended residence intervals, the impact is reduced and the
reaction is slowed.

One must take into account that gas-liquid processes are not well-studied in the aspect
of production of nanomaterials. Panariello et al. [154] combined two modules and four dis-
tinct reactor systems were developed that enable control of the type of gas dissolved in the
solution as well as the reactor flow pattern. Single-phase and liquid-liquid two-phase flows
were analyzed. Optimization of temperature, flow pattern and dissolved gaseous reactants
concentration enabled complete conversion of the iron precursor to magnetite/ maghemite
nanocrystals in just 3 min. The fluctuation in particle size distribution in the aforemen-
tioned studies suggests that the mean particle size is controlled by internal mixing, slip
velocity and the physical characteristics of the fluids, and, most importantly, selection of
the right inert phase will allow optimization for a wide range of particle size distributions.
A similar conclusion was presented by Larrea et al. [155] involving the potential of using
nitrogen, oxygen, hydrogen and carbon monoxide as the gas phase in lysine-Fe3O4 NP
synthesis. The experiments were performed in a microfluidic set-up composed of two
poly(tetrafluoroethylene) coils connected in series. The first one was used for mixing and
the second one for the reaction. Their results showed that fast mixing is essential since
nearly all the oxide precursors are removed from the liquid phase in less than a minute,
leading to a fast nucleation process. They also stated that selection of the gas phase results
in different morphologies and crystalline structures of nanoparticles.

Table 4. Some examples of use of microfluidic systems for nanoparticle syntheses.

Nanoparticle

Microfluidic Device Geometry Process Efficiency Reference

Iron oxide core chitosan nanoparticles

With 20-120 mL/h flow rates and 0.06-0.03%
concentrations at pH 4.5 for
chitosan-tripolyphosphat, nanoparticles of diameter
190 £ 15 nm were obtained

3D printed microchannel with T-shape inlet

Iron oxide nanoparticles

(Poly)tetrafluoro-ethylene (PTFE) tube Magnetic and stable colloidal iron oxide particles [157]
microreactor with coaxial flows with a size less than 7 nm have been prepared

Superparamagnetic iron oxide
nanoparticles

The experimental setup comprises

two microreactors made of stainless steel

lined up in succession. The reactor volume, Residence time of 19.2 s resulted in a particle size [158]
which was 160 pL, was contained within distribution of 3.9 £ 0.9 nm -
microchannels that were 370 um wide and

150 um deep.
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6.2. Green Synthesis of Iron Nanoparticles Using Microfluidic Devices, Future Perspective
and Research

The basic advantages of microfluidic systems, such as their compact size, low cost,
need for fewer sample reagents, safe operation and user-friendly setting [125,126], make
them a green technology. The aim of green technologies and green chemistry is de-
velopment of a process safe for the environment. Anastas and Warner [159] presented
12 principles of green chemistry to decrease or completely stop using dangerous substances
and chemical processes:

(1) Waste reduction

(2) Atom economy during synthesis

(3) Less dangerous chemical synthesis

(4) Design of environmentally friendly chemicals
(5) Use of safer solvents

(6) Energy efficiency

(7)  Use of chemicals made from renewable sources
(8) Reduced use of chemical derivatives

(9) Reduced use of catalysts

(10) Use of degradable chemicals

(11) Real-time monitoring of pollution

(12) Safe chemical procedures.

Therefore, application of environmentally friendly chemicals in microfluidic devices
under mild operating conditions would fit the suggested green chemistry principles. How-
ever, use of environmentally friendly reagents in conjunction with microfluidic technology
and low reaction temperatures for iron NP synthesis has not yet been thoroughly researched.
Plant extracts and food grade molecules as biocatalysts used in microsystems have been
studied for synthesis of zing, silver and copper nanoparticles, with a noticeable lack of
research on iron nanoparticles, which makes this area a very interesting one for future
research. As described by Hang et al. [120], formation of nanoparticles benefits from the
mixing processes, which can be performed in microchannels. As a result, the generated
nanoparticles are consistent in size. Furthermore, it is also feasible to create complicated
structures (such as core-shell, multilayer and so forth) on a single microfluidic chip. These
distinct qualities make microfluidic iron nanoparticles ideal for application as therapeutic
and diagnostic agents, imaging contrast agents, biosensors and drug delivery systems.
However, the efficiency and quality monitoring of iron nanoparticles generated with the
necessary features in terms of size and size distribution still need to be improved for con-
tinuous flow synthesis of nanoparticles with microreactors [160]. The lack of knowledge
of the highly dynamic process, including fluidics, mass transfer/mixing and nanoprecip-
itation, especially in the early stages of the synthesis process, as well as comprehension
of nucleation kinetics, are the main causes of production problems [161]. Furthermore,
it is important to mention that special focus of the researchers should be put on use of
environmentally friendly reagents in conjunction with microfluidic technology and low
reaction temperatures according to green chemistry principles.

7. Conclusions

NP synthesis techniques and strategies have grown dramatically in recent years, with
a change from the traditional batch-based method to the microfluidic platform. The in-
creasing demand for development of more effective and environmentally friendly chemical
processes is also evident in synthesis of nanoparticles, where heavy and toxic chemicals
are being replaced with “green” chemicals. This work examined and summarized some
recent work completed using both the traditional technique and the microfluidic strategy.
It can be concluded that future developments in nanomaterial synthesis will focus on
improving the green synthesis approach. The research will be focused on selection of the
most efficient green catalysts as well as development of (micro)rector geometry that will
ensure the highest process productivity.
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