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Abstract: Microwave-assisted hydrothermal synthesis is a simple, reproducible, rapid, and effective
method, and therefore, has attracted considerable interest among scientists in the field of synthesis not
only of iron oxide but also of other metal oxides. This method has been used for the synthesis of iron
oxide nanoparticles, hematite («-Fe,O3), and goethite (x-FeOOH) in strongly alkaline media with
iron(III) chloride (FeCls) as precursor under microwave emission of 850 W. In this work, the effect on
the size, shape, and composition of the final product was investigated by changing the conditions,
such as shortening the synthesis time, increasing the synthesis temperature, and adding various
substances to the synthesis pathway. Samples synthesized at 200 °C for 20 min by increasing the
added percentage of polyethylene glycol (PEG), sodium dodecyl sulfate (SDS), rosemary essential oil
and lavender essential oil promote goethite-to-hematite transformation, while N-guanylurea sulfate
(NGS) and sage essential oil behave differently. The aforementioned substances added at 260 °C
resulted in a decrease in particle size, but pure hematite was obtained, regardless of the type of the
substances added or the decrease in synthesis time from 20 min to 5 min. Furthermore, the use of
essential oils rather than surfactants in this study was presented as a novel, environmentally friendly
method of iron oxide synthesis.

Keywords: microwave-assisted hydrothermal synthesis; goethite particles; hematite particles;
essential oils; N-guanylurea sulfate; polyethylene glycol; sodium dodecyl sulfate; FE-SEM; FT-IR
spectroscopy; PXRD

1. Introduction

Iron oxides are one of the most common compounds in nature and are used in many
different scientific fields, which has led to the development of many different routes for
their laboratory synthesis [1]. Goethite (x-FeOOH) and hematite (x-Fe;O3) are often final
products of iron oxide transformations due to their thermodynamic stability at room
temperature (RT) [1,2]. Because of their different morphological properties, they are widely
used and, therefore, most frequently synthesized particles. For example, hollow and solid
hematite spindles have been used in gas sensors and photocatalysis [3], hematite nanotubes
for photooxidation of water [4], hematite nanorods for applications in lithium-ion batteries
and gas sensors [5], and spherical goethite as an adsorbent for heavy metal removal [6].

The chemical composition, purity, morphology, and size of iron oxide particles are the
key features of their application. Each potential application requires different properties
and specific iron oxide particles, which are mainly dependent on the preparation method
and experimental conditions of the synthesis route. There are various methods for the
synthesis of nanoparticles (NPs), such as chemical precipitation, sol-gel, microemulsion
method, thermal decomposition, sonochemical techniques, and hydrothermal methods.
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Hydrothermal techniques are the most widely used pathways for the preparation of these
oxides in the last few decades, so the hydrothermal routes under different experimen-
tal conditions of pressure, temperature, pH medium, reaction time, precursor type, and
concentration are well investigated and reported in the literature [1,7-37]. Matijevi¢ and
Scheiner [38] investigated the hydrolysis of FeCl;, Fe(NO3)3, and Fe(ClO4)3 aqueous so-
lutions. Musi¢ et al. [15] proposed a dissolution/recrystallization mechanism for the
formation of Fe(Ill)-oxyhydroxides and oxides by the hydrolysis of aqueous Fe(Ill)-salt
solutions at an elevated temperature [38,39]. The influences of temperature and reaction
time are explained by two processes: nucleation and crystal growth. At higher tempera-
tures, nucleation is faster than crystal growth, so the particles obtained have a small size.
Larger particles are obtained by a longer reaction time since the crystal growth becomes
the determining factor [40,41]. Efficiently synthesizing iron oxides using the appropriate
method and experimental conditions to obtain the particles” specific morphology, size, and
functionality is a great challenge. Hydrothermal reactions take place in aqueous media in
an autoclave or reactor (conventional heating) where the temperature usually needs to be
more than 200 °C, and the pressure needs to be higher than 13,800 kPa, about 2000 psi.

According to the literature review, the lack of all mentioned methods for the synthesis
of iron oxide particles in the laboratory is the poorly controlling experimental condition and
a long time for the synthesis process. The microwave-assisted hydrothermal method can
precisely control the synthesis conditions for designing iron oxide particles with a desired
shape, size, and other properties for multiple applications, so it is a very desirable method
in various academic studies [42—48]. The greatest advantage of microwave irradiation is
that it can heat a solution uniformly through glass, plastic, or Teflon reaction container,
leading to a more homogeneous nucleation and shorter crystallization time compared with
those conventionally heated [49].

Additives can be used in the synthesis process as reducing or oxidating reactants
and change polymorphous transformation pathways (phase composition, structure, crys-
tallinity) or after synthesis as a coating material for particles to design their specific proper-
ties (particle morphology, degree of particle aggregation, the size distribution of particles)
for targeted application [50-52]. The most commonly used substances in the synthesis
of iron oxide particles are organic polymers [53-55], surfactants [53-55], and inorganic
ions [56]. For example, the non-ionic surfactant polyethylene glycol (PEG) can be used
to manipulate the size and shape of iron oxide NPs, such as the formation of ellipsoidal
hematite NPs and for the preparation of mesoporous magnetite powder [57,58]. They can
also be used as coating materials for particles to improve their properties and extend their
application, e.g., for magnetite NPs to improve their water dispersibility and stability [59].
Both surfactants, PEG and sodium dodecyl sulfate (SDS), were used for better uniformity
and stability of maghemite NPs [60]. However, these types of substances are generally not
environmentally friendly. Therefore, the aim of this study was to evaluate the possibility of
using natural substances in NP synthesis, as they are more environmentally friendly, easily
accessible, and ecological, in contrast to synthetic substances.

Natural substances, such as essential oils, are non-hazardous to the environment
and can be obtained through simple hydrodistillation. Because of their antimicrobial,
antifungal, antioxidant, and aromatherapeutic properties, essential oils have a wide range
of applications [61-63]. In the synthesis process of metal NPs, they can act as adsorbents,
stabilizers, capping agents, and reducens for metal precursors [63,64]. For example, the
essential oils of Curcuma pseudomontana [65], Eucalyptus globulus, Rosmarinus officinalis [66],
Nigella sativa [67], and Mentha piperita [68] were used as reducing agents and stabilizers
in the synthesis of Au NPs, and the essential oils of Thymus vulgaris [69], Pelagonium
graveolens [70], Syzigium aromaticum [71], Myrstica fragrans [72], and Coleus aromaticus [73]
as reducing agent in the synthesis of Ag NPs. It has also been reported that the amount of
essential oil in the synthesis pathway can affect the shape of NPs. Thus, the essential oil
from the leaves of Anacardium occidentale was used to prepare monodisperse hexagonal Au
NPs [74]. Although the addition of essential oil to the synthesis process is most commonly
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used to obtain Ag and Au NPs, it has been reported that Satureja hortensis essential oil was
used for the synthesis of iron oxide NPs [75]. After synthesis, essential oils can be used as
coating materials for NPs as well; e.g., Rosmarinus officinalis was used to coat magnetite
NPs [76].

The effect of natural and synthetic substances on the iron oxide product obtained by
the microwave-assisted hydrothermal method in very specific experimental conditions was
investigated and compared to develop an environmentally friendly method for hematite
and goethite synthesis. Essential oils from the Lamiaceae family, sage (Salvia officinalis L.),
rosemary (Rosmarinus officinalis L.), and lavender (Lavandula spica L.), were used as natural
substances. Polyethylene glycol (PEG), sodium dodecyl sulfate (SDS), and N-guanylurea
sulfate (NGS) were the surfactants used in the synthesis. The morphological effects of
additives, as well as the effects of temperature and time reduction during synthesis, on the
obtained hematite particles, were studied.

2. Materials and Methods
2.1. Materials

The following chemicals were used in the synthesis: anhydrous iron(Ill) chloride,
FeCl; (Fluka Chemie GmbH, Buchs, Switzerland), sodium hydroxide, NaOH (T.T.T,,
Sveta Nedelja, Croatia), polyethylene glycol, PEG (Alfa Aesar, Ward Hill, MA, USA),
N-guanylurea sulfate, NGS (Alfa Aesar, Ward Hill, MA, USA), sodium n-dodecyl sulfate,
SDS (Alfa Aesar, Ward Hill, MA, USA) and absolute ethanol (Gram-mol, Zagreb, Croatia).
Commercially available essential oils were used, and their composition is given on decla-
ration: lavender (Lavandula spica—linalool and borneol), rosemary (Rosmarinus officinalis
c.t. campher—borneol and trans-f-caryophyllene) and sage (Salvia officinalis—camphor and
1,8-cineole). The precursor solution (1M FeClz) and 8M NaOH were prepared by dissolving
calculated mass of solids in ultrapure water (resistance at 25 °C: 18.2 MQ cm~!) prepared
by Millipore Simplicity 185 Purification System, Burlington, MA, USA.

2.2. Synthesis

The precipitation mixture was prepared in plastic tube at RT. The reference samples,
as well as samples with added surfactants or essential oils, were prepared by mixing 4 mL
of a 1M FeCl3 solution, 4 mL of 8M NaOH, and ultrapure water to a total volume of 40 mL.

The percentage of surfactants or essential oils added to the samples synthesized at
200 °C for 20 min was increased from 1 to 4.5 percent, as shown in Table 1. Experimental
conditions for samples synthesized at 260 °C with varying program durations and the
addition of 1% surfactants or essential oils are shown in Table 2.

Table 1. Experimental conditions for the samples prepared at 200 °C for 20 min.

Sample Surfactant Mass.% pH Sample Essential Oil Vol.% pH

RS1 - - 13.28 S7 sage 1.0 13.22
S1 PEG! 1.0 13.04 S8 sage 45 13.06
S2 PEG ! 4.5 13.15 S9 rosemary 1.0 13.09
S3 NGS 2 1.0 12.81 S10 rosemary 45 13.14
S4 NGS 2 45 9.50 S11 lavender 1.0 13.26
S5 SDS 3 1.0 13.07 S12 lavender 45 13.23
S6 SDS 3 45 13.03

1 PEG (polyethylene glycol) 2 NGS (N-guanylurea sulfate) 3 SDS (sodium dodecyl sulfate).
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Table 2. Experimental conditions for the samples prepared at 260 °C with different synthesis times.

Sample Surfactant Mass.% t/min pH Sample Essential Oil Vol.% t/min pH
RS2 - - 20 13.24 S16 sage 1 5 13.12
RS3 - - 10 13.09 517 rosemary 1 5 12.24
RS54 - - 5 13.14 S18 lavender 1 5 13.14
513 PEG! 1 5 13.04
S14 NGS 2 1 5 12.93
S15 SDS 8 1 5 13.04

1 PEG (polyethylene glycol) 2 NGS (N-guanylurea sulfate) 3 SDS (sodium dodecyl sulfate).

The mixtures were thoroughly mixed before being placed in a Teflon vessel for the
microwave oven (Milestone, FlexiWave SK15, Sorisole (Bergamo) Italy, direct temperature
control monitor via microwave-transparent fiber optic sensor up to 300 °C, magnetron
frequency 2450 MHz, magnetron output 2 x 950 Watt, power supply 230 V, 50-60 Hz). Each
program was set to emit at 850 W continuous microwave with rotor-twist and with cooling
time of 20 min. Following the completion of the program and cooling of the tubes to RT, the
samples were placed in an ultrafast centrifuge (Backman Avanti J25, Indianapolis, IN, USA)
to separate the mother liquor from the precipitate. To remove any impurities, the precipitate
was rinsed with ultrapure water and absolute ethanol. A pH meter was used to determine
the pH of the mother liquor (Mettler Toledo, MP220, Columbus, OH, USA). Samples were
dried overnight at 60 °C in a vacuum oven (Thermo Scientific, 3608-1CE, Waltman, MA,
USA) with a rotary vane pump (Pfeiffer Vacuum, DUO Line 5 M, Afilar, Germany).

2.3. Characterization Techniques

Samples for Fourier Transform Infrared Spectroscopy (FTIR) (Shimadzu, IR Prestige—21,
FTIR—8400S, Kyoto, Japan) were prepared by mixing with spectroscopy grade KBr powder
(Alfa Aesar, Kandel, Germany) and pressing into the pellets. The Origin software [77] was
used to process the FTIR data.

Powder X-ray diffraction (PXRD) measurements were performed using an Empyrean
X-ray diffractometer with Cu Kal radiation, A = 1.5406 A (Malvern Panalytical Ltd.
Malvern, Worcestershire, UK). Samples were collected in a 20 range between 10° and
75° with a scan step size of 0.013°. The quantitative phase analysis was performed using
the Rietveld structure refinement [78] and Hill and Howard guidelines [79]. Structure
refinements against PXRD data were carried out using the HighScore Plus program [80].
The starting models for hematite and goethite phases were based on those of Unlii et al. [81]
and Zepeda-Alarcon et al. [82], respectively. A pseudo-Voigt profile function and a poly-
nomial background with up to five coefficients were applied to the structure refinements
along with instrumental parameters (i.e., sample displacement and scaling factor), lattice
parameters, and peak shape parameters for both phases. Crystallite size information was
extracted from the phase fitting method (i.e., simultaneously with the Rietveld refinements)
based on the change in profile widths compared to a standard sample.

Thermal field-emission scanning electron microscope (FE-SEM), JEOL JSM—7000F,
Tokyo, Japan) was used to obtain morphological data from the samples.

The valence state and magnetic ordering analysis were carried out using the Mossbauer
spectrometer (WissEl GmbH) with a Méssbauer source of 25 mCi % Co (Rh). Details are
summarized in the Supplementary information.

3. Results
3.1. FTIR Analysis

Figure 1 depicts the FTIR spectra of the reference sample and samples containing 4.5%
surfactants and 4.5% essential oils prepared at 200 °C for 20 min.
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Figure 1. FTIR spectra of the reference sample and samples with the addition of (a) 4.5% surfactants
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The FTIR spectra of reference sample RS1 and samples 52, S4, and S6 synthesized with
4.5% surfactants (PEG, NGS, and SDS), as well as samples S8 and S10 synthesized with 4.5%
essential oils (sage and rosemary) (Figure 1) show IR bands typical of both a-FeOOH and
o-Fe,O3. The goethite phase is represented by the in-plane bending band (5op) at 893 cm ™!
and the out-of-plane band (yon) at 799 cm ™!, while the hematite phase is represented
by the bands at ~540 cm ™! and ~460 cm~!. Furthermore, the IR band at ~640 cm ! is a
typical band caused by the interaction of residual C1~ ions (from FeCl; precursor used in
the synthesis) with Fe-OH groups [24] or the shape of the synthesized particles [83]. The
IR spectrum of sample 512 synthesized with 4.5% lavender oil shows IR bands that are
characteristic only for a-Fe,O3 (Figure 1b).

Figure 2 shows the FI-IR spectra of reference samples RS2, RS3, and RS54 prepared at
260 °C with synthesis times of 20, 10, and 5 min, as well as samples with 1% PEG surfactant
(513) and 1% lavender essential oil (S518) addition and synthesis time of 5 min.
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Figure 2. FTIR spectra of the reference samples with varying synthesis times and samples with 1%
addition of surfactant PEG and lavender essential oil prepared at 260 °C.

All of the FTIR spectra in Figure 2 show IR bands that are typical for x-Fe,Os.

3.2. PXRD Characterization

Qualitative-phase analysis using PXRD patterns collected at RT revealed the formation
of both hexagonal hematite [81] and orthorhombic goethite phases [82] in samples RS1 and
51-511 (Table 3). On the other hand, a single-phase PXRD pattern of the hematite phase was
observed in sample S12. The microstructural evolution, resulting from the line-broadening
analysis performed during the structure refinements, reveals a clear disparity in the size of
the crystallites between the formed phases. Namely, the average size of a-Fe,O3 crystallites
shows increases from 103.1(1) nm in sample RS1 to 220.4(1) nm in sample S12.
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Table 3. The notation of samples prepared at 200 °C for 20 min, results of phase analysis, and resulting
microstructural parameters obtained from the Rietveld refinements against laboratory PXRD data.

Unit Cell Metrics/A Crystallite Size/nm Phase Fraction/wt.%
R
Sample o-Fe, 03 a-FeOOH oF
. . : X 1%

(s.8. R-30) (s.g. Pbnm) «-Fep O3 x-FeOOH a-Fep O3 «-FeOOH °
~ a = 9.9570(7)

RS1 “_‘153'07355791((24?) b =3.0216(2) 103.1(1) 73.1(1) 431 56.9 243
€= ¢ = 4.6085(3)
~ 2=9.957(1)

s1 “_‘153'07355698((92)) b =3.0220(2) 146.2(1) 46.2(1) 80.3 19.7 2.07
€= ¢ = 4.6087(4)
~ 2 =9.957(1)

s2 “_‘153'0735%46((13)) b =3.0226(3) 125.0(1) 39.7(1) 84.7 15.2 1.30
€= ¢ = 4.6093(6)
~ a=9.955(1)

s3 “_‘153'07355787((13)) b =3.0225(3) 142.5(1) 42.6(1) 84.0 16.0 2.59
€= ¢ = 4.6079(5)
~ 1=9.959(2)

s4 “_‘1%(;3557%((2) b = 3.0220(4) 157.2(2) 39.6(1) 82.1 17.9 2.38
€= ¢ = 4.6091(7)
~ 1 =9.9561(8)

S5 4= 1530;‘56238)) b =3.0222(2) 177.5(1) 46.0(1) 714 28.6 1.47
€= ¢ = 4.6082(4)
~ a=9.958(1)

S6 “_‘153‘0735562((13)) b =3.0218(3) 166.6(1) 45.9(1) 75.5 245 2.02
€= ¢ = 4.6087(4)
~ 2=9.953(8)

s7 “_‘153‘07354(%(2) b =23.023(2) 172.1(1) 53.2(1) 98.0 2.0 1.59
€=t ¢ = 4.596(4)
~ 1 =9.957(5)

S8 = fﬁgg b =3.0214(4) 130.2(1) 51.6(1) 74.9 25.1 2.23
€= ¢ = 4.6059(5)
~ a=9.949(4)

9 4= 1530%8%((;) b =3.021(1) 173.1(2) 44.6(2) 96.4 3.6 1.58
€=t ¢ = 4.605(2)
~ 2 =9.960(5)

510 “_‘153‘07354060((2) b =3.0195(8) 182.3(2) 98.1(2) 96.8 3.2 1.98
€= ¢ =4.607(2)
~ a=9.957(4)

si1 “_‘153‘073541%(2) b =3.021(1) 170.2(1) 50.4(1) 74.2 25.8 2.01
€= ¢ = 4.6068(7)

S12 a =5.03600(7) 220.4(1) - 100 - 1.95

b =13.7546(2)

Table 3 shows that the samples prepared at 200 °C for 20 min have a higher percentage
of hematite phase in the mixture, regardless of chemical or natural substance addition,
than the reference sample RS1, which has 43.1 wt.% hematite and 56.9 wt.% goethite
(Figure 3a). Sample S12 (Figure 3b) with 4.5% lavender addition is the only sample that
contains 100.0 wt.% hematite and was synthesized under the same conditions as samples
in Table 3.
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Figure 3. Final observed (red dots) and calculated (blue solid line) powder diffraction profile for
(a) sample RS1 and (b) sample S12 as obtained from Rietveld refinements against PXRD data at RT.
The fitted background contribution is represented by the lower dark green solid line. The black
solid line (bottom) shows the difference profile, while the green and purple vertical lines show the
reflection positions of hexagonal x-Fe;O3 and orthorhombic a-FeOOH, respectively.

According to the results in Table 3 and Figure 4, the proportion of phases in the final
product is determined by the amount of surfactants added to the synthesis mixture. As
a result, when 1% PEG is added to the synthesis mixture, sample S1 contains 80.3 wt.%
hematite and 19.7 wt.% goethite, and when the PEG addition amount is increased to 4.5%,
sample S2 contains 84.7 wt.% hematite. Sample S5 synthesized with 1% SDS in the mixture,
contained 71.4 wt.% hematite, while sample S6 synthesized with 4.5% SDS in the mixture
contained 75.5 wt.% hematite. On the contrary, as the amount of NGS in the synthesis
mixture increases, the percentage of the hematite phase in the final product decreases.
Sample S3 with 1% NGS contains 84.0 wt.% hematite and 16.0 wt.% goethite, while sample
54 with 4.5% NGS contains 82.1 wt.% hematite and 17.9 wt.% goethite.
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Figure 4. Cascade PXRD patterns of reference sample RS1 and samples S1-S6, prepared with addition
of surfactants at 200 °C.

According to the results in Table 3 and Figure 5, adding 1% lavender essential oil
to the synthesis mixture (sample S11) has the same effect on the composition of the final
synthesis product as PEG and SDS, increasing the proportion of the hematite phase. Finally,
adding 4.5% lavender (sample 512) to the synthesis mixture yields a pure hematite phase, as
shown in Figure 3b. The content of the hematite phase increases slightly with an increasing
amount of rosemary essential oil (samples S9 and 510). The samples with sage essential oil
(samples S7 and S8), on the other hand, behave completely differently than the samples
with lavender essential oil. When the amount of added oil is increased from 1% in sample
57 to 4.5% in sample S8, the hematite percentage decreases from 98 to 74.9 wt.%, and the
goethite phase increases from 2.0 to 25.1 wt.%.

L 1 L T T
PO+ @ FeO0OH | T=2953EK .
A=l4lE A
P . =& )
N o @mans
R
I 2= A F5l o
E- | —
o
_E 'l l a7
" -
i | . A ‘-JL_-.-L___L:._N L.—.A.-h.«JHL—.-—-;
g = —
g 23
L]
| b ) A 510
— = —
A I J‘L ml, \ | || 211
" 04} = {214) (300
wrFerz - - o [20-%) 3 » 3] }
- a3 2 = S o
- | 2 l (2023 .
1o n M 40 %0 60 T
2809

Figure 5. Cascade PXRD patterns of the reference sample RS1 and samples S7-S12 prepared with
addition of essential oils at 200 °C.



Crystals 2022, 12, 1567

10 0of 18

As shown in Table 4 and Figure 6, the samples prepared at 260 °C only show the
hematite phase, regardless of the addition of chemical or natural substances, as well as
synthesis time reduction. The observed effect is visible only on crystallite size. Namely,
the crystallite size decreased when the reaction time was reduced, from 194.2(2) nm in
sample RS2 to 98.7(2) nm in sample RS4. On the contrary, the addition of surfactants or
essential oils yields larger crystallites (sample S13-518) compared to sample RS4 with a
5 min synthesis time.

Table 4. The notation of samples prepared at 260 °C with varying synthesis times, results of phase
analysis, and resulting microstructural parameters obtained from the Rietveld refinements against

laboratory PXRD data.
Unit Cell Metrics Crystallite Phase

Sample a-Fe, O3 (s.g. R-3¢) Size/nm Fraction/wt.% ljgp
a/A /A a-Fe; O3 o-Fe; O3 °
RS2 5.0345(1) 13.7511(2) 194.2(2) 100 8.50
RS3 5.0370(2) 13.7576(4) 102.7(3) 100 8.64
RS4 5.0351(1) 13.7520(3) 98.7(2) 100 8.40
S13 5.0358(1) 13.7544(3) 140.3(1) 100 8.66
S14 5.0349(1) 13.7513(3) 190.3(2) 100 2.08
S15 5.0361(1) 13.7570(3) 150.2(1) 100 8.66
S16 5.0350(1) 13.7503(3) 190.3(2) 100 1.99
S17 5.0350(2) 13.7512(3) 203.9(1) 100 1.93
S18 5.035(1) 13.751(2) 221.7(1) 100 2.15

T=203K
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\ d I W W
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Figure 6. Cascade PXRD patterns of the reference samples RS2-RS4 and samples S13-518 prepared
at 260 °C.

The iron oxide phase fractions determined by quantitative Rietveld phase analysis
and the microstructural trends observed in the prepared samples correlate favorably with
the results of >’ Fe Mossbauer spectroscopy (see Supplementary Figures S1 and S2, Table
S1), confirming their purity. In contrast to PXRD analysis, which only detects phases
with a certain degree of crystallinity, Mossbauer spectroscopy is sensitive to atomic nuclei
capable of recoilless absorption and y-radiation [84]; that is, in our case, to any type of
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solid containing structural or adsorbed *Fe. In particular, the synthesis of Fe(III) oxides,
except for hematite (x-Fe;O3) and/or goethite (x-FeOOH), could also lead to the formation
of various other iron(IlI) oxide phases such as 3-Fe;O3, maghemite (y-Fe,O3), akaganeite
(B-FeOOH), lepidocrocite (y-FeOOH) and/or feroxyhyte (6-FeOOH) phases, whereas the
structure of feroxyhyte is not well defined due to ambiguities in the PXRD pattern [85].
Specifically, the Mossbauer detection of significant proportions of lepidocrocite in the
absence of any diffraction peak is noteworthy since even nanometer-sized lepidocrocite can
appear as broad reflections in XRD spectra [84,86]. For this reason, PXRD and Mossbauer
results can be considered complementary rather than comparative, with each method
considering different aspects of the solid phase.

3.3. SEM Analysis

The FE-SEM image of reference sample RS1 (Figure 7a) prepared at 200 °C for 20 min
shows the presence of rod-shaped goethite particles of various sizes as well as plate-shaped
hematite particles. Sample S2 with 4.5% PEG addition (Figure 7b) has the same particle
shape as the reference sample RS1 but with more hematite plates, as confirmed by PXRD
and FTIR analysis of those samples. Samples containing SDS, NGS, and essential oils of
sage and rosemary also contain rod-shaped goethite and plate-shaped hematite, and their
images are shown in Supplementary Figure S3. Unlike the other samples, the FE-SEM
micrographs of sample 512 with 4.5% lavender essential oil (Figure 7c) show only irregular
plate-like hematite particles.

0 100nm WD 10.0mm SEl 10.0kv  X33,000 100nm WD 10.0mm SEl 10.0kV  X33,000 100nm WD 10.0mm

Figure 7. The FE-SEM images of (a) reference sample RS1, (b) sample S2 with 4.5% PEG, and
(c) sample S12 with 4.5% lavender essential oil, prepared at 200 °C for 20 min, taken at 33,000 x
magnification.

The FE-SEM images of reference sample RS2 prepared at 260 °C for 20 min (Figure 8a)
and reference sample RS4 prepared at the same temperature for 5 min (Figure 8b) show
the presence of irregular hematite plates varying particle sizes due to rapid crystallization
at high temperatures. Samples S13 with 1% PEG (Figure 8c) and S18 with 1% lavender
essential oil (Figure 8d) prepared at 260 °C for 5 min show significantly smaller particle
sizes of irregular hematite plates. FE-SEM images of other samples synthesized at 260 °C
for 5 min, S14-517, also show smaller hematite plates and are shown in Supplementary
Figure S4.
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Figure 8. The FE-SEM images of (a) reference sample RS2 prepared for 20 min, (b) reference sample
RS4 prepared for 5 min, (c) sample 513 with 1% PEG, and (d) sample 518 with 1% lavender essential
oil, prepared at 260 °C for 5 min, taken at 33,000 x magnification.

4. Discussion

The hydrolysis of Fe>* in aqueous media may be utilized in the synthesis of a specific
form of iron oxides. Hematite can be prepared by a variety of routes. The most convenient
and common ones are: (1) by thermal dehydration of a crystalline iron oxide hydroxide
(e.g., 2 FeOOH — Fe;O3 + H,0) or an iron salt, (2) by forced hydrolysis of Fe** solutions
and (3) by the transformation of ferrihydrite in aqueous suspension.

Ferric salt solution hydrolysis can lead directly to goethite, lepidocrocite, akageneite,
and hematite individually or a mixture of these compounds, depending on the experimental
conditions. Under hydrothermal conditions (>150 °C) formation of hematite is very rapid.
These reactions were extensively investigated by many researchers, as exemplified in the
Section 1 and reported in the literature [1,7-37]. In view of so many factors affecting the
reactions involved, a slight condition change may yield an entirely different precipitate.
For those reasons, synthesis conditions were precisely set by the microwave-assisted
hydrothermal method: 0.1M FeCls as precursor solution, temperature at 200 °C, pH at ~13,
and 20 min reaction time. The aim of controlling those experimental conditions was to
observe the effects of the addition of surfactants or essential oils in the synthesis process
on the composition, size, and shape of the final products. At the mentioned experimental
conditions, a mixture of goethite and hematite was obtained, which represents reference
sample RS1. It was found that the addition of surfactants or essential oils of any type
significantly increased the weight percentage of the hematite phase in the mixture compared
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with a reference sample. The effect on the synthesis pathway also varies depending on the
amount and nature of added substances. The increased addition of PEG, SDS, rosemary, and
lavender essential oil promotes the goethite-to-hematite phase transformation, while NGS
and sage essential oil slow down the goethite-to-hematite transformation. Only a higher
percent of lavender essential oil added completes the goethite-to-hematite transformation
to the desired single-phase hematite product. Based on the results of this experiment, a
novel method for obtaining the desired single-phase hematite («-Fe,O3) product using a
microwave-hydrothermal method with the addition of lavender essential oil in the synthesis
mixture is presented.

Terpenes and their derivatives, terpenoids, belong to the group of phytochemicals
found in the essential oils of various plants [87,88], with monoterpenoids and sesquiter-
penoids being the most abundant [89]. These compounds can be used as reducing agents
for metal ions in the synthesis of NPs [90]. Although, to our knowledge, the mechanism of
synthesis of iron oxide NPs using monoterpenoids has not yet been described, the function
of other phytochemicals (especially polyphenols) as reducing agents has been explained in
the literature [91].

Analogously, Figure 9 shows the mechanism of the synthesis pathway of hematite
NPs by monoterpenoids (linalool or/and borneol) found in lavender essential oil and their
role as a reducing agent in iron(Ill) chloride (FeCls) solution in strongly alkaline media
is proposed:

FeCl,(s) ——=> Fe*(aq) + 3Cl(aq) (D
~ + 0
Fe'(aq) + 3 (CgH,,OH) ——=> Fe(s) + 3(Cgl,=0)+ 3 H'(aq) (2)
\“—l
OH
L
OH |
Borneol Linalool
2Te(s)+ 2H,0() ——= 2TFe’(aq) + H,(g) + 2 OH(aq) 3)
2Fe*(aq) + 2H,0(l) ——=> 2Fe¥(aq) + Hy(g) + 2 OH (aq) @)
2Fe¥(aq) + 3 OH-(aq) ——=> Fe(OH),(s) ©)
Fe(OH)y(s) ———=s> FeOOH(s) + H,O(l) (6)
FeOOH(s) ——s=> Fe,04(s) + H,O(]) )

Figure 9. Proposed mechanisam of the synthesis pathway of hematite NPs by monoterpenoids.

After dilution of the precursor (FeCl3) (1), the ferric cations are reduced by the monoter-
penoids of the essential oil, and elemental iron is formed (2). After hydration, ferric cations
are formed (3), (4), and ferric hydroxide is precipitated (5). The ferric hydroxide is dehy-
drogenated to FeOOH-oxyhydroxide (6), which is converted to ferric oxide (7), hematite,
and o-Fe,Os3.

The samples prepared at the same conditions (0.1M FeClj solution and pH at ~13) but
at higher temperature (260 °C) exhibit a single-phase hematite regardless of the reduction of
the synthesis time or the addition of the surfactants or essential oils in the synthesis process.
Synthesized particles with substance addition synthesized at 5 min have a significantly
smaller particle size despite the rapid crystallization that occurs at this extreme temperature.
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5. Conclusions

In this paper, an environmentally friendly microwave-assisted hydrothermal synthesis
of NPs with the use of natural essential oils as a substitute for synthetic surfactants is
presented.

Hydrolysis of 0.1M FeCl; obtained single-phase hematite product with the use of
lavender essential oil at a temperature of 200 °C for 20 min. The detailed mechanism of
hematite NPs synthesis, mediated with monoterpenoids present in the oil, is explained.

Pure hematite with smaller-sized particles can be obtained with the addition of natural
substances in the 0.1M precursor solution at 260 °C in just 5 min.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12111567 /51, Supplementary Figure S1. > Fe Mossbauer
spectra (recorded at 20 °C) of reference sample RS1, sample 52 with 4.5% PEG and sample S12 with
4.5% lavender essential oil, prepared at 200 °C for 20 min. Supplementary Figure S2. > Fe Mossbauer
spectra (recorded at 20 °C) of reference sample RS54, sample 513 with 1% PEG and sample S18 with 1%
lavender essential oil, prepared at 260 °C for 5 min. Supplementary Figure S3. The FE—SEM images
of (a) sample S1 with 1% PEG, (b) sample S3 with 1% NGS, (c) sample S4 with 4.5% NGS, (d) sample
S5 with 1% SDS, (e) sample S6 with 4.5% SDS, (f) sample S7 with 1% sage essential oil, (g) sample S8
with 4.5% sage essential oil, (h) sample S9 with 1% rosemary essential oil, (i) sample S10 with 4.5%
rosemary essential oil and (j) sample S11 with 1% lavender essential oil, prepared at 200 °C for 20 min,
taken at 33000 x magnification. Supplementary Figure S4. The FE—SEM images of (a) sample 514
with 1% NGS, (b) sample S15 with 1% SDS, (c) sample S16 with 1% sage essential oil, and (d) sample
517 with 1% rosemary essential oil, prepared at 260 °C for 5 min, taken at 33000 x magnification.
Supplementary Table S1. Mossbauer parameters for reference samples and samples with PEG and
lavender essential oil prepared at 200 °C for 20 min and 260 °C for 5 min. References [92,93] are cited
in Supplementary Materials.
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