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Herein, a highly efficient magnetically separable hybrid GO/SrFe12O19 nanocomposite was synthesized via

dispersing M-type strontium hexaferrite (SrFe12O19) on graphene oxide (GO) sheets. First, SrFe12O19

nanoparticles (NPs) and GO sheets were prepared via chemical coprecipitation and chemical oxidation

of graphite powder, respectively. Chemically reduced GO (rGO) and rGO/SrFe12O19 were also prepared

for comparison purposes. Thereafter, the prepared nanostructured materials were explored by XRD,

FTIR, FESEM-EDX, BET, and Zetasizer analyses. All the characterizations confirm the nanoscale and the

high stability structures of the prepared materials. The prepared hybrid magnetic nanocomposite GO/

SrFe12O19 exhibited a high surface area value resulting in a high catalytic activity and selectivity for the

epoxide ring-opening with amines in neat water. The use of hybrid GO/SrFe12O19 compared with pure

SrFe12O19 and GO sheets is of great interest for using environmentally benign heterogeneous

nanocatalysts, for the synthesis of b-amino alcohols, with excellent recyclability under eco-friendly

conditions. Moreover, a mechanistic study was performed through density functional theory (DFT)

calculations and Parr functions to explain the observed reactivity and selectivity of SrFe-GO catalyst in

the epoxide ring-opening reactions.
1. Introduction

Nanotechnology is one of the most important research elds
that covers various domains such as biology, medicine, agri-
culture, physics, chemistry, etc.1–6 Over the last decade, this
technology has been the target of fundamental and technolog-
ical scientic research to develop new classes of nanostructured
materials with unique properties and applications.7–12 Among
the interesting nanomaterials, hexagonal ferrites represent
important classes of magnetic materials in diverse areas of
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applications such as plastic magnets, permanent magnets,
recording media, microwave components, high-frequency
devices, and catalysts or photocatalysts.13–16 Since their
discovery in the 1950s there has been an increasing degree of
interest in the hexagonal ferrites,17 and their synthesis and
study deserve a particular interest for R&D researchers.16,18–20

However, magnetic nanoparticles (MNPs) have gained the
attention of many scientists due to their excellent physical and
chemical properties compared to traditional bulk materials,
such as superparamagnetism, high surface area, high surface-
to-volume ratio, simple separation under external magnetic
elds, and high adsorption capacity.21–26 Nowadays, it has been
found that the dispersion of magnetic NPs on 2Dmaterials such
as graphene sheets is potentially turning into a new research
topic due to their improved functionalities. Therefore, their use
holds considerable promise for a wide range of applications in
catalysis, biomedical elds, and for the removal of contami-
nants from wastewater.27 Graphene, a single layer of carbon
atoms packed in a two-dimensional honeycomb lattice, has
a large surface area, open porous structure, exibility, chemical
stability, and very high electrical conductivity, which makes it
a good candidate for the construction of graphene-based
composite nanomaterials.28–33
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In recent years, numerous hybrid composites have been
synthesized based on strontium ferrite (SF) and reduced or non-
reduced graphene oxide (rGO or GO) materials as heteroge-
neous catalytic systems. Recently, a nanocomposite based on
polypyrrole/SrFe12O19/GO was used for the removal of tartrazine
from wastewater.34 However, Aziz et al. have reported the
preparation of TiO2-GO supported SrFe12O19 photocatalyst.35

Additionally, J. Luo et al. have described the preparation of
RGO/SF/PANI nanocomposites in a three-step synthesis as
microwave absorber materials.36 Besides, Zhao et al. produced
rGO/SrFe12O19 nanocomposites by a two-step method for
microwave absorption applications.37

The catalytic nucleophilic ring-opening of epoxides with
amines represents one of the most important and straightfor-
ward methods for the preparation of b-amino alcohols as
intermediates in the synthesis of a wide range of biologically
active natural and synthetic products.38–42 Recently, Y. He et al.
have used epoxy ring-opening in a two-step synthesis of
dimethyl carbonate by a coupling CO2 cycloaddition and
CH3OH transesterication.43,44 On the other hand, b-amino
alcohols can be used as chiral ligands in various asymmetric
syntheses.45,46 Thus, enantioselective hydrogenation of arylalkyl
ketones is possible using Ru(II)--ferrocenyl amino alcohol
catalyst.47 It is noteworthy that these compounds have been
widely employed for good enantioselectivity in Reformatsky
reaction,48 alkynylation of aromatic aldehydes,49 or addition of
divinylzinc.50 Moreover, several Lewis or Brønsted acids were
used as useful activators for better regioselectivity of epoxides
aminolysis.51–57 However, most of the existing methods involve
high-cost processes, stoichiometric catalysts, corrosive
reagents, and toxic metal ions and solvents. Therefore, it is
desirable to develop new green procedures respecting the
principles of green chemistry and circular economy.

Recently, we have reported M-type hexaferrite SrFe12O19 (SF)
as an efficient heterogeneous bulk catalyst for amino alcohol
synthesis.58 To improve the catalytic activity of SrFe12O19, we
have herein selected graphene oxide as dispersion of the cata-
lytic active sites of SF due to its intriguing characteristics
including high surface area, numerous oxygen-containing
functional groups, high hydrophilicity, and good dispersion in
water.

In this paper, we report the synthesis of SrFe12O19 nano-
particles using the coprecipitation method, and their combi-
nation with graphene oxide is carried out to study the
synergistic effect of the hybrid nanocomposite (GO/SrFe12O19)
on the catalytic activity of epoxide opening ring by amine to
prepare b-aminoalcohols under eco-friendly conditions.
Furthermore, GO, rGO, and rGO/SrFe12O19 nanomaterials were
synthesized and evaluated for the catalytic epoxide ring-
opening.

2. Experimental
2.1. Materials and chemicals

All reagents and solvents were purchased from commercial
sources (Sigma Aldrich) and used as received without further
purication: SrCl2 (99.99%), FeCl3$6H2O (97%), NaOH
11140 | RSC Adv., 2022, 12, 11139–11154
(99.99%), graphite, sulfuric acid (98%), potassium permanga-
nate (99.5%), and cetyltrimethylammonium bromide (CTAB).

2.2. Catalyst characterization

The X-ray powder diffraction (XRD) analysis was conducted on
a D8 Discover Bruker (AXS) using CuKa radiation (lCu ¼ 1.5407
Å). FTIR analyses were recorded on ABB Bomem FTLA2000 in
the range of 400–4000 cm�1 using KBr as a mulling agent.
Raman spectra were conducted on Raman spectrometer (Con-
fotec MR520), using a diode solid-state laser (618 nm) for irra-
diation. Microstructural characterizations were performed
using a BRUKER (FEI, Quanta FEG 450) Scanning Electron
Microscope (SEM) equipped with Energy Dispersive X-ray (EDX)
detector. Zeta potential and size distribution were measured
using a Malvern Panalytical Zetasizer, aer dispersing 0.1 g of
nanopowders in 3 mL of distilled water. The surface area of the
SrFe12O19 and GO/SrFe12O19 was measured using a surface area
analyzer (Micromeritics, ASAP 2010) at 77 K. Samples were
degassed at 150 �C for 12 h under nitrogen ow to remove the
moisture adsorbed on the solid surface. The mono-point BET
method was used to evaluate the specic surface area (SBET).
Aliquots samples from the reaction mixture were monitored by
Shimadzu gas chromatography (GC) with a ame ionization
detector using nitrogen as a carrier gas. GC parameters for
capillary columns BP (25 m � 0.25 mm, SGE): injector 250 �C;
detector 250 �C; oven 70 �C for 5 min then 3 �C min�1 until
250 �C for 30 min; column pressure 20 kPa; column ow 6.3
mL min�1; linear velocity 53.1 cm s�1; total ow 138 mL min�1.
All obtained products were conrmed with an ISQ LT single
quadrupole mass spectrometer operating in positive EI mode
using a mass scan range of 50 to 400 m/z.

2.3. Materials synthesis

2.3.1. Synthesis of SrFe19O12. The SrFe12O19 MNPs were
prepared as follows, stoichiometric amounts of metal chlorides
were dissolved in 30 mL of deionized water separately to form
homogeneous solutions which were mixed and stirred at 80 �C
for 30 min. Aerward, the pH of the reaction mixture was
adjusted to pHz 11–12 by dropwise addition of 1.5 M of NaOH
and kept on stirring for 1.5 h at 80 �C to guarantee the homo-
geneity of the mixture and to mix the reagents. The precipitated
nanopowder was separated magnetically and washed several
times with water to remove the execs of salts and dried at 80 �C
overnight. The nanopowder was calcined at 1000 �C to obtain
a pure strontium ferrite.

2.3.2. Synthesis of GO. The graphene oxide (GO) was
prepared by treating graphite powder with potassium perman-
ganate (KMnO4, 99.5%) and concentrated sulfuric acid (H2SO4,
98%). Aer oxidation, the precipitate was collected by centri-
fugation and washed with deionized water and ethanol until
neutral pH to remove metal ions and the excess unreacted acid.
The obtained precipitate was separated and dried at 60 �C for
12 h.

2.3.3. Synthesis of hybrid GO/SrFe19O12. GO sheets were
dispersed in deionized water and sonicated for 30 min, to
stabilize the GO, cetyltrimethylammonium bromide (CTAB) was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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added into GO solution in a continuous stirring to form
a homogeneous dispersion (m(CTAB)/m(GO) ¼ 1%). Then, M-
type hexaferrite nanoparticles (SrFe19O12) were added to the
dispersed solution in the weight ratio (10 GO/90 SF) and the
mixture was stirred for 24 h. The resulting nanocomposite was
separated magnetically and dried at 80 �C overnight under air.

2.3.4. Synthesis of rGO and rGO/SrFe19O12. The obtained
GO sheets were dispersed in deionized water and sonicated for
30 min. Then, hydrazine hydrate (m(hydrazine hydrate)/m(GO)
¼ 0.7) was added into the suspension and the mixture was
stirred at 80 �C for 5 h. The suspension was washed using
distilled water and ethanol. The resulting precipitate was
separated, washed, and dried at 60 �C under vacuum for 12 h to
obtain rGO. The same procedure was developed for the prepa-
ration of rGO/SrFe12O19 starting from the synthesized hybrid
GO/SrFe12O19 nanocomposite.

2.4. General procedure for the catalytic epoxide ring-
opening

The catalytic activity of the synthesized hybrid GO/SrFe12O19

nanocomposite was evaluated for the aminolysis of epoxides.
The reaction was performed in a stoichiometric condition in
presence of styrene oxide (0.66 mmol) and aniline (0.8 mmol)
using GO/SrFe12O19 nanocomposite as catalyst (10 mg) and
water as ecological solvent at 60 �C. The progress of the reaction
was monitored using gas chromatography (GC). Aer the
completion of the reaction, we observed the formation of foam
due to the attack of amino groups at the acid functions of GO.
Then, acetone was used to desorb the organic phase from the
inorganic part. The catalysts were magnetically separated from
the reaction mixture and were thoroughly washed with distilled
water and acetone. The recovered catalysts were then dried and
recycled for further use. The isolated products were analyzed
using 1H and 13C NMR and GC-MS analysis.

2.5. Computational details

Quantum chemical calculations were performed by using
GAUSSIAN 09W soware59 with the B3LYP method.60,61 The
LANL2DZ basis set was applied for the iron and strontium
atoms,62 and the 6-31G(d,p) for the other atoms. The global
reactivity parameters such as electronic chemical potential (m)
and chemical hardness (h) are calculated using the frontier
molecular orbital energies, HOMO (EH) and LUMO (EL), using
the following expressions m¼ (EH + EL)/2 and h¼ (EL � EH),
respectively. At the same theoretical level, the global electro-
philicity (u) and nucleophilicity (N) indexes were calculated,
and are given expressions: u ¼ m2/2h; N ¼ EH � EH (tetracya-
noethylene (TCE)).63,64 The Parr functions are calculated using
the Mulliken atomic spin densities.65 To get a closer under-
standing of the synergy effect between iron and strontium
atoms for regioselective ring-opening of epoxides in the pres-
ence of amines, proposed models of the prepared catalyst were
investigated using a DMol3 module66 of Material Studio 8.0. The
optimization of metal clusters and adsorbing molecules were
performed using the generalized gradient approximation (GGA)
method67 with the Perdew–Burke–Ernzerhof (PBE) function68
© 2022 The Author(s). Published by the Royal Society of Chemistry
and the Double Numerical plus polarization (DNP) basis sets,
which is comparable to Gaussian 6-31G(d,p).69

3. Results and discussion
3.1. Materials characterization

The phase purity and the stability of the synthesized materials
were rst investigated by XRD analyses (Fig. 1). As shown in
Fig. 1a, the characteristic diffraction peaks of prepared GO
corresponding to (001) and (101) planes were observed respec-
tively at 2q¼ 10.66 and 42.33�, while the prepared rGO presents
both characteristic diffraction patterns (002) and (111) respec-
tively around 2q¼ 23.9 and 42.9�. In addition, the characteristic
peak corresponding to (002) reection plane of graphite was
absent in both XRD spectra of GO and rGO. The XRD spectra of
prepared SrFe12O19, hybrid GO/SrFe12O19, and rGO/SrFe12O19

present the same corresponding diffraction patterns of the M-
type hexagonal SrFe12O19 phase and no other phases have
been detected (Fig. 1b). Both prepared nanocomposites present
crystalline SrFe12O19 in a hexagonal structure with a space
group 194/P63 mmc, in good agreement with the standard
JCPDF le (33-1340).58,70 According to the Scherrer equation,71

the crystallite size of the M-type hexagonal SrFe12O19 phase in
the prepared SrFe12O19, hybrid GO/SrFe12O19, and rGO/
SrFe12O19 were to be 25.098, 25.663, and 20.331 nm,
respectively.

The FTIR spectra were recorded for GO, rGO, pure SrFe12O19,
hybrid GO/SrFe12O19, and rGO/SrFe12O19 (Fig. 2). The results
conrm the oxidation of graphite and clearly show the presence
of oxygen-containing functional groups in graphite oxide such
as O–H, C]O, and C–O. The spectrum of GO shows that the
broad band appearing around 3395 cm�1 belonging to a strong
stretching mode of OH group, the absorption band around
1723 cm�1 is attributed to C]O stretching mode, the absorp-
tion peak around 1620 cm�1 due to C]C stretching mode, and
the large and less intense peaks around 1395, 1170, 1120, and
1057 cm�1 were assigned to the stretching modes of C–OH and
C–O, respectively. Therefore, these groups are expected to form
strong surface complexes with SrFe12O19 nanoparticles.
However, the absence of the C]O absorption band and the
increase of C–OH and C–O band intensities in the FTIR spectra
of rGO and rGO/SrFe12O19 conrm the reduction of GO sheets.
On the other hand, the spectrum of pure SrFe12O19 NPs shows
the characteristic peaks of metal–oxygen bonds at 611, 555, and
449 cm�1, respectively. These characteristic metal–oxygen peaks
of SrFe12O19 arise from the vibrations of the hexaferrite struc-
ture.72 The peak observed at 449 cm�1 may be attributed to Fe–O
bending vibration in the octahedral site and the higher
frequency band at 611 cm�1 could be associated with Fe–O
stretching vibration of the tetrahedral site.73 Moreover, the less
intense peak that appeared at 555 cm�1 might be assigned to
Sr–O bending vibration.73,74 Thus, the spectrum of GO/SrFe12O19

(or rGO/SrFe12O19) exhibit the presence of all characteristic
peaks of GO (or rGO) and SrFe12O19 in the hybrid, with a slight
difference in the intensity of O–H, C]O, C–OH, and C–O (or O–
H, C–OH, and C–O) peaks due to the interaction of hexaferrite
NPs with the surface of GO (or rGO) sheets.
RSC Adv., 2022, 12, 11139–11154 | 11141
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Fig. 1 XRD spectra of: (a) GO and rGO; (b) SrFe12O19, hybrid GO/SrFe12O19, and rGO/SrFe12O19.

Fig. 2 FTIR spectra of rGo, GO, SrFe12O19, rGo/SrFe12O19, and hybrid
GO/SrFe12O19.

Fig. 3 Raman spectra of SrFe12O19, GO, rGO, GO/SrFe12O19, and rGO/
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The Raman spectra were measured for all prepared materials
as shown in Fig. 3. The spectrum of SrFe12O19 is in good
agreement with the data reported in the literature,75,76 where the
major peaks observed were around 689.48, 618.42, 535.24, 408.5
and 352.8 cm�1. The spectra of GO, rGO, GO/SrFe12O19, and
rGO/SrFe12O19 present two characteristic peaks of graphene
materials corresponding to D-band at 1343.62 and G-band at
1593.14 cm�1, due to the breathing mode of the k-point
phonons with A1g symmetry and rst order scattering E2g of the
phonons from sp2 carbon atoms, respectively. Moreover, the
second order of zone boundary phonons or the 2D band which
is related to the nature of the graphene layer stacking was
11142 | RSC Adv., 2022, 12, 11139–11154
observed around 2702 cm�1 for GO. However, the ID/IG ratio
increased from 0.93 in GO to 1.12 in rGO, which is due to the
elimination of oxygen functionalities and the decrease in the
average sp2 domain size in rGO.77 The ID/IG values of GO/
SrFe12O19 about 1.01 and rGO/SrFe12O19 about 1.05 are lower
than rGO value, owing to the lower degree of defects in the
nanocomposites.

The morphology and the shape of the prepared pure
SrFe12O19, GO, and rGO sheets were identied by FESEM anal-
yses (Fig. 4). Moreover, the dispersion and the distribution of
the deposited SrFe12O19 nanoparticles on GO or rGO sheets
were also checked (Fig. 4). The analysis of pure SrFe12O19

FESEM images shows a nanostructured grain of the M-type
SrFe12O19.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FESEM-EDX analyses of (a) SrFe12O19, (b) GO, (c) hybrid GO/SrFe12O19, (d) rGO, and (e) rGO/SrFe12O19.
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hexaferrite in a regular distribution of size and morphology
(Fig. 4a1 and a2). The FESEM images of GO and rGO show the
preparation of microstructured sheets in a good typical
morphology (Fig. 4b1, b2, d1 and d2). While the hybrid GO/
SrFe12O19 and rGO/SrFe12O19 images show hexaferrite nano-
particles in good dispersion and distribution at the nanoscale
range on the surface of GO and rGO sheets (Fig. 4c1, c2, e1 and
e2). However, The EDX analyses of all prepared materials show
good homogeneity and purity in the chemical composition
(Fig. 4a3–e3).
3.2. Catalytic epoxide ring-opening reaction

First, SrFe12O19 and the hybrid GO/SrFe12O19 nanomaterials are
evaluated in the catalytic ring-opening of epoxide with various
© 2022 The Author(s). Published by the Royal Society of Chemistry
amines. In order to optimize the reaction conditions, we
examined rst the reaction in the presence of styrene oxide and
aniline, chosen as model substrates (Scheme 1).

The catalytic performance of the prepared nanomaterials,
SrFe12O19 and hybrid GO/SrFe12O19, was rst evaluated in free-
solvent conditions (Table 1).58 As shown in Table 1, the epoxide
was converted to the resulting ring-opening products in good
yields (entries 1 and 2). However, the presence of GO/SrFe12O19

improved the selectivity by reducing the reaction time and
showing a complete conversion. Consequently, the hybrid GO/
SrFe12O19 exhibited an excellent catalytic performance than
pure SrFe12O19, owing to the outstanding improvement in the
catalytic activity of SF NPs while combined with GO sheets. The
improvement of the catalytic activity can be explained by the GO
environment that prevents unwished aggregation of SF NPs,78
RSC Adv., 2022, 12, 11139–11154 | 11143
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Table 1 SrFe12O19 and GO/SrFe12O19 catalytic activity in epoxide ring-openinga

Entry Catalyst Wt (g) Solvent Time (h) Conversionb (%) Selectivity 3c (%) Selectivity 4c (%)

1 SrFe12O19 0.01 Neat 17 95 74 26
2 GO/SrFe12O19 0.01 Neat 5 100 92 8
3 GO/SrFe12O19 0.01 Water 2 100 92 8
4 SrFe12O19 0.01 Water 2 39 90 10

a Reaction conditions: styrene oxide (0.8 mmol), aniline (1 mmol), and 60 �C. b Conversion was determined by GC. c Selectivity was determined by
GC.

Scheme 1 Catalytic epoxide ring-opening of styrene oxide in presence of aniline catalyzed by SrFe12O19 or GO/SrFe12O19.
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and increase the active surface area of the hybrid nanomaterial
compared to pure SrFe12O19, providing a good dispersion and
distribution of SF. The use of water as a solvent in the presence
of hybrid GO/SrFe12O19 improves the ring-opening reaction and
100% conversion was obtained aer only 2 h of reaction time
(entry 3). We can assume that an interaction of GO sheets with
water molecules through hydrogen bonding79 is probably
involved in the reaction, proven by a lower conversion given
with pure SF (entry 4). Moreover, water as a solvent promotes
hydrogen bonding with the oxygen of epoxides which enhances
the electrophilicity of the carbon in the alpha position.80

To shed more light on the effect of water as a solvent on the
catalytic reaction and the stability of nanocomposites, zetasizer
measurements of pure SrFe12O19 and hybrid GO/SrFe12O19

nanomaterials aer their dispersion in water have been carried
out (Table 2). The zeta potential (ZP) is applied for the deter-
mination of the surface charge of nanoparticles in colloidal
solution and the ZP value can be related to the short- and long-
term stability of nanoparticles in the studied colloidal solu-
tion.81 For this purpose, we have used ZP to evaluate the stability
of the developed nanomaterials in water as a green and
ecological solvent. The pure SrFe12O19 and hybrid GO/SrFe12O19

nanomaterials gave a ZP of �24.8 and �18 mV, respectively. It
has been reported that nanoparticles having �25 > ZP > +25 mV
usually present a high degree of stability,82 which means that
pure SrFe12O19 is close to the threshold of agglomeration in
Table 2 Zetasizer measurements of dispersed nanomaterials in water a

Nanocatalyst Zeta potential (mV)

Size peaks

Size (d nm)

SrFe12O19 �24.8 (�5.5) 0.651 (�0.045)
2.999 (�0.358)

GO/SrFe12O19 �18.0 (�3.62) 223.6 (�37.93)
1.429 (�0.097)

11144 | RSC Adv., 2022, 12, 11139–11154
water. Recently, we have reported the non-adaptability of water
as a solvent for the ring-opening of epoxide while using
SrFe12O19 as a catalyst.58 In contrast, the ZP value of hybrid GO/
SrFe12O19 indicates its high stability in water, conrming the
good choice of GO sheets for the dispersion of SrFe12O19

nanoparticles, which will be of great advantage for a greener
catalytic application. On the other hand, the size peaks and z-
average conrm the nanoscale size of hexaferrite nanoparticles
and the microscale of GO sheets (conrmed by the increase in
size and z-average of GO/SrFe12O19 sample). Consequently, the
excellent catalytic performance of hybrid GO/SrFe12O19 in
presence of water as an ecological solvent may be explained by
the good dispersion of the hybrid nanomaterial in water
compared to pure SF (ZP values). Moreover, hybrid GO/
SrFe12O19 has a high specic surface area of (134 m2 g�1)
compared to pure SF NPs (25 m2 g�1) (Table 2), which provide
well dispersed and distributed active sites for adsorption of
reactants.

We have also checked the effect of temperature on reaction
rate (Fig. 5). The best optimumwas to be 60 �C. The Fig. 5 shows
also that the decreasing of the temperature resulted in lower
conversion.

Systematic investigations on catalyst amounts were under-
taken (Fig. 6). The best catalytic performance was obtained with
10 mg of catalyst. In contrast, in the absence of catalyst, only
16% of conversion and selectivity was obtained. The use of an
nd BET surface area

Z-Average
(d nm)

BET surface
area (m2 g�1)Intensity (%)

74.1 11.69 25
25.9
82.6 166.4 134
17.4

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of temperature.

Fig. 6 Effect of catalyst amount.
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amount of 5 or 7.5 mg of catalyst resulted in a decrease of the
conversion of epoxide to 72 and 74% respectively.

A Comparison of the catalytic activity of the prepared
nanomaterials was performed (Table 3). When the reaction is
carried out with GO, a good conversion was obtained (entry 1).
Table 3 Comparison of catalytic activity of prepared nanomaterials in c

Entry Catalyst Conversionb (%

1 GO 78
2 SrFe12O19 39
3 GO/SrFe12O19 100
4 rGO 16
5 — 16
6 rGO/SrFe12O19 37

a Reaction conditions: styrene oxide (0.8 mmol), aniline (1 mmol), catalyst
by GC. c Selectivity was determined by GC.

Scheme 2 Catalytic epoxide ring-opening of styrene oxide with various

© 2022 The Author(s). Published by the Royal Society of Chemistry
While in presence of SrFe12O19 and rGO, only 39% and 16% of
conversion was observed respectively (entries 2 and 4). These
results clearly demonstrate that SF NPs and acid sites of GO
sheets could be both considered as active sites (entry 3).
However, rGO/SrFe12O19 nanocomposite gives the same result
as the pure hexaferrite NPs. Indeed, Vithalani et al. have re-
ported that the outcome of the catalytic activity presents
a mediocre performance in presence of chloro-functionalized
GO compared to GO due to lesser acidic sites on the surface
of the catalyst.83 Consequently, the combination of GO sheets
with hexaferrite NPs effectively enhanced the catalytic activity
and reusability of the developed catalyst, owing to the syner-
gistic effect of GO and SrFe12O19 in a single magnetically
separable nanostructured catalyst (hybrid GO/SrFe12O19

nanocomposite).
The scope and limitations of the developed hybrid catalytic

system GO/SrFe12O19 were investigated in the catalytic epoxide
ring-opening of styrene oxide in presence of various aromatic
and aliphatic amines under the optimized conditions
(Scheme 2). The results obtained are collected in Table 4.

As shown in Table 4, with all studied aromatic and aliphatic
amines, styrene oxide was converted to the corresponding b-
aminoalcohol products in moderate to excellent selectivity. The
reaction was faster (2 h) compared to our previous work (17 h).58

The regioselectivity of the catalytic reaction is inuenced by the
electronic and steric factors associated with both studied
substrates epoxide and amines.84 In presence of aromatic
amines, the opening reaction is mainly oriented towards amino
alcohols 5 through the nucleophilic attack at the benzylic carbon
atom of the epoxide ring (entries 1–4). In addition, aniline with
electron-withdrawing group substituents at ortho position
reduced the conversion with good regioselectivity of 96%
compared to unsubstituted one (entries 1–4). On the other hand,
aliphatic amines oriented the regioselectivity towards amino
alcohols 6 through the nucleophilic attack at the b position of the
atalytic epoxide ring-openinga

) Selectivity 3c (%) Selectivity 4c (%)

94 6
90 10
92 8

100 0
100 0
100 0

(10 mg), solvent (water), and 60 �C for 2 h. b Conversion was determined

amines in presence of GO/SrFe12O19.
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Table 4 Catalytic ring-opening of styrene oxide with various aminesa

Entry Amine Major product Conversionb (%) Selectivity 5c (%) Selectivity 6c (%) Isolated yieldd (%)

1 100 92 8 97

2 80 96 4 76

3 92 96 4 88

4 77 96 4 70

5 100 00 100 99

6 95 37 63 91

7 100 26 74 98

a Reaction conditions: styrene oxide (0.83 mmol), amine (1 mmol), GO/SrFe12O19 (10 mg), solvent (Water), and 60 �C for 2 h. b Conversion was
determined by GC-MS. c Selectivity was determined by GC-MS. d Isolated yield of 5 and 6.
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benzylic carbon atom of the epoxide ring due to the steric effect
(entries 5–7). Moreover, morpholine substrate totally oriented the
regioselectivity with a complete conversion towards the corre-
sponding amino alcohol 6 (entry 5).

The ratio of both regioisomeric products was determined by
GC-MS (MS spectra in ESI†). The regioisomer of a-product (3)
exhibited a molecular ion at m/z of M+ ¼ 31 due to the CH2OH,
and the regioisomer b-product (4) exhibited a molecular ion at
m/z of M+ ¼ 106 arising from the loss of PhCHO.85

To examine the extension of the reaction, we have investi-
gated the catalytic reaction of cyclohexene oxide with various
aromatic and aliphatic amines under optimized conditions
(Scheme 3). With all studied amines, cyclohexene oxide was
converted to the corresponding b-amino alcohols in excellent
yields (Table 5). According to 1H NMR analyses (data and
Scheme 3 Catalytic epoxide ring-opening of cyclohexene oxide in
presence of various amines.

11146 | RSC Adv., 2022, 12, 11139–11154
spectra in ESI†), exclusive trans amino alcohol derivatives were
obtained in the cleavage of the epoxide ring of cyclohexene
oxide, which is in good agreement with the literature.84,86 The
trans stereoselectivity is conrmed by the high coupling
constants (3J) between the relevant HCOH and HCNR1R2 peaks
present in the region of 2.44–4.13 ppm, in contrast to the lower
3J between HOCH–CH(cis) and R1R2NCH–CH(cis).87

Ferrites as magnetic materials by nature point out their
presence in heterogeneous catalysis as a highly recyclable
catalyst. The recyclability performance of the developed cata-
lytic system GO/SrFe12O19 as hybrid MNPs, was performed with
styrene oxide and aniline under the optimized reaction condi-
tions (Fig. 7). The catalyst was separated from the reaction
mixture by applying an external magnetic eld and reused for
ten runs without signicant loss in catalytic activity. Aer each
run, the recycled catalyst was washed with water (3 � 5 mL) and
acetone (3 � 5 mL) and dried at 100 �C for 3 h.

Aer the last run, the identity of the recovered hybrid
nanocatalyst GO/SrFe12O19 was checked by zetasizer measure-
ments, SEM-EDX, and XRD analyses (Table 6 and Fig. 8). The ZP
of the recycled catalyst aer 10 runs is close to the threshold of
stability in water with an increase of z-average size, which could
explain the slight loss of selectivity from 92% to 80% of amino
alcohol 3 (Fig. 7). However, SEM images showed good stability
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Catalytic ring-opening of cyclohexene oxide with various aminesa

Entry Amine Product Conversionb (%) Selectivityc (%)
Isolated yield
(%)

1 100 100 97

2 100 100 95

3 100 100 95

4 100 100 95

5 100 100 99

6 97 100 94

7 100 100 95

a Reaction conditions: cyclohexene oxide (1.02 mmol), amine (1.1 mmol), GO/SrFe12O19 (10 mg), solvent (water), and 60 �C for 2 h. b Conversion was
determined by GC-MS. c Selectivity was determined by GC-MS.
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in the distribution and dispersion of SrFe12O19 NPs on GO
sheets (Fig. 8a and b). In addition, EDX analysis conrms the
stability in the elemental composition of hybrid GO/SrFe12O19
Fig. 7 Recyclability of hybrid GO/SrFe12O19 nanocomposites for the rin

© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. 8c). Moreover, XRD patterns of the recovered nanocatalyst
aer ten runs show good crystalline stability compared to the
fresh nanocatalysts GO/SrFe12O19 (Fig. 8d).
g-opening of epoxide.
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Table 6 Zetasizer measurements and crystallite size of SrFe12O19 in
the hybrid before and after 10 runs

GO/SrFe12O19 Zeta potential (mV)
Z-Average
(d nm)

SF crystallite
size (nm)

Fresh �18.0 (�3.62) 166.4 25.66
Recycled �24.6 (�3.35) 272 26.01
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3.3. Comparison of catalytic performance with other
catalytic systems

A comparison of the catalytic performance of the hybrid GO/
SrFe12O19 nanocatalysts with recent literature reports on styrene
Fig. 8 SEM images (a and b), EDX (c), and XRD (d) of recycled hybrid GO

Table 7 Comparison of catalytic performance of developed GO/SrFe12O

Catalyst Reaction conditions
Convers
1 (%)

Ni(S2COCH3)2 1 eq. amine, CH2Cl2, RT, 24 h 98
MS-AI 2 eq. amine, toluene, 50 �C, 4 h 92
Zr-MOR zeolite 1 eq. amine, free-solvent, 40 �C, 4 h 90.2
PTS-Im-3@GO 10 eq. amine, free-solvent, 50 �C, 4 h 100
SrFe12O19 1.1 eq. amine, free-solvent, 60 �C, 17 h 95
GO/SrFe12O19 1.1 eq. amine, water, 60 �C, 2 h 100

11148 | RSC Adv., 2022, 12, 11139–11154
oxide ring-opening catalyzed by various catalytic systems is
given in Table 7.
3.4. Mechanistic study

The catalytic activity of the hybrid GO/SrFe12O19 nanocomposite
is mainly due to the metal ions present in the octahedral and
tetrahedral sites,92 and the oxygen functionalities dispersed on
GO sheets could be responsible for their catalytic activity.93

When the epoxide molecules are adsorbed on the surface of
deposited hexaferrite, the acidic sites of hexaferrite and gra-
phene oxide are activated (Scheme 4). The formation of the
regioisomeric product arising from the nucleophilic attack on
/SrFe12O19 after 10 runs.

19 nanocatalysts with other catalytic systems reported in literature

ion Selectivity
3 (%) Reusability (conversion : run) Ref.

83 — 88
98.5 — 89
93.1 90.2 : 5 90

100 94 : 5 91
74 71 : 5 58
92 100 : 10 This work

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Proposed mechanism for the catalytic ring-opening of styrene oxide.
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the electron-decient carbon atom of the epoxide is produced.
In fact, the phenyl group in styrene oxide assists in the stabili-
zation of carbocationic character at the benzylic carbon.

The epoxide ring-opening reaction in the presence of the
prepared catalyst gives two possible products regarding the
nature of the used amine compounds, as shown in the proposed
mechanism (Scheme 4). Recently, we have used density func-
tional theory (DFT) calculations to understand observed regio-
and chemoselectivity during a studied catalytic reaction as well
as the corresponding mechanistic pathway.94 To get a closer
understanding of the experimental results, DFT calculations
were performed using models for the prepared nanocatalyst
(Scheme 5). Initially, the optimized structures of single iron and
strontium atoms with 2POX, and 2POX–AcOOH complexes were
performed and illustrated in Fig. 9. The coordination energy for
the formation of 2POX–metal complexes is positive, which
indicates that the coordination reaction between metals and 2-
phenyloxirane is endothermic (Fig. 9). However, the coordina-
tion energy of the 2POX–Fe complex is lower compared to the
2POX–Sr complex, leading to the conclusion that the coordi-
nation between 2POX and Fe metal is a more stable structure of
Scheme 5 Schematic representation of the possible coordinating mode

© 2022 The Author(s). Published by the Royal Society of Chemistry
the 2POX–SrFe complex. For 2POX–AcOOH, the free energy for
the formation of this complex is negative due to the hydrogen
bond between AcOOH and oxygen of the epoxide ring.

The global reactivity indexes were used as a powerful tool for
the theoretical understanding which can enable to explain the
regio- and chemoselectivity reactions based on the measure-
ment of the global electron density transfer (GEDT) value.95,96 In
this regard, the global properties, namely, electronic chemical
potential m, chemical hardness h, global electrophilicity u, and
global nucleophilicity N for the 2POX, aniline, morpholine and
for both complexes, namely 2POX–Fe, and 2POX–Sr were
calculated and reported in Table 8. From the obtained results,
we can notice that in the absence of metal the electronic
chemical potential of the secondary amine (morpholine), m ¼
�1.74 eV, is higher than that of 2POX, m ¼ �3.85 eV, indicating
that at the TSs, the GEDT will take place from the morpholine
compound towards the 2POX. In the case of primary amine
(aniline), a similar chemical potential value was obtained which
can explain the absence of products in this case. The coordi-
nation of 2POX with metals increases the chemical potential
value that conducts to a GEDT from 2POX–metals to primary
s between SrFe-GO catalyst and 2-phenyloxirane (2POX).

RSC Adv., 2022, 12, 11139–11154 | 11149
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Fig. 9 Optimized structures of 2POX–SrFe-GO complexes.

Table 8 Global electronic proprieties and reactivity indexes, values
were reported in eV

HOMO LUMO m h u N

2POX �6.50 �0.21 �3.36 6.29 0.89 2.61
Aniline �6.54 0.02 �3.26 6.56 0.81 2.57
Morpholine �5.71 2.22 �1.74 7.94 0.19 3.40
2POX–Fe �3.62 �1.74 �2.68 1.89 1.90 5.49
2POX–Sr �3.37 �0.75 �2.06 2.62 0.81 5.74
2POX–AcOOH �6.66 �1.08 �3.87 5.58 1.34 2.45
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amine (aniline) and the inverse in the case of secondary amine
(Table 8). The global electrophilicity and nucleophilicity indexes
of reactants were calculated, see Table 8. The results indicate
that the 2POX acts as a moderate electrophile (⍵ ¼ 0.89 eV) and
moderate nucleophile (N ¼ 2.61 eV). Similar results were ob-
tained in the case of primary amine (aniline) while morpholine
acts as a stronger nucleophile compared to aniline. The coor-
dination of 2POX with metals conducts to a strong nucleophile
(N ¼ 5.49 eV) and a moderate electrophile (⍵ ¼ 1.90 eV), for
2POX–Fe, and amarginal electrophile (⍵¼ 1.90 eV) and a strong
nucleophile (N ¼ 5.49 eV) in the case of 2POX–Sr within the
electrophilicity97 and nucleophilicity scales.98 These results
conrm that along with this reaction the 2POX–Fe acts as an
electrophile and the amines as a nucleophile with a large polar
character.

Along a polar reaction, the bond-forming process takes place
at a specic position of a molecule and can explain the regio- or
11150 | RSC Adv., 2022, 12, 11139–11154
chemoselectivity issues of the reaction. In this regard, the
epoxide ring-opening reaction in which the different approach
modes of a reagent towards the other can yield two competitive
isomers. The analysis of the local electrophilicity uk at the
electrophilic reagent and the local nucleophilicity Nk at the
nucleophilic one derived from Parr functions allows us to
explain the regioselectivity that is experimentally observed in
the organic reactions with a large polar character.99 Therefore,
the values of the electrophilic and nucleophilic Parr functions,
the local electrophilicity, and the local nucleophilicity at the
2POX, aniline, morpholine, 2POX–Fe, 2POX–Sr, and 2POX–
AcOOH are calculated and summarized in Fig. 10.

The analysis of the local electrophilicity uk at 2POX indicates
that the carbon atom C1 is the more electrophilically activated
center in this compound, uk (C1) ¼ 0.064 eV and the analysis of
the local nucleophilicity at amines indicates that the nitrogen
atom is the most nucleophilic center, Nk (N1) ¼ 1.112 and
1.771 eV for aniline and morpholine, respectively. These results
conrm the selective synthesis of compound 3 in absence of
catalyst (see Table 3, entry 5). The coordination of 2POX with
metals indicates that the presence of iron atoms conducts to the
synthesis of compound 4 while the presence of strontium atoms
leads to the selective synthesis of compound 3. In the case of the
coordination of 2POX with acid function, the ndings show that
the most electrophilic center is located in the carbon (C1) atom.
Consequently, the most favorable bond formation will corre-
spond to the N1 (amines) / C1 (2POX–AcOOH), leading to the
formation of compound 3 (see Table 3, entries 1 and 4). All these
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Local electrophilicity uk (in red color) and local nucleophilicity Nk (in blue color) calculated using Parr function and all presented values
are in eV.
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results are in good agreement with the experimental observa-
tions and can explain the important role of iron, strontium
atoms, and acid function in the improvement of the conversion
and selectivity in the epoxide ring-opening reactions.

To get more light on the synergy effect between iron and
strontium atoms for regioselective ring-opening of epoxides in the
presence of amines, proposedmodels of the prepared catalyst was
investigated using cluster metal atoms for the accepted mecha-
nism to understand the selectivity obtained in the synthesis of
Fig. 11 DFT-computed energy profiles of the uncatalyzed epoxide ring-
catalyst: model-1 (values in red), model-2 (values in green), and model-

© 2022 The Author(s). Published by the Royal Society of Chemistry
compounds 3 and 6 using SrFe-GO catalyst (Fig. 11). Firstly, the
formation of a bond between amine groups and epoxide is per-
formed through a transition state, TSA for aniline and TSB for
morpholine. The results indicate that these TSs are endothermic
in both phases, in the absence and presence of catalysis. In the
absence of catalyst, the computed barrier for the formation of the
rst N1–C1 single bond via TSA using aniline is 33.74 kcal mol�1,
a value that is slightly higher than the barrier for TSB using
morpholine (ca. 31.77 kcal mol�1). The epoxide ring-opening
opening (values in black) and in presence of three models of SrFe-GO
3 (values in yellow). All values are reported in kcal mol�1.
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using FeSr cluster (model-3) has a higher energetic barrier in the
case of aniline, DE(TSA) ¼ 21.82 kcal mol�1, and also in the case
of morpholine, DE(TSA)¼ 27.36 kcal mol�1. In the case of the Fe3
cluster (model-1), the energetic barrier of transition states (TSs) is
reduced by �14 kcal mol�1 for both amines. Interestingly, the
presence of the SrFe cluster (model-2) can reduce this energetic
barrier in the case of aniline, DE(TSA)¼ 0.81 kcal mol�1, and also
in the case of morpholine, DE(TSB) ¼ 5.31 kcal mol�1. All ob-
tained intermediates using models of SrFe catalyst are
exothermic. Subsequently, the formation of products 3 and 6 are
exothermic in all cases. These results allow us to explain the
synergy effect between iron and strontium atoms for regiose-
lective ring-opening of epoxides in the presence of amines and the
role of metal nature especially iron in the selectivity of the corre-
sponding products.
4. Conclusion

In a summary, we have reported a successful synthesis of
magnetically separable hybrid GO/SrFe12O19 nanocomposite.
First, the SrFe12O19 NPs were synthesized by a chemical copre-
cipitation method, while the GO sheets were prepared by the
chemical oxidation of graphite powder. For comparison
purposes, reduced graphene oxide (rGO) and rGO/SrFe12O19

were prepared respectively by reducing GO sheets and the
prepared hybrid material. The characterization of GO/
SrFe12O19, rGO/SrFe12O19, and pure SrFe12O19 by XRD presents
the same corresponding diffraction patterns of M-type hexag-
onal ferrites structure. FTIR spectra of prepared materials
exhibit the characteristic bands of GO (rGO) and SrFe12O19 in
the hybrid GO/SrFe12O19 (rGO/SrFe12O19). However, FESEM-
EDX analyses reveal an excellent morphology and homoge-
neity in composition. Moreover, the prepared nanocomposites
show good dispersed and distributed SrFe12O19 NPs on the
surface of GO and rGO sheets. The prepared hybrid nano-
composite GO/SrFe12O19 exhibits an excellent catalytic activity
with an easy magnetic reusability and good stability for the
regioselective ring-opening reaction in neat water. The marked
catalytic activity of the hybrid nanocomposite compared to pure
SrFe12O19 is probably due to the synergistic effect created
between GO and SF NPs. The ZP values indicated a higher
stability of SF NPs in the hybrid compared to the pure ones,
conrming that hybrid magnetic nanocomposite is an efficient
heterogeneous catalyst compared to pure ferrite NPs. In addi-
tion, a mechanistic study through DFT calculation was used to
explain the synergetic role between iron and strontium atoms in
the total regioselectivity of SrFe-GO catalyst in epoxide ring-
opening reaction, and the obtained results are in excellent
agreement with the experimental observations.
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