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ABSTRACT: Magnetite nanoparticles were successfully syn-
thesized and effectively employed as heterogeneous catalyst for
hydrogenation of ketone moiety to alcohol moiety by NaBH4
under the microwave radiation process. The improvement was
achieved in percent recovery of isopropyl alcohol by varying
and optimizing reaction time, power of microwave radiations
and amount of catalyst. The catalytic study revealed that
acetone would be converted into isopropyl alcohol (IPA) with
99.5% yield in short period of reaction time, using10 μg of
magnetite NPs (Fe3O4). It was observed that the catalytic
hydrogenation reaction, followed second-order of reaction and
the Langmuir−Hinshelwood kinetic mechanism, which eluci-
dated that both reactants get adsorb onto the surface of silica
coated magnetite nanocatalyst to react. Consequently, the rate-
determining step was the surface reaction of acetone and
sodium borohydride. The current study revealed an environ-
ment friendly conversion of acetone to IPA on the basis of its
fast, efficient, and highly economical method of utilization of
microwave irradiation process and easy catalyst recovery.
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1. INTRODUCTION

The reduction of carbonyl compounds is a fundamental
transformation in synthetic organic chemistry. Selectivity of
hydrogenation reaction is important in both homogeneous and
heterogeneous catalytic process. The specific target in hydro-
genation process is unsaturated bonds, such as CC, CC, or
CO, leaving other unsaturated bonds within the molecule
(or in other molecules) unaffected.1 The selective hydro-
genation of organic compound also having different functional
groups to be hydrogenated is not an easy goal in synthesis of
fine chemical.2 Catalytic hydrogenation is the most convenient,
versatile, and environment friendly and adequate methods for
organic synthesis, and the reaction is usually conducted using
batch type liquid phase slurry processes and a supported noble
metal (Pd, Pt, or Rh) are applied as catalyst.2−4

Major advantages of multiphase catalytic reactions using solid
catalysts include easy separation of catalysts and products, easy
recovery, and catalyst recycling, and relatively mild operating

conditions.5 There are clear economic and environmental
incentives to develop heterogeneous catalysts to replace
conventional homogeneous catalysts in many industrial
processes.6 Because of easy reduction of carbonyl functional
group (CO) to alcohol functional group (C−OH) the
hydrogenation of acetone is economic and environmentally safe
process for the production of isopropanol.7 Since Raney nickel,
mixture of metal oxide and supported metal catalyst are
reported for the hydrogenation of acetone.8−15 Though these
processes are highly efficient but only when combine with
cumene method, which result the toxic and environment
u n f r i e n d l y b y p r o d u c t s s u c h a s b e n z e n e a n d
cumenehydroperoxide(explosive intermediate) after tedious
and multiple-step process. However, high temperature (in
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many cases can be up to 250 °C), and complicated
experimental procedure make these methods costly and time-
consuming. Liquid-phase hydrogenation of acetone using
Raney nickel catalyst over a broad range of acetone
concentration in different solvents, such as n-hexane, cyclo-
hexane, methanol, and isopropyl alcohol, is reported by Kishida
and Teranishi.9 The results were effectively inferred by the
Langmuir−Hinshelwood (L−H) model with possible adsorp-
tion of hydrogen, acetone, and solvent on the similar active
sites on surface of catalyst.9 So far in the literature, no report is
available for the use of magnetic NPs to successfully convert
acetone to isopropanol. Magnetic NPs will be of high interest
because of its good stability and activity for catalytic
applications. Such magnetic NPs can be very beneficial to
assist an active separation of catalysts.16

The immobilized catalysts easily recycled by magnetic
decantation and reused many times without losing of activity
and enantio selectivity. Core−shell magnetic NPs may facilitate
the production of a new type of catalyst. Mostly the shell
composed of the catalytically active components, and the
magnetic center works as anchor to separate and reprocess the
catalyst. If the magnetic core is inherently catalytically active,
then it shows both the catalytic and the separation function
simultaneously. Thus, 1,6-bis(diphenylphosphino)hexane or
polyethylene glycol stabilized iron NPs exhibit high catalytic
activity for the reaction of aryl Grignard reagents cross coupled
with primary and secondary alkyl halides having b-hydrogen
atoms. It is also reported as an efficient and effective catalyst for
tandem ring-closing/cross coupling reaction.17 Such only
carbon-supported magnetic catalysts and mesoporous silica
decorated with carbon-coated magnetic NPs are proven as
highly active and stable in the hydrogenation of octane, and
advantageous due to their trouble-free separation simply by
applying a magnetic field.18 Here, we demonstrate tetraethox-
ysilane modified magnetite NPs as highly efficient, excellent
and selective heterogeneous catalyst for the hydrogenation of
acetone to isopropanol. The concept of encapsulation of
ultrasmall nanostructures within silica is to reduce the
aggregation of magnetite nanocatalyst, protect these nano-
catalysts from oxidation and to render the catalyst’s surface a
negative charge (silinol groups). Other reason behind the
selection of silica as a coating agent was its porous nature,
which ensures the access of reactants molecules to the surface
of magnetite nanocatalyst for the reaction.19,20

Metals doped and modified magnetite NPs have been widely
used as catalysts but for hydrogenation of acetone to
isopropanol SiO2@Fe3O4 NPs as catalyst has not been reported
yet. Hereby, we demonstrated easy synthesis of SiO2@Fe3O4
nanocatalyst and, a highly efficient and selective production of
isopropanol by hydrogenation of acetone. Approximately 99.5%
yield of IPA within a short reaction time was achieved. Because
of easy preparation, faster hydrogenation process, and
heterogeneous catalysis system, which prevent hydrogenation
reaction from catalyst contamination the SiO2@Fe3O4 NPs can
be applied as an environmental friendly catalyst for the selective
production of isopropanol.

2. EXPERIMENTAL SECTION
2.1. Reagents and Apparatus. Analytical grade reagents were

used throughout the synthesis and application procedures. Ferrous
chloride tetrahydrated (FeCl2·4H2O) and ferric chloride hexahydrated
(FeCl3·6H2O) were purchased from sigma-Aldrich Company.
NH4OH, FeCl2·4H2O, FeCl3·6H2O, and deionized water were used

to prepare acetone and TEOS aqueous solutions. The glasswares were
soaked in 15% (v/v) HNO3 solution for a single night. Later on, they
were washed with copious amount of deionized water and were kept
into in an oven at 110 °C for dry.

2.2. Synthetic Procedure for Tetraethoxysilane Modified
Magnetite Nanoparticles. Highly efficient magnetite nanocatalyst
was synthesized by dissolving appropriate mass of precursor salts,
FeCl3·6H2O and FeCl2·4H2O to make 2:1 mole ratio solution in 200
mL of deionized water, respectively. The complete dissolution of
precursor salts was achieved under vigorous mechanical stirring at 85
°C. Then NaBH4 was added to reduce the precursor (FeCl3·6H2O and
FeCl2·4H2O) and subsequently 25 mL of 30% ammonium hydroxide
(NH4OH) were added rapidly to form large number of nuclei to
prevent aggregation of magnetite NPs. The orange color of the
solution was changed into black with the addition of (NH4OH)
instantly. The stirring was continued for 15 min after the addition of
ammonium hydroxide, final pH of the solution was 13 (data not
shown). The magnetite NPs were washed twice with 0.02 M sodium
chloride (NaCl) solution. They were washed several times with
deionized water and were dried in vacuum oven at 50 °C. After they
were dried, particles were stored in deionized water at concentration
40 g/L until further process.

The above synthesized magnetite NPs were coated with
tetraethoxysilane (TEOS) to enhance the surface activity of magnetite
NPs and maintain the dispersion of the particles in the solution. For
achieving this purpose, magnetite NPs were treated as per reported
method with 10% TEOS solution and 60 mL of glycerol at pH 4.6.21

The solution was heated at 80 °C for 90 min under vigorous
mechanical stirring. After the solution was cooled to the room
temperature, tetraethoxysilane modified magnetite precipitates were at
first swab numerous times with ethanol and then three to four times
with deionized water. The SiO2@Fe3O4 NPs were separated from
water with the help of a magnet through magnetic decantation and
dried in vacuum oven at 50 °C for 5 h. The confirmation of particles
was done by Fourier transform infrared (FT-IR) microscopy, (Thermo
Nicolet 5700) in the transmission mode with a resolution of ±4 cm−1,
a wavenumber range of 4000−400 cm−1 with a deuterated triglycine
sulfate as a detector. The morphology and particle size and shape were
characterized by Zeiss Supra 55VP FESEM model of Field emission
scanning electron microscopy (FESEM) with 1.0 nm resolution at 30
Kv and Philips CM 12 model of Transmission Electron Microscopy
(TEM) with 1.4 to 4 Å varying resolution at 120 kV. The crystal
structure was analyzed by Bruker D8 X-ray diffraction (XRD) system
with a CuKα and 0.025 deg/s irradiation and scanning rate,
respectively.

2.3. Heterogeneous Catalytic Application of Silica-Modified
Fe3O4 NPs. The evaluation of catalytic efficiency of the magnetite
nanostructure was conducted by the hydrogenation of acetone to
isopropanol under microwave irradiation. In typical procedure, a 10.0
mL of 0.1 mol L−1 aqueous acetone solution was taken in glass vial.
Afterword it was placed in Teflon sealed tube and irradiated under
microwaves in the absence and presence of SiO2@Fe3O4 nanocatalyst.
The solution was continuously irradiated at low power 10% of 1100 W
throughout the reaction process. To evaluate the SiO2@Fe3O4 NPs
catalytic effect on acetone hydrogenation reaction, UV−visible
absorption spectrum was recorded after every 10 s time by taking
approximately 4 mL of the solution into a quartz cuvete. The
Biochrom Libra S22 UV−visible spectrophotometer was used for
absorption measurement of the solution during the progress of
hydrogenation reaction.

However, to improve percent yield of isopropyl alcohol, the amount
of catalyst, microwave irradiation power and the effect of reaction time
on the hydrogenation of acetone were optimized at constant
concentration of acetone (0.10 mol L−1) to find optimum values.
The same concentration range was also applied in absence of SiO2@
Fe3O4 nanocatalyst to evaluate the nature of the acetone hydro-
genation to isopropanol reaction.

The production of isopropanol by acetone hydrogenation was
confirmed by gas chromatographic analysis. For this purpose, a flame
ionization detector (FID) equipped with gas chromatographic
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instrument (Agilent 5890 series II) was used. The instrumental
conditions are followed as reported in our previous work.28

Standard calibration graph of acetone concentration vs absorption
was plotted to quantify isopropanol concentration. Graph was plotted
in the concentration range of 0.01−0.2 mol L−1 and change in
absorbance was noted at 265 nm. Further calculations and
experimental procedure was conducted as reported by Aamna at.el.28

3. RESULTS AND DISCUSSION
Magnetite NPs were successfully prepared by coprecipitation
method at ambient laboratory conditions. To confirm the
components of SiO2@ Fe3O4 core−shell NPs, the FTIR
spectrum analysis were carried out whose results are shown in
Figure 1. The peaks in blue and red lines in spectrum show the

result before and after coating the surface of magnetite NPs.
The characteristic absorption peak at 583.2 cm−1 in spectrum
(Blue line) is due to asymmetric stretching of Fe−O bond of
magnetite (Fe3O4) phase and peaks at 1634.8 and 3423.3 cm−1

are attributed to asymmetric stretching vibration of H−O−H
bonds of water present in the sample and O−H bond held
through hydrogen bonding or physisorption on the surface of
magnetite NPs. After silica coating some new peaks appear on
the magnetite spectrum (red line). A sharp peak at 1081.9 cm−1

and two small peaks at 964.2 and 796.6 cm−1 because of the
symmetric and asymmetric stretching vibration of Si−O−Si
groups, which confirm the successful coating of magnetite NPs
surface with silica. The shifting of characteristic peak Fe−O−Fe
of magnetite (Blue line) from 583.2 to 591.6 cm−1 in the
spectrum of SiO2@Fe3O4 (red), also indicate the coating of
silica shell on the surface of the magnetite NPs. Silica coating
on the surface of magnetite NPs is also confirmed from
literature.22−25

The surface morphology of magnetite (Fe3O4) NPs and
tetraethoxysilane (TEOS), modified magnetite (SiO2@Fe3O4)
NPs were determined by the field emission scanning electron
microscopy (FESEM) as shown in Figure 2 A-D. The images
taken at low and high resolution represent bare and silica
modified magnetite NPs. From these images, it is clear that
most of the particles are spherical and with uniform average size
of 5−15 nm. Figure 2A and B shows the formation of
magnetite NPs with spherical morphology. Apart from it, some
agglomerated form of particles can be seen. Figure 2C and D

show the surface of modified particles which are better and
smaller in size distribution. It can also be observed that surface
of magnetite particles becomes rough after modification with
TEOS. These smaller size magnetite NPs with highly rough
morphology can be very effective catalyst due to its high
electron density and mobility on the surface of the nano-
particles.
TEM analysis was carried out for the further confirmation of

the morphology of the bare magnetite and SiO2@Fe3O4 NPs as
shown in Figure 3 (A and B). TEM images of bare magnetite in
Figure 3A show the spherical magnetite NPs with an average
diameter of 10−15 nm. Besides, some of the particles can also
be seen with random shapes. Figure 3B shows TEM image of
successfully SiO2@Fe3O4 NPs. A clear thin layer of silica
indicated in Figure 3B that magnetite is successfully coated.
The average diameter of magnetite NPs after silica coating is
almost same as bare magnetite nanoparticles. The silica
modification produced roughness on the surface of magnetite
NPs. These small size particles with high surface area to volume
ratio could be promising and very much effective catalyst.
Having done the process TEM and FESEM analysis, the

crystallographic evaluation of magnetite and SiO2@Fe3O4 NPs
were carried out by X-ray diffraction analysis (XRD), shown in
Figure 3C and D. The X-ray diffraction powder pattern of the
magnetite NPs in Figure 4C showed 6 peaks [(220), (311),
(400), (422), (511), and (440)]. These reflection planes
indicate the presence of the inverse spinal cubic structure. This
reflection pattern matches 99% with Standard (JCPDS file 19-
0629) of magnetite. The XRD data of magnetite was also
achieved after coating it with silica. Most of the diffraction
peaks arising from bare magnetite NPs could still be detected as
shown in Figure 4D. However, an interesting result appeared
when an extra peak 29.3° 2θ came into our observation after
silica coating. This additional peak was assigned to the (220)
plane of magnetite silica phase which was further confirmed
from literature by corresponding with JCPDS file 73-0963 of
SiO2@Fe3O4 MNPs. The mixed magnetite silica phase was
formed at the interface of silica and magnetite during core−
shell synthesis of SiO2@Fe3O4NPs.
The further confirmation of the Fe3O4 nanostructures was

done by energy dispersive X-ray spectroscopic (EDS) analysis.
The elemental composition of Fe3O4 and SiO2@Fe3O4 NPs is
shown in Figure 4A and B. From Figure 4A, it is clear that the
EDS spectrum for Fe3O4 contains only iron and oxygen
elements whereas the presence of iron, oxygen and silicon in
spectrum 4B confirms that the synthesized nanostructure is
composed of SiO2@Fe3O4 NPs. There are no any other
impurity elements present in Fe3O4 and SiO2@Fe3O4 NPs. The
small carbon peak is due to background carbon adhesive tape.

3.1. Catalytic Application of Silica-Modified Fe3O4
NPs. Catalytic activity of silica-modified Fe3O4 NPs was
checked in acetone hydrogenation reaction to isopropanol
under microwave irradiation. The Biochrom Libra S22 UV−
visible spectrophotometer was used for absorption spectrum
measurement. Change in absorbance spectrum of acetone at
265 nm such as hypochromic effect and hypsochromic effect
confirm the hydrogenation. The hypochromic effect (decrease
in the absorbance) and hypsochromic effect (blue-shifting) of
acetone peak at 265 nm revealed the decrease in concentration
of acetone and selective production of isopropanol, under
microwave radiation.15,26

However, to obtain high percent yield, the amount of
catalyst, microwave irradiation power and time for the

Figure 1. FTIR spectra of magnetite NPs (blue line) and silica-coated
magnetite NPs (red line).
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hydrogenation reaction was conducted at fixed concentration of
acetone (0.10 mol L−1). The same concentration range was also

applied in absence of SiO2@Fe3O4 NPs to evaluate the nature
of the conversion of acetone to isopropanol reaction.

Figure 2. FESEM images (A and B) low and high resolution of magnetite NPs and images (C and D) low and high resolution of silica-coated
magnetite NPs.

Figure 3. TEM image of magnetite NPs (A) and silica-coated magnetite NPs (B) XRD spectrum of magnetite NPs (C) and silica-coated magnetite
NPs (D).
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As this process was heterogeneous in nature and easy in
operation, the SiO2@Fe3O4 NPs system became a potential
alternative for environment friendly and economical in large
scale synthesis of isopropyl alcohol. Because of the small size
and rough surface of SiO2@Fe3O4 NPs was proved as an
effective catalyst for the hydrogenation of acetone to
isopropanol in the present system. It could be attributed to
silica binding on the surface of magnetite NPs that provided
high surface area for adsorption. Silane-modified magnetite
(SiO2@Fe3O4) NPs were used as a catalyst in hydrogenation of
acetone to IPA. At First, the sodium borohydride and the
acetone adsorb on the SiO2@Fe3O4 nanocatalyst surface to
form pseudocarbon−catalystbond and pseudo sodium borohy-
dride−catalyst bond.27 During the reaction SiO2@Fe3O4 NPs
activate the carbonyl carbon toward the attack of weak
nucleophile (NaBH4

−). The acetone hydrogenation reaction
on the surface of SiO2@Fe3O4 NPs catalyst completes in two
steps. Initially the hydride ions (H−) from sodium borohydride
attack on the carbonyl carbon atom partially attached to the
surface of the catalyst. Then in the second step an electrophile

H+ (protons) from water attack on the electronegative oxygen
of carbonyl group of acetone resulting in formation
Isopropanol. Schematic representation of reaction mechanism
for the hydrogenation of acetone is shown in Scheme 1.
Consequently the process ends with the breaking the carbon-
catalyst bond which result desorption of the alcohol product
from the surface of catalyst. A vacant space is created after
desorption of isopropanol molecule from catalyst surface for
incoming hydrogen and acetone molecule.26 This hydro-
genation process proved fast, efficient and got completed in
60 s.
The high selectivity of the present method can be attributed

to high catalytic activity of SiO2@Fe3O4 NPs with high surface
energy, which results in the selective and efficient production of
isopropanol.28 To achieve maximum catalytic efficiency in
terms of yield of IPA many factors (microwave radiation power,
effect of NaBH4, effect of time, and catalyst dose) were
optimized. They produced the results as shown in Figures 5
and 6.

Figure 4. EDS elemental analysis of (A) bare magnetite and (B) silica-coated magnetite particles.
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The first parameter we optimized was microwave radiation
power by keeping the reaction time constant at the duration of
60 s without using the catalyst and hydrogen source. Variations
in the absorption profile of acetone were observed when
microwave radiation power was decreased from 100 of 1100 W
to 10% as shown in Figure 5A. A noticeable decrease in
absorbance was seen as the power of microwave was reduced
from 1100 to 110 W. From the absorption trend of acetone we
expect formation of isopropanol during the reaction. It is clear
from Figure 5B that with increase in power of microwave
radiation the percent yield of isopropanol was decreased from
20% to 16%, while keeping the reaction time constant at 60 s.
As the irradiation power was increased it caused the rise of the
temperature of the system which promoted the formation
isobutyl ketone instead of isopropanol.29 The achieved percent
yield of isopropanol was∼20 at 110 and 330 W power of
microwave radiation. Afterward a small amount (0.5 mM) of
sodium borohydride (NaBH4) was used as a source of
hydrogen as reported in our pervious paper.28 The maximum
time was optimized to convert acetone to IPA under 110 W of
microwave radiation. Same is reported by Tomin et al. that
water can also act as hydrogen source to proceed hydro-
genation of acetone to isopropanol.30 For this purpose, a glass
vial containing acetone solution was placed in sealed Teflon
tube, which increased the pressure during the reaction after
microwave irradiation. Increase in pressure causes the splitting
of water molecule, which provides hydrogen in the system.
Therefore, we focused more on the power of microwave
radiation along with low concentration of NaBH4 result
reported in Figure 5C and D.
Moreover, when no further decrease in absorption of acetone

peak was observed it showed hydrogenation process was ceased
in the system. Subsequently SiO2@Fe3O4 NPs were introduced
to check its catalytic properties. Hence, to study the catalytic
effect for hydrogenation of acetone to isopropanol, 0.1 M
acetone concentration had been selected and different doses of
catalyst were added at constant microwave radiations, that is,

110 W as shown in Figure 6A and B. The catalyst dose was
important parameter that could affect the process of hydro-
genation/reduction of acetone to isopropanol. The experiment
was carried out by changing the amount of catalyst keeping
other parameter constant, that is, power of microwave radiation
(110 W), time (20 s), and concentration of acetone (0.1 M). A
significant decrease was observed in the acetone peak by
increasing the dose of catalyst from 5 to 100 μg as shown in
Figure 6A, a typical UV−visible spectra of acetone at varying
amount of catalyst at 20 s reaction time. After calculation the
53% yield of IPA was achieved using 100 μg SiO2 coated
magnetite nanocatalyst. Later on the % yield of IPA at different
dose of catalyst with respect to time was checked. The result
revealed that the use of 5 μg nanocatalyst only produced
maximum 50% IPA at 100 s reaction time until hydrogenation
process was ceased. The results in Figure 6B showed that the %
yield of IPA was exponentially increased with respect to catalyst
dose (10−100 μg) and also the rate of reaction was increased.
The maximum 99% yield of IPA obtained at reaction time 60,
50, and 40 s as the dose of catalyst was increased from 10 to
100 μg, respectively. After 60 s of the reaction time, the trend of
decrease in % yield revealed from Figure 6B that increase in
irradiation time hindered the conversion of acetone to
isopropanol. It might be attributed to a rise in the temperature.
Also the reaction phenomenon supported the controlling
mechanism which was the surface reaction on pore wall and at
higher catalyst loading the increased in rate was not significant
due to high rate of mass transfer.31 This facile heterogeneous
catalytic method provided easy removal technique for the
catalyst from the reaction vial by using permanent magnet.
After, it was washed with copious amount of deionized water
and was reused for the next reaction in fresh acetone solution.
The reusability data showed the 61%, 44%, and 35% yield at
second, third and fourth time application of catalyst. It revealed
that % yield of IPA was gradually decreased and after third time
the use of catalyst and the active sites of catalyst were blocked
or exhausted that provided no more catalytic effects as shown in

Scheme 1. Proposed Mechanism for Acetone Hydrogenation on Catalyst Surface
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(Figure 6C). Furthermore, the kinetics study was conducted
using 10 μg of nanocatalyst as optimized dose at 60 s reaction
time. For comparing purpose the bare magnetite nanoparticles
were also investigated as heterogeneous catalyst by applying the
same experimental protocol as did for SiO2@Fe3O4 (Figure
6D). By using 5 to 100 μg of bare magnetite nanoparticles we
observed maximum 41% yield of isopropanol which is about
12% less than SiO2@Fe3O4 NPs. Also catalytic activity of bare
magnetite NPs became considerably low in second time use,
which probably due to agglomeration of bare magnetite
nanoparticles in water system.
3.2. Investigation of Kinetics and Mechanism Reac-

tion. To find out the kinetics rate/order of reaction and type of
reaction either physisorption or chemisorptions, we applied 2
models namely Lagergren pseudo-first-order and pseudo-
second-order. Lagergren pseudo-first-order and pseudo-sec-
ond-order kinetics models were used to fit in the experimental
data to study the kinetics of heterogeneous catalytic conversion
of acetone to isopropanol.
Lagergren first-order model express as eq 3

− = −q q q
k t

ln( ) ln
2.303e t e

1
(2)

where qt and qe are the amount of educts (mg g
−1) at time t and

at equilibrium, k1 is the rate constant of the pseudo-first-order
process (min−1). Straight line plots of ln(qe − qt) against t were
used to determine the rate constant k1, and adsorption capacity
(Figure 7A). From results it was concluded that heterogeneous
catalytic process on magnetite did not follow pseudo-first-order
kinetics because the pseudo-first-order model data did not fall
on the straight line.
The equation used to express pseudo-second-order

t
q k q

t
q

1

t 2 e
2

e (3)

=h kqe
2

(4)

where h (mg g−1min−1) is the initial hydrogenation rate as t and
k2 is the rate constant of pseudo-second-order hydrogenation
(g mg−1 min−1). The plot of t/qt versus t was constructed to
evaluate pseudo-second-order model (Figure 7B). The graph
showed good straight lines with R2 = 0.990 as compared to the
plot of pseudo-first-order, where the value of qe, k, and h =
0.1255 mg/g, 0.292 g/mg/s, and 0.0046 mg/g/s were
determined from the slope and intercept of the plot,
respectively.

Figure 5. Acetone concentration decay UV-spectrum with respect to microwave power (A), % yield of isopropanol with respect to microwave power
(B), acetone concentration decay UV-spectrum with respect to time at NaBH4 (0.5 mM) and 110 W(C), and % yield of isopropanol with respect to
time at NaBH4 (0.5 mM) and 110 W (D).
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Additionally, experimental qeexp value is in a good accordance
with the calculated equilibrium catalytic capacity qecal. There-
fore, it is possible to suggest that the hydrogenation of acetone
by magnetite NPs followed pseudo-second-order reaction,
which postulates that hydrogenation reaction basically follow-
ing chemisorption phenomenon. It may be the rate-limiting
step. In chemisorptions, the acetone and hydrogen molecule

attached to the SiO2@Fe3O4 surface and make pseudo-bond
and try to find active sites that may increase their coordination
number with the surface.
Therefore, it was concluded that the pseudo-second-order

kinetic model provided a better correlation for the adsorption
of reactants molecule on SiO2@Fe3O4 NPs at different initial
concentration compared to the pseudo-first-order model.

Figure 6. Acetone concentration decay spectrum for the experiments performed with chemical mixtures of silica-coated magnetite with acetone
within 20 s reaction time (A), % yield of isopropanol with respect to magnetite nanocatalyst dose and time (B), reusability of magnetite nanocatalyst
(C), and acetone concentration decay spectrum bare magnetite nanoparticles (D).

Figure 7. Pseudo-first-order of reaction (A) and pseudo-second-order of reaction (B).
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For the determination of mechanism two major reaction
modes are promising for a surface reaction. Eley−Rideal model,
which determines that during reaction one of the reactant is
adsorbed onto the surface of catalyst/adsorbent and reacts with
the other reactant present in solution.32 Second mechanism is
the Langmuir−Hinshelwood, which is the most commonly
used kinetic model for heterogeneous catalytic processes.
Langmuir−Hinshelwood mechanism is followed when both
reacting species are simultaneously adsorbed onto the catalyst/
adsorbent surface then to react with each other. In this model
rate-determining step is the surface reaction. Consequently, the
adsorption of the reactants to the catalyst surface and the
dispersal of the products from the catalyst surface should be
quicker than the reaction step itself.32,33

In typical reaction procedure for Langmuir−Hinshelwood a
wide concentration regime of acetone (0.01−0.1 mol L−) was
tested with a constant concentration of sodium borohydride
(0.05 mol L−1) Figure 8A. Second, for Eley−Rideal model,
various concentrations of sodium borohydride were inves-
tigated with constant concentrations of acetone Figure 8B.

Figure 8 showed the rate constant dependence on the
concentration of acetone and sodium borohydride and the rate
constant was decreasing with an increasing concentration of
acetone it became evident that this reaction followed a
Langmuir−Hinshelwood mechanism. Because of adsorption
of reactants, borohydride, and acetone, onto the surface of
magnetite NPs, in the rate-determining step, reaction starts
between the surface hydrogen and the acetone and after the
completion of reaction the product (isopropanol) desorbs from

the surface of the catalyst producing free active sites on the
surface of catalyst again. Furthermore, the diffusion of the
educts to the nanocatalyst surface and establishment of
equilibrium during the adsorption/desorption process is
expected to be rapid. Schematic representation of reaction
mechanism for the hydrogenation of acetone is presented in
Scheme 1.

4. CONCLUSION
The magnetites NPs were successfully modified with
tetraethylorthosilicate (TEOS) to stabilize the magnetite NPs
by making core−shell and to prevent the magnetite surface
from oxidation. The synthesized SiO2@Fe3O4 NPs were
responsible for the efficient catalytic hydrogenation reaction
regarding the 99.5% conversion of acetone to isopropyl alcohol
(IPA) in the presence of microwave radiations within 60 s of
reaction time. The present system is the highly selective for
isopropanol it does not show byproduct. Active sites located on
the surface of SiO2@Fe3O4 NPs were responsible for the quick
adsorption of acetone and hydrogen on the surface of the
catalyst resulting in a short time equilibrium establishment for
the reaction. Moreover, the separation process was quick,
simple and convenient because of magnetic separation.
Hereafter, we infer that the synthesized SiO2@Fe3O4 NPs are
green catalyst due to easily recoverable and reusable by
applying magnetic field. SiO2@Fe3O4 nanocatalyst could be
recommended for hydrogenation of organic compounds with
low molecular weight. Present approach is very simple, easy,
economical, and greener method for the production of
isopropanol and could be used for fuel cell.
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senschaftliche Fakultaẗ I, Berlin, Germany, 2013.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am507778a
ACS Appl. Mater. Interfaces 2015, 7, 6480−6489

6489

http://dx.doi.org/10.1021/am507778a

