Catalysis Communications 159 (2021) 106342

ELSEVIER

Contents lists available at ScienceDirect
Catalysis Communications

journal homepage: www.elsevier.com/locate/catcom —

ICATALYSIS

COMMUNICATIONS

Short communication

Check for

Combustion method combined with sonochemical step for synthesis of | e
maghemite-supported catalysts for the hydrogenation of 2,4-dinitrotoluene

Viktéria Hajdu ®, Gabor Muranszky *, Masahiro Hashimoto °, Ferenc Kristaly ©, Milan Sz6ri®,
Béla Fiser®, Zoltan Kénya “, Béla Viskolcz*, Laszlé6 Vanyorek ™

2 Institute of Chemistry, University of Miskolc, Miskolc-Egyetemvaros, 3515, Hungary
b JEOL (EUROPE)SAS 1, Allée de Giverny, 78290 Croissy-Sur-Seine, France

¢ Institute of Mineralogy and Geology, University of Miskolc, Miskolc-Egyetemvaros, 3515, Hungary
d University of Szeged, Department of Applied and Environmental Chemistry, 6720 Szeged, Rerrich Béla Square 1, Hungary

ARTICLE INFO ABSTRACT

Keywords:
Toluenediamine
Maghemite
Sonochemistry
Catalyst
Hydrogenation

Maghemite particles were synthesized by using a combined combustion method and sonochemical step.
Maghemite was used as carrier to prepare supported Pt and Pd catalysts after deposition via a sonochemical step.
The catalysts were immediately ready to be used (metals were catalytically active) for the 2,4-dinitrotoluene
hydrogenation to produce 2,4-toluenediamine. The most active catalysts were the Pd/maghemite and bime-
tallic Pd-Pt/maghemite. The catalysts were easily separable after reaction due to their magnetic properties.

1. Introduction

The hydrogenation of 2,4-dinitrotoluene (DNT) is an important in-
dustrial process to produce 2,4-toluelendiamine (TDA). TDA is an in-
termediate in the production of toluene diisocyanate (TDI), which is one
of the main components in the manufacture of polyurethane (PU) [1]. In
the catalytic hydrogenation of DNT, carbon-, silica- and alumina-
supported transition metals (Pd, Pt, Ni, etc.) or transition metal oxides
are the most commonly used catalysts [2-8]. Many intermediates can be
formed during the process, such as 4-(hydroxyamino)-2-nitrotoluene
(4HA2NT), 2-(hydroxyamino)-4-nitrotoluene (2HA4NT), 4-amino-2-
nitrotoluene (4A2NT) and 2-amino-4-nitrotoluene (2A4NT) [9-11].
The best catalysts have high catalytic activity, it is easy to use them, and
their recovery is excellent. However, it is difficult to separate powder
catalysts (such as supported-activated carbon) from the reaction me-
dium due to their stable dispersion forming ability. The use of magnetic
nanoparticles might be a solution to this problem, because the small,
mobile particles can be easily removed and isolated by a magnetic field.
This simplifies the catalyst recovery and recyclability [12], and by
avoiding conventional filtration and centrifugation methods, the asso-
ciated catalyst loss is also eliminated. Therefore, the use of magnetic
nano-catalysts is a promising alternative, especially in heterogeneous
catalysis. One of the most widely used magnetic material is maghemite
[13,14]. Various methods have been applied to synthesize maghemite
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nanoparticles, such as sol-gel synthesis [15,16], microemulsion [17,18],
coprecipitation [19,20], hydrothermal [21], flow injection [22], and
combustion methods [23]. However, the overall process usually in-
cludes several steps, and post-treatment to activate the catalysts is also
required. Therefore, attempts to simplify the catalyst production process
were made and a new method has been developed in our research group
[24,25]. By using this method, an active catalyst has been developed
during the impregnation step [24,25]. The essence of the method is the
exposure of the liquid medium to intense ultrasonic effects, where the
induced sound waves create cycles of high and low pressure. Thus, the
vapor pressure of the solvent is decreasing momentarily, which results in
the formation of bubbles of a few micrometers in size in the mixture.
These bubbles are pulsating and growing until they reach a higher
pressure range in the liquid, where they collapse as the pressure in-
creases [26]. At this point (“hot spot”), a large amount of energy is
released, causing the medium to act as reducing agent in the reaction
and to initiate the formation of metal, metal oxide, or metal hydroxide
solid particles [27-32]. By using our recently developed sonochemical
method, in this work palladium and platinum nanoparticles were
deposited on the surface of maghemite and tested in the catalytic DNT
hydrogenation reaction.
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2. Experimental
2.1. Materials

Iron(III) citrate hydrate (FeC¢Hs07 x HyO, PanReac AppliChem Ltd)
and polyethylene glycol with 400 g/mol molar mass (PEG400, Sigma
Aldrich Ltd) were used for the production of maghemite nanopowder.
Palladium(I) nitrate dihydrate (Pd(NOs)s x 2H,0, Merck Ltd),
hydrogen hexachloroplatinate (HyPtClg, Reanal Ltd), hydrazine hydrate
(NoH4 x H0, Sigma Aldrich Ltd) and patosolv (a mixture of 90 vol%
ethanol and 10 vol% isopropanol, Molar Chem. Ltd) were used to pro-
vide the palladium and/or platinum content of the metal supported
maghemite catalysts.

2,4-dinitrotoluene (DNT, C;HgN20O4) was used as reactant, and 2,4-
diaminotolune (C;H;10N3), 2-methyl-5-nitroaniline, 2-methyl-3-nitro-
aniline, 4-methyl-3-nitroaniline, and 4-methyl-2-nitroaniline
(C7HgN30,) were used as standards (Sigma Aldrich Ltd) for the
GC-MS measurements during the catalytic tests. Methanol (CH3OH) was
used as solvent (Merck Ltd) during these measurements.

2.2. Catalysts characterization methods

The maghemite nanoparticles and the palladium decorated maghe-
mite were examined by high-resolution transmission electron micro-
scopy (HRTEM, FEI Technai G2 electron microscope, 200 kV). During
the preparation step, drops of the aqueous suspension of samples were
placed onto copper grids (Ted Pella Inc., only carbon, 300 mesh). The
size of the nanoparticles was estimated based on the HRTEM images and
the original scale bar by using the ImageJ software. Powder X-ray
diffraction (XRD) measurements were conducted by using a Rigaku
Miniflex II diffractometer with CuKa radiation source (30 kV, 15 mA).
To identify the functional groups on the surface of the maghemite
nanopowder, a Bruker Vertex 70 Fourier transform infrared spectrom-
eter (FTIR) was used. The prepared maghemite (2 mg) was added to 250
mg spectroscopic potassium bromide, and after homogenization a pellet
was formed which was used in the measurements.

Specific surface area (SSA, m?/ g) of the catalysts was determined by
nitrogen adsorption-desorption measurements at 77 K using a Micro-
meritics ASAP 2020 sorptometer and based on the Brauner-Emmett-
Teller (BET) method. The carbon content of the maghemite was
measured by Vario Macro CHNS element analyser equipment, and
phenanthrene was used as standard (C: 93.538%, H: 5.629%, N:0.179%,
S: 0.453%; Carlo Erba Inc). The carrier gas used was He (99.9990%),
while Oy (99.995%) was used for oxidation, and the samples were
loaded onto tin foils.

2.3. Preparation of maghemite-supported palladium and platinum
catalysts

A recently developed combined method [24,25] which includes
combustion and sonochemical steps was applied to synthesize maghe-
mite nanoparticles (Fig. S1, first two steps). In the first step, 7.0 g iron
(IT) citrate hydrate was dispersed in 40.0 g polyethylene glycol (PEG
400) by using a Hielscher UIP1000Hdt ultrasound tip homogenizer for 5
min (20 kHz). The colour of the PEG 400-based dispersion changed to
red, which indicated that iron oxyhydroxide (ferrihydrite and goethite)
colloid has formed. In the second step, the pegylated iron oxyhydroxide
dispersion was heated up and the organic compound was burned. Thus,
magnetic nanopowder (mainly maghemite) was formed.

Palladium nitrate (0.25 g) was solved in 50 mL patosolv, and 2.0 g
maghemite was added to the solution to synthesize 5.0 wt% Pd/
maghemite catalyst. In the case of 5.0 wt% Pt- containing catalyst
preparation, 0.21 g HyPtClg was added to 2.0 g maghemite, and 1 mL
hydrazine hydrate was also used. The alcoholic dispersion of the
precious metal and maghemite was sonicated for 2 min by using the tip
homogenizer (20 kHz, 78 W). Pd or Pt was deposited onto the magnetic
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nanopowder solid. The catalysts were then removed from the cleared
and transparent alcoholic phase with a neodymium magnet, washed
with patosolv, and dried at 105 °C overnight. A bimetallic catalyst (Pd-
Pt/maghemite) with 4.5 wt% Pd and 0.5 wt% Pt was also prepared as
described above.

2.4. Catalytic performance tests

The catalytic hydrogenation of 2,4-dinitrotoluene (DNT) was carried
out in a Biichi Uster Picoclave reactor (200 mL stainless steel vessel with
heating jacket). The pressure of H, was kept at 20 bar, and the reaction
mixture was kept at 303, 313, 323 and 333 K. Sampling was carried out
after 5, 10, 15, 20, 30, 40, 60, 120, 180, and 240 min on reaction stream.
The initial concentration of DNT was 0.05 mol L ™! in methanol, and 150
mL DNT solution and 0.1 g catalyst were applied during the tests. The
formed by-products and reaction intermediates were identified by using
a JMS-T200GC AccuTOF GCx-plus chromatograph and a JEOL JMS-
T200GC mass spectrometer. For the GC measurements, ZB-1MS col-
umn (30 m x 0.25 mm, 0.25 pm) was used. The collected data were
analysed and detected molecular species were assigned by using “NIST
library search”, “Molecular ion search”, “Exact Mass Analysis of Mo-
lecular Ion”, “Isotopic Pattern Analysis” and “EI Fragment Ion Analysis”.
TDA formation was followed by using an Agilent 7890A gas chromato-
graph coupled with Agilent 5975C Mass Selective detector. To deter-
mine the formed products, analytical standards (2,4-dinitrotoluene, 2,4-
diaminotolune, DNT, 2-methyl-5-nitroaniline, 2-methyl-3-nitroaniline,
4-methyl-3-nitroaniline, 4-methyl-2-nitroaniline, Sigma Aldrich Ltd.)
have been used.

The activity and selectivity (towards TDA) of the catalysts were
determined by calculating the conversion (X, %) of DNT and the TDA
yield (Y, %) based on the following Egs. (1) and (2), respectively:

consumed Rpyt

X% = «100 (@)

initial npyr

Y% — —emed I0A_ 109 ©)
Piheoretical TDA

Kinetic measuremetns on the studied catalytic reaction in the batch
reactor system used were conducted based on initial rates estimation
aiming to determine the reaction orders with respect to DNT and Hy.
Towards this goal, the initial concentration of DNT (cpnr,0) was varied
(25, 30 and 40 mmol/L) at constant Pys of 20 bar, while the total
pressure of Hy (Pyp) was varied (10, 20, 30 and 40 bar) at constant
cpnt,0 = 50 mmol/L for the Pd/maghemite catalytic system. The DNT
concentration decay after the first 2 min was used to estimate the initial
rate of reaction (vy) by the following Eq. (3):

_ d[DNT]
dt

Vo = (3)
The initial rate (mmol/L s’l) of reaction can be expressed by Eq. (4):

vo = kyy [DNT)[H,)’ 4

The apparent reaction orders with respect to DNT () and Hy () were
determined by the linear fit of the Igcpnr, o Vs. 1V, relationship at P = 20
bar and Igcpnr, o Vs. 18V, at cpnt,0 = 50 mmol/L using the logarithmic
form of Eq. (4):

lgvo = lgks + algepyro + Plgpn 5)
where, ke is the effective rate constant (T = 303 K).
3. Results and discussion

3.1. Characterization of the nanopowder maghemite

The magnetic catalyst support was examined by HRTEM, and the
v-Fe2O3 nanoparticles are clearly visible (Fig. S2, A). The nanopowder is
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Fig. 1. The logarithm of the initial rate (1gv,) of DNT hydrogenation as a function of the logarithm of the initial concentration of the DNT (Ig cpnr,0, left graph) and
total pressure of Hy (Ig puo,0, right graph) at 303 K using the prepared palladium maghemite catalysts.

highly dispersed given the average particle size of 22.0 + 6.6 nm
(Fig. S2, B). The FTIR results indicates that the nanopowder contains
carbon as well (Fig. S2, C). The presence of carbon was confirmed by the
appearance of the symmetric and asymmetric vibrational bands of the
C—H stretching at 2892 and 2835 cm™*. Another IR band at 1631 cm™*
also shows the presence of carbon as it can be assigned to the stretching
of the C=C bonds. Carbon remained in the sample as a product of the
combustion of polyethylene glycol. The exact carbon content was
measured by CHNS elemental analysis, and it was found that the sample
contained 2.83 wt% carbon. The magnetic nanopowder contains he-
matite as well (6.8 wt%) next to the main maghemite phase (Fig. S2, D).

Powder XRD measurements were carried out to clarify the phase
composition of the magnetic support. After the sonochemical treatment,
the PEG-based dispersion was filtered and washed with distilled water
and dried at room temperature in vacuum overnight. Based on the dif-
fractogram of this sample, goethite (a-FeO(OH), 10.7 wt%), ferrihydrite
(Fe3*19014(OH)2, 22.1 wt%), and PEG (67.2 wt%) were identified
(Fig. S3). Based on this, it can be concluded that during the ultra-
sonication the iron(Ill) citrate reacted with polyol forming iron oxy-
hydroxide species which transformed through dehydration/
dehydroxylation processes to maghemite and hematite during
combustion.

3.2. Characterization of the palladium, platinum, and Pd—Pt maghemite-
supported catalysts

BET surface area analysis was carried out for the maghemite-
supported catalysts and the support alone. The Pt/maghemite system
had the smallest surface area, ca. 10.1 m?/g, followed by the bimetallic
system, ca. 19.2 m?/g. The Pd/maghemite catalyst had a surface area of
23.1 m?/g which is more than double compared to the Pt/maghemite
catalyst. The specific surface area of the catalyst support alone is 41.7
mz/g.

The morphology of the solid particles of catalysts has been studied by
using HRTEM (Fig. S4, A, C and E). The individual maghemite nano-
particles formed aggregates (ca. 100-150 nm). The Pd and Pt nano-
particles were indistinguishable from the support particles on the
HRTEM images. However, the powder XRD results confirmed that
reduction of platinum and palladium ions was efficient since the samples
contain pure metallic phases. On the X-ray diffractogram of the Pd/
maghemite system, Pd(111) and Pd(200) lines can be identified at 40.3°
and 46.4° 2theta, respectively (Fig. S4, B and Fig. S5). In the case of Pt
catalyst, the Pt(111), Pt(200), and Pt(220) lines were detected, which
indicates the presence of elemental platinum (Fig. S4, D and Fig. S6).
The presence of the precious metals was detectable in the bimetallic Pd-
Pt/maghemite catalyst also (Fig. S4, F and Fig. S7). The average size of
the Pd and Pt nanoparticles was 4.6 and 7.4 nm, respectively, based on
the XRD results and using the Scherrer equation.
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Fig. 2. TDA yields in the 303-333 K range in the case of Pt/maghemite and Pd/
maghemite catalysts, and their separation from the reaction medium by using
magnetic field.

3.3. Comparison of the catalytic activity of the monometallic maghemite-
supported catalysts

The maghemite support alone showed a DNT conversion as high as
77.6% at 333 K, while the TDA yield was 30.5% after 240 min of re-
action (Fig. S8). However, due to the low TDA yield, adding a precious
metal to the system is essential. The apparent reaction order with respect
to each of the reactants and the rate equation of reaction was determined
experimentally. The reaction order with respect to DNT (a) and Hj (5)
were determined according to the linear fitting shown in Fig. 1.

A fractional reaction order of ~1.4 is obtained, while the reaction
order parameter with respect to hydrogen can be considered as unity
(0.97 + 0.06), meaning a first order kineticsat the studied experimental
conditions. The derived effective rate constant (Eq. (4)) of the Pd/
maghemite system was found to be in the range of 6.4 x 107> and 3.3 x
1075 (mmol®* L %% bar~! s71). The apparent reaction order with respect
to Hy (p) is significantly lower in the case of supported Pt (0.55 + 0.05,
Fig. S9) than Pd catalyst (0.97 + 0.06) which might suggest some strong
interactions of Hy with the catalyst surface, thus leading to high chem-
ical adsorption rates [33].

In the case of Pd/maghemite catalyst, TDA yield was not changed
significantly with the reaction temperature, where 30 K difference in
temperature resulted only in ~8% improvement in the yield. The
maximum TDA yield was 82.6% and it was achieved by using the Pd
catalyst at 333 K and 20 bar hydrogen pressure (Fig. 2). The supported
platinum catalyst provided only 62.0% yield. However, both catalysts
can be easily separated from the reaction medium by magnet (Fig. 2).

A higher TDA yield was achieved by the Pd/maghemite catalyst, and
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Fig. 3. Reuse tests of the synthesized Pd/maghemite catalyst. DNT conversions and TDA yields vs. hydrogenation time measured at 333 K in four cycles.
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Fig. 4. 2,4-dinitrotoluene (DNT) conversion vs. hydrogenation time at four different temperatures (303—333K) by using the Pd-Pt/maghemite bimetallic catalyst
(A), and comparison of the two monometallic and bimetallic catalysts at 333 K (B).

thus, this was applied in the reuse tests (Fig. 3). The DNT conversion was
stable and did not decreased significantly even after four cycles (Fig. 3).
The corresponding TDA yields remained above 80% during the tests
(Fig. 3).

Two intermediates were identified during the reaction, 4-amino-2-
nitrotoluene (4A2NT) and 2-amino-4-nitrotoluene (2A4NT), which are
the semi-hydrogenated species of DNT. The less active Pt/maghemite
sample was not able to convert completely the intermediates to TDA
(Fig. S10, A, B), while the Pd containing catalyst was successfully ach-
ieved this within a reasonable time (Fig. S10, C, D).

Various by-products have been formed during the hydrogenation,
and these were identified by using isotopic pattern analysis. Condensed
derivatives of DNT and TDA such as p-tolualdehyde-2,4-dinitro-phe-
nylhydrazone (C14H;2N404) and 2-methyl-1-[(2-methyl-4-nitrophenyl)-
NNO-azoxy]-4-nitrobenzene (C;4H;2N405) and others have been formed
(Table S1).

3.4. Catalytic activity of bimetallic maghemite-supported catalysts

Although both precious metals deposited on maghemite support
were highly active, a bimetallic catalyst was also prepared (4.5 wt% Pd
and 0.5 wt% Pt) and tested under the same reaction conditions as the
monometallic ones. The rates of hydrogenation at 303 and 313 K were
similar (Fig. 4 A), and the reaction rate constant (k) values estimated
were 5.4 x 1073 57! and 5.7 x 1073 mmol®* L'%% bar~! 571, respec-
tively. The reaction rate constants were very similar (1.8 x 10> s~ and
1.9 x 1073 mmol®* L%* bar ! s71) at 333 K when the monometallic Pd
and Pt catalysts were used, but a significant increase of k value (5.7 x
1073 4+ 4.0 « 10~° mmol®* L% bar! s’l) was achieved (~ 3 times)
with the bimetallic catalyst (Fig. 4 B). After 10 min of hydrogenation,
the DNT conversion was 90.4% at 333 K compared to 65.0% in the case
of Pd/maghemite. The TDA yield reached 86.8% at 333 K with the Pd-
Pt/maghemite catalyst, which is slightly higher compared to the Pd/
maghemite system (82.6% at 333 K).

4. Conclusions

Nanosized maghemite powder was synthesized by using a recently
developed combined combustion and sonochemical methods. By ultra-
sonic treatment, iron oxyhydroxide species formed were transformed
through dehydration/dehydroxylation processes to maghemite and he-
matite phases during the combustion step. The prepared magnetic
nanopowder was used as catalyst support. Monometallic palladium and
platinum maghemite-supported catalysts and their bimetallic Pd—Pt
counterpart were successfully synthesized after using a fast, relatively
easy, and efficient catalyst preparation method, which does not include
post-treatments. Their catalytic activity for the 2,4-toluenediamine
(TDA) synthesis was tested, and in each case full conversion of 2,4-dini-
trotoluene (DNT) was achieved after 60 min. However, the TDA yield
was higher when Pd/maghemite (82.6% at 333 K) catalyst was used
compared to the Pt/maghemite case (62.0% at 333 K). By combining the
two precious metals, a more active bimetallic catalyst was developed
and 90.4% of DNT conversion was reached after 10 min. Furthermore,
after 30 min of reaction, full conversion of DNT was obtained over the
bimetallic catalyst, while the monometallic catalysts exhibited lower
conversion rates at the same reaction time of 30 min. In the present
work, three maghemite-supported magnetic catalysts were successfully
produced in an easy and fast synthetic route, and their catalytic activity
was remarkable. In addition, these maghemite-based catalysts are easily
separable from the reaction medium due to their magnetic behaviour.
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