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Abstract: Series catalysts of Ru-SnO,/Al,03; with varying SnO, loading of 0-3 wt% were
prepared, and their catalytic activity and selectivity have been discussed and compared for
the selective hydrogenation of m-dinitrobenzene (m-DNB) to m-nitroaniline (m-NAN). The
Ru-SnO,/Al,O3 catalysts were characterized by X-ray powder diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and hydrogen
temperature-programmed reduction (H,-TPR) and desorption (H,-TPD). Under the
modification of SnO,, the reaction activity increased obviously, and the best selectivity to
m-NAN reached above 97% at the complete conversion of m-DNB. With the increasing of
the SnO, loading, the amount of active hydrogen adsorption on the surface of the catalyst
increased according to the H,-TPD analysis, and the electron transferred from Ru to SnO,
species, as determined by XPS, inducing an electron-deficient Ru, which is a benefit for
the absorption of the nitro group. Therefore, the reaction rate and product selectivity were
greatly enhanced. Moreover, the Ru-SnO,/Al,O5 catalyst presented high stability: it could be
recycled four times without any loss in activity and selectivity.

Keywords: Ru catalyst; SnO, doping; hydrogenation; m-dinitrobenzene; m-nitroaniline;
catalyst recycling
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1. Introduction

m-Nitroaniline (m-NAN) is an important intermediate for the preparation of dyes, mechanical and
electronic corrosion inhibitors, urethanes and pharmaceuticals. Generally, m-NAN is produced from
the partial reduction of m-dinitrobenzene (m-DNB) with disulfides or metal acid systems and produced
by the acetylation of aniline and then nitration, with subsequent removal of the acetyl group by
hydrolysis. Both of these two methods are hazardous, tedious and costly; with further separation and
waste disposal. From environmental and economic points of view, catalytic; selective hydrogenation of
m-DNB directly to m-NAN should be an attractive process, and it has attracted much attention in recent
years [1-3]. However, controlling the product selectivity is particularly a challenge in the hydrogenation
of m-DNB in terms of the exclusive formation of m-NAN (partial reduction product), due to it being
easily hydrogenated to the complete reduction product of m-phenylenediamine (m-PDA) [4,5] and the
formation and accumulation of intermediates, such as phenylhydroxylamine (PHA), azoxy-benzene
(AOB), azo-benzene (AB) and hydrazo-benzene (HAB), as illustrated in Scheme 1. Hence, developing
an efficient catalytic system for achieving high selectivity to m-NAN is a hot topic and has achieved
some progress. For example, over 5% Pd/C, m-NAN was obtained with a 95% selectivity at 90%
conversion at the conditions of 31 °C, 3.4 MPa H; [1]. Over 5% Pt/C, 97% selectivity to m-NAN was
obtained at 48% conversion in supercritical CO, at 50 °C, 16 MPa [6]. Over Pd/C and Pt/C catalysts,
the reaction condition has significant effects on the product selectivity. Supported Au catalysts, such as
Au/AlL, O3, Au/Fe,O; and Auw/TiO;, could deliver 100% selectivity to m-NAN at about a 10%
conversion of m-DNB [7-10]; however, the highest selectivity to m-NAN could not achieve 90% after
conversion reached above 70%, due to m-NAN being further hydrogenated to m-PDA [5,8,11]. Ru/C
was found to be efficient in the selective partial hydrogenation of o-, m- and p-DNBs, and the
selectivities to the corresponding NANs achieved over 95% [3]. Ru/SnO, exhibits high selectivity
(99.9%) in the hydrogenation of o-chloronitrobenzene, but the reaction rate was very low with a TOF of
43 x 10* s ' [12]. The low activity was attributed to the high adsorption strength of the nitro group
over Ru [13]. Recently, PVP-Ru/AL,O; was discovered to be an effective catalyst for the partial
hydrogenation of m-DNB to m-NAN with almost 100% selectivity at the conversion of m-DNB of
<95%, and the addition of a metal cation, such as Fe'* or Sn4+, could markedly enhance the reaction
rate and retain the high selectivity of m-NAN. The interaction between metal species may change the
electronic density of the catalytic active site, thus affecting the adsorption state of the substrate on the
catalyst surface [2].

Doping a second element to the supported transition metal catalysts is considered to be an efficient
means, and a widely used one, to adjust the catalytic performance. Concerning the aforementioned
supported Ru catalysts, modification with SnO,, as an example, leads to wide applications in the
hydrogenation of aliphatic acids [14,15], esters [16—-22] and o,B-unsaturated carbonyl compounds [23-27].
It is suggested that SnO, doping could improve the catalytic properties of Ru catalyst by the electronic
and geometric effects of SnO, [14,15]. Herein, we study the Ru-SnO,/Al,O3 catalysts with varying
SnO, loading in the range of 0%—3%. The effects of SnO, on the structure and catalytic performance
of Ru-SnO,/AL,Os catalysts are discussed in the hydrogenation of m-DNB. The catalysts are characterized
by X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM), hydrogen temperature-programmed reduction (H,-TPR) and desorption (H,-TPD).
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Scheme 1. Possible reaction pathway for the hydrogenation of m-dinitrobenzene. m-DNB,
m-dinitrobenzene; NNSB, m-nitro-nitrosobenzene; PHA, m-nitro-phenylhydroxylamine;
m-NAN, m-nitroaniline; m-PDA, m-phenylenediamine; AOB, azoxybenzene; AB, azobenzene;
HAB, hydrazobenzene.
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A series of supported Ru catalysts with different supports were prepared, and their catalytic

2. Results and Discussion

performances on the hydrogenation of m-DNB were compared. The results are listed in Table 1. The
Ru/TiO, catalyst presented the highest catalytic activity compared with other catalysts (Entry 1); it
showed a 53% conversion in the reaction for 0.5 h with a TOF of 2142.7 h™'. Compared with Ru/TiO,,
the activity of Ru/C was a little lower (TOF, 658 h™"), and the other catalysts were quite low
(TOF <40 h™"); they needed more than 5 h to achieve a similar conversion to that obtained with the
Ru/TiO,. However, for the catalytic selectivity to the desired product of m-NAN, the Ru/Ti0, was less
selective, while the Ru/Al,O; was shown to be the most selective one, with selectivity above 97%
(Entry 5). It is clear that the support has a significant influence on the catalytic activity and selectivity.
Generally, a strong metal-support interaction exists in the supported noble metal catalysts, and it will
affect the performance of the active species greatly, such as for the TiO,-supported catalysts: the
electron density around the metal particles decreased as the electron transferred (or polarized) from the
metal nanoparticle to TiO, [28-30], and the electron-deficient state of the metal nanoparticle is
favorable for the adsorption or hydrogenation of the nitro group [30-32]. Furthermore, the support has
a great influence on the adsorption and desorption of the substrates, intermediates and products. When
the formed intermediates of m-nitro-nitrosobenzene (NNSB) and PHA cannot be transferred to
m-NAN in a timely manner, they may be desorbed from the catalyst, depending on the nature of the
support, and condensed to AOB and then hydrogenated to AB and HAB, inducing a serious
accumulation of these byproducts, due to their lower transferring rate to the final m-NAN.
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Table 1. Results for the hydrogenation of m-DNB over supported Ru catalysts.
Reaction conditions: m-DNB 2 mmol, catalyst 20 mg, EtOH 20 mL, H, 4 MPa, 100 °C.

. Conversion Selectivity (%) 4
Entry Catalyst Time (h) %) m-NAN m-PDA Others * Rate (h™")"
1€ Ru/TiO, 0.5 53.0 50.5 2.1 47.4 2142.7
2 Ru/C 1 86.0 74.8 2.9 22.3 434.6
3 Ru/Si0O, 5 35.6 56.9 0.5 42.6 36.0
4 Ru/kieselguhr 5 27.2 73.2 - 26.8 27.5
5 Rw/ALO; 5 39.2 97.4 - 2.6 39.6
* Others are the by-products, such as PHA, AOB, AB, HAB; Reaction rate unit:

mol,, pne/(molg,-h); © Catalyst 5 mg.

To improve the catalytic activity of Ru/Al,Os, the catalyst was modified with the addition of SnO;,

and the results are shown in Figure 1. It was found that the reaction activity increased obviously with

the addition of SnO,: with the increasing of the SnO, loading from zero to 3%, the reaction rate was

linearly increased; reaching the complete conversion of m-DNB was shortened gradually from 10 to

3 h. The selectivity to m-NAN was increased also: it reached 97.3% at a complete conversion for the
catalyst with 2% SnOQ,, but it decreased to 91.5% for the catalyst with 3% SnQO,, with the byproducts of
AOB, AB and HAB being accumulated. Therefore, the optimal loading of SnO, was 2%. The effects
SnO, on the structure of the Ru-Sn0,/Al,03 catalysts and the catalytic performance were characterized
and discussed by the results of XRD, TEM, H,-TPR, H,-TPD and XPS.

Figure 1.
(b)

Ru-Sn0O,/Al,03-1%;

(©)

and

(d)

Selective hydrogenation of m-DNB to m-NAN over (a) Ru/AlOs;

Ru-Sn0O,/Al,03-2%; Ru-Sn0O,/Al,03-3%.

Reaction conditions: m-DNB 2 mmol, catalyst 20 mg, EtOH 20 mL, H, 4 MPa, 100 °C.
(m) conversion of m-DNB; selectivity to (0) m-NAN and (A) m-PDA; and (V) others are
by-products, such as PHA, AOB, AB and HAB.
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From the XRD patterns in Figure 2, the diffraction peaks appeared at 37.3°, 42.6°, 46.2° and 67.3°
were attributed to y-Al,O3 (Joint Committee on Powder Diffraction Standards (JCPDS), 13-0373), and
the peaks at 38.4°, 42.2° and 44.0° were assigned to the metallic Ru’ (JCPDS, 65-1863). With the
addition and increase of the SnO, loading, the diffraction strength of Ru was lowered, but the
diffraction peaks of the Ru-Sn alloy, such as RusSn;, Ru,;Sn; or RnSn,, were not found, neither for the
diffraction peaks of SnO, nor for those of SnO. Thus, we cannot determine the composition of SnO,,
and it may be an amorphous state existing in the samples.

Figure 2. XRD patterns of (a) Ru/Al,O3; (b) Ru-Sn0O,/Al,03-1%; (¢) Ru-Sn0O,/Al,03-2%);
and (d) Ru-SnO,/ALL,O3-3%. () y-ALO3; (V) Ru’.

20.30.40I50.60l70.80 4|0 ‘ 415 ' 50
20 (degree) 206 (degree)
The TEM images and EDX spectra of supported Ru catalyst are shown in Figure 3. The average
size of the Ru particles was about 5 nm for all of the catalysts checked, indicating that the addition of
SnO, did not affect the distribution of Ru. The HRTEM images of Ru-SnO,/Al,03-1% and
Ru-Sn0O,/Al,03-2%, presented a clear and well-ordered single-crystal lattice, and the lattice spacing
was about 2.05 A, which is the same as Ru(101) (2.055 A). Additionally, the formation of the Ru-Sn
alloy was not detected; this is in agreement with the results of XRD in Figure 2. However, for
Ru-Sn0O,/Al,05-3%, a single-crystal lattice of Ru(101) cannot be found. With the increase of the SnO,
loading, the crystallinity of Ru was lowered, and this is also in agreement with the results of XRD. The
crystallinity of Ru and the loading of SnO, may have a great influence on the adsorption and
desorption of the substrates, intermediates and products, resulting in the higher catalytic activity and
the highest selectivity to m-NAN (97.3%) at the complete conversion for the catalyst with
2% SnOy. In addition, the EDX spectra of Ru-SnO,/Al,03-2% showed the emission of Ru and Sn,
indicating that Sn was certainly doped onto the surface of the catalyst, even though SnO, was not
detected by the XRD (Figure 2).
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Figure 3. TEM images of (a) Ru/Al,Os; (b) Ru-Sn0O,/Al,05-1%; (¢) Ru-Sn0O,/Al,03-2%);
(d) Ru-SnO,/Al,03-3%; and (e) the used Ru-SnO,/Al,03-2% and (f) EDX of
Ru-Sn0O,/A1,03-2%.
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Figure 4 shows the H,-TPR profiles of the supported Ru catalysts and SnO,/Al,03-2%. The
Sn0,/Al,05-2% presented a wide reduction peak at a temperature range of 100-650 °C. The reduction
peaks at 198 °C are ascribed to SnO,, which had a weak interaction with Al,O3, and the reduction
peaks at 544 °C are ascribed to tin alumina, which was formed due to the strong interaction between
SnO;, and Al,O3, which is favorable to the reduction of Sn*" to Sn2+, but inhibiting the further reduction
of Sn*" to Sn” [22,33]. For Ru/ALLOs, the reduction peaks at 85 °C are ascribed to Ru*" to Ru’, with the
addition and increase of the SnO, loading; the reduction peak and zone of Ru*" changed slightly, and
the reduction peaks at 198 °C ascribed to the overlapped SnO, and the reduction peaks at 544 °C did
not changed. This behavior also indicated that the Ru-Sn alloy was not formed. This is in agreement
with the results of XRD and TEM. Figure 5 shows the H,-TPD profiles of the supported Ru catalysts.
With the increasing of the SnO, loading, the area of the hydrogen desorption peaks increased,
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indicating that the amount of the hydrogen adsorption increased due to the hydrogen spillover to the
surface of SnO,, resulting in an improvement of the hydrogenation activity.

Figure 4. The hydrogen temperature-programmed reduction (H»-TPR) profiles of
(a) SnO,/Al,03-2%; (b) Ru/Al;O3; (¢) Ru-SnO,/Al,03-1%; (d) Ru-SnO,/Al,03-2%; and
(e) Ru-Sn0O,/Al,03-3%.
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Figure 5. The H,-TPD profiles of the supported Ru catalysts.
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The XPS spectra of the supported catalysts are shown in Figure 6. In the case of Ru, because the Ru
3d spectra overlaps with the C 1s spectrum and the Ru 3ps;, spectrum overlaps with the Sn 3ds;,
spectrum, the Ru 3ps» spectrum was used to deconvolute for all of the supported Ru catalysts.
The metallic Ru at a binding energy of 462.6 eV was found for 2% Ru/ALO;, as seen in
Figure 6a [34]. With the addition and increase of the loading of SnO,, the binding energy of Ru 3ps3.
moved to a higher binding energy, and this shifted to 463.2 eV for the sample with 3% SnO,
(Figure 6d). In the case of Sn, the binding energy of Sn 3ds, appeared at 487.2 eV in
Ru-Sn0O,/Al,05-1%, which is ascribed to SnO; the metallic Sn and SnO, were not observed on the
surface of the catalysts in this work, which is similar to the literature [34]. With the increasing of the
loading of SnO,, the binding energy shifted to a low value, and it moved to 486.9 eV for the sample



Catalysts 2014, 4 283

with 3% SnO,. These results indicated that an electronic interaction existed between Ru and SnO,: the
electron transferred from Ru’ to SnO,, inducing the electron-deficient state of Ru nanoparticles for the
Ru-SnO,/Al,05 catalysts. The electron-deficient state of the Ru nanoparticle is favorable for the
adsorption of the electropositive nitrogen atom of the nitro group on the surface of the catalysts, and
so, the N=0 bond was activated [30-32]. The electron-deficient state of Ru may be also favorable for
the adsorption of H; on its surfaces, resulting in the production of more active hydrogen species [32],
thereby promoting the hydrogenation of m-DNB.

Figure 6. The XPS spectra of Ru 3ps,, and Sn 3d of (a) Ru/Al,O3; (b) Ru-Sn0O,/Al,03-1%j;
(¢) Ru-Sn0,/Al,05-2%; and (d) Ru-SnO,/Al,03-3%.

Intensity (a.u.)
Intensity (a.u.)

470 485 460 455 500 435 490 485
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Figure 7. The recycling results of Ru-SnO,/Al,03-2% in the hydrogenation of m-DNB.

Reaction conditions: m-DNB 2 mmol, catalyst 20 mg, EtOH 20 mL, H, 4 MPa, 100 °C, 6 h.
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The stability of the Ru-SnO,/Al,03-2% catalyst was checked, as shown in Figure 7, the catalyst was
shown to be relatively stable under the reaction conditions. The selectivity of m-NAN still remained
above 97.3% in all of the recycling, although a slight decrease in the conversion appeared after the
catalyst was reused four times, which may be ascribed to the loss of the catalyst during the catalyst
separation in the recycling. For the heterogeneous catalysis, metal species leaching usually occurs
during the reaction. In this work, Ru leaching was not detected in the filtrate based on the ICP-OES
analysis with a detection limit of 0.1 ppm. Furthermore, TEM measurements showed that the Ru
particles did not aggregate, and the average size of the Ru particles remained at about 5 nm for the
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reused sample (Figure 3e). Therefore, the developed Ru-SnO,/Al,03-2% catalyst is an efficient
catalyst for the hydrogenation of m-DNB with satisfactory activity, selectivity and stability; it is
expected to have potential industrial applications.

3. Experimental Section
3.1. Materials

All chemicals were purchased from Aladdin (Shanghai, China); SnCly-5H,0, Na,COs3, ethanol and
m-DNB were of analytical grade. y-ALOs (170 m%/g), TiO, (120 m%/g), SiO, (Aldrich (Shanghai,
China), 35-60 mesh, 150 A), active carbon (Aldrich (Shanghai, China), 100—-400 mesh) and kieselguhr
were used as delivered. Gases of N, (99.999%), Ar (99.999%) and H; (99.999%) were purchased from
Changchun Xinxing Gas Company (Changchun, China) and used as delivered.

3.2. Catalyst Preparation

In a typical preparation, y-Al,O3 (1.9 g) and SnCls-5H,0 (0.4 mmol) were added to 20 mL H,O and
stirred at 70 °C, then excessive Na,COs (1.2 mmol) in 5 mL H,O was dripped into the above solution,
and continuously stirred for 2 h. The resulting precipitates were centrifuged and washed with deionized
water and pure ethanol, respectively, and, finally, dried in vacuum at 80 °C for 6 h and calcinated in N at
400 °C for 2 h. In this way, SnO,/Al,03-3% was prepared. Then, 3% SnO,-Al,O; (0.98 g) and
RuCl;-3H,0 (0.2 mmol) were added to 20 mL H,O and stirred at 70 °C. Then, excessive Na,COs
(0.9 mmol) in 5 mL H,O was dripped into the above solution and stirred for 2 h. The resulting
precipitates were centrifuged and washed with deionized water and pure ethanol, respectively, and,
finally, dried in vacuum at 80 °C for 6 h, calcinated in N, at 400 °C for 2 h and reduced in H; at 300 °C
for 2 h. Thus, the Ru-SnO,/Al,05-3% was prepared, in which the loading of Ru was about 2%, as
determined by ICP analysis.

The Ru/Al,Os, Ru/Si0,, Ru/Ti0,, Ru/C and Ru/kieselguhr were also prepared by the same process
as described above, except for the addition of SnCls-SH,O.

3.3. Catalyst Characterization

The Ru and SnO, loading in the catalysts was measured by inductively coupled plasma-optical
emission spectroscopy (ICP-OES, iCAP6300, Thermo Waltham, MA, USA). The metallic state on the
surface of the catalyst was examined by XPS (Thermo (Waltham, MA, USA) ESCALAB 250), and the
surface composition of the samples was determined from the peak areas of the corresponding lines
using origin fitting. Binding energies of the reference compounds and catalysts were measured using
the C 1s peak (284.6 eV) of the adventitious carbon as an internal standard. XRD was performed with
a D8 ADVANCE X-ray Diffractometer. TEM was performed using FEI Tecnai, G20 (Hillsboro, OR,
USA). H,-TPR and H,-TPD were carried out on the TP-5080 (Tianjin Xianquan Industry and Trade
Development Co., Ltd, Tianjin, China), with a thermal conductivity detector. Before the H,-TPR run,
50 mg of the calcinated catalyst were loaded in the quartz tube and pretreated with nitrogen at 150 °C
for 30 min. After cooling to room temperature, the sample cell was heated at a ramping rate of
10 °C/min to 800 °C in an atmosphere of a Hy/Ar mixture gas (30 mL/min). For the H,-TPD test,
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60 mg of the reduced catalyst were loaded in the quartz tube and pretreated with nitrogen at 150 °C for
30 min. After the catalyst cooled to room temperature, the absorption was conducted by flushing the
sample in a Hy/Ar flow for 30 min. Then, the sample was swept with Ar for 1 h to remove physisorbed
and/or weakly bound species. H,-TPD was performed by heating the sample from room temperature to
700 °C in Ar with a ramp rate of 10 °C/min, and the TPD spectra were recorded. A liquid nitrogen trap
was used to remove water formed during the tests.

3.4. Hydrogenation of m-Dinitrobenzene

Catalytic experiments of the selective hydrogenation of m-DNB were carried out in a 100-mL
autoclave equipped with magnetic stirring. In a typical hydrogenation process, 2 mmol m-DNB, 20 mg
Ru-Sn0O,/Al,03-2% catalyst and 20 mL ethanol were successively charged into the reactor. Then, the
reactor was sealed and flushed three times with N, to remove the air. After flushing, the reactor was
heated up to 100 °C. Hydrogen (4 MPa) was introduced, and then, the reaction mixture was stirred by
an agitation speed of 1200 rpm for 2 h. It was certified that the diffusion limitation was removed
completely under the present stirring. After the reaction, the liquid products were centrifuged and
analyzed with a gas chromatograph (GC-Shimadzu-2010 (Kyoto, Japan), FID, Capillary column, Rtx-5
30 m x 0.25 mm x 0.25 pm) and identified by gas chromatography/mass spectrometry (GC/MS,
Agilent (Santa Clara, CA, USA) 5890). The GC results were obtained using an internal standard
method, and o-xylene was always used as the internal standard. For the recycling experiment, the
reaction mixture of the first run was centrifuged and separated by decantation. Then, the solid catalyst
was washed three times with solvent of ethanol, and the next run was started with the fresh m-DNB
and ethanol. The boiling points of m-DAN (283 °C), m-DNB (301 °C) and m-NAN (306 °C) were
high, and that of the condensing byproduct was much higher. Therefore, the temperature of the
injector and detector used was 320 °C, and the temperature of the oven increased from to 290 °C
(10 °C/min) and remained for 6 min at 290 °C. Under these conditions, all of the products can
be detected.

4. Conclusions

The catalytic performance of the supported Ru catalysts was compared for the hydrogenation of
m-DNB to m-NAN, and it was found that the support has a large effect on the reaction rate and product
selectivity. Ru/Al,Os exhibits a high selectivity of >97%, but its activity is much lower compared with
the Ru/Ti10,. To improve the activity, selectivity and stability, the Ru/Al,O3; was modified by doping
with SnO,. As expected, the activity of the Ru-SnO,/Al,O; catalyst was improved significantly, and it
could remain the high selectivity to m-NAN (>97%). It was confirmed that the adsorption amount of
hydrogen increased with the increasing of the SnO, loading from H-TPD, due to the hydrogen
spillover. In addition, the electronic interaction between Ru’ and SnO, induced Ru’ to be in an
electron-deficient state, due to the transfer of an electron from Ru’ to SnO,, which is favorable for the
adsorption of the nitro group and the attack of hydrogen, resulting in high hydrogenation activity.
Moreover, the developed Ru-SnO,/Al,03-2% catalyst is also a stable catalyst for the hydrogenation of
m-DNB to m-NAN without a loss in activity and selectivity after recycling four times. This presents
great potential for industrial applications.
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