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Abstract Catalytic hydrogenation of m-dinitrobenzene

over Pt/TiO2–Al2O3 catalysts was investigated. The effect

of the enrichment of TiO2 was analyzed. The results

showed that the increase in TiO2 content produced an

enhancement in the activity of the catalyst. In these con-

secutive reactions, both rate constants (k1 and k2) were

determined and it whatever the catalyst, k1 is higher than

k2. The limiting step of the reaction was the transformation

of m-nitroaniline to m-phenylenediamine. This behavior

was explained by the modification in the acceptor-donor

electron character of the group in the meta position.

Keywords m-Dinitrobenzene � Hydrogenation �
Platinum � TiO2–Al2O3 � m-Phenylenediamine

1 Introduction

Aromatic nitro compounds are constituted by NO2 groups

directly attached to the aromatic ring. These represent

important chemical intermediates in the manufacture of

multiple organic molecules [1]. Their use in the synthesis

of aromatics amines for the production of polymers, pig-

ments, herbicides and pharmaceuticals, led to an increase

in their industrial interest [2]. The hydrogenation of m-

dinitrobenzene (m-DNB) produces m-nitroaniline (m-NA)

as intermediate. After this, there is the reduction of the

other nitro group to obtain m-phenylenediamine (m-PDA).

The hydrogenation to m-nitroaniline to phenylenediamine

is difficult due to the presence of a nitro group in meta

position [3], which is an electron withdrawing group, and

therefore inhibits the desired reaction. This way, there is

interest in the development of catalysts with high selec-

tivity to m-PDA.

There are different procedures to synthesize m-phenyl-

enediamine from m-dinitrobenzene: the Bechamp process

(reduction with Fe and HCl) and catalytic hydrogenation.

The Bechamp process produces a high quantity of inor-

ganic salts as waste, which cannot be recycled [4]. The

reduction of organic molecules by catalytic hydrogenation

is an ideal example of how catalysis can influence a

chemical process. The liquid phase hydrogenation of m-

DNB with metallic supported catalysts appeared as an

alternative for the conventional process with best activity,

selectivity and yield results. Additionally, the catalytic

reduction is attractive for the industry due to the high

production level, mild conditions of reaction and decrease

of environmental pollution [4].

Several researches have performed different active

phases and supports in the hydrogenation of m-dinitro-

benzene. Generally, the more used catalysts were noble

metals supported on active carbon, Al2O3 or other con-

ventional hydrogenation systems as Ni Raney [5].

Recently, we evaluated platinum catalysts supported on

several oxides (SiO2, TiO2, Al2O3 and Nb2O5) in the
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hydrogenation of m-dinitrobenzene at different tempera-

tures of reduction (473 and 773 K). In this research it was

found that Pt/TiO2 and Pt/Al2O3 catalysts exhibited the

best results of conversion and yield to m-phenylenediamine

followed by Pt/SiO2 and Pt/Nb2O5. The authors concluded

that the performance was strongly affected by the physical

and chemical properties of the supports [6].

There are some advantages in preparing supports with

desirable properties. One of the most promising options is

to focus on the main characteristics of each oxide consti-

tutive. For example, titanium oxide (titania: TiO2) has large

applications as support of catalysts, being a substance with

great interest for the industry [7], but it presents the dis-

advantages of low surface area and poor structural stability

when submitted to high temperatures. On the other hand,

Al2O3 is used as support because it presents high surface

area and resists to abrasion, however, Al2O3 supported

catalysts exhibited lower catalytic activity than TiO2 sup-

ported catalysts [8]. This way, binary oxides are widely

investigated due to their interesting catalytic properties [9].

The presence of a new element in metallic oxides can

modify significantly their structural, acid-base, redox and

catalytic properties. The final properties can be tuned

through the choice of the nature and amount of a new

element and preparation method [10]. The grafting method

is useful to prepare structurally ordered materials. This

method allows to control the properties of the samples,

such as porosity and surface area to obtain a homogeneous

structure [11].

An example of binary oxide is TiO2–Al2O3. Generally,

it is prepared by the powder mixing route, followed by

molding and sintering [12]. This method does not produce

a homogeneous mixture. Therefore, it is very important to

adopt an adequate preparation route. Also, we have shown

that in situ reduction is an activation method which easily

and efficiently reduces nitro compounds to their corre-

sponding amines [13]. In the case of Pt/TiO2–Al2O3, an

excellent regioselectivity was observed for the reduction of

a nitro group in the presence of other one [13].

To overcome the limitations, in this study, TiO2–Al2O3

was prepared using the grafting method, and used as a

support for platinum catalyst. The hydrogenation of m-

dinitrobenzene over Pt/TiO2–Al2O3 catalysts was investi-

gated, and the effect of TiO2 content was addressed.

2 Experimental

2.1 TiO2–Al2O3 Binary Oxide Preparation

TiO2–Al2O3 binary oxides were prepared using the grafting

method [14]. A titanium isopropoxide solution (Aldrich,

99.9 %) was added to Al2O3 (SBA 200, Sasol) in a ratio of

1 mmol of titanium isopropoxide per gram of alumina.

Then, 300 mL of propanol (JT Baker, 98 %) was added.

The resultant mixture was maintained under vigorous

stirring in inert atmosphere (N2). Then, the mixture was

filtered and washed with distillated water. The resultant

solid was dried under vacuum at 423 K. Then, an aliquot

called TA1 was taken and the remaining sample was sub-

mitted again to the grafting procedure. An aliquot called

TA2, was the taken and the grafting procedure was repe-

ated to form TA3 sample. Thus, three supports TiO2/Al2O3

were prepared with a nominal TiO2 content of 4.2, 7.4 and

9.7 wt% (Table 1). Finally, all samples were calcined in air

at 673 K for 2 h.

2.2 Platinum Catalysts Preparation

The Pt catalysts supported on TiO2–Al2O3 binary oxides

were prepared using the wet impregnation method with

1 wt% of metal. The metallic precursor was H2PtCl6
(Sigma-Aldrich, 99.9 %). The impregnated solids were

dried at 343 K and then, the samples were calcined at

673 K for 2 h and reduced under flowing hydrogen

(30 mL/min) at 773 K for 2 h.

2.3 Catalysts Characterization

The catalysts were characterized by X-ray diffraction

(XRD) in a Philips, PW 17109 diffractometer. The phys-

isorption of Nitrogen at 77 K and hydrogen chemisorption

at 298 K were carried out in a Micromeritics ASAP 2020

equipment. TEM studies were performed in a Jeol JEM-

1200 EXII microscope. Hydrogen temperature-pro-

grammed reduction (H2-TPR) and ammonia temperature-

programmed of desorption (NH3–TPD) were carried out in

a Micromeritics 2910 (TPD/TPR/TPO) equipment.

2.4 Catalytic Evaluation

All catalytic tests were carried out in a batch reactor. Prior

to the reaction, all catalysts were reduced in situ under

Table 1 TiO2 content, textural analysis, H/Pt ratio, particle size and

NH3-TPD of the platinum catalysts

Catalysts Pt/TA1 Pt/TA2 Pt/TA3

TiO2 content (wt%) 4.2 7.4 9.7

SBET (m2/g) 189 198 207

Pore diameter (�A) 49 44 37

Pore volume (cm3/g) 0.35 0.33 0.31

H/Pt 0.78 0.63 0.55

Particle size TEM (nm) 2.9 2.1 3.0

NH3 adsorbed molecules/g 9 1019 6.5 6.1 5.8
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hydrogen flow of 30 mL/min at temperature of 773 K. The

initial conditions were: reaction temperature, 343 K,

hydrogen pressure, 0.82 MPa, catalyst weight of 100 mg,

100 mL of a 0.1 M solution of m-dinitrobenzene (Merck

99 %), stirring rate, 1,000 rpm and ethanol (Aldrich) as

solvent. The reaction was followed during 7 h. The reagent

and products were analyzed using a gas chromatograph

(Varian 3400) equipped with a HP5 capillary column

(30 m 9 2.5 mm 9 0.25 lm) and a flame ionization

detector (FID). In all reactions, The Weisz–Prater criterion

[15] was applied [Eq. (1)] to verify the absence of mass

transfer effects.

PWP ¼
�robsð ÞR2

C

DECDNB

ð1Þ

where robs is the initial reaction rate per volume (mol/L s),

Rc is the particle radius (cm), DE is the effective diffusivity

(cm2/s) and CDNB is the concentration de m-dinitrobenzene

(mol/L).

The values of the Weisz–Prater (CWP) criterion for each

catalyst are shown, in Table 2, and the maximum value

was of the order of 10-3. These values are well below 0.3,

therefore, the results reveal there was not any significant

intraphase (internal) mass transfer limitations.

3 Results and Discussion

The X-ray diffraction patterns of Al2O3 and TiO2 supports

and Pt/TiO2–Al2O3 catalysts are shown in Fig. 1. TiO2

displayed the characteristic signals of anatase phase and

those of rutile, but with lower intensity [16]. The XRD

pattern of Al2O3 was typical of the quite amorphous c-

Al2O3. The XRD patterns of Pt/TiO2–Al2O3 catalysts

showed mainly the typical reflections of c-Al2O3, but some

TiO2 related diffraction lines were observed. These signals

increased with the increase of titania content, and the Pt/

TA3 catalyst showed the higher intensity peaks. The

reflections due to anatase were expected due to the calci-

nation temperature, 673 K, in agreement with previous

researches [17]. There was not any detection of the plati-

num diffraction lines.

The nominal Ti content, surface area (BET), total pore

volume, pore diameter, H/Pt ratio, metal particle size and

surface acidity results are compiled in Table 1. The

experimental Ti content was not measured. However as the

catalysts were obtained by grafting metal alkoxides on

surface hydroxy groups of alumina, it is expected that the

most of the titanium alkoxide would be deposited on the

Al2O3 surface. Therefore, the surface was slightly modified

as is common in this preparation method. Similar behavior

was found by Reyes et al. [18] to prepare TiO2/SiO2 cat-

alysts for the unsaturated aldehydes hydrogenation.

The surface area of Pt/TiO2–Al2O3 catalysts slightly

increased with the enrichment in TiO2. This behavior has

also been found previously when the used Ti precursor was

an alkoxide. It is known that the nature of organometallic

compounds favors the microporosity in the supports [19,

20]. Thus, a decrease of the pore diameter in the catalyst

and a slight decrease in the pore volume in the catalysts

supported over binary oxides, lead to a modest enhance-

ment in the surface area. The H/Pt ratio decreased as TiO2

content increased. This could be attributed to a decoration

of metallic particles by partially reduced TiO2 species

(TiOx) at temperatures near 773 K, usually called strong

metal-support interaction (SMSI) [21].

Figure 2 shows bright field TEM micrographs of the Pt/

TiO2–Al2O3 catalysts. These systems display a narrow

metal particle size distribution, following a Gaussian

function. The catalysts showed similar particle sizes

(2–3 nm). This result is consistent with X-ray diffraction

analysis, as there was not any detection of platinum lines.

Figure 3 shows the H2-TPR results. The peak centered

at 350 K is attributed to the reduction of platinum oxide

Table 2 Rate constants and Weisz–Prater criterion (CWP) in the

hydrogenation of m-dinitrobenzene

Catalysts Pt/TA1 Pt/TA2 Pt/TA3

k1 (s-1) 9 9 10-5 1 9 10-4 2 9 10-4

k2 (s-1) 3 9 10-5 4 9 10-5 6 9 10-5

PWP 3 9 10-3 3 9 10-3 7 9 10-3

Fig. 1 X-ray diffraction patterns of TiO2, Al2O3 and Pt/TiO2–Al2O3

catalysts
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(PtO2) to metallic platinum (Pt0), whereas the peak at

435 K corresponds to the reduction of a platinum oxy-

chloride surface complex (PtClxOy). These species can be

formed during the drying and calcination steps, due to

presence residual chlorine ions remaining from the prepa-

ration procedure [22]. The peak at 580 K is due to partial

reduction of TiO2, and it increased with the TiO2 content to

the catalyst.

The surface acidity of Pt/TiO2–Al2O3 catalysts was

evaluated by NH3 adsorption. The amount of acid centers

(weak and strong sites) expressed in NH3 adsorbed mole-

cules per gram of solid is showed in Table 1. For all cat-

alysts, the total acidity decreased as the TiO2 enrichment

increased. In addition, the desorption profiles correspond to

intermediate acidity strength [23], as most of the ammonia

evolved between the 473–673 K temperature range

(Fig. 4).

Figure 5 shows the evolution of the conversion of m-

DNB with time during the hydrogenation of m-dinitro-

benzene. The variation of conversion with the reaction time

(a)

(b)

(c)

Fig. 2 TEM images and size distribution histograms of platinum catalysts
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was compatible with a pseudo first order reaction. An

increase in the conversion level with the TiO2 loading

could be observed. The Pt/TA3 catalyst displayed the

highest conversion of m-dinitrobenzene.

The detected products were m-nitroaniline (m-NA) and

m-phenylenediamine (m-PDA) confirming that the hydro-

genation of polynitro compounds are consecutive reactions

[24]. m-Nitrosobenzene and m-oxiaminonitrobenzene, the

intermediates due to the hydrogenation of m-dinitroben-

zene were expected, but only the product formed from the

hydrogenation of m-dinitrobenzene, m-nitroaniline, was

detected in a significant extent. The products generated

from the corresponding consecutive hydrogenation reac-

tions of m-nitroaniline were m-aminonitrobenzene, m-

aminoaminobenzene and m-phenylenediamine. However,

they were detected low amount and they were neglected in

the evaluation of the rate constants.

Figure 6 shows the product formation in the m-dinitro-

benzene hydrogenation for one representative catalyst, Pt/

TA3. The evolution of the m-DNB concentration and the

other reaction products follow the expected trend: the m-

DNB concentration decreased through a first-order law,

leading to m-nitroaniline. A maximum of m-nitroaniline

concentration was obtained around 120 min. Longer reac-

tion times to reach a maximum m-nitroaniline concentra-

tion were observed for Pt/TA2 and Pt/TA3, 180 and

270 min respectively (not shown). In all cases, the pre-

sence of over-hydrogenated products, hydrogenation of the

Fig. 3 H2-TPR profiles for Pt/TiO2–Al2O3 catalysts

Fig. 4 NH3-TPD profiles for Pt/TiO2–Al2O3 catalysts

Fig. 5 Conversion of m-dinitrobenzene as a function of time during

m-dinitrobenzene hydrogenation. Temperature: 343 K, H2 pressure:

0.82 MPa, catalyst weight: 0.1 g and m-DNB concentration: 0.1 M

Fig. 6 Concentration of the substrate and products during m-dinitro-

benzene hydrogenation with Pt/TA3 catalyst. Temperature: 343 K, H2

pressure: 0.82 MPa, catalyst weight: 0.1 g and m-DNB concentration:

0.1 M
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aromatic ring was not observed, and the evolution of the m-

phenylenediamine concentrations follows the expected

sigmoid curve, characteristic of final products of consec-

utive reactions. Thus, the reaction pathway may be repre-

sented by irreversible and consecutive reactions. If it is

assumed that the intermediate products were present in

very small amounts and they could be neglected. This way,

only two reaction steps were considered: The hydrogena-

tion of m-dinitrobenzene to m-nitroaniline (k1) and

hydrogenation m-nitroaniline to m-phenylenediamine (k2).

Table 2 compiles the obtained rate constants in the

hydrogenation of m-dinitrobenzene. There was an

enhancement in both rate constants with the increase in the

TiO2 loading. A modification of the active sites by the

presence of Ptd? species generated by the interaction

between the Pt and the partially reduced support (TiO2–x)

could also improve the catalytic behavior [25]. This was

more important for higher TiO2 loading, influenced by the

presence of reduced PtOx species and intermediate acidity

of the supports. The presence of this phenomenon con-

tributed to the reduction of nitro aromatics compounds, as

suggested by Corma et al. [26] in the case of Au/TiO2

catalysts in the hydrogenation of 3-nitroestirene and

nitrobenzene. The m-DNB conversion and m-PDA yield

also were also affected by acid-base characteristics of the

support. The total acidity results indicated that the Pt/TiO2–

Al2O3 catalysts exhibited a higher acidity, compared to Pt/

TiO2 and Pt/Al2O3 reported in the literature [6]. This fact is

in agreement with a study carried out by Shimizu et al.

[27], who pointed out that a cooperation of the acid-base

pair site of the support is required for this reaction.

On the other hand, for the three studied catalysts, k1

values are approximately three times higher than k2. First,

this is related to the presence of two possible nitro-groups

for hydrogenation in the first step. Additionally, there is an

influence of the nature of the substituent in the meta

position [28]. Hammett suggested a relation between the

rate constants and the electron donor character of a given

substituent group in meta or para position [29, 30]. Thus,

m-dinitrobenzene can be considered as an aromatic com-

pound in which one -NO2 is in meta position in respect to

the other -NO2 group. This group is well known for its

high ability to attract electrons. As this capacity decreases,

in the rate constant should also decreases. Thus, the

hydrogenation to the -NH2 group involves changes in the

electrophilicity of the substituent group and therefore a

decrease in the rate constant should be expected. Similarly,

in the hydrogenation of the remaining -NO2 group to the

final m-phenylenediamine, a decrease in the rate constant

should be expected. This mechanism may also account for

the small amounts of intermediates such as m-aminonitro-

benzene, m-aminoaminobenzene detected. Reactant acti-

vation on the catalyst generates a negatively charged

intermediate, consistent with a nucleophilic mechanism.

The presence of an electron-donating substituent decreases

the NO2 reduction rate.

4 Conclusions

The hydrogenation of m-dinitrobenzene to m-phenylene-

diamine in liquid phase is affected by the presence of Ptd?

species and acidity of the supports. This reaction could be

modeled as two-step consecutive reaction, in which the rate

constant for the first step (k1) was higher than k2, the rate

constant for the second step. The limiting step of the

reaction is the transformation of m-nitroaniline to m-

phenylenediamine. This may be explained by the modifi-

cation in the acceptor-donor electron character exhibited by

the group in the meta position as the hydrogenation takes

place. The addition of TiO2 to Al2O3 caused an interaction

between the Pt particles and the TiO2 and consequently an

enhancement in the rate constants.
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