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Photoreduction ofm-dinitrobenzene (25 μmol) in the deaerated aqueous iso-propanol exhibits 100% selective yield
of m-nitroaniline (25 μmol) by rutile TiO2 (50 mg) or m-phenylenediamine (25 μmol) by P25-TiO2 separately
under 8 and 4 h of UV light irradiation (125 W Hg arc, 10.4 mW/cm2), respectively. It revealed that insertion of a
second –NO2 in nitrobenzene ring has an important role in expediting –NO2 reduction to –NH2 as compared to a
negligible reduction of nitrobenzene under similar conditions, indicating that electron withdrawing groups lower
the electron density on –NO2 present onmeta position and favor quick reduction of the –NO2 group.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The selective production of m-phenylenediamine (m-PDA) and
m-nitroaniline (m-NA) derived from nitroaromatics reduction is very
important for their use in pharmaceuticals, food additives, agrochemicals
and dye products [1,2]. These are typically synthesized [3–6] by reduction
of different nitroaromatics using Fe, Zn, Sn, Au–Ni alloy, Au/Pt-Al2O3, Pt/
TiO2, Fe2O3 and ZrO2 etc. catalysts under harsh experimental conditions
such as high pressure and temperature, toxic solvents and strong reduc-
ing agents like NaBH4, where metal nanoparticles transfer the electron
[7] fromnegatively charged BH4

− to the nitro compound and thus leading
to its reduction. Generally, reduction of m-dinitrobenzene (m-DNB) to
m-PDA proceeds via the formation of m-NA, and the main challenge
lies in the selective production of m-NA where the reduction [8,9] of
both –NO2 groups favorably produces m-PDA. Therefore, finding an
effective catalytic process for the synthesis of m-NA or m-PDA from
m-DNB under ambient conditions is of great industrial importance.
Nitroorganic reduction by TiO2 photocatalysis [10,11], a greener process
is practically viable [12–14] because of the higher conduction band
energy of TiO2 (−0.85 V) relative to −0.5 V vs SCE of the –NO2 group
preferably reduced over aceto, cyano, and aldehyde functionality
present in the same compound. It has been found that nitrobenzene
(NB) generally reduced [15–17] to aniline, azoxybenzene andazobenzene
ochemistry, Thapar University,
by CdS, WO3 and P25-TiO2 under UV irradiation, whereas ZnO parti-
cles generate hydroxylamine [18], and core–shell SiO2@Rh–CdS
nanocomposites [19] produced 70% azoxybenzene under 436 nm
light exposure. Therefore, activity/selectivity of nitroaromatics can be
controlled by the choice of catalyst, its crystal phase, composition and
suitable solvent. It revealed that partial reduction of one –NO2 group of
m-DNB to m-NA followed by subsequent reduction of the second –NO2

group to m-PDA can limit the selectivity of P25-TiO2 catalyst. Recently,
rutile TiO2 (R-TiO2) has attracted much attention because of its superior
ability for selective oxidation [20] of benzyl alcohol to benzaldehyde,
m-nitrotoluene reduction [21] tom-aminotoluene, andother nitroorganic
reduction [22,23] to aromatic amines. Thus, R-TiO2 possessing low and
slow reactivity could be effective for NA yield over PDA formation. Herein,
we report that the photocatalytic reduction of m-DNB by R-TiO2 in
iso-propanol suspension led to 100% selective yield of m-NA for the first
time in comparison to negligible activity for NB reduction, whereas,
anatase–rutile mixed P25-TiO2 produced 100% m-PDA yield under the
same reaction conditions.

2. Experimental

2.1. Preparation, characterization and photocatalytic study of sintered TiO2

samples

Commercial Degussa P25-TiO2 was sintered at 400, 600 and 800 °C
for 2 h to get the desired catalyst. Photoreduction was carried out in a
test tube containing TiO2 (50 mg) suspended in 5 ml (50%) of aqueous
iso-propanol and NB, or m/p-DNB (25 μmol) using UV irradiation (125
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W Hg arc, 10.4 mW/cm2) under argon atmosphere and magnetic stir-
ring. Reaction samples were analyzed by high performance liquid chro-
matography (HPLC) and gas chromatography–mass spectroscopy (GC–
MS). The details of other characterizations of samples are given in
supporting information.

3. Results and discussion

3.1. Structural analysis of catalysts

The rutile phase of sintered P25-TiO2 was confirmed with XRD
spectra as shown in Fig. 1 and the peaks at 2θ = 27.5°, 36.5°, 41°,
54.1°, and 56.5° are assigned to its rutile phase. The fraction of rutile in
each sample was calculated by using the Spurr equation [24]

%Rutile ¼ 1
1þ 0:8 IA 101ð Þ=IR 110ð Þ½ �

where IA is the intensity of the (101) peak and IR is the intensity of
the (110) peak. With the increase in sintering temperature from 400
to 800 °C, rutile content increases in P25-TiO2 and pure (99.4%)
R-TiO2 sample was obtained at 800 °C. The BET surface area analysis
exposed that the surface area decreases from 56 m2 g−1 of P25-TiO2

to 18 m2 g−1 for pure R-TiO2 with increased rutile content.

3.2. Photocatalytic activity of sintered P25-TiO2 catalysts

The various solvents viz. methanol, ethanol and n-propanol have
been tested for the photoreduction of m-DNB by R-TiO2 under 8 h of
UV light irradiation (Fig. 2a). Among various solvents, iso-propanol
proved to be the best medium for 100% selective yield ofm-NA, whereas,
46%m-PDA formation took place in ethanol solvent. It was reported that
iso-propanol can be oxidized to acetone in a photocatalytic reaction, thus
effecting the simultaneous reduction of the compound that is dissolved in
it. Being a secondary alcohol, iso-propanol has a better hole scavenging
capacity [6] than other primary alcohols and exhibits superior electron
donating ability for the reduction process.

A comparative HPLC pattern (Fig. A1 in the supporting information)
shows a clear separation ofm-PDA (tR= 2.9 min),m-NA (tR= 3.6min)
and m-DNB (tR = 4.6 min) peaks in a mixture (5 mM) of authentic
Fig. 1. XRD patterns of sintered P25-TiO2 for 2 h at different temperatures.

Fig. 2.m-DNB photoreduction (25 μmol) by (a) R-TiO2 in different solvents under 8 h and
(b) effect of R-TiO2 content for 4 h and (c) amount of R-TiO2 in iso-propanol for 8 h
irradiation.
samples, and m-DNB reduction by R-TiO2 for 8 h irradiation displayed
m-NA formation at tR = 3.6 min andm-PDA at tR = 2.9 min.

Fig. 2b showed thatm-DNB (25 μmol) is selectively reduced to 100%
m-PDA (25 μmol) by anatase–rutile mixed P25-TiO2 catalyst and there-
after decreases with a gradual increase in m-NA yield as a function of



27J. Kaur, B. Pal / Catalysis Communications 53 (2014) 25–28
increased rutile content, and reached to 100%m-NA yield by pure (99%)
R-TiO2 after 4 h UV irradiation.

The amount of m-DNB reduced is also subsequently decreased
because of lower photoactivity of R-TiO2. Fig. 2c demonstrated that
m-NA yield is highly improved with the increased amount of R-TiO2,
and exhibits maximum m-NA yield by 50 mg catalyst, and beyond this
amount, the second –NO2 group ofm-NA starts reducing to givem-PDA
as a final product. This can be explained on the basis of increased per
molecule interactions of m-DNB with increasing amount of R-TiO2 and
availability of a higher number of active Ti3+ sites that imparted in
rapid reduction of both –NO2 groups.

The amount ofm-DNB is gradually reducedwith an increased amount
(17.9 μmol) of m-NA along with a little amount (3 μmol) of m-PDA
produced by P25-TiO2 during 2.5 h UV irradiation and, thereby, m-NA
gets converted into 100% m-PDA (25 μmol) after 4 h light exposure
(Fig. 3a). In contrary, complete reduction of m-DNB to m-NA by R-TiO2

is clearly observed after 8 h reduction and thereafter irradiation (N8 h)
led to less amount ofm-PDA formation as shown in Fig. 3b. The efficiency
of –NO2 reduction to –NH2 group is further verified by simultaneous
analysis of acetone formed [11] during oxidation of iso-propanol under
photoirradiation. It found that the amount of acetone formed is higher
when both the –NO2 groups are reduced tom-PDA than one –NO2 reduc-
tion tom-NA formation as evident in the differences in peak area/height
of acetone (tR= 1.2min) in the GC chromatogram (Fig. A2 in supporting
information).

The GC–MSanalysis revealed that a single sharp peak at tR=5.5min
(Fig. 3c) form-PDA and at tR=8.1min form-NA (Fig. 3d) production by
P25 and R-TiO2 catalysts, respectively, evidencing cent percent yield
and selectivity of the obtained products whose mass (Fig. 3e and f)
fragmentation is also matched with the respective authentic samples,
confirmed the purity of m-NA and m-PDA. Thus, it was found that
m-DNB was efficiently and selectively reduced by the increased percent-
age of rutile content and reached to the highest rate by pure R-TiO2 as
compared to no appreciable reduction of NB under low intensity of UV
light. These findings are little different from the selective reduction [21]
of –NO2 to –NH2 group by R-TiO2 particles (obtained from P25-TiO2

with HF dissolution) using high power Xe lamp (2 kW, 27.3 W/m2)
Fig. 3.Time course ofm-DNB reduction by (a) P25-TiO2 and (b) R-TiO2 underUV irradiation, (c–d
photoreduction ofm-DNB by P25-TiO2 and R-TiO2 catalysts, respectively.
illumination. This fact suggests that the substituent and the position
of–NO2 groupon theNB ring have an important role in the reductionpro-
cess because the electron withdrawing groups that lower the electron
density on a –NO2 group present onmeta position favor the rapid conver-
sion of the –NO2 into the –NH2 group and hence reduce the nucleophilic-
ity of the resultingm-NA as observed inm-DNB reduction by P25-TiO2. As
the –NO2 group in the para position imparted less electronic induction
than themeta –NO2 group, the selectivity of p-DNB (24 μmol) reduction
to p-NA (17 μmol, 69%) is notably decreased without any production of
p-PDA by R-TiO2. This impact of –NO2 substituent is further supported
by the fact that almost no reduction (1–2 μmol) of NB to aniline
(1 μmol) occurs by R-TiO2 even after 8 h irradiation. However, P25-TiO2

being its mixed anatase–rutile phase has higher catalytic activity; hence,
25 μmol p-DNB is reduced to 20 μmol m-PDA (82%) and 5 μmol p-NA
(17%) relative to 14 μmol reduction of NB to 9 μmol aniline (66%) forma-
tion only after 4 h UV irradiation. It also observed that reduction of
25 μmol m-chloronitrobenzene by P25-TiO2 gives 100% m-chloroaniline
(25 μmol), whereas R-TiO2 gives only 4 μmol of m-chloroaniline after 4
and 8 h light irradiation, respectively, probably because of the poor
electron withdrawing nature of –Cl as compared to the –NO2 group.

Themeasured surface area 56m2 g−1 of P25 is notably reducedwith
increased rutile content on increasing sintering temperature i.e., 38, 30
and 18m2 g−1 at 400, 600 and 800 °C, respectively. Therefore, although
the m-DNB reduction rate is decreased from 6.25 to 3.12 μmol/h, the
selectivity ofm-NAyield is considerably improved because of the drastic
changes in the surface electronic properties of R-TiO2 with increased
crystallinity [25] where fewer defect sites appeared to promote m-NA
formation. The low photoreactivity of R-TiO2 may probably be due to
less surface OH concentration leading to poorer O2 adsorption essentially
required for proficient capturing of photoexcited electron [26–28] and
hence, exhibits fast recombination of e−/h+ pairs relative to P25-TiO2

catalyst. Many studies [20–29] have revealed that strong oxidation
of TiO2 at elevated temperatures leads to the formation of a metal-
deficient oxide and predominant defects are oxygen vacancies that
are important reactive agents for enhanced photocatalytic activity. The
active sites for –NO2 reduction on R-TiO2 are the Ti3+ atoms [22,29]
located at the oxygen vacancies on the R-TiO2 surface which behave as
) and (e–f) chromatograph andmass spectra ofm-PDAandm-NA formation by 4 h and 8h
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the adsorption site for DNB and the trapping site for conduction band
electrons. Experimental results showed that R-TiO2 particles possess
{011} and {110} faces, and the anatase particles are exposed with {001}
and {011} crystal faces, where the electronic energy levels of the {110}
face are found to be lower than the {011} face helping the quick
separation of photoexcited electrons and holes for the rutile [30,31]
than anatase particles. This variation in the surface energy of the
conduction and valence band of different crystal faces and their atomic
arrangements thus affect the TiO2 photoreactivity; hence facilitating the
nitro-to-amine conversion by the surface-trapped electrons, enabling
m-NA formation.

4. Conclusions

It is demonstrated that both the P25-TiO2 and R-TiO2 could be poten-
tially utilized for the selective reduction of nitroaromatics possessing
multifunctional reducible groups in ortho,meta and para positionwithout
any control of irradiation time. Thus, proper selection of electron donating
or withdrawing substituent's in the aromatic moiety would be highly
beneficial for several other products to obtain.
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