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Abstract
A simple and efficient method for liquid-phase catalytic nitration of 1-nitronaphtha-
lene with NO2 to 1,5-dinitronaphthalene under mild conditions has been developed. 
The results indicated that the sulfated zirconia (SO4

2−/ZrO2) as solid superacid cat-
alyst exhibits superior catalytic performance with dioxygen and acetic anhydride. 
93.8% conversion of 1-nitronaphthalene and 52.8% 1,5-dinitronaphthalene selectiv-
ity were achieved. Furthermore, the physicochemical properties of SO4

2−/ZrO2 were 
determined by XRD, Py-FT-IR, BET, FT-IR, Raman spectroscopy and ICP-OES 
technologies. The possible nitration reaction mechanism over SO4

2−/ZrO2 catalyst 
was proposed. The present work provides an easy-to-implement, mild and eco-
friendly approach for the efficient preparation of valuable 1,5-dinitronaphthalene, 
which has extensive industrial application prospects.
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Introduction

The nitration of aromatic hydrocarbons for the manufacture of aromatic nitro-
compounds is indispensable industrial process due to its widely application in 
pharmaceuticals, perfumes, dyes, explosives and plastics fields [1, 2]. Particu-
larly, the nitration of 1-nitronaphthalene (1-NN) or naphthalene to 1,5-dinitron-
aphthalene (1,5-DNN) is an important reaction process. 1, 5-DNN as a raw mate-
rial is used in the preparation of 1,5-naphthalene diisocyanate, which is a key 
building blocks upstream intermediate for constructing advanced polyurethanes 
with high durability, elasticity, dynamic capability and wear-resistance prop-
erty [3–5]. Besides, 1,8-dinitronaphthalene (1,8-DNN) can be also hydrogenated 
to 1,8-diaminonaphthalene which is mainly used in the production of dyes and 
plastics [6]. At present, the nitration reaction process still used the conventional 
“mixed acid” method (nitric acid and sulfuric acid as nitrating agent and catalyst, 
respectively) [7, 8]. Nevertheless, this method suffers from a series of shortcom-
ings such as lack of selectivity (30–35% 1,5-DNN), overuse of mixed acid and 
discharging of acidic waste stream. There is an urgent need to exploit a nitration 
method with eco-friendly, high atomic utilization and mild reaction conditions to 
improve the selectivity to 1,5-DNN.

In the past few decades, varieties of clean nitrification methods have been 
attempted to enhance the 1,5-DNN selectivity. For instance, Schal groups 
employed mass fraction of 78% nitric acid as the nitrating agent for naphtha-
lene without using sulfuric acid, and only 39.5% of 1,5-DNN was obtained [9]. 
In order to improve the chemoselectivity of 1,5-DNN, great efforts have been 
devoted to the design and preparation of solid acidic catalysts instead of concen-
trated sulfuric acid, such as montmorillonite clay modified by phosphoric acid 
[10], Cu(NO3)2 / K10 montmorillonite [11] and the mixed catalysts of transition 
metal supported on silica gel [12]. Unfortunately, the 1,8-DNN product was still 
dominated in these reaction systems. In addition, zeolites were also used in this 
nitration reaction due to its shape-selective effect. Liu et al. used HZSM-5 modi-
fied by a mass fraction of 5% PW (phosphotungstic acid) as catalyst and achieved 
preferable consequences with 48.5% 1,5-DNN selectivity under the condition of 
excessive concentrated nitric acid [4]. Brandt et al. found that HY zeolite exhib-
ited an acceptable catalytic performance in a reaction system with 4:1 ratio of 
nitric acid to 1-NN, and the yield of 1,5-DNN was 50% [13]. However, the satis-
factory 1,5-DNN selectivity was yet to be obtained and concentrated nitric acid 
was still overused in the above studies.

Considering some disadvantages of concentrated nitric acid, such as inherently 
corrosive and low atomic utilization, nitrogen oxides (NOx) as the “green” nitrat-
ing agents are promising candidate for nitric acid. The direct use of NO2 as nitrat-
ing agent has potential application in industry in that it dispenses both with the 
multi-step process for manufacturing concentrated nitric acid from NO2 and the 
disposal of acidic wastewater [8]. Therefore, considerable attentions have been 
focused on achieving a cleaner nitration process with high  chemoselectivity by 
using NO2. For example, Squadrito’s team conducted the nitration of naphthalene 
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with NO2 in CCl4 solution, but the naphthalene conversion was lower than 10% 
with a small amount of 1,3-dinitronaphthalene and 2, 3-dinitronaphthalene which 
were produced [14]. Suzuki et  al. reported a high proportion of 1-NN (98.6%) 
was obtained with low yield of dinitronaphthalene in the nitration of naphthalene 
with NO2 [15]. Mori et al. investigated the naphthalene-NO2-O3 nitration system 
under low temperature in dichloroethane as solvent. Unfortunately, the 1,8-DNN 
still accounted for a large proportion and 1,5-DNN selectivity was only approxi-
mately 22% [16]. Peng et al. reported that HBEA could improve the regioselec-
tivity to 1,5-DNN in a mild and easy-to-operate nitration system with NO2-O2 
[17]. Our previous works showed that Ni(CH3COO)2·4H2O or HY zeolite was 
used as catalyst in catalytic nitration of naphthalene or 1-NN with NO2, the main 
products were 1,5-DNN, 1,3-dinitronaphthalene (1,3-DNN) and 1,4-dinitronaph-
thalene (1,4-DNN), and only 35% 1,5-DNN selectivity was achieved (1,3-DNN 
and 1,4-DNN were used as a carbide additive, ammonium nitrate explosive sensi-
tizer, sulfuric acid dye intermediate and organic intermediate) [18, 19].

On the other hand, the solid superacid sulfated zirconia (SO4
2−/ZrO2, SZr) is an 

appealing catalyst owing to its superacidic properties and uniquely textural features, 
which displays high catalytic activity and regioselectivity in aromatic nitration, 
alkylation and isomerization [20, 21]. And to our best knowledge, few researches 
regarding SZr catalysts in nitration process of 1-NN or naphthalene with NO2 have 
been reported. Herein, we developed a simple and efficient method for selective 
catalytic nitration of 1-NN with NO2 to 1,5-DNN over solid superacid SZr catalyst 
promoted by molecular oxygen and acetic anhydride (Ac2O) under mild conditions 
(Scheme 1). The detailed results will be presented in this paper.

Experimental

Reagents and instruments

1-NN (AR, 99%), ZrOCl2·8H2O (AR, 98%), Fe (NO3)3·9H2O (AR, 98.5%), 
Ca[CH3COO]2 (AR, 98%) and TiCl4 (AR, 99%) were obtained from Macklin Bio-
chemical Technology Co., Ltd. The liquid nitrogen dioxide (NO2 purity > 99.9%) was 
obtained from the Gas Company of Chengdu Keyuan Gas Co., Ltd. Zeolites (Hβ, 

NO2

+ NO2
SO4

2-/ZrO2

Ac2O-O2

NO2 NO2

NO2

NO2

+

1,5-DNN 1,8-DNN

Scheme 1   Liquid-phase catalytic nitration of 1-NN with NO2 over SZr catalyst promoted by dioxygen 
and acetic anhydride
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HY and HZSM-5) and other reagents were obtained commercially. The obtained 
reaction products were quantified by GC (Agilent, GC-7890B, DB-1701 capillary 
column) with FID using nitrobenzene as internal standard.

Preparation of solid superacid catalysts

All solid superacid catalysts (SZr, SO4
2−/Fe2O3 (SFe) and SO4

2−/TiO2 (STi)) were 
prepared by coprecipitation-immersion process. Typically, ZrOCl2·8H2O or metallic 
nitrate was dissolved in deionized water with constant stirring until dissolved. The 
ammonia aqueous (NH3·H2O, 28%) was added drop-wise to the salt solutions until 
pH value 9–10. After overnight aging, the precipitate was repeatedly washed by 
water with ethanol until no detection of Cl− and dried at 110 °C for 12 h. The dried 
sample was immersed in 1.0 mol/L H2SO4 (1 g/15 ml) for 6 h. Finally, the resulted 
samples were dried and calcined at 550 °C for 3 h. The obtained solid sample was 
defined as SZr catalyst. Besides, tetragonal ZrO2 was prepared by adding additional 
precipitate of Ca[CH3COO]2 to the precursor hydroxide suspension, then washed 
with ethylenediamine aqueous solution and calcined at 600 °C for 1 h.

Characterization of catalysts

The textural properties of catalysts were measured by physisorption measurement 
on an ASAP 2020 (Micrometrics, USA) using nitrogen as adsorbent at 77 K. The 
X-ray diffraction (XRD) patterns were obtained by D/Max-2550 V+ (Japan Rigaku) 
diffractometer equipped with a monochromatic copper Kα radiation (λ = 1.5418 Å). 
Thermogravimetric-derivative  thermogravimetric  (TG/DTG) curves of samples 
were carried out on Mettler 1600HT. FT-IR spectra of samples were obtained on 
the Nicolet 380 spectrometer in the 400–4000  cm−1 range. The Raman spectra 
with 325 nm excitation laser, and the scan time was 60–180 s for a single spectrum 
were operated on a Renishaw Raman spectrometer. The infrared spectra of pyridine 
adsorption of samples obtained on Thermo Nicolet 380 FT-IR spectrometer were 
used to identify the acidity sites of samples. The ICP-OES technology was operated 
on an Agilent 730 instrument for element content.

Typical experimental process

Nitration of 1‑NN with HNO3

The nitration of 1-NN with 65% HNO3 was carried out in a two-necked 50-ml flask 
with a temperature controller and a Graham condenser at the following reaction 
process: 1-NN (1.73 g), acetic anhydride and catalyst were placed in the flask and 
stirred under ice bath, and the 65% HNO3 was slowly added into the mixture. The 
mix reagent was stirred for a given time and temperature under reflux. When the 
reaction was complete, the reaction was quenched with distilled water and the flask 
was cooled by ice bath. The obtained precipitate was filtered, dried and dissolved 
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with mixed solvent of acetonitrile (MeCN) and dichloroethane (v/v = 3:2) for further 
quantitative analysis.

Nitration of 1‑NN with NO2

The nitration process of 1-NN with NO2 was performed in a 100  ml stainless 
steel reactor. Typically, 1-NN (1.73 g), Ac2O (10 g), liquid NO2 and catalyst were 
weighed to the reactor, respectively. Then, the reaction kettle was placed in a water 
bath with a preset temperature (35 oC) with continuously stirring. Oxygen pressure 
(0.5 MPa) was input into the reactor through the inlet pipe until the reaction was 
completed. Finally, the reaction products were fully dissolved by the above method. 
The catalyst was separated and recycled over centrifugation, and the solution was 
analyzed by GC and GC–MS, respectively.

Results and discussion

Catalytic performance of catalysts in different systems

Table 1 investigates the catalytic nitration of 1-NN to 1,5-DNN over different solid 
catalysts and nitration systems. The nitration products mainly included 1,5-DNN, 
1,8-DNN, 1,4-DNN, 1,3-DNN, 1,6-dinitronaphthalene (1,6-DNN), 1,7-dinitronaph-
thalene (1, 7-DNN) and a small amount of 2,3,5-trinitronaphthalene. Initially, we 
investigated the nitration of 1-NN with excessive HNO3 (1-NN/HNO3 = 1/10) with 
or without catalyst and obtained a poor 1,5-DNN selectivity at low 1-NN conver-
sion (entries 1–2). With the assistance of Ac2O, 1-NN conversion was obviously 
improved and the addition amount of HNO3 was also greatly reduced (entry 3). 
Alternatively, the introduction of NO2 resulted in a distinctly change in dinitron-
aphthalene distribution as compared to the HNO3, but it did not show positive effect 
on 1-NN conversion due to the low activity of NO2 (entry 5). With the introduction 
of molecular oxygen, however, the 1-NN conversion increased rapidly from 16.1% 
to 82.9% (entry 6). The result indicated that the introduced dioxygen significantly 
enhanced the nitration ability of NO2. To verify the effect of solvent on the nitra-
tion reaction, MeCN and acetic acid (Ac) were also participated (entries 7–8). The 
results showed that only the introduction of Ac2O could promote the conversion of 
1-NN. Moreover, in NO2-MeCN and NO2-N2-MeCN system, the target products 
were not detected, implying the 1-NN was not converted. These results indicated 
that both O2 and Ac2O were indispensable when using NO2 as a nitrating agent. 
The possible reason was that the molecular oxygen was responsible for assisting 
NO2 to form nitroxyl cation (NO2

+), and the role of Ac2O was to stabilize NO2
+ to 

form acetyl nitrate (AcONO2) which was a highly reactive nitrating agent [22]. Fur-
thermore, the addition of Ac2O could effectively capture water molecules produced 
by the reaction, which might poison the acidic sites and yield unnecessary HNO3 
[23–25].

As metal oxides (ZrO2, Fe2O3 and TiO2) and acidic zeolites (HY, Hβ and HZSM-
5) were tested in this nitration system, 1-NN conversion was further increased 
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in  varying  degrees, while the selectivity to 1,5-DNN was not desirable (entries 
10–15). To our delight, the 1-NN conversion and selectivity were significantly 
improved when solid superacids were introduced to the nitration system (entries 
16–18). Particularly, the SZr catalyst exhibited preferable catalytic performance in 
NO2-O2-Ac2O system, and 93.8% 1-NN conversion and 52.8% 1,5-DNN selectivity 
were achieved. Alternatively, the results of 1-NN nitration over SZr catalyst were 
not satisfactory in 65% HNO3, 65% HNO3-Ac2O and NO2-Ac2O system (entries 
4, 6 and 11). Collectively, both O2-Ac2O and SZr catalysts were indispensable for 
enhancing the 1-NN conversion and the 1,5-DNN selectivity.

Optimization of reaction conditions

The effects of reaction factors on the nitration of 1-NN to 1,5-DNN are shown in Fig. 1. 
Clearly, 1-NN conversion gradually increased with the elevated reaction parameters, 
while the 1,5-DNN selectivity, by and large, increased first and then decreased. The 
molar ratios of 1-NN to NO2 and reaction temperature were key factors for the nitration 

Table 1   Results of 1-NN nitration under various reaction systemsa

a Reaction conditions: temperature: 35 °C, time: 4 h, O2 or N2: 0.5 MPa, the molar ratio of 1-NN to NO2: 
1:3, catalyst: 0.3 g, Ac, MeCN or Ac2O: 10 g, unless otherwise indicated
b Other were 1,6-DNN, 1,7-DNN and 2,3,5-trinitronaphthalene
c The molar ratio of 1-NN to HNO3: 1:10
d 1-NN:HNO3 (molar ratio) = 1:3

Entry Nitration system Conversion (%) Selectivity (%)

1,5-DNN 1,8-DNN 1,4-DNN 1,3-DNN Othersb

1c 65% HNO3 23.7 37.5 58.9 0.3 1.3 2.0
2c 65% HNO3-SZr 28.8 37.7 58.6 0.4 1.4 1.9
3d 65% HNO3-Ac2O 65.7 39.7 50.7 0.5 1.5 7.6
4d 65% HNO3-Ac2O-SZr 70.0 44.7 46.5 0.6 1.9 6.3
5 NO2-Ac2O 16.1 40.0 35.9 6.0 8.5 9.6
6 NO2-O2-Ac2O 82.9 40.5 27.7 0.8 14.0 17.0
7 NO2-O2-MeCN 24.3 40.3 36.3 3.1 13.5 6.8
8 NO2-O2-Ac 3.9 41.5 28.6 0.9 20.7 8.3
9 NO2-Ac2O-SZr 22.7 45.8 43.5 3.1 4.4 3.2
10 NO2-O2-Ac2O-ZrO2 87.6 45.6 26.6 1.1 15.3 11.4
11 NO2-O2-Ac2O-Fe2O3 86.9 38.2 26.8 0.7 12.9 21.4
12 NO2-O2-Ac2O-TiO2 87.4 34.0 23.3 0.5 15.3 26.9
13 NO2-O2-Ac2O-HY 85.5 38.3 32.9 0.7 9.5 18.6
14 NO2-O2-Ac2O-Hβ 88.3 37.5 28.7 1.2 8.1 24.5
15 NO2-O2-Ac2O-HZSM-5 89.7 35.9 29.3 0.6 11.3 22.9
16 NO2-O2-Ac2O-STi 93.2 45.3 40.2 0.3 2.2 12.3
17 NO2-O2-Ac2O-SFe 93.1 47.0 40.3 0.2 2.3 10.2
18 NO2-O2-Ac2O-SZr 93.8 52.8 38.0 0.5 2.0 6.7
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reaction. With the increase in reaction temperature, concentration of NO2 and reaction 
time, the by-products increased obviously, which result in the reduction for selectivity 
to 1,5-DNN. Moreover, the effect of oxygen pressure is also investigated in Fig. 1d. 
1-NN conversion was enhanced with the increased oxygen pressure, implying that 
introduction of dioxygen could effectively activate nitrification of NO2. In addition, the 
effects of catalyst dosage are summarized in Table 2. From the above experimental and 
analysis results, the appropriate conditions were achieved, namely 1:3 of molar ratio of 
1-NN to NO2, 4 h of reaction time, 35 °C of reaction temperature, 0.5 MPa of oxygen 
pressure and 0.3 g of catalyst dosage. Under the optimal reaction conditions, 93.8% of 
1-NN conversion and 52.8% 1,5-DNN selectivity were achieved over SZr catalyst.

Recycling of solid superacid SZr catalyst

The stability of SZr catalyst in the liquid-phase nitration reaction was examined 
under optimal reaction conditions, as shown in Fig. 2. After each catalytic reaction, 

Fig. 1   The effects of reaction factors on the nitration. Reaction condition: a temperature: 35  °C, time: 
4  h, oxygen pressure: 0.5  MPa, catalyst: 0.3  g, Ac2O: 10  g; b temperature: 35  °C, oxygen pressure: 
0.5 MPa, molar ratio of 1-NN to NO2: 1:3, catalyst: 0.3 g, Ac2O: 10 g; c oxygen pressure: 0.5 MPa, time: 
4 h; molar ratio of 1-NN to NO2: 1:3, catalyst: 0.3 g, Ac2O: 10 g; d temperature: 35 °C, time: 4 h; molar 
ratio of 1-NN to NO2: 1:3, catalyst: 0.3 g, Ac2O: 10 g
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the used catalyst can be simply recycled by filtration. As can be seen from the 
results, the 1-NN conversion and 1,5-DNN selectivity only decreased slightly after 
five times. Moreover, the catalytic performance of spent SZr catalyst recovers to its 
original level by simple calcination under the same reaction conditions (5a, Fig. 2). 
The results showed that SZr catalyst exhibited good stability and regeneration.

Characterization of samples

The XRD patterns of samples are presented in Fig. 3. All samples exhibit the same 
diffraction peaks at 2θ value 30.2, 35.2, 50.4, 60.2 and 62.8°, belonging to the pure 
tetragonal phase ZrO2 (JCPDS No. 88–1007) [26, 27]. This indicates that the crys-
tallinity of sample is not changed after the introduction of sulfate in the tetragonal 
phase ZrO2. In addition, compared to fresh SZr, no obvious changes in terms of the 
crystal phase intensity have been observed on the used and regenerated samples, 
indicating the crystal phase of the catalyst has a strong stability.

FT-IR spectra of samples are given in Fig.  4. A broad peak at 3435  cm−1 is 
ascribed to the stretching vibration of surface hydroxyl group (νO-H), and the intense 
peak at 1635 cm−1 is attributed to the δH-O–H bending frequency of adsorbed water 

Table 2   Effect of SZr catalyst 
dosage on the nitration reactiona

a Reaction condition: 1-NN: NO2 = 1: 3, temperature: 35 °C, oxygen 
pressure: 0.5 MPa and Ac2O: 10 g, time: 4 h

Entry Amount of 
catalyst (g)

Conversion (%) Selectivity (%)

1,5-DNN 1,8-DNN

1 0.1 84.3 46.7 39.2
2 0.2 88.5 49.3 38.1
3 0.3 93.8 52.8 38.0
4 0.4 93.6 52.4 36.5
5 0.5 93.8 52.6 36.6

Fig. 2   Reusability of SZr cata-
lyst. Temperature: 35 °C, time: 
4 h, oxygen pressure: 0.5 MPa, 
1-NN: NO2 = 1: 3, catalyst: 
0.3 g and Ac2O: 10 g. 5a: Used 
SZr catalyst for five runs was 
calcined at 550 °C for 3 h
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molecule on catalyst surface [28]. Additional bands (around 450–800 cm−1) are the 
characteristic peaks of crystalline ZrO2 [29]. Particularly, the characteristic peaks 
at 740 and 500  cm−1 are assigned to the Z–rO–Zr asymmetric and Zr–O stretch-
ing modes, respectively, which systematically further explain the formation of ZrO2 
phases [30]. The spectra of SZr samples exhibit the broad peaks having shoulders 
at 1010, 1045, 1140, 1235 and 1384 cm−1 are attributed to chelating bidentate sul-
fate group (SO4

2−) which is coordinated with ZrO2 support surface [31, 32]. How-
ever, there are no characteristic peaks of sulfate group in the FT-IR spectrum of pure 
ZrO2 sample. The results demonstrate that SO4

2− has been successfully bonded with 
ZrO2. In addition, the used and regenerated catalysts exhibit the same FT-IR peaks 
as fresh SZr catalyst; that is, the framework of SZr catalyst still remains perfectly 
during the nitration reaction.

The thermal stability of catalysts in the temperature range of 30–800 oC is tested, 
and the obtained results are shown in Fig. 5. Clearly, all samples show a mass loss 

Fig. 3   The XRD patterns of 
samples

Fig. 4   FT-IR spectra of samples
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stage in temperature range 30–100 oC, which is ascribed to the desorption of water 
adsorbed on the sulfate group or metal oxides surface. However, the mass percentage 
for SZr samples (ca. 7–10%) is more than pure ZrO2 (ca. 3%), demonstrating that the 
amount of water adsorbed on the surface of SZr catalyst is more than that on the sur-
face of pure ZrO2. Moreover, the used SZr sample exhibits another large mass loss 
stage in the range of 450–600 °C, which shows the decomposition of organic species 
with high boiling point on the surface or in the pores of catalyst. These results indi-
cate that the used SZr catalyst can be regenerated by a simple thermal treatment. It 
is worth mentioning that a mass loss stage of SZr samples is observed over 700 °C, 
which can be assigned to the decomposition of surface sulfate groups [33].

Figure 6 displays the nitrogen adsorption–desorption isotherms and pore diam-
eter distribution curves of samples, and Table 3 summarizes their textural structure 
parameters. The results show that ZrO2 and SZr exhibit the type IV isotherms with 
type H2 hysteresis loop, which are the features of typical mesopores materials [34, 
35]. As shown in Fig. 6a, the capillary condensation phenomenon at p/p0 = 0.4 was 
observed without obvious inflection point, indicating that the mesopores of catalysts 

Fig. 5   TG/DTG curves of samples

Fig. 6   N2 adsorption–desorption isotherms (a) and pore diameter distribution curves (b) of samples
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are not uniform and relatively wide distribution (Fig.  6b). Moreover, the specific 
surface area of catalyst is obviously increased, while the pore diameter is decreased 
after sulfonating. Furthermore, the textural properties parameters of SZr sample 
were slightly reduced after five cycles. Particularly, the structural parameters of used 
SZr catalyst could be regenerated by calcination.

In order to further verify the metal or sulfur leaching of SZr catalyst in the reac-
tion, the elemental contents of samples are determined by ICP (Table 3). The results 
demonstrated that Zr content (wt%) was basically unchanged, while the S content is 
only slightly reduced after SZr catalyst used for 5 times, indicating that a very small 
amount of sulfur was leached during the nitration reaction.

To identify the acidic sites of pure ZrO2 and SZr samples, the characterization 
of pyridine adsorbed FT-IR at around 1400–1650 cm−1 is performed, as shown in 
Fig.  7. Obviously, only two peaks at 1448 and 1600  cm−1 present in pure ZrO2, 
which belong to the vibrational mode of adsorbed protonated pyridium cation con-
nected with Lewis-type acid sites [36]. However, another two characteristic peaks 
are also observed in SZr sample. The peak at 1545  cm−1 taken the indication of 
pyridine adsorbed with Brønsted acid sites [37] which mainly provides protons for 
the nitrification of aromatics. Moreover, the peak located at 1490 cm−1 is assigned 
to the pyridine adsorbed on either Lewis or Brønsted acid sites [38]. It can be seen 
that the pure ZrO2 has only Lewis acid sites, while SZr catalyst possesses both the 
Lewis acid sites and Brønsted acid sites.

Table 3   Textural properties parameters of samples

Samples Surface area 
(m2/g)

Pore volume 
(cm3/g)

Pore diameter 
(nm)

Zr (wt %) S (wt %)

pure ZrO2 48.6 0.13 10.64 74.0 –
fresh SZr 102.4 0.15 5.65 75.3 2.7
used SZr 95.6 0.11 5.53 75.6 2.4
regenerated SZr 100.8 0.13 5.61 75.4 2.4

Fig. 7   Pyridine adsorbed FT-IR 
spectra of pure ZrO2 and fresh 
SZr
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Figure 8 exhibits the Raman spectrums of pure ZrO2 and fresh SZr samples. Nor-
mally, pure ZrO2 displays the characteristic Raman bands at around 100–800 cm−1 
[39]. The Raman bands at 148, 268, 315, 462 and 642  cm−1 are identical to the 
reported spectra of pure tetragonal phase ZrO2 [40], which is in accordance with 
XRD results. However, the Raman band at 1031  cm−1 is detected in SZr sample, 
which is attributed to the symmetric and asymmetric vibrations of SO4

2− [41–43], 
further indicating that SO4

2− has been successfully bonded with ZrO2.

The possible nitration reaction mechanism

Combining the obtained experimental results in this work and studies [44–46], 
the possible nitration mechanism of 1-NN to 1,5-DNN or 1,8-DNN over SZr cata-
lyst in Ac2O-O2 system is proposed in Scheme 2. Usually, liquid nitrogen dioxide 

Fig. 8   Raman spectra of pure 
ZrO2 and fresh SZr

Scheme 2   The possible reaction mechanism of 1-NN nitration
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presents in the form of NO2 and N2O4 which disproportionates to nitrosyl cations 
(NO+) and nitrate ion (NO3

−). Meanwhile, the molecular oxygen easily oxidizes 
NO+ to electrophilic NO2

+. The resulting NO2
+·NO3

− species reacted with Ac2O 
to generate AcONO2, and the formed AcONO2 was chemisorbed onto the surface 
of catalyst with acid sites [22]. Then, in the state of this chemical bond, the formed 
AcONO2

+ species present high tendency to attack the 5-site than 8-site of 1-NN due 
to the steric hindrance effects [47], generating high proportion of 1,5-DNN. Next, 
the Wheland intermediate was formed by releasing acetic acid from the adsorbed 
AcONO2

+. Finally, the SZr catalyst was recovered via the intermediate captured a 
proton, and simultaneously, the nitration products were obtained.

Conclusions

In this work, a viable green, mild and highly efficient method for 1-NN nitration 
with pure liquid nitrogen dioxide to 1,5-DNN had been successfully developed 
employing SZr as catalyst in Ac2O-O2 system under low temperature conditions. 
The results showed that the synergistic effects of Ac2O, O2 and SZr played signifi-
cant role in improving the 1-NN conversion and selectivity to 1,5-DNN. Further-
more, SZr catalyst showed an acceptable stability, and the spent catalyst could be 
regenerated by a simple and easy way of calcination method. This work will provide 
a promising method for the preparation of high proportion market demand 1,5-DNN 
from 1-DNN nitration with pure liquid nitrogen dioxide over solid superacid catalyst 
in O2-Ac2O system, which has potential application prospects.
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