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 ABSTRACT 

A novel egg-like nanosphere was designed as a long-lived catalyst and is

described as Fe3O4@nSiO2-NH2-Fe2O3·xBi2O3@mSiO2. The catalyst was prepared

using a modified Stöber method with template-free surface-protected etching. 

The catalyst particle consists of a magnetic Fe3O4 core as the “yolk”, an inner 

silica shell bearing active Fe2O3·xBi2O3 species as the “egg white”, and outer 

mesoporous silica as the “egg shell”. It exhibits an excellent performance in the 

catalytic reduction of nitro aromatics to corresponding anilines in a fixed-bed 

continuous-flow reactor. The reaction could be performed at 80 °C and could 

reach complete conversion in less than 1 min with only a 7% excess of hydrazine

hydrate. The catalyst bed could be easily shifted between different substrates 

without cross-contamination because of the uniformity of the catalyst particles. 

This catalyst exhibited very good stability in the continuous-flow protocol. In 

the long-term reduction of p-nitrophenol with 0.5 mmol·min−1 productivity, it 

worked for more than 1,500 cycles without any catalytic activity loss. 

 
 

1 Introduction 

Flow chemistry is a sophisticated and well-established 

enabling technique, and is widely used for industrial 

production of organic chemicals [1–4]. Many exper-

iments can be handled with a continuous-flow 

microreactor, from milligram-level drug discovery to 

multigram-scale fine chemical preparation [5–6]. In 

these micro devices, reaction reagents are mixed so 

fast that the mass and heat transfer can be orders of 

magnitude higher than that in classical batch reactors; 

thus, the risk of combustion and explosion is reduced 

[7–10]. Another obvious advantage of continuous-flow 

processing is that the heterogeneous catalyst can be 

straightforwardly immobilized into a fixed-bed reactor 

in the flow path [11–12]. The products are separated 

immediately from the heterogeneous catalyst, and 

the continuous manner provides an easy work-up 

procedure [13]. However, the heterogeneous catalysts 

are usually on the nanometer scale; these tiny particles 
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usually cause great pressure in the reaction tunnel, 

and they occasionally flow out from the catalyst bed 

with the reaction mixture and randomly block the 

reaction pipeline [14].  

Loading the nanocatalyst onto a core–shell-structured 

mesoporous siliceous material is a reasonable solution 

for this issue [15–16]. Since their discovery in 1992, 

mesoporous siliceous core–shell-structured micros-

pheres have been extensively applied in medicinal, 

biological, environmental, optical and chemical areas 

[17–22]. For several years, magnetic mesoporous silica- 

supported nanocatalysts have attracted particular 

attention [23–26]. The catalyst nanoparticles are 

encapsulated with mesoporous shells to make them 

stable, even under harsh reaction conditions, and 

chemical species can freely access the catalysts through 

the mesoporous shell of the nanocatalysts [27]. What’s 

more, the catalysts are easily separable with an external 

magnetic field [28]. The importance of the core–shell 

catalysts has been verified by several papers [29–32]. 

Hence, we would like to report our newly developed 

magnetic nanosphere catalyst for the transformation 

of nitroarenes to anilines. 

Anilines are key intermediates for the preparation 

of pharmaceuticals, agrochemicals, dyes, and antioxi-

dants [33–34]. The total market value of arylamine 

will sharply increase to £10.17 billion by 2020 [35]. 

Anilines are generally obtained from the reduction of 

corresponding nitroarenes, and the highly efficient 

catalysts play a key role in this transformation [36]. 

Although catalytic hydrogenation is usually chosen 

for the reduction of nitroaromatics because H2 is the 

cleanest hydrogen source, the selectivity is still a 

challenge, especially in the presence of other reducible 

groups [37]. Catalytic transfer hydrogenation (CTH) is 

convenient, and the catalytic reduction of nitroarenes 

is a trusted catalytic model for nanoparticles [38]. The 

catalytic H-transfer procedure was widely adopted 

with different hydrogen sources, such as sodium 

borohydride, silanes, boranes, formic acid, H2, and 

hydrazine hydrate [39]. Many chemoselective and 

highly efficient noble metal catalysts are used for 

catalytic reduction, including Au [40–43], Ru [44–45], 

Pt [46–48], Pd [49–52], and Rh [53–54], with various 

hydrogen sources. However, the high price of the noble 

metals limited their further applications in industry; 

thus, non-noble metal catalysts, especially Fe-based 

catalysts, have aroused much interest in this transfor-

mation because of their low toxicity, low cost, and 

environmental friendliness [55–59]. Hydrazine is the 

most reactive hydrogen source for Fe-based catalysts, 

and it is a clean reactant because the only by-products 

are N2 and water. The main problem for the Fe-based 

catalysts is that the nanoparticles usually tend to 

aggregate and then lose their original catalyst activity 

because of their high surface energy [60]. Thus, 

designing efficient Fe-based catalysts with more stable 

structures has increasingly attracted the attention of 

chemists and materials scientists.  

The continuous reduction of nitroaromatics to 

corresponding anilines has been considered because 

it takes advantages of highly efficient, safe, and easy 

work-up procedures [58, 61–63]. We designed a novel 

structural catalyst based on magnetic silica spheres, 

and it exhibited a good activity and an ultra-long 

lifetime for continuous hydrazine-mediated reduction 

of nitro compounds. The developed catalyst is described 

as Fe3O4@nSiO2-NH2-Fe2O3·xBi2O3@mSiO2, and it is 

an egg-like nanocatalyst. The inner core is a magnetic 

Fe3O4 sphere with an average diameter of 200 nm, and 

it is wrapped by a layer of nonporous silica. The amino 

group is introduced to the surface of the silica sphere. 

The Fe-based catalyst nanoparticles are magnetically 

immobilized around the magnetic silica spheres, and 

they are well dispersed and bound to the surface by 

the amino group. The catalyst layer is further encap-

sulated with another layer of silica, which can inhibit 

catalyst leaching and agglomeration. The whole catalyst 

nanosphere is protected by polyvinylpyrrolidon (PVP), 

and then etched with NaOH to enhance the per-

meability of the outer silica shell. The final catalyst 

was obtained after calcining at 350 °C to improve the 

robustness and thermally remove PVP (Scheme 1). The 

catalyst was applied in a catalyst cartridge that was 

connected in a continuous-flow reactor for the reduction 

of substituted nitroarenes. This egg-like nanocatalyst 

system showed an excellent catalytic performance, 

while the reactions were completed in 1 min at 80 °C 

with only 7% stoichiometric excess of hydrazine 

hydrate. The catalyst cartridge can be easily switched 

between different substrates because of the uniform 

catalyst particle size, and no residue is detectable in  



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

289 Nano Res. 2018, 11(1): 287–299 

 

Scheme 1 Synthesis of the magnetic Fe3O4@nSiO2-NH2- 
Fe2O3·xBi2O3@mSiO2 core–shell nanocatalyst. 

the sequential product. Furthermore, the long-term 

catalyst test demonstrated that this heterogeneous 

catalyst system was sufficiently stable and its activity 

was maintained for more than 1 day for the reduction 

of p-nitrophenol. This protocol sets a model for the 

long-lived catalyst for CTH. 

2 Experimental 

2.1 Preparation of Fe3O4@nSiO2 

The Fe3O4@nSiO2 core nanocomposite was prepared 

by a modified Stöber method, as previously reported 

[64]. The received Fe3O4 nanoparticles (100–300 nm) 

were first treated with dilute HCl because the magnetic 

ferrite was not very water-dispersible. Generally, 0.30 g 

of Fe3O4 was added to 60 mL of 0.1 M aqueous HCl and 

sonicated for 10 min. Then, the magnetite spheres were 

quickly collected by an external magnet and washed 

with deionized water until the pH of the solution 

became near-neutral (~ 7). Fe3O4 was then homo-

geneously dispersed in a blend of ethanol (200 mL), 

deionized water (40 mL), and concentrated aqueous 

ammonia (4 mL, 25 wt.%). After a 30 min ultrasound 

treatment, 0.5 mL of tetraethyl orthosilicate (TEOS) 

was slowly added to this suspension, and this mixture 

was stirred for 6 h at room temperature. Finally, the 

Fe3O4@nSiO2 nanocomposite was separated using a 

magnet and washed with water and ethanol; the 

separated residue was dried at 60 °C for 6 h and stored 

under vacuum for further use. 

2.2 Preparation of Fe3O4@nSiO2-NH2 

The –NH2-terminated Fe3O4@nSiO2 colloids were 

synthesized as reported by Ge et al. [65]. The dried 

Fe3O4@nSiO2 nanoparticles were transferred into an 

anhydrous mixed solution of isopropanol (200 mL) 

and 3-aminopropyl-triethoxysilane (0.5 mL). After the 

nanoparticles became highly dispersed, the mixture 

was heated at 80 °C for 3 h to functionalize the silica 

surface with amino groups. As the solution was cooled 

to room temperature, the Fe3O4@nSiO2-NH2 colloids 

were washed with isopropanol and deionized water, 

and then separated using a magnet. Eventually, the 

black Fe3O4@nSiO2-NH2 colloids were dispersed in 

100 mL of deionized water.  

2.3 Preparation of Fe3O4@nSiO2-NH2-FexBiy(OH)z 

The typical synthesis of Fe3O4@nSiO2-NH2-FexBiy(OH)z 

was performed as follows. Briefly, the homo-dispersed 

solution of Fe3O4@nSiO2-NH2 (100 mL) was loaded 

into a round-bottom flask. Another solution containing 

100 mg of Bi(NO3)3·5H2O, 1.00 g of FeCl3·6H2O, 75 mL 

of absolute ethanol, and 25 mL of deionized water, 

which had been sonicated for 1 h, was added to the 

Fe3O4@nSiO2-NH2 solution. The resulting mixture was 

stirred using a magnetic bar for 1 h at 90 °C. Then, a 28% 

concentrated ammonia solution was slowly added to 

increase the solution pH to 12. The resulting solution 

was rapidly stirred for another 6 h at 90 °C. After the 

iron and bismuth ions were sufficiently deposited, the 

resulting Fe3O4@nSiO2-NH2-FexBiy(OH)z nanoparticles 

were collected by filtration and washed with ethanol 

and deionized water. 

2.4 Preparation of the Fe3O4@nSiO2-NH2-Fe2O3· 

xBi2O3@mSiO2 nanocatalyst 

The SiO2 shell was prepared using a slightly modified 

version of the method used to prepare the first layer. 

After the Fe3O4@nSiO2-NH2-Fe2O3·xBi2O3 colloids were 

dispersed in a mixed solution of ethanol, deionized 

water, and concentrated aqueous ammonia (200 + 40 + 

4 mL, respectively), 1.5 mL of TEOS was added; then, 

the mixture was stirred at room temperature overnight.  
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After filtration, the residue was dissolved in 50 mL of 

deionized water; then, a PVP sol (1.2 g PVP dissolved 

in 10 mL of deionized water) was added, and the 

mixture was refluxed at 100 °C for 3 h. The solution 

was naturally cooled to room temperature; then, 10 mL 

of a 0.16 g·mL−1 NaOH solution was injected into the 

system to etch the surface of SiO2. After etching for 

60 min (the etching time dramatically influenced the 

catalyst activity, and we determined that the best 

activity was obtained with a 60 min etching time; 

more details are available in Fig. S1 in the Electronic 

Supplementary Material (ESM), Fe3O4@nSiO2-NH2- 

FeBiOx@mSiO2 was filtered and washed with large 

amounts of deionize water. The filter cake was dried 

at 80 °C overnight. Ultimately, it was calcined at 350 °C 

for 30 min in a muffle furnace to obtain about 650 mg 

of the magnetic Fe3O4@nSiO2-NH2-Fe2O3·xBi2O3@mSiO2 

nanocatalyst. 

2.5 Catalyst activity test 

The reduction of p-nitrophenol was performed in a 

self-made continuous-flow microreactor, which is 

illustrated in Scheme 2. To test the catalytic activity, 

650 mg of the Fe3O4@nSiO2-NH2-Fe2O3·xBi2O3@mSiO2 

nanocatalyst was mixed with 1,200 mg of silica gel to 

“dilute” the catalyst. Then, this mixture was placed 

in a 4.6 mm × 150 mm blank high performance liquid 

chromatography (HPLC) column to form the catalyst 

cartridge. The free volume in the microreactor was 

estimated as about 1.0 mL using the methanol filling 

method. After connecting to the continuous-flow reactor, 

the catalyst cartridge was heated at 80 °C in silicon  

oil. A solution of 4-nitrophenol (5,560 mg, 40 mmol), 

hydrazine hydrate (4,000 mg, 64 mmol, 80%), and 

methanol (80 mL) was pumped through the heated 

catalyst bed by a HPLC pump at a flow rate of 

1 mL·min−1. The input yellow solution was rapidly 

converted to a colorless solution; this indicated that 

p-nitrophenol was entirely reduced to p-aminophenol. 

The reaction process was also monitored by HPLC 

and thin layer chromatography (TLC), and no bypro-

ducts were detected. The solvent was removed under 

a reduced pressure, and the obtained residual was 

diluted with water and extracted with ethyl acetate. 

The extractant was evaporated under reduced pressure 

and the products were purified by recrystallation from 

ethyl acetate. This continuous-flow processing was also 

applied for reducing varieties of aromatic compounds 

and long run reduction of p-nitrophenol to test the 

scope and stability of the catalyst. All of the products 

were characterized by 1H nuclear magnetic resonance 

(NMR) spectroscopy, 13C NMR spectroscopy, and gas 

chromatography-mass spectrometry (GC-MS). 

3 Results and discussion 

We began our research by exploring the most active 

catalyst. If the active component, Fe2O3·xBi2O3, was 

used directly without loading it on a supporter,   

its catalytic activity was poor and it could not be 

recovered. Noticing that the iron oxide-based active 

centers of Fe2O3·xBi2O3 were magnetic, we immobilized 

them on the magnetic silica spheres. A series of egg- 

like catalysts were synthesized and examined for the 

 

Scheme 2 Fixed-bed continuous-flow format for the reduction of nitroarenes with the Fe3O4@nSiO2-NH2-Fe2O3•xBi2O3@mSiO2

nanocatalyst. 
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reduction of p-nitrophenol in a sealed tube (Table 1), 

and we found that Fe2O3·xBi2O3 was the most efficient 

active center of the tested catalysts. The amino group 

that was introduced on the inner silica layer further 

promoted catalytic activity. In the presence of the 

amino group that dispersed and stabilized the active 

metal oxide particles, the catalytic activity of SS-Fe- 

Bi showed perfect activity as the conversion of 

p-nitrophenol was > 99% (entry 1), while the conversion 

of p-nitrophenol was only 80% over SS-nFe-Bi (entry 2), 

whose activity was less than the SS-Fe catalyst (entry 3). 

Considering the benefit of metal oxide modification, 

varieties of oxide-included Fe3O4@nSiO2-NH2-Fe2O3· 

xMyOz @mSiO2 catalysts were prepared and evaluated 

with the reduction of p-nitrophenol. They were all 

less active than SS-Fe-Bi. In particular, the Mg-, Zn-, 

and Cu-containing catalysts (SS-Fe-Mg, SS-Fe-Zn, and 

SS-Fe-Cu) provided non-promising conversions (entries 

4–6). To our relief, the Sb2O3-, Al2O3-, and NiO-modified 

catalysts (SS-Fe-Sb, SS-Fe-Al, and SS-Fe-Ni) were 

better than the pure iron oxide-based catalyst (SS-Fe) 

(entries 7–9 vs. entry 3, respectively). In particular, Sb, 

which is in the same column of the periodic table as  

Table 1 Reduction of p-nitrophenol over a series of egg-like 
nanocatalystsa 

 
aAll reactions were performed with 1 mmol of p-nitrophenol and 
2.0 eq. of hydrazine hydrate in 2 mL of methanol, 10 mmol% catalyst. 
bDetermined as an HPLC peak area percentage. 

Bi, showed a superior activity to all of the other metals, 

except Bi, with a conversion of 95% (entry 4). We 

deduced that the Lewis acidic site in the composite 

oxide was the key point to enhance the catalytic activity. 

In the present report [66], the active H species that 

are generated from N2H4 on the surface of the metal 

oxide are in terms of Hδ−, and the metal oxide can 

provide a Lewis acid site, such as Bi2O3, Sb2O3, or NiO, 

which may stabilize Hδ−; thus, the oxide composites 

show better activities than the pure iron oxide. 

The well-developed catalyst was characterized  

by high-resolution transmission electron microscopy 

(HRTEM), scanning transmission electron microscopy 

(STEM), energy dispersive X-ray spectroscopy (EDS), 

X-ray diffraction (XRD), X-ray photoelectron spec-

troscopy (XPS), and vibrating sample magnetometer 

(VSM). The transmission electron microscopy (TEM) 

result shows that SS-Fe-Bi was in an approximately 

spherical morphology with an average diameter of 

300 nm (Figs. 1(a), 1(b), and S2–S4 in the ESM). 

 

Figure 1 HRTEM images of (a) and (b) Fe3O4@nSiO2-NH2- 
Fe2O3·xBi2O3@mSiO2. EDS mapping of (c) Fe3O4@nSiO2-NH2- 
Fe2O3·xBi2O3@mSiO2 and individual (d) Fe, (e) Si, and (f) Bi 
nanoparticles (green: Fe, red: Si, blue: Bi). 
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The etched nanocomposite has a clear egg-like 

structure with Fe3O4 as the yolk, the inner nonporous 

silica loading with Fe2O3·xBi2O3 as the egg white, 

and the outer mesoporous silica as the shell. The Fe 

and Bi bimetallic oxide active species are dispersed 

between the two silica layers. The HRTEM and STEM 

images indicate that the diameter of the Fe3O4 core  

is about 100 nm, and the thickness of the inner 

nonporous silica shell and the outer mesoporous silica 

shell are approximately 15 and 20 nm, respectively 

(Figs. S5(a)–S5(c) in the ESM). There are distinct 

boundaries between the two silica layers (Fig. S6 in 

the ESM), which allow the metallic oxides to be well 

dispersed on the surface of the inner nonporous silica 

to prevent aggregation.  

The EDS mapping of the catalysts was consistent 

with the structures indicated by HRTEM and STEM 

(Figs. 1(c)–1(f) and S7–S9 in the ESM). The distribution 

of Si shows that the silica matrix is a double-layer 

hollow ball that is bigger than the solid Fe3O4 core. 

The whole Si sphere is a bit larger than the Bi sphere, 

and the Bi sphere is as large as the gap sphere of the 

silica layers. This clearly presents that the Fe2O3·xBi2O3 

active component is sandwiched between the two 

layers of the silica shell. 

No characteristic diffraction peaks related to Bi2O3 

can be observed in the XRD patterns of the nano-

composites (Fig. S10 in the ESM), which suggests that 

the active species either existed in a highly dispersed 

amorphous state or in the pores of Fe3O4@nSiO2 with 

sizes below 5 nm [67–68]; the TEM results support the 

later reason. 

X-ray photoelectron spectroscopy analysis (Figs. 2(a)– 

2(c)) was performed to investigate the oxidation state 

of iron and bismuth bimetallic oxide nanoparticles 

encapsulated in the silicon. Two band energies at 

724.9 and 711.5 eV are assigned to Fe 2p1/2 and Fe 2p3/2 

of Fe3+, respectively. The satellite peak at 719.5 eV is a 

major characteristic of Fe3+ in γ-Fe2O3 [69]. The peak 

positions of Bi 4f7/2 and Bi 4f5/2 appear at 159.9 and 

165.1 eV and correspond to the presence of Bi2O3 

[70–71]. 

 

Figure 2 (a) XPS spectrum of Fe 2p region and (b) Bi 4f region. (c) XPS spectrum of SS-Fe-Bi. (d) Room-temperature hysteresis 
loops of (a) Fe3O4, (b) Fe2O3•xBi2O3, and (c) SS-Fe-Bi. 
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Furthermore, the surveyed spectrum indicates that 

the atomic concentrations of Fe and Bi are about 23.5% 

and 1.4%, respectively. 

The magnetic properties of Fe3O4, Fe2O3·xBi2O3, 

and SS-Fe-Bi are shown in Fig. 2(d). The saturation 

magnetization (Ms) value of Fe3O4 is 71.9 emu·g−1, 

and that of Fe2O3·xBi2O3 is 7.1 emu·g−1 at an applied 

field of 10,000 Oe. Considering the Ms values of 

magnetic Fe3O4 and the Fe2O3·xBi2O3 nanoparticles, the 

catalyst active component, Fe2O3·xBi2O3, is magnetically 

immobilized by the magnetic ferric oxide spheres. 

Furthermore, the Ms value of the SS-Fe-Bi catalyst  

is 21.2 emu·g−1, which is ascribed to coating of the 

silica spheres and the deposited weakly magnetic 

Fe2O3·xBi2O3. 

The optimal reactions were performed in a fixed- 

bed reactor that was filled with 650 mg of the well- 

developed catalyst. A solution of p-nitrophenol and 

N2H4·H2O in methanol was pumped through the heat 

catalyst cartridge under different conditions by an 

HPLC pump, and the product was analyzed with 

TLC and HLPC. The results are summarized in Table 2. 

The early investigations were performed using different 

concentrations of p-nitrophenol. The data in Table 2 

indicate that p-nitrophenol (with a concentration below 

0.8 M) can be completely converted to p-aminophenol 

with a 20% excess of stoichiometric hydrazine hydrate 

at 110 °C (entries 1–3) at a flow rate of 1 mL·min−1. A 

concentration of 0.5 M was chosen for further research 

based on the solubility of the other common reactants. 

We then reduce the amount of hydrazine hydrate 

because a perfect CTH reaction could provide a 

wonderful yield with a minimal excess of the hydrogen 

donor. The dosage of hydrazine was decreased to  

the stoichiometric amount, and the conversions with 

different flow rates were still acceptable (entries 4–5). 

A very small excess of hydrazine led to complete 

conversion (entry 6). Subsequently, the reaction tem-

perature decreased from 110 to 80 °C, and all of the 

reactions still gave a full conversion with only a 7% 

excess of stoichiometric hydrazine hydrate (entries 

6–8). When the flow rate of the mixture solution  

was increased to 2 mL·min−1 or even 3 mL·min−1, full 

conversions were obtained in every case (entries 9–10), 

which indicated that all of the nitrophenol was 

consumed in less than 20 s. Performing a catalyst-free  

Table 2 Optimization of the reaction conditions for the reduction 
of 4-nitrophenol in a continuous-flow reactor using N2H4·H2O 
and SS-Fe-Bia 

 
aThe reactions were performed with 40 mmol of p-nitrophenol 
and hydrazine hydrate in 80 mL of methanol. 
bDetermined as the HPLC peak area percent. 

 

reaction provided no consumption of the starting 

material (entry 11). There results reveal the superior 

activity of the SS-Fe-Bi catalyst. 

One of the most significant characteristics of an 

immobilized catalyst is its extended usability. Therefore, 

we placed special emphasis on monitoring the SS-Fe-Bi 
catalyst for a prolonged time with the reduction of 

p-nitrophenol (0.5 M). The free volume of the catalyst 

cartridge was estimated, and every free volume of 

the reaction mixture that moved through the catalyst 

bed could be regarded as a cycle. Every 200 cycles, a 

1.0 mL sample from the reaction mixture was collected 

and analyzed using HPLC during the continuous-flow 

experiment. Figure 3 shows that the catalyst could  

be used for more than 1,500 cycles at a flow rate of  

1 mL·min−1 without any activity decline. This indicates 

the wonderful stability and long lifetime of the egg- 

like catalyst. The characterization of the catalyst after 

1,500 cycles can be found in the supporting information 

(Figs. S5(d), S11, and S12 in the ESM). The excellent 

stability of the nanocatalyst may arise from the  
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Figure 3 The long run test for the SS-Fe-Bi catalyst in a 
continuous-flow reactor for the reduction of p-nitrophenol. 

following aspects: (1) The bimetallic oxide nano-

particles are magnetically immobilized, which may 

limit the unwanted change of crystallinity, which 

usually deactivates the catalyst. (2) The catalyst is 

further encapsulated by the microporous silicon shell, 

and the nanoparticles are well dispersed among the 

amino groups These items prevent migration and 

coalescence of the catalyst during the catalytic reactions; 

thus, the catalyst maintains its initial activity for a 

long time. 

According to this processing, the producing ability 

of the catalyst cartridge was up to 46 mmol·g−1·h−1. 

This indicates that the continuous reduction catalyzed 

by SS-Fe-Bi might be a practical approach for the 

synthesis of nitroarenes. Yet, the selectivity of the 

catalyst and the functionality tolerance of the catalytic 

protocol should be examined. We investigated the 

SS-Fe-Bi catalyzed reduction of structurally diverse 

nitro compounds in a fixed-bed continuous-flow reactor 

under optimized reaction conditions (Table 3). Full 

conversion was achieved for all substrates with an 

excellent yield to the anticipated anilines by this 

technology. The reactant solubility was a critical factor 

for the continuous-flow technique. Commonly, anilines 

are more soluble than nitroarenes in methanol because 

of molecular polarity; thus, the reaction concentration 

strongly depends on the solubility of the nitroarenes. 

The nitroarenes were dissolved in different con-

centrations of methanol based on their different  

Table 3 Reduction of nitroarenes with N2H4·H2O and catalyzed 
by SS-Fe-Bi in a continuous-flow reactora 

 
aReaction performed using a 1.0 mL·min−1 flow rate of ArNO2 
and MeOH solutions with a 7% excess of N2H4

.H2O, with 
SS-Fe-Bi (650 mg) in a catalyst cartridge at 110 °C and 30 bar 
of backing pressure. 
bNaOH was used to made the substrates to become sodium salts, 
and the reaction solvent was MeOH + H2O (MeOH:H2O = 1:1). 
cDetermined as the HPLC peak area percent. 
dDetermined by GC-MS. 
eReduction of aliphatic nitro compounds. 
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solubilities. The easily soluble substrates, such as 

p-nitrotoluene can be easily reduced with a concen-

tration of 1.0 M in a continuous-flow reactor (entry 2). 

Dehalogenation was usually observed in the catalytic 

hydrogenation; therefore, we used five chloro- 

nitroarenes to test the selectivity. Simple substrates, 

such as p-chloronitrobenzene and o-chloronitrobenzene, 

gave corresponding anilines in quantitative yields 

(entries 3–4), and this method also worked for mul-

tisubstituted substrates, such as 4-chloro-2-nitrophenol 

and 4-(4-chlorophenoxy) nitrobenzene (entries 5–6) 

with good chemoselectivity. The steric hindrance did 

not appreciably affect the reaction yields. Furthermore, 

2,6-dichloro-4-nitrophenol was selectively reduced 

smoothly to generate the 2,6-dichloro- 4-aminophenol, 

which was a significant intermediate for synthesis of 

chlorfluazuron and hexaflumuron, which are highly 

efficient and low residual pesticides. Furthermore, 

dehalogenation was successfully avoided under the 

reaction conditions for all compounds. This catalyst 

system was also selective for other functionalized 

nitroarenes, including the derivatives that contained 

alcohol, acid, ester, ether, amide, or amino groups. All 

of them were fully converted into the corresponding 

anilines without any functionality changes (entries 

8–14). In particular, p-nitrobenzoic acid, which was a 

highly challenging example for the reduction of the 

nitro group because of the strong electron-withdrawing 

property of the free carboxylic acid group [72], was 

successfully reduced to the corresponding aniline 

with nearly full conversion. The reduction of 2,4- 

dinitrophenol gave 2-amino-4-nitrophenol as a single 

product with a nearly quantitative yield, which usually 

provided a complex mixture in the typical batch 

reduction (entry 16). Remarkably, some substrates 

bearing heterocyclic ring moieties (entries 17–19) were 

also charged to investigate the scope of our catalytic 

system. They were smoothly converted into corres-

ponding anilines with satisfactory yields, while the 

heterocyclic rings remained intact. The small molecular 

nitroalkanes were smoothly converted into their 

corresponding aminoalkanes (entries 20, 21). In all 

cases, the azoxy, azo, and hydrazo compounds that 

were usually generated as the by-products in the 

reduction of nitroarenes were not detected in this 

reaction system. 

The continuous-flow reaction system described 

above is superior to most other reported protocols. 

The good catalytic activity lets the reaction run at a 

low temperature, which is important in industrial 

procedures because the low reaction temperature 

produces useful anilines. The higher reaction tem-

perature causes a faster reaction rate; however,   

we obtained a black product if the reduction of 

p-nitrophenol was performed at an extremely high 

temperature (i.e., above 120 °C). Furthermore, one 

catalyst cartridge was usually used for one kind of 

substrate in a continuous-flow microreactor. A used 

catalyst cartridge could not work for another reactant 

because the residues of the former product could not 

be entirely removed; thus, the later product would 

usually be impure unless the catalyst bed had been 

washed with a large amount of solvent, which would 

cause leaching of active components. However, all  

of the nitroarenes in Table 3 were reduced using  

the same catalyst cartridge. This occurred because 

the egg-like nanocatalyst is both stable and uniform. 

When the recycled catalyst cartridge was utilized to 

reduce another substrate, washing with a small amount 

of methanol (about 50 mL) could completely clean 

the catalyst bed. With this unique advantage, the 

continuous-flow reduction catalyzed by the egg-like 

catalyst is expected to be an ideal protocol for the 

synthesis of fine chemicals that are usually produced 

on a small scale. 

Based on the reported literature [73] and the 

experimental results, a plausible reaction mechanism 

is proposed (Fig. 4). During this reaction process, the 

nitroaromatics and N2H4·H2O first diffuse through 

the mesoporous silica channel, and are then adsorbed 

on the surface of Fe2O3·xBi2O3. N2H4 sequentially 

loses electrons to generate N2 and active H species 

(that inevitably combine to H2 as a side reaction    

of hydrazine). The Fe3+ in Fe2O3·xBi2O3 converts to 

Fe2+, and forms the catalytic cycle together with the 

oxidation of Fe2+ to Fe3+ by the group. The active H 

species and electro transfer to the absorbed nitroarene, 

then the nitro compound gradually reduced to the 

aniline. The overall mechanism has been identified  

as: Ar-NO2 → Ar-NOOH → Ar-N(OH)2 → Ar-NOH → 

Ar-NHOH → Ar-NH→ Ar-NH2. The synergistic effect 

between the iron and bismuth oxides enhances the  
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Figure 4 Possible mechanisms for catalytic reduction of aromatic 
nitro compounds with the catalyst SS-Fe-Bi. 

stability of active H, so the utilization of N2H4 reached 

98% in a stoichiometric reaction (Table 2, entry 4), 

and only a slight excess of hydrazine is required for 

the full conversion of the nitroaromatics. 

4 Conclusions  

In summary, a novel mesoporous-silica-protected 

egg-like SS-Fe-Bi nanocatalyst was synthesized using 

coprecipitation and a surface-protected etching method. 

This heterogeneous catalyst showed a high efficiency 

and excellent chemoselectivity for the reduction of 

various functionalized nitroarenes to corresponding 

anilines with a 7% stoichiometric excess of hydrazine 

hydrate. The catalytic reactions were performed in a 

fixed-bed continuous-flow reactor under relatively 

mild conditions with a nearly workup-free procedure. 

The reaction time could be less than 1 min with full 

conversion in all cases, and the catalyst cartridge could 

be reused and switched between different substrates. 

In the successful long run reduction of p-nitrophenol, 

650 mg of the catalyst provided a productivity of 

0.5 mmol every cycle for more than 1,500 cycles under 

the carefully optimized conditions. These indicated 

the excellent activity, perfect chemoselectivity, and 

outstanding lifetime of the catalyst. These advantages 

arise from the special structure: The presence of 

bismuth enhances the activity of iron oxide based 

catalyst, the active component Fe2O3·xBi2O3 is magne-

tically immobilized to the magnetic silica sphere, and 

it is further protected by the mesoporous silica shell 

that suppresses the loss and aggregation of the 

nanocatalyst. This catalyst and the continuous protocol 

are expected to be used for the synthesis of fine 

chemicals. 
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