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Abstract: Nickel oxide (NiO) nanoparticles were synthesized by a reaction of nickel nitrate hexahydrate (Ni(NO3)2·6H2O)

and sodium hydroxide (NaOH). The synthesized NiO nanoparticles were examined with X-ray diffraction, scanning electron

microscopy, Raman spectroscopy, and ultraviolet-visible (UV-vis) spectroscopy. The NiO nanoparticles were used as the

catalyst for the reduction of o- and m-nitroaniline to phenylenediamine. The reduction rate of m-nitroaniline was faster than

that of o-nitroaniline. The reduction rate for both o- and m-nitroaniline increased as the reaction temperature increased. The

rate of reduction for nitroaniline followed a pseudo first-order reaction rate law.
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Introduction

Nitroanilines are used as intermediates in pharmaceuticals,

pesticides, pigments, dyes, and rubber chemicals.1 They are

toxic contaminants in viewpoint of the environment. The

nitro anion radicals are known as mutagens and carcinogens.

They disturb biochemical cycles and their effects are con-

sequently observed in nature.1 Therefore, effective methods

to remove nitroanilines from industrial wastewater are nec-

essary. The types of nitroaniline include ortho-, meta-, and

para-nitroaniline, depending on the location of the nitro func-

tional group. Various methods for nitroaniline removal, such

as adsorption, thermal decomposition, photocatalysis, bio-

logical degradation, and catalytic reduction, have been inves-

tigated.2–4

The most favored method of nitroaniline removal is cat-

alytic reduction in an aqueous solution because the products

of catalytic reductions are applied in various fields.3 The

organic compound m-phenylenediamine is used as a raw

material for a polymer synthesis such as polyurea elastomers,

which are included as dye elements in the textile industry.3

o-Phenylenediamine is used as a precursor in pharmaceuti-

cals, dyes, and antiseptic agents. Therefore, the catalytic

reduction of nitroaniline to phenylenediamine is preferred

over the other methods.5

Nickel oxide (NiO) is a type of important semiconducting

material. It has been extensively used in various fields, includ-

ing capacitors, rechargeable lithium-ion batteries, gas-sensing

material, and catalysis.6,7 The photocatalytic efficiency of NiO

nanoparticles was confirmed by researching the photodegra-

dation of methylene blue.8,9 Nickel oxide nanoparticles are

synthesized through various methods including the sol-gel

method, microwave, hydrothermal method, sonochemical syn-

thesis, and precipitation method.6,10–14

In this work, we studied the catalytic reduction of o- and

m-nitroaniline from an aqueous solution using NiO nanopar-

ticles as catalyst.

Experimental

1. Chemicals

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O), sodium hydrox-

ide (NaOH), o-nitroaniline (H2NC6H4NO2) and m-nitroaniline

(H2NC6H4NO2) were purchased from SAMCHUN PURE

CHEMICALS and Sigma-Aldrich, Merck. Deionized water was†Corresponding author E-mail: kowb@syu.ac.kr
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used as the dispersing solvent.

2. Instruments

X-ray diffraction (XRD) analysis of the samples were car-

ried out using an X-ray diffractometer (Bruker, D8 ADVANCE)

with Cu K (1.5406 Å) radiation in the range of 10o – 90o.

The morphology of the samples was characterized by scan-

ning electron microscopy (SEM) (JEOL Ltd, JSM-6510) at

an acceleration voltage of 10 kV. The chemical structure

phase of the sample was investigated by Raman spectroscopy

(BWTEK, BWS465-532S).

3. Synthesis of NiO nanoparticles 

NiO nanoparticles were synthesized using the co-precipi-

tation method described as follows. First, 0.2 M nickel nitrate

hexahydrate (Ni(NO3)2·6H2O, 0.872 g) and 0.4 M sodium

hydroxide (NaOH, 0.24 g) were dissolved in 15 ml of distilled

water, respectively. Then, sodium hydroxide solution was

mixed with drop wise in aqueous nickel nitrate solution under

stirring condition. After the reaction was performed, the green

precipitate was obtained and washed several times with dis-

tilled water and dried in an oven at 100oC. The green pre-

cipitate (Ni(OH)2) was heated in an electric furnace under Ar

gas at 400oC for 1 h. The color of the precipitate powder

turned from green to black.8,15

4. Catalytic reduction of o- and  m-nitroaniline in the

presence of NaBH4 by nickel oxide nanoparticles

The catalytic reduction of  o- and m- nitroaniline by nickel

oxide nanoparticles was carried out in the presence of

NaBH4. The initial concentration of o- and m-nitroaniline

solutions was 1.45 × 102 mM. 13.4 mM of NaBH4 was

added to 1.45 × 102 mM of o- and m-nitroaniline solutions,

respectively. 

5 mg of NiO nanoparticles were added to o- and  m-

nitroaniline solutions and stirred using a magnetic stirrer. The

catalytic reduction of  o- and  m-nitroaniline was measured

with every 10 min interval by UV-vis spectroscopy.

Results and Discussion

The XRD patterns of NiO were observed at 2 = 37.30o,

43.33o, 62.94o, 75.48o, and 79.49o corresponding to the (111),

(200), (220), (311), and (222) planes of the cubic phase,

respectively (Figure 1). The crystallite size of synthesized NiO

nanoparticles was calculated using the Scherrer formula16:

D is the crystallite size of synthesized NiO nanoparticles,

D
k

 cos
--------------=

Figure 1. XRD pattern of the synthesized NiO nanoparticles.

Table 1. Average Crystallite Size of Nickel Oxide Nanoparticles

Evaluated Using the Scherrer Equation

Miller 

Indices 

(hkl)

Diffraction 

angle 2θ 

(degree)

Full width 

at half maximum 

(degree)

Average 

crystallite size 

(nm)

(111) 37.335 0.323

20.58

(200) 43.381 0.333

(220) 63.022 0.435

(311) 75.600 0.510

(222) 79.607 0.526

Figure 2. Raman spectrum of the synthesized NiO nanoparticles.
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k is the Scherrer constant (0.89), λ is the X-ray wavelength,

 is the full width at half maximum (FWHM) of the X-ray

diffraction peak, and θ is the Bragg angle. The average crys-

tallite size of the NiO nanoparticles was calculated to be

20.58 nm (Table 1).17

The Raman spectrum of NiO nanoparticles show one-pho-

non LO mode and two-phonon 2LO modes. Defects of the

lattice produced phonon scattering in a single crystal.18 The

peak value of 514.73 cm1 corresponds to LO due to first-

order scattering, the peak value of 1036.47 cm1 is attributed

to 2LO due to second-order scattering (Figure 2).19

The morphology of NiO nanoparticles was investigated by

SEM. The SEM image of the NiO nanoparticles revealed that

they are oval-shaped particles (Figure 3).8

The change of nitroaniline concentration was monitored

over time by UV-vis spectroscopy. The synthesized NiO

nanoparticles was used as the reduction catalyst of o- and m-

nitroaniline to o- and m-phenylenediamine with NaBH4

reducing agent. The o-nitroaniline was added into deionized

water. The color of solution was yellow and the peaks of the

UV-visible spectrum of the o-nitroaniline solution appeared

at 283 and 412 nm. The absorption peak at 283 nm shifted

to a longer wavelength at 289 nm and the absorption peak

at 412 nm disappeared (Figure 4a).3 The UV-visible spectrum

of m-nitroaniline appears at 280 and 358 nm. The absorption

peak at 280 nm shifted to a longer wavelength at 289 nm and

the absorption peak at 358 nm disappeared (Figure 4b).

The catalytic activities occurred due to the hydrogen gener-

ation between the NaBH4 and water molecules on the catalytic

surface.20 Borohydride ions was generated on the surface of the

NiO nanoparticles. At the same time, nitroaniline molecules

were adsorbed on the surface of the NiO nanoparticles. After

adsorption on the catalytic surface, nitroaniline was reduced to

phenylenediamine by the transfer of hydrogen from BH4
- ions

to the NO2 group of nitroaniline.21,22

Since the concentration of NaBH4 in the reaction is higher

than that of nitroaniline, it is possible to assume that the con-

centration of sodium borohydride remains constant during

the reduction reaction. The reduction follows a pseudo-first

order reaction rate law (Figure 4c).23

dc

dt
----- kC–=

Figure 3. SEM image of the synthesized NiO nanoparticles.

Figure 4. UV-vis absorption spectra for the reduction and kinetic

study of (a) o-nitroaniline (b) m-nitroaniline and (c) their kinetic

study at 40oC of o-nitroaniline and m-nitroaniline in the presence

of NaBH4 with NiO nanoparticles as catalyst.
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The reduction rate of m-nitroaniline was faster than that of

o-nitroaniline. o-Nitroaniline was stabilized by resonance.24

However, m-nitroaniline is the less stable compare to o-

nitroaniline as there is no resonance stabilization.24 Due to

the resonance, o-nitroaniline was less reactive in the reduc-

tion process compare to m-nitroaniline.25,26

The temperature of the nitroaniline solution is an important

parameter in the reduction process. The yield percentage for

reduction of o-nitroaniline increased from 52.7% to 97.0% as

the temperature increases from 303.15 K to 313.15 K (Figure

5a, 5c, 5e, Table 2). The yield percentage for reduction of

m-nitroaniline increased from 62.7% to 91.9% by increasing

temperature from 303.15 K to 313.15 K (Figure 5b, 5e, 5f,

Table 2). The reduction processes of nitroaniline were endo-

thermic reactions.

The activation energy of the nitroaniline reductions was

calculated using the Arrhenius equation (Figure 6a, 6b).

Figure 5. The variation of UV-vis absorption spectra for the reductions of o-nitroaniline, m-nitroaniline with temperatures at (a-b) 30oC

(c-d) 35oC and (e-f) 40oC in the presence of NaBH4 and NiO nanoparticles catalyst. 
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where Ea is the activation energy, k is the apparent reaction

rate constant, A is the Arrhenius factor, R is the ideal gas con-

stant (8.314 J·K1·mol1), and T is absolute temperature. The

activation energy values for the reduction of o-nitroaniline

and m-nitroaniline were calculated to be 125.20 kJ·mol1 and

75.09 kJ·mol1. The catalytic reduction of o-nitroaniline

required more activation energy than that of m-nitroani-

line.27,28

Kinetic parameters such as the activation enthalpy (ΔH)

and activation entropy (ΔS) were calculated using the Eyring

equation (Figure 6c, 6d). 

... Eyring equation

kln
Ea

RT
-------– A     ...     Arrhenius equationln+=

k

T
---ln

H

R
--------

1

T
---

kB

h
--------

S

R
------+ln+–=

Table 2. Change in the Catalytic Reduction Rate Constants of o-Nitroaniline and m-Nitroaniline with Different Temperatures and Activation

Parameters in Catalysis with Nickel Oxide Nanoparticles

Compound Temperature (oC) k (min1) R2  (COD) E
a
 (kJ mol1) H (kJ mol1) S (J mol1K1)

o-nitroaniline 30 0.00727 0.99224 125.20 122.74 540.53

35 0.01953 0.99212

45 0.03549 0.99228

m-nitroaniline 30 0.02010 0.99968 75.09 72.53 384.22

35 0.03697 0.99696

40 0.05197 0.99719

(Reaction condition: 10 ml [o-, m-nitroaniline] = 0.0145 mM, [NaBH4] = 13.4 mM, 5mg catalyst.)

*Rate constant (k), coefficient of determination (R2), activation energy (E
a
), enthalpy (H), and entropy (S) for the NaBH4 reduction of o-nitroaniline,

m-nitroaniline at different temperatures using nickel oxide nanoparticles catalyst

Figure 6. lnk vs 1/T graphs (Arrhenius equation); reduction of (a) o-nitroaniline (b) m-nitroaniline and ln(k/T) vs 1/T graphs (Eyring

equation); reduction of (c) o-nitroaniline (d) m-nitroaniline using NiO nanoparticles as catalyst with NaBH4 at different temperatures.
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where kB is the Boltzmann constant (1.381 × 1023 J·K1) and

h is the Plank constant (6.626 × 1034 J·s). In the above

Eyring equation, it is assumed that the all species in the tran-

sition state proceed to the phenylenediamines, the transmis-

sion coefficient (κ = 1). The activation enthalpy (ΔH) for the

reductions of o-nitroaniline and m-nitroaniline were 122.74

kJ·mol1 and 72.53 kJ·mol1, from the Eyring equation. The

activation entropy (ΔS) for the reductions of o-nitroaniline

and m-nitroaniline were 540.53 J·mol1·K1 and 384.22

J·mol1·K1, from the Eyring equation.29,30 The reduction of

o-, m-nitroaniline was spontaneous reaction. After the cata-

lytic reduction was finished, the catalyst could be separated

through centrifugation. The catalyst was washed several

times with deionized water, and reused under same condi-

tion.31,32 The results showed that the catalytic activity of

nickel oxide after 5 cycles of the reduction of o-nitroaniline

and m-nitroaniline was decreased slightly from 97.0% to

90.1% and 91.9% to 82.7%, respectively. The catalytic

reduction efficiency was decreased due to the loss of catalyst

during the washing process.33 The catalytic activity of the

recycled nickel oxide nanoparticles showed good reusability

in the reduction of o- and m-nitroaniline (Figure 7).

Conclusions

The synthesized NiO nanoparticles catalyst was used to

reduce o- and m-nitroanilines in an aqueous solution with

NaBH4. At the constant concentrations of NaBH4, nitroan-

iline, and NiO nanoparticles, m-nitroaniline was reduced

faster than o-nitroaniline. Due to resonance stabilization, o-

nitroaniline is a more stable than m-nitroaniline. After reduc-

ing agent of NaBH4, o- and m-nitroanilines were adsorbed

on the surface of the NiO nanoparticles, the reduction process

occurred. The kinetics study showed that the reduction of o-

and m-nitroanilines were followed a pseudo first-order reac-

tion rate law. Due to the endothermic reaction, the reduction

rate of o- and m-nitroanilines was enhanced by increasing the

temperature.
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