
58 Green Sciences, Vol. 27, No. 4, 2025

Synthesis of Ag/ZIF-67 nanocomposite and its catalytic activity for the re-
duction of various nitrobenzaldehyde isomers
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The Ag/ZIF-67 nanocomposite was prepared by the reaction of cobalt nitrate hexahydrate (Co(NO3)2 · 6H2O) 
with 2-methylimidazole and silver nitrate (AgNO3). The morphology and structure of Ag/ZIF-67 nanocomposite 
were investigated by scanning electron microscopy (SEM), powder X-ray diffraction (XRD), Ultraviolet-visible 
(UV-vis) spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, and Raman spectroscopy, which 
indicated that Ag/ZIF-67 composite was successfully synthesized with a rhombic dodecahedron structure. 
The catalytic activity of the hybrid nanocomposite (Ag/ZIF-67) was investigated toward the reduction of 
the nitro compounds (2-, 3-, and 4- nitrobenzaldehyde) to their corresponding amino compounds (2-, 3, 
and 4-aminobenzyl alcohol) in the presence of sodium borohydride (NaBH4) as a reducing agent. The rate 
for catalytic reduction of nitrobenzaldehyde isomers using Ag/ZIF-67 nanocomposite was in the order: 4- 
> 2- > 3- nitrobenzaldehyde. The kinetics study showed that the reduction of nitrobenzaldehyde isomers 
was followed by a pseudo-fi rst-order reaction rate law.
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INTRODUCTION

Nitroaromatic compounds are common environmen-
tal contaminants and harmful substances to health1. 
Among nitroaromatic compounds, nitrobenzaldehyde is 
an important intermediate during a number of synthetic 
processes, causing severe pollution hazards2. Also, 4-ni-
trobenzaldehyde has been widely used as an industrial 
and medical intermediate for the synthesis of several dyes 
and pharmaceuticals; it can be found in workplaces and 
water supplies as a common pollutant3. The functionalized 
aromatic amines derived from the catalytic hydrogenation 
of nitro compounds are signifi cant in the synthesis of 
a wide range of benefi cial products like pharmaceuticals, 
dyes, polymers, and herbicides3, 4, 5.

Several methods have been developed to remove the 
nitro compounds from wastewater, such as photochemical 
degradation, adsorption, microbial degradation, membra-
ne distillation, and electrocoagulation6, 7, 8, 9. However, 
the above-mentioned techniques showed some practical 
limitations like low removal effi ciency, high-cost process, 
and harmful product formation. On the other hand, 
the catalytic reduction of nitro compounds to amino 
derivatives is an alternative and emerging process for 
removing toxic nitro compounds from the environment10.

The noble metal catalysts such as Au, Pt, Pd, and Ag 
exhibited high catalytic activity in the reduction of nitro 
compounds. However, the cost of the catalyst is very 
expensive and less abundant on Earth. Recently, many 
studies have reported better catalytic activity for the re-
action of nitro compounds using the MOFs structure11, 12.

Zeolitic Imidazolate Frameworks (ZIFs) are a kind 
of MOFs where the transition metal (M) cation is co-
ordinated by a bridging imidazole (IM) ligand, with the 
angle of M-IM-M is 145° 13. As a kind of ZIFs, ZIF-67, 
composed of Co2+ metal center and 2-methylimidazo-
late ligand, the structure of ZIF-67 exhibited a cubic 
crystal symmetry14. ZIFs have been widely applied for 
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gas storage, separation, sensors, drug delivery, and 
catalysis15, 16, 17, 18, 19, 20. Sansano et al. revealed that the 
bimetallic PdCu supported on ZIF-67 catalyst was used 
in the reduction of 4-nitrophenol at room temperatu-
re21. Nath et al. discovered that Ag@ZIF-7 effectively 
catalyzed the reduction of 2-nitrophenol, 4-nitroaniline, 
and picric acid22.

In this work, we synthesized the ZIF-67-supported 
Ag nanoparticles and studied the catalytic reduction of 
nitrobenzaldehyde isomers from an aqueous solution 
using Ag/ZIF-67 nanocomposites as a catalyst.

MATERIALS AND METHODS 

Materials
Cobalt nitrate hexahydrate (Co(NO3)2·6H2O), 2-me-

thylimidaozle (C4H6N2), 2-nitrobenzaldenyde (2-NBA, 
C7H5NO3), 3-nitrobenzaldehyde (3-NBA, C7H5NO3), 
4-nitrobenzaldehyde (4-NBA, C7H5NO3), silver nitrate 
(AgNO3), ethanol (C2H5OH), and methanol (CH3OH) 
were purchased from Sigma-Aldrich (USA) and Daejung 
chemicals (Korea). All the chemicals were used without 
further purifi cation.

Characterization
The crystalline properties of the synthesized ZIF-67 

and Ag/ZIF-67 nanocomposites were investigated by 
powder X-ray diffraction (XRD, Bruker, D8 Advance, 
Germany) analysis with Cu-Kα radiation (λ = 1.541 nm) 
within a 2θ range of 5–90°. The ZIF-67 and hybrid Ag 
combined with ZIF-67 nanocomposite were confi rmed 
by Raman spectroscopy at 532 nm wavelength (BWTEK 
i-Raman Plus, USA). The morphology of the catalyst 
was observed by using fi eld emission scanning electron 
microscopy (FE-SEM, EDS, TESCAN MIRA 3, Czech 
Republic) at an acceleration voltage of 15 kV. The func-
tional group of the catalyst was analyzed using Fourier 



  Green Sciences, Vol. 27, No. 4, 2025 59

transform infrared spectroscopy (FT-IR, Thermo Fisher 
Scientifi c Nicolet Continuum IR Microscope, USA). 
The reduction of nitro compounds was confi rmed by 
ultraviolet-visible (UV-vis) spectroscopy (Lambda 365, 
Perkin Elmer, USA).

Synthesis of ZIF-67 nanoparticles 
According to literature23, cobalt nitrate hexahydrate 

(1.45 g) and 2-methylimidazole (1.64 g) were dissolved 
in 80 ml of methanol/ethanol solution (1:1, v/v), respec-
tively. The above two solutions were mixed and stirred 
for 30 min and left for 24 h. After the reaction was 
fi nished, the precipitate was rinsed several times with 
methanol and collected after centrifugation to acquire 
the ZIF-67 product.

Synthesis of Ag/ZIF-67 nanocomposite 
For the preparation of Ag/ZIF-67 nanocomposite, 

ZIF-67 was heated at 100 oC under a vacuum condition 
for 5 h to obtain an optimally dried solid-state sample. 
The ZIF-67 (0.24 mmol) was dissolved in 11 mL of 
ethanol and stirred for 30 min. After that, the AgNO3 
(0.03 mmol) in ethanol solution was added to ZIF-67 
in ethanol solution and vigorously stirred for 5 h. Af-
ter stirring, the Ag+/ZIF-67 product was obtained by 
centrifugation. The product was dried overnight in an 
oven at 60 oC. For the reduction of Ag+/ZIF-67, 4 mL 
of NaBH4 (0.3 mmol) in ethanol solution was added to 
Ag+/ZIF-67 in ethanol solution. The mixture was stirred 
for 30 min, and the obtained purple-black precipitation 
was washed with ethanol. The precipitate was dried at 
60 oC in an oven.

Reduction of various nitrobenzaldehyde isomers 
The reduction of nitro compounds was monitored, such 

as 2-, 3-, and 4-NBA, under the same reaction conditions 
of concentration for each nitro compound (0.05 mM), 
NaBH4 (2.7 mM), and catalyst dosage (0.1 g/L) at room 
temperature. The catalytic reduction was measured 
through UV-vis spectrophotometry at constant time in-
tervals. The UV-vis spectrophotometry data confi rmed 
by the absorption peaks of the solution at a constant 
time. The absorbance peaks of 2-, 3-, 4-NBA appeared 
at 256 nm, 233 nm, and 268.5 nm, respectively. The 
nitrobenzaldehyde was reduced to alcohol with sodium 
borohydride (NaBH4). After adding NaBH4 solution, the 

Table 1. Estimation of crystallite size for Ag nanoparticle in Ag/
ZIF-67 nanocomposite using the Scherrer Equation

UV spectra showed the 2-, 3-, 4- nitrobenzylalcohol at 
266 nm, 269 nm, 276.5 nm. After the catalytic reaction, 
the 2-aminobenzylalcohol (282.5 nm), 3-aminobenzylal-
cohol (272 nm), and 4-aminobenzylalcohol (237 nm and 
283 nm) were confi rmed by UV-vis spectroscopy1, 24. 

RESULTS AND DISCUSSIONS 

Characterization of Ag/ZIF-67 nanocomposite 
The XRD results of ZIF-67 and Ag/ZIF-67 nanocom-

posite were shown in Figure 1(a). For ZIF-67, the XRD 
peaks observed at 2θ = 7.35°, 10.39°, 12.73°, 14.71°, 
16.45°, and 18.03° correspond to the (011), (002), (112), 
(022), (013), and (222) planes of the sodalite structure. 
The characteristic peaks of Ag and ZIF-67 could be 
found in Ag/ZIF-67 nanocomposite. The XRD peak 
values of Ag were observed at 2θ = 38.1° and 44.4°, 
which correspond to the (111) and (200) planes of the 
cubic phase (JCPDS No. 87-717)25, 26. The XRD result 
demonstrated that Ag/ZIF-67 nanocomposite was suc-
cessfully synthesized, and the incorporated Ag did not 
change the structure of ZIF-67. 

The crystallite size of Ag in the synthesized Ag/ZIF-67 
nanocomposite was calculated using the Scherrer formula.

  (1)

Where D is the crystallite size, K is the Scherrer 
constant, λ is the X-ray wavelength (CuKα=1.541 Å), 
β is the full width at half maximum (FWHM) intensity 
of the XRD peak in radians, and θ is the Bragg angle. 
The average crystallite size of the Ag was calculated to 
be 14.4 nm (Table 1).

Figure 1. (a) XRD patterns and (b) FT-IR spectra of synthesized ZIF-67 and Ag/ZIF-67 nanocomposite

The FT-IR spectra of ZIF-67 and Ag/ZIF-67 nanocom-
posite are shown in Figure 1(b). The vibrational bands 
in the range of 400–4000 cm–1 were obtained for the 
sample. The peaks were mainly caused by the organic 
ligand, which is 2-methylimidazole. The absorption bands 
of 600–1600 cm–1 are attributed to stretching and bending 
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modes of the imidazole ring in Ag/ZIF-67 nanocomposite. 
The bands at 2925.3 cm–1 and 3130.9 cm–1 in ZIF-67 and 
2725.1 cm–1 and 3136.6 cm–1 in Ag/ZIF-67 nanocomposite 
can be associated with the stretching mode from the 
aliphatic methyl group and aromatic ring. The band at 
424.5 cm–1 can be attributed to Co-N stretching mode. 
It also indicated that the presence of silver nanoparticles 
did not change the structure of ZIF-67.

Figure 2 shows the Raman spectra of ZIF-67 and Ag/
ZIF-67 nanocomposite in the range of 300–1200 cm–1. 
The peaks at 463, 509, 675 cm–1 were associated with 
ZIF-67, including the Co-N bond at 463 cm–1, and the 
vibrational mode of the 2-methylimidazole ligand at 
675 cm–1 27. The peak of ZIF-67 at 675 cm–1 moved 
into a lower shift compared to the peak of Ag/ZIF-67 
nanocomposite at 668 cm–1 in Raman spectra.

Where α is the absorption coeffi cient, h is Planck 
constant, ν is the light frequency, A is a characteristic 
constant, Eg is the apparent optical bandgap of the 
material, and k is a constant associated with electronic 
transition types (for direct allowed transition: k = 1/2)28.

The SEM images of ZIF-67 and Ag/ZIF-67 nanocom-
posite are shown in Figure 4(a) and (b). The SEM image 
of the ZIF-67 shows rhombic-dodecahedral morphol-
ogy in Figure 4(a). The morphology of ZIF-67 in Ag/
ZIF-67 nanocomposite has slightly shrunk due to the 
decomposition of imidazole ligands during the synthesis 
process. Ag nanoparticles were dispersed on the surface 
of ZIF-67 in Figure 4(b).

Figure 2. Raman spectra of synthesized ZIF-67 and Ag/ZIF-67 
nanocomposite

Figure 3. (a) UV-vis spectra and (b) Tauc’s plot for the band energy of the ZIF-67 and Ag/ZIF-67 nanocomposite

Figure 4. SEM images of the (a) ZIF-67 and (b) Ag/ZIF-67 
nanocomposite

The UV-vis spectra of ZIF-67 and Ag/ZIF-67 nanocom-
posite are shown in Figure 3(a). The absorbance peak 
of the ZIF-67 was observed at 595 nm. The adsorption 
peak of the Ag/ZIF-67 nanocomposite was moved to 
600 nm, due to the presence of Ag nanoparticles on 
the ZIF-67 surface. The Eg according to Tauc’s plot 
was calculated to be 1.98 and 1.94 eV for ZIF-67 and 
Ag/ZIF-67 nanocomposite in Figure 3(b). These results 
confi rmed the optical properties of ZIF-67 and Ag 
nanoparticles on the ZIF-67 and their performance in 
the catalytic process.
αhν=A[hν- Eg]k (2)
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Catalytic reduction of nitrobenzaldehyde isomers 
The reduction of 2-, 3-, 4-nitrobenzaldehyde was stu-

died using NaBH4 as the reducing agent and ZIF-67 and 
Ag/ZIF-67 nanocomposite as catalysts. It was observed 
that the reduction of the aldehyde group to the alcohol 
group was previously happened before the reduction of 
the nitro group. Therefore, within a minute, only the 
reduction of the aldehyde group was observed; thus, 
the spectra showed the formation of 2-, 3-, 4-nitroben-
zylalcohol, respectively. As the reduction proceeded, the 
UV-vis spectra displayed peaks of absorption maximum 
corresponding to both the hydrogenated products of nitro 
moieties of the nitrobenzaldehyde isomers. Consequently, 
2-, 3-, 4-aminobenzylalcohol showed bands at 282.5 nm 
(2-aminobenzylalcohol), 272 nm (3-aminobenzylalco-

hol), and 237 nm and 283 nm (4-aminobenzylalcohol), 
respectively (Fig. 5). 

Kinetic study for catalytic reduction of nitrobenzalde-
hyde isomers 

As the constant concentration of NaBH4 added to the 
solution of nitrobenzaldehyde isomers, it was conside-
red to be a fi xed concentration of NaBH4 during the 
reaction was performed29. So the reaction kinetics could 
be considered as pseudo-fi rst order with respect to the 
reduction of nitrobenzaldehyde isomers. The apparent 
rate constant (k) for a pseudo-fi rst-order reaction could 
be defi ned through the equation:

 (3)

Figure 5. UV-vis absorption spectra of reduction of (a, d) 2-nitrobenzaldehyde (b, e) 3- nitrobenzaldehyde, and (c, f) 4- nitrobenzal-
dehyde by a ZIF-67 and Ag/ZIF-67 nanocomposite
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Where C0 is the concentration of the constant at an 
initial time at t=0, C is the concentration of the reac-
tion at a specifi c time at t, and k is the fi rst-order rate 
constant30. The linear behavior of the curves confi rms 
that the reduction of nitro compounds, which were 2-, 
3-, 4- nitrobenzaldehyde, followed a pseudo-fi rst-order 
reaction rate law, as can be observed from Figure 6(a) 
and (b). The rate constant k represents a value associated 
with the reaction rate. In reduction reactions, compo-
unds experience a process where they accept electrons 
or receive hydrogen. Therefore, a negative value of the 
rate constant k indicates the progression of a reduction 
reaction. The calculated k values obtained using ZIF-67 
catalysts are as follows: –0.038 s–1 for 2-nitrobenazalde-
hyde, –0.016 s–1 for 3-nitrobenazaldehyde, and –0.085 s–1 
for 4- nitrobenazldehyde. Also, when Ag/ZIF-67 nano-
composite was used as the catalyst, the calculated rate 
constants k values were obtained as –0.151 s–1, –0.057 
s–1, and –0.242 s–1 for 2-, 3-, 4- nitrobenzaldehyde, re-
spectively. The reduction reactions of nitrobenzaldehyde 
isomers using ZIF-67 and Ag/ZIF-67 nanocomposite 
showed the same kinetic order. The results showed 
reduction effi ciency of nitro benzaldehyde isomers in 
the order, 3-NBA < 2-NBA < 4-NBA. In the results, 
the order of reduction rate was para > ortho > meta. 
This trend is attributed to the stronger mesomeric and 
electron-withdrawing properties of the aldehydic group.

Reusability tests of the Ag/ZIF-67 nanocomposite as 
a catalyst 

Recycling of heterogeneous catalysts is becoming in-
creasingly important in industrial applications. Figure 7 
presents the results of the reusability tests of the Ag/
ZIF-67 nanocomposite in the reduction of 4-nitroben-
zaldehyde over fi ve consecutive reaction cycles under 
identical conditions. The results show that the catalytic 
activity of Ag/ZIF-67 decreased only slightly, from 83.06% 
in the fi rst run to 80.65% after the fi fth cycle, indicating 
good stability and reusability of the catalyst.

Mechanism for the reduction of nitrobenzaldehyde iso-
mers by Ag/ZIF-67 nanocomposite as a catalyst 

The mechanism for the reduction of nitrobenzaldehyde 
isomers with NaBH4 in an aqueous system is shown in 
Figure 8. This reduction process involves the reduction of 
nitro to amino groups, achieved by NaBH4 as a reducing 
agent. It is well established that reduction from nitro to 

Figure 6. Kinetics study for the reduction of nitrobenzaldehyde isomers using (a) ZIF-67 and (b) Ag/ZIF-67 nanocomposite

Figure 7. Reusability tests of the Ag/ZIF-67 nanocomposite for 
the reduction of 4-nitrobenzaldehyde

Figure 8. Reduction mechanism of nitrobenzaldehyde isomers

amino compounds cannot be reduced by using NaBH4. 
The electron transfer occurs from BH4

- ions, which act 
as electron donors in the reduction of nitro compounds. 
In the presence of a catalyst, BH4

- ions are adsorbed 
on the surface of the catalyst. This leads to the initia-
tion of electron discharge from the donor of BH4

- ions. 
The discharged electrons are subsequently transferred 
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through the metal catalyst to the nitro compound in 
the reduction process. The aqueous medium consists of 
H+ ions for the complete reduction of nitro to amino 
compounds21, 31, 32.

CONCLUSIONS 

The synthesized ZIF-67 and Ag/ZIF-67 nanocompo-
site were employed as catalysts for the reduction of 2-, 
3-, and 4-nitrobenzaldehyde in aqueous solution using 
NaBH4 as a reducing agent. The Ag/ZIF-67 nanocompo-
site exhibited signifi cantly higher catalytic performance 
compared to pristine ZIF-67. For ZIF-67, the apparent 
rate constants (k) for the reduction of 2, 3-, and 4-nitro-
benzaldehyde were determined to be 0.038 s–¹, 0.016 s–¹, 
and 0.085 s–¹, respectively. Under identical conditions, 
Ag/ZIF-67 showed considerably higher rate constants of 
0.151 s–¹, 0.057 s–¹, and 0.242 s–¹ for the same substrates. 
These results confi rm the superior catalytic effi ciency of 
Ag/ZIF-67 in comparison to ZIF-67 alone. At constant 
NaBH4 concentration, the reduction reactions followed 
pseudo-fi rst-order kinetics. The overall reduction effi -
ciency of the nitrobenzaldehyde isomers using ZIF-67 
and Ag/ZIF-67 as catalysts followed the order: 4-NBA 
> 2-NBA > 3-NBA.
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