
Vol.:(0123456789)1 3

Topics in Catalysis (2022) 65:1899–1909 
https://doi.org/10.1007/s11244-022-01704-4

ORIGINAL PAPER

Catalytic Reduction of Water Contaminants Using Green Gold 
Nanoparticles Mediated by Stem Extract of Nepeta Leucophylla

Deepika Kathuria1 · Monika Bhattu1 · Ajay Sharma2 · Shweta Sareen3 · Meenakshi Verma1 · Sanjeev Kumar4

Accepted: 16 September 2022 / Published online: 2 October 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Industrial waste effluents such as p-nitrophenol and heavy metals are considered as the main cause of water contamina-
tion. These contaminants lead to severe health hazardous effects to living organisms as well as to environment. For this 
purpose, the green synthesis of metallic nanoparticles has gotten more attention as a result of the rising need for non-toxic, 
rapid, simple, and environmentally compatible synthetic routes. In the present research, the basic objective is to detect the 
presence of these contaminants in water and to degrade the p-nitrophenol into a harmless by-product. The objectives were 
carried out using a a clean and sustainable method for making biogenic gold nanoparticles (AuNPs) from the stem extract 
of N. leucophylla. The electron microscopic and spectroscopic studies confirmed the formation of monodisperse and stable 
nanoparticles having size of 15–20 nm and a sharp absorption band at 548 nm. Further, the catalytic efficacy of the prepared 
nanoparticles was investigated towards the reduction of p-nitrophenol and for the reduction of heavy metal. The reduction of 
p-nitrophenol (100% conversion) in alkaline medium was observed using AuNPs as catalyst. The synthesized NPs showed a 
selective and sensitive colorimetric detection of  Cr2+. The limit of detection for  Cr2+ was found to be 2.56 µM. This report 
suggests the potential of novel gold nanoparticles of N. leucophylla towards the water remediation.
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1 Introduction

The recent rapid expansion of industrialization and 
advances has resulted in the release of several contami-
nants in ecosystem, including water bodies. An extreme 
deterioration of the water quality has been resulted due 
to this rapid increase. Consequently, reducing water con-
taminants is of utmost concern and pollution control 
organisations give this issue a high importance [1]. The 
industries such as textile and coke furnace factories, dye 
industries, pulp and paper industries, tanneries, etc. con-
tribute majorly towards the water contamination [2]. Due 
to urbanisation and broad industrialization the contamina-
tion caused by the synthetic inorganic and organic con-
taminants has become the imperative concern. Among the 
abovesaid contaminants, heavy metals ions and p-nitro-
phenol have been rated as the most harmful contaminants 
by United States Environmental Protection Agency (EPA 
1980).

Long-term exposure to toxic discharge can result in 
delayed nervous system damage, neurological disorders, 
cancer, mutagenic changes, malformations in urban chil-
dren The United States Environmental Protection Agency 
(EPA 1980) suggested the reduction of p-nitrophenol lev-
els in natural water to less than 10 ng/L [3].

As a result of increased awareness, various research-
ers basically focus on the detection of heavy metals and 
removal of organic contaminants or their conversion of 
these organic contaminants into harmless by-products [4]. 
The efforts in the field of nanotechnology have been grow-
ing tremendously towards the detection and removal of 
these contaminants.

In the field of nanotechnology, metal nanoparticles 
(NPs) have been gaining tremendous importance in the 
field of scientific research and environmental applica-
tions. Among them, coinage metals (Au and Ag) NPs are 
much explored due to their distinct catalytic, electronic 
and optical characteristics [5].Nowadays gold nanoparti-
cles (AuNPs) are employed as an effective redox catalyst 
[6–11], drug delivery [12–15], therapeutic applications 
[16–18] and also utilized in sensing of heavy metals and 
toxins. The synthesis of AuNPs generally consists of dif-
ferent physical and chemical methods. Among them the 
reduction of gold salts is the most common in which reduc-
ing agents such as citrate ion [19], sodium borohydride 
[20], ascorbic acid [21] and hydrazine [22]. These reduc-
ing agents reduces the Au(III) to Au(0) and also influences 
the shape and size of the AuNPs [23]. In spite of the suc-
cessful outcomes of these aforementioned methods, these 
techniques suffer some disadvantages such as requirement 
of expensive chemicals, detrimental effect to the environ-
ment and human beings. Besides these, various biological 

processes are also reported in literature which includes the 
use of microorganisms for the synthesis of nanoparticles. 
However, these processes also involve a tedious procedure 
to procure the microbial cultures [24, 25].

All these negative impacts can be diminished by employ-
ing a green approach for the synthesis of nanoparticles. The 
green approach basically involves the synthesis of nanopar-
ticles using the plant extract in which the plant extract offers 
several advantages such as easy accessibility, safe handling, 
non-toxicity. These plant extracts behave as reducing agent 
and capping agents which mediates the synthesis of these 
nanoparticles [26]. A number of medicinal plants such as 
geranium (Pelargonium graveolens) [27]; lemongrass (Cym-
bopogon flexuosus) [27]; Bengal gram beans (Cicer arieti-
num) [28]; Pelargonium graveolens [29] etc. have already 
been utilized for the synthesis of AuNPs.

Taking all these advantages of medicinal plants into con-
sideration, we have chosen Nepeta leucophylla (a member 
of Nepeta class) for the synthesis of nanoparticles. Nepeta 
belong to the mint (Lamiaceae) family and consists of 
almost 300 species. Nepeta leucophylla is generally found 
in the Himalayan region of Uttarakhand, Himachal Pradesh, 
Jammu and Kashmir and Nepal. The major components pre-
sent in the plant are dihydroiridodial diacetate (18.2%); iri-
dodial dienol diacetate (7.8%); iridodial β-monoenol acetate 
(25.4%) [30]. The plant contains various bioactive compo-
nents such as glycosides, terpenoids, flavonoids, steroids, 
and phenolic acids which also exhibit good catalytic activ-
ity and sensing properties. The therapeutic applications of 
these compounds exhibit the anti-inflammatory, antioxidant 
and anti-fungal potential. The application of the silver nano-
particles of N. leucophylla root extract were evaluated for 
its antioxidant potential. However, lack of research in the 
direction towards industrial waste remediation motivated us 
to use this ample Himalayan plant.

In this research, the methanolic extract of the N. leuco-
phylla stem was taken which was employed to the prepara-
tion of AuNPs of stem extract of N. leucophylla. The syn-
thesized AuNPs were further utilized in order to check their 
catalytic potential towards the reduction of p-nitrophenol 
and also to monitor their sensing behaviour towards the 
detection of heavy metals in aqueous medium (Scheme 1).

2  Experimental Section

2.1  Material and Methods

2.1.1  Chemicals and Reagents

The stem of N. leucophylla was collected from the Hima-
layan region at altitude of > 2000 m (Manimhesh hills of 
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Chamba; longitude 76_190-76.32_E and Hadsar, latitude 
32_150-32.26_ N) of Himachal Pradesh, India. The voucher 
specimen (PUN58876) was identified by Dr. M. I. S. Sag-
goo, Department of Botany, Punjabi University, Patiala and 
deposited in the Herbarium of Punjabi University. The stems 
were shade dried at room temperature and processed into 
powder which was further preserved in an air tight container. 
4-nitrophenol (4-NP), Silver nitrate  (AgNO3) and sodium 
borohydride  (NaBH4) were procured from Sigma Aldrich.

2.1.2  Preparation of Extract

The preserved stem of N. leucophylla was freshly extracted 
using ultrasound assisted extraction method (UAEM) and 
methanol as solvent which was further utilized for the 
preparation of AuNPs. The extraction was performed using 
Cole Parmer, USA (CPX 500 model, 500 W, 20 kHz) pro-
vided with standard Horn probe having replaceable tip and 
threaded end. The extraction was performed three times 
using different amount of solvent (150 mL, 75 mL and 
75 mL) for different time intervals (30 min, 15 min and 
15 min). The extracted liquid collected, filtered and the 
solvent was rota evaporated to obtained the concentrated 
extract.

2.1.3  Synthesis of Gold Nanoparticles

The AuNPs were synthesised by taking 50 mL of  HAuCl4 
solution (1 mM) in four different beakers and was heated 
up to boiling under stirring conditions. When the solution 
was getting boiled, 1 mL, 2 mL, 3 mL and 4 mL of the stem 
extract (1 mg/mL) was added to the consecutive solutions of 
 HAuCl4. The solution was further kept under stirring condi-
tions until the colour changes from yellow to pink Au(0).

2.2  Spectroscopic and Microscopic Characterisation 
of Gold Nanoparticles

The gold nanoparticles were characterised using UV–Vis-
ible Spectrophotometer (Shimadzu 2600). The size and the 

morphology of the nanoparticles was analysed using by 
transmission electron microscope (TEM).

2.3  Catalytic Potential for Reduction 
of p‑Nitrophenol

The catalytic potential of synthesised AuNPs were evalu-
ated against the reduction of p-nitrophenol. For this process, 
firstly the reaction conditions were optimized by varying the 
concentration of distilled water, p-nitrophenol, catalyst and 
reducing agent. Under the optimal conditions, the optimized 
amount of 4-nitrophenol, reducing agent, water and cata-
lyst was added and the progress of reduction was monitored 
spectrophotometrically at different time intervals. On the 
completion of reduction of p-nitrophenol into p-aminophe-
nol, the colour change has been observed from yellow to 
colourless.

2.4  Potential of Synthesised AuNPs 
for the Recognition of Heavy Metals

The synthesized nanoparticles were utilized to carry out 
the detection of heavy metals in water. For the recognition 
studies, firstly the 5 mM solution of the metal nitrates were 
prepared. The solution (100 µL, 5 mM) of metal nitrates 
was added to the synthesised green AuNPs in water (5 mL). 
U.V. Visible studies were performed in order to evaluate 
the recognition behaviour of these synthesized nanoparti-
cles. No considerable change was observed in case of heavy 
metal except chromium. In case of the chromium  (Cr2+), a 
significant decrease was observed in the absorption spec-
tra (absorbance becomes almost zero) which suggest the 
selective recognition potential of synthesized green AuNPs 
for the detection of chromium metal ion in aqueous media. 
Further, in order to check the specificity of the AuNPs, titra-
tion studies (1–50 µM), interference studies and effect of pH 
was also carried. The interference studies were performed 
by adding the potential competitive cations such as  Li2+, 
 Cu2+,  Co2+,  Ni2+,  Zn2+,  Ba2+,  Pb2+ and  Fe2+ to a mixture of 
AuNPs and  Cr2+.

Scheme 1.  Schematic diagram 
for the research methodology 
carried out in this work
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2.5  Antioxidant Potential

The antioxidant potential was evaluated using DPPH free 
radical scavenging assay which was determined with the 
help of UV–Visible Spectrophotometer 2600 (Shimadzu). 
For the determination of antioxidant potential three mix-
tures were prepared (2 samples and 1 blank). For evalua-
tion of samples to the 3 mL of ethanolic solution of DPPH 
(0.004%) 200 µL of stem extract (1 mg/mL) or its AuNPs 
was added. For blank, 200 µL of ethanol was added in 
place of stem extract. All the prepared solutions ware 
incubated for 30 min in dark at room temperature. After 
incubation, the absorbance of the solutions was observed 
at 517 nm using UV–Visible spectrophotometer (Shi-
madzu). Using the observed absorbance, the inhibition 
percentage (I%) was calculated as following:

(1)I% [DPPH free radical] =
[(

A
C
− A

S

)

∕A
C

]

× 100

where,  AC and  AS are the absorbance of the control 
and samples/standard solutions respectively. The ascorbic 
acid and quercetin dehydrate were taken as standards. The 
% inhibition of each sample was estimated in triplicates.

3  Result and Discussion

3.1  Synthesis of AuNPs of N. leucophylla Stem 
Extract

The gold nanoparticles were synthesised by adding 
2 mL of N. leucophylla stem extract to boiling solution 
of  HAuCl4 (1 mM, 50 mL) and the mixture was further 
heated for 10 min under stirring conditions until the colour 
changes from yellow to pink Au(0) was observed. The nan-
oparticles were centrifuged at 10,000 rpm for 15 min and 

Scheme 2.  a General prepa-
ration of gold nanoparticles 
mediated by N. leucophylla 
stem extract; b mechanism of 
formation
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dried at 50 °C in hot air oven to obtain the solid AuNPs of 
N. leucophylla stem extract. The proposed mechanism for 
the formation of AuNPs is given in Scheme 2.

3.2  Optical Properties of AuNPs

The stem extract was utilized to reduce the Au(III) which 
is also responsible for the colour change from yellow to 
pink. The variation in colour from yellow to pink is due 
to the surface plasmon excitation (SPE) in gold atoms and 
is responsible for AuNPs formation [31]. The absorption 
maxima were observed at 548 nm (Visible region) (Fig. 1). 
The band gap energy for synthesized AuNPs was estimated 
to be 2.26 using Tauc’s plot.

3.3  Structural Properties of AuNPs

Transmission Electron Microscopy (TEM) studies were 
employed to monitor the structural properties such as size 
and morphology of the synthesized AuNPs. Figure 2 shows 
that N. leucophylla stem extract synthesized a heterogeneous 
mixture of nanoparticles in size varying from 15 to 20 nm.

The TEM images revealed that the synthesised N. leuco-
phylla stem extract AuNPs contain a mixture of spherical 
nanostructures, octagonal, hexagonal and truncated particles 

(Fig. 2). The formation of anisotropic nanostructures was 
owing to the occurrence of different biomolecules such as 
flavonoids and phenolic components which behave as a sta-
bilizing and reducing agent which are responsible for the 
crystal growth and balancing of electrostatic forces during 
crystal growth [32]. Figure 3a display the electron diffrac-
tion (SAED) pattern of N. leucophylla stem extract AuNPs, 
where the presence of bright dots confirms the crystalline 
nature of the synthesized nanoparticles [33]. The EDX spec-
tra of the synthesised AuNP’s have been carried out in order 
to estimate the elemental composition. Analysis of EDX 
showed a strong signal at 2.1 keV which is attributed toward 
gold nanoparticles. The peaks between 0–0.5 keV indicated 
the presence of carbon, nitrogen, and oxygen (Fig. 3b) [34, 
34, 35].

3.4  Catalytic Potential for the Reduction 
of p‑Nitrophenol

The catalytic potential of the AuNPs was monitored by 
conducting the reduction of p-nitrophenol using  NaBH4 as 
reducing agent. The progress of the reaction was investi-
gated using UV–Visible Spectrophotometer. In absence of 
catalyst, a sharp band was observed at 400 nm due to the 
formation of phenolate ion. On addition of catalyst, the band 

Fig. 1  UV–Visible spectra of 
the synthesized AuNPs exhibit-
ing an absorption maximum 
at 548 nm (Peak 1 is for plant 
extract and peak 2 is for AuNPs)
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at 400 nm started decreasing and the appearance of a new 
band at 298 nm due to the aminophenol formation (Fig. 4). 
For monitoring the progress of reaction, firstly the reaction 
conditions were optimized by varying the amount of reduc-
ing agent, catalyst and reaction medium (water) (Table 1).

The best condition was found to be Entry no 3 (Table 1). 
Using the optimised conditions, the reduction was monitored 
at different time intervals. Within 3 min, the absorption band 
for phenolate ion completely disappeared which indicates 
the 100% conversion of p-nitrophenol into aminophenol.

AuNPs shows excellent catalytic properties towards the 
reduction of p-nitrophenol into p-aminophenol. The addition 

of reducing agent facilitates the deprotonation of p-nitrophe-
nol into phenolate ion. The catalyst (AuNPs) present in the 
solution further reduces p-nitrophenol into p-aminophenol 
by adsorbing both the components on their surface. The 
presence of excess  NaBH4 is responsible for increase the pH 
of medium and hence inhibits the degradation of  BH4− ion 
(Scheme 3).

3.5  Kinetic Study of Catalysis

To compare the catalytic potential, a graph (Fig. 5a) was 
plotted by taking the normalized concentrations (ln  Co/ C) 

Fig. 2  TEM images of syn-
thesized gold nanoparticles 
illustration the irregular shape 
and size of nanoparticles a at 
50 nm; b at 16 nm; and c the 
size distribution curve showing 
the average size of nanoparticles 
varies from 15 to 20 nm

Fig. 3  a SAED pattern and b 
Energy dispersive spectra of N. 
leucophylla stem extract AuNPs
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(y-axis) and time (x-axis) where  Co and C indicates the ini-
tial and final concentrations of p-nitrophenol at time t. The 
plot indicates that the reaction follows the pseudo first order 

kinetics. Further the rate constant (k) was estimated using 
the linear graph equation of the plot (ln C/Co = -kt) which 
was found to be 0.326  min−1 (Fig. 5a). The time course study 
(Fig. 5b) depicts the rate of reduction of p-nitrophenol and 
the rate of formation of aminophenol which are inversely 
proportional to each other.

3.6  Photophysical Studies

The synthesized nanoparticles were utilized to demonstrate 
the colorimetric and spectrophotometric detection of heavy 
metal ions. For this purpose, 100 µL of the heavy metals ions 
solution (5 mM) such as  Li2+,  Cu2+,  Co2+,  Ni2+,  Zn2+,  Ba2+, 
 Pb2+,  Cr2+ and  Fe2+ were added the different vials of 5 mL 
of synthesized AuNPs solution. Primarily, the UV–Visible 
spectra of pure AuNPs solution and solution of AuNPs and 
heavy metal ions were recorded which showed an absorp-
tion maximum at 548 nm. There was no considerable change 
found in case of heavy metals except chromium  (Cr2+). The 
absorption peak intensity at 548 nm was completely dimin-
ished in case of  Cr2+ (Fig. 6a).

Further, in order to confirm the sensitivity of the pre-
pared AuNPs, titration studies, interference studies were 
performed. For the titration studies, subsequent addition of 
varying amount of  Cr2+ (2 µL, 4 µL, 6 µL, 8 µL, 10 µL, 15 
µL, 20 µL) was made to 1 mL of AuNPs solution. A normal-
ised decrease was observed in the absorption intensity of the 

Fig. 4  UV–Visible spectra illus-
trating the reduction of p-nitro-
phenol mediated by synthesized 
AuNPs at varying time. Peak 1 
belongs to p-aminophenol and 
peak 2 belongs to p-nitrophenol

Table 1  Conditions for optimization of catalytic reduction using 
AuNPs of N. leucophylla 

a* is the volume of the reagent used

Entry no. 2 mM 
p-nitrophenol
(a* µL)

0.1 M 
 NaBH4 (a*, 
µL)

Catalyst
(AuNPs, 
a* µL)

Time (min)

1 30 200 20  < 1
2 30 50 20 2
3 30 20 20 3
4 30 10 20 10
5 30 20 10 20

NO2

OH

NO2

O

NaBH4

H2O

AuNPs

NH2

OH

Scheme  3.  Proposed mechanism for the p-nitrophenol reduction 
using nanoparticles as catalyst
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AuNPs on increasing the concentration of  Cr2+ solution in 
synthesized nanoparticles solution. (Fig. 6b).

Furthermore, to calculate the limit of detection (LOD) 
of the synthesized sensor, a linear calibration curve was 
plotted by taking the maximum absorption intensity 
(y-axis) of the AuNPs +  Cr2+ solution at different con-
centrations of  Cr2+ (x-axis) (Fig.  6c). The 3σ method 
was used to calculate the detection limit (LOD) (3.3 × 
Standard Deviation/Slope) and quantification limit (LOQ) 
(10 × Standard Deviation/Slope) were calculated using 
3 sigma method and was observed to be 2.56 µM and 
7.75 µM respectively.

To confirm the specificity and selectivity of the synthe-
sized AuNPs towards the detection of  Cr2+, interference 
studies were carried out by adding the potential competing 
ions such as  Li2+,  Cu2+,  Co2+,  Ni2+,  Zn2+,  Ba2+,  Pb2+ and 
 Fe2+ to a solution of AuNPs +  Cr2+. However, negligible 
changes were observed in the absorption intensity of the 
AuNPs +  Cr2+ (Fig. 6d).

The stability of the synthesized AuNPs towards the 
detection of  Cr2+ was monitored against environmental 
factors such as pH and temperature. The synthesized NPs 
showed a stable response over a pH range of 1–9 (Fig. 7) 
and over a temperature varies from 15 to 50 °C.

Along with the spectrophotometric detection, a colori-
metric colour changes were also monitored in presence of 
different metal ions such as  Li2+,  Cu2+,  Co2+,  Ni2+,  Zn2+, 
 Ba2+,  Pb2+,  Cr2+ and  Fe2+. A considerable colour change 
(pink to colourless) was observed selectively in presence 
of  Cr2+. (Fig. 8).

Based on the UV spectra of the synthesized AuNPs, 
a possible mechanism is proposed for  Cr2+ recognition. 

The presence of  Cr2+ in AuNPs diminished the SPE band 
of AuNPs. The decrease may be attributed towards the 
metal–ligand interaction i.e., interaction of  Cr2+ ions with 
the functional groups (–OH, –C=O) present on the sur-
face of synthesized AuNPs. This interaction further leads 
to the aggregation of AuNPs which may be the possible 
reason for the disappearance of the colour. Various reports 
already found in literature for the colorimetric detection 
of chromium ion, however they involves a tedious synthe-
sis process of nanoparticles via chemical based reaction 
[36–39].

3.7  Antioxidant Potential

The antioxidant potential was evaluated using the DPPH 
free radical scavenging assay which is based on the hydro-
gen atom releasing capacity of stem extract and NPs. The 
free radical of DPPH abstracts the hydrogen atom present 
in the antioxidants of plants which leads to the disap-
pearance/reduction of colour intensity of DPPH solution. 
Lower the colour intensity, higher will be % antioxidant 
potential.

The calculated % antioxidant potential (Eq. 1) is found 
to be 54.47 ± 1.47% and 0.049% for stem extract and its 
AuNPs respectively. The stem extract possesses significant 
antioxidant potential, however, the antioxidant potential of 
its AuNPs is negligible which suggest that the antioxidants 
components in stem extract are utilized for the conversion 
of Au(3+) into Au(0) and thus was not available for the 
quenching of free radical of DPPH.

Fig. 5  a Plot of normalized concentration (ln Co/C) against reaction time (t) illustrating the linear relationship; b time course plot illustrating the 
concentration of p-nitrophenol left and p-aminophenol formed
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4  Conclusion

The current work reports the degradation of p-nitrophe-
nol and reduction of  Cr2+ using green nanoparticles. The 
hypothesis set for monitoring the degradation of p-nitro-
phenol was the appearance of p-aminophenol at a wave-
length maximum of 298 nm. For carrying out the studies, 
Nepeta leucophylla stem extract mediated AuNPs were 
synthesized using one pot based green chemistry approach. 
Spectroscopic and TEM was utilized to evaluate the syn-
thesis of AuNPs and surface morphology NPs respectively 

and showed an average size distribution of 15–20 nm. The 
synthesized NPs exhibit catalytic potential for the 100% 
conversion of 4-nitrophenol to 4-aminophenol using very 
low concentration (20 µL). The synthesised nanoparti-
cles also possess selective recognition ability towards the 
detection of  Cr2+ with a detection limit of 2.56 µM and 
also exhibit a significant colour variation from pink to col-
ourless in presence of  Cr2+ ions. The antioxidant potential 
was also evaluated, which showed that the gold nanoparti-
cles do not exhibit any antioxidant activity in comparison 
to the methanolic extract of N. leucophylla stem.

Fig. 6  a UV–Vis spectra of AuNPs on addition of various metal ions 
showing a specific decrease with  Cr2+; b spectra of AuNPs at vari-
ous concentrations of  Cr2+ ions (0–20 µM) illustrating a decrease in 
the absorbance intensity on increasing the concentration of metal ion; 

c calibration plot of absorbance versus concentration of  Cr2+ ions; d 
bar graph of absorbance intensity of AuNPs +  Cr2+ ions in presence 
of other potential ions showing negligible change
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