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Abstract 

Recent studies reveal that gold nanoparticles possess unique and promising applications, such as targeted drug 

delivery, cancer therapy, and environmental uses like water purification and pollutant detection. Thus, developing 

AuNPs through simple, eco-friendly, and cost-effective methods is crucial compared to traditional chemical synthesis. 

In this study, we employed a one-step method to prepare gold nanoparticles using seed extract from black cardamom. 

The nanoparticles were synthesized by mixing the seed extract and gold(III) chloride trihydrate in an aqueous solution 

on a magnetic stirrer at room temperature, with the seed extract acting as both a reducing and capping agent. The 

resulting wine-red colloidal AuNPs were characterized by UV-visible spectroscopy, showing a surface plasmon 

resonance band at 530.5 nm, indicating successful formation and stability of the nanoparticles over 2 months. the 

AuNPs had sizes ranging from 20 to 60 nm as revealed by transmission electron microscopy (TEM) and dynamic light 

scattering (DLS) studies and were predominantly spherical in shape with few being triangular. Fourier transform 

infrared spectroscopy (FTIR) detected the presence of functional groups on the biosynthesized AuNPs before and after 

reduction. A time-dependent comparative analysis of their catalytic activity demonstrated their effectiveness in 

degrading 4-nitro phenol and organic dyes like methylene blue, and methyl orange, achieving a degradation efficiency 

of 91%. Kinetic studies indicated that the reaction followed pseudo first-order kinetics. 
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1. Introduction  

Nanoparticles are at the forefront of 

technological innovation, offering transformative 

solutions across various fields [1]. These 

nanoscale structures vary from 1 nanometer to 

100 nanometers and characterized by differing 

particle size, shape, and distribution [2]. There is 

growing interest in gold nanoparticles (AuNPs) 

among the existing nanomaterials since gold is an 

inert material that is resistant to oxidation, 

making its use in nanoscale technologies and 

devices particularly attractive [3]. These 
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nanoparticles are widely used in 

nanotherapeutics that can address several of the 

problems with conventional drug delivery, 

including those related to drug solubility, 

targeting, biodistribution , bioavailability, and 

therapeutic index [4]. Due to the presence of 

multifunctional theranostic facilities, 

nanoparticles based on metals or metal oxides 

such as gold, copper, titanium, zinc, etc., have 

promising outcomes for various biomedical 

applications [5].  There is a noticeable difference 

between the properties of bulk nanoparticles and 

those of synthesized nanoparticles. The 

preparation of metal nanoparticles can be 

conducted in a number of physical, chemical, and 

https://journal.bcrec.id/index.php/bcrec
https://creativecommons.org/licenses/by-sa/4.0
https://doi.org/10.9767/bcrec.20229
https://crossmark.crossref.org/dialog/?doi=10.9767/bcrec.20259&domain=pdf


 

 

 

Bulletin of Chemical Reaction Engineering & Catalysis, 20 (1), 2025, 21 

Copyright © 2025, ISSN 1978-2993 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

biological ways, utilizing metals such as gold, zinc, 

copper, palladium, and so forth. Physical and 

chemical methods have many disadvantages and 

pose harmful effect on the environment, therefore 

biological methods are preferred. These biological 

method employs plant parts or microorganisms, 

such as fungi, bacteria, etc., to synthesize 

nanoparticles. Some plants exhibit functional 

compounds which includes phenols, alkaloids, 

saponins, polysaccharides, proteins, and organic 

acids [6]. Aside from being environmentally 

friendly and cost-effective, they are also easy to 

scale up for large scale synthesis and don't require 

high pressure, high energy, high temperature or 

toxic chemicals. It may be more efficient and cost 

effective to synthesize nanoparticles from plant 

extracts than through other biological methods 

since it requires no elaborate preservation of cell 

cultures, is suitable for large scale synthesis and 

more affordable [7]. There are various 

phytoconstituents in them that act as stabilizing 

and reducing agents in the production of 

nanoparticles. There is no need of adding any 

other reducing or stabilizing agent. Medicinal 

plants are a natural source to prepare 

nanoparticles through green synthesis and they 

act as antimicrobics, antioxidants, anticancers[8], 

etc. Green synthesis of nanoparticles from these 

plants is all the more exciting because 

nanoparticles are smaller, have a huge surface 

area, and have more potential. This green 

synthesis method  is rapid, simple, easy, and 

ecofriendly[9]. Gold nanoparticles (AuNPs) have 

fascinated scientists and technologists over the 

years because of their catalytic, magnetic, optical, 

chemical properties, and possess electrical 

conductivity, and surface enhanced Raman 

scattering (SERS) [10].  

It is widely recognized that gold nanoparticles 

have a unique and tunable surface Plasmon 

resonance (SPR) and are used in biomedical 

science in a variety of ways, including drug 

delivery, tissue/tumor imaging [11], photothermal 

therapy [11], and identification of pathogens using 

immunochromatography [12,13]. The unique 

properties of AuNPs make them an ideal choice for 

use in biomedicine, biosensors, and electronic 

devices [14]. As a result of their small particle size 

and high loading capacity, they promote the 

solubility of the herbal medication and 

concentrate the drug in a specific area of the body, 

resulting in greater efficacy. Because of these 

distinctive properties, metal nanoparticles are 

used in a range of biomedical applications, 

including cancer therapies [11], antibacterial 

agents, and gene transplantation [11]. 

Nanoparticles synthesized for medical purposes 

must be biocompatible and either low- or non-

toxic. Nanoparticles made of metals, such as 

platinum, palladium, silver, and gold, have been 

extensively tested on humans. They are less toxic 

to animal and microorganism cells than other 

metal nanoparticles.  Since gold metal is 

considered to be the most recognized metal 

nanoparticle for health applications due to its 

biocompatibility and surface modifiability, 

therefore, we chose gold metal as our material of 

choice [15]. Gold nanoparticles (AuNPs) can be 

synthesized in a variety of sizes and shapes such 

as triangular [16], hexagonal, spherical, and 

irregular shapes [17].   

This study explored the potential of utilizing 

black cardamom extract for the green synthesis of 

AuNPs. Exploring the use of black cardamom 

extract for nanoparticle synthesis offers a novel 

approach and contributes to the growing body of 

research on green nanotechnology. The presence 

of various bioactive compounds in black 

cardamom extract may influence the size, shape, 

and surface properties of the synthesized 

nanoparticles, potentially leading to unique and 

desirable characteristics for specific applications. 

The dried fruit of Black Cardomom (BC) is the 

fruit of a perennial herbaceous plant in the family 

Zingiberaceae [5]. This is one of the most 

important commercial crops in the Eastern 

Himalayan Region. It is grown in marshy areas 

near streams, across hills. Spices such as this one 

are well-known for their distinct taste and aroma, 

and are commonly used to enhance dishes from 

the Himalayan area, which includes Nepal, 

Bhutan, and India. BC is extensively used in 

ethnomedicine according to Ayurvedic and Unani 

medical systems. This herb is traditionally used to 

treat coughs, lung congestion, pain, stomach 

disorders, and a variety of other ailments. The 

advent of modern phyto-analytical and 

pharmacological techniques as well as the recent 

popularity of natural products-based medicine 

have resulted in new therapeutic applications of 

this ancient spice. There have been recent studies 

indicating that BC contains high levels of 

polyphenols, which may help to reduce and 

stabilize nanoparticles [18]. As a result of their 

bioactive properties, these compounds possess 

antioxidant [19], antimicrobial [20], antibacterial 

[21] antifungal, analgesic, anti-inflammatory [22], 

anticancer [23], cardio-adaptogen [24], and 

hypolipidemic properties. In the process of 

forming nanoparticles, the polyphenolic 

compounds present in amomum subalatum seed 

extract act both as a reducing and stabilizing 

agent. In addition, the waste peels of BC are also 

used in the removal of Cd(II) from water [25] and 

congo red from water [26].  

Our study provides a new, ecocompatible, and 

green way of synthesizing AuNPs from Au(II) 

salts using seed extract of BC as a natural reducer 

without any additional additives to prevent 

aggregation of nanoparticles [27]. Green synthesis 
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of AuNPs utilizing black cardamom extract offers 

significant environmental advantages. By 

employing a non-toxic, plant-based reducing 

agent derived from a renewable resource, this eco-

friendly approach eliminates the need for 

hazardous chemicals typically used in 

conventional AuNP synthesis. The process is 

conducted under mild conditions, such as room 

temperature in aqueous media, minimizing 

energy consumption and avoiding the use of 

organic solvents. Furthermore, this method 

demonstrates rapid synthesis capabilities and 

allows for control over the size and shape of the 

resulting AuNPs by adjusting reaction 

parameters. This green synthesis strategy aligns 

with the principles of sustainable chemistry, 

providing a more environmentally responsible 

and potentially more efficient alternative to 

traditional AuNP production methods. 

 

2. Material and Methods 

2.1  Materials 

Tetra chloroauric(III) acid trihydrate or 

Chloroauric acid (HAuCl4.3H20), Sodium 

Borohydride (NaBH4), p-nitrophenol, Methylene 

Blue (MB) and Methyl orange (MO) were 

purchased from Sigma Aldrich. Analytical grade 

chemicals and reagents were used throughout the 

study. In all experiments, MilliQ water of 

resistivity 18.2 MΩ·cm at 25 °C was used. The 

seed pods of Amomum subulatum (commonly 

called black cardamom, BC) were bought from a 

local market. A plant authenticity study on black 

cardamom was conducted at CSIR-NIScPR, New 

Delhi, India. 

 

2.2  Preparation of Seed Extract and Biosynthesis 

of AuNPs 

Seed extract was prepared using BC seeds. 

BC seeds were washed twice in double distilled 

water to remove foreign particles, dried out in an 

oven at 50 0C for 30 minutes, and then ground into 

a fine powder using a pestle and mortar. 5 g of 

freshly prepared dry seed powder was dissolved in 

100ml of distilled water [28] and boiled for 1 hour 

30 minutes at 75 0C on magnetic stirrer [29]. 

Filtering the prepared seed extract was performed 

using Whatman filter paper no. 1. The 

supernatant was kept at 4 °C for further 

experimental use. 1 mM Gold(III) chloride 

trihydrate was prepared in MiliQ water. It was 

heated at room temperature and then seed extract 

was added to it.  The ratio of gold chloride solution 

and seed extract was kept at 1:1 (v/v) and 1:0.5 

(v/v). It was kept on magnetic stirrer until the 

color changed from yellow to wine red which 

indicated the synthesis of 1:1 ratio AuNPs and  

1:0.5 ratio AuNPs [30]. The Studies confirmed 

that synthesized AuNPs are stabilized over a 

period of 12 weeks. The possible mechanism 

involved in the synthesis of AuNPs has been 

depicted in Figure 1. 

The possible Simple reaction process is shown 

below:  

Dissociation of Gold salt:  

HAuCl4 ⇌  H⊕ + Au3+ + 4Cl⊝   (1) 

 

Oxidation Process: 

4Cl⊝ ⇌ 2Cl2 + 4𝑒−    (2) 

 

Reduction process: 

𝐴𝑢3+ + 4𝑒− ⇌  𝐴𝑢0 + 𝑒−    (3) 

 

 

2.3  Characterization of Green Synthesized 

AuNPs  

UV – Vis Spectroscopy – The stability of 

AuNPs was assessed using UV-Vis 

spectrophotometry (Shimadzu UV-1800). Milli Q 

water served as the blank. Absorbance 

measurements were recorded from 300 nm to 700 

nm. For spectral analysis, 1 mL of the prepared 

colloidal AuNPs solution was added to a cuvette 

and diluted with 2 mL of MilliQ water. 

Figure 1. Hypothetical mechanism of AuNPs formation 
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TEM Analysis of Gold Nanoparticles – To 

characterize the morphology, size distribution, 

and aggregation of the AuNPs, high-resolution 

transmission electron microscopy (TEM) was 

performed using a TALOS 200 KV microscope. 

Prior to TEM grid preparation, the synthesized 

AuNP colloidal solution was centrifuged at 10,000 

rpm for 15 minutes at 25 °C. The supernatant was 

collected and used for subsequent TEM analysis. 

To ensure proper dispersion, the AuNP-

containing supernatant was sonicated before 

pipetting 10 μL onto a carbon-coated TEM grid. 

The grid was then air-dried. Nanoparticle size was 

determined by analyzing images captured at 

various magnifications. 

FTIR – for FTIR measurements, FTIR 

spectrophotometer Shimadzu IR affinity 1S was 

used to collect infrared spectra of the BC extract 

before and after reduction of AuNPs to 

characterize the AuNPs surfaces. FTIR is used to 

find and classify probable biomolecules that can 

cap, thereby stabilizing AuNPs efficiently [31]. 
According to literature investigation, a 

comprehensive analysis of Black Cardamom (BC) 

revealed a complex chemical profile comprising 40 

distinct compounds. Notably, 1,8-cineole emerged 

as the predominant component, constituting 

approximately 65% of the total composition. 

Pinene and terpineol were identified as other key 

constituents, accounting for 0.85% and 7.92%, 

respectively [32]. 30 µL of AuNps solution was 

spreaded on the sample cell and spectra was 

recorded. FTIR spectra were subsequently 

recorded for both the plant extract and the 

synthesized AuNPs. 

DLS –Zeta potential and hydrodynamic size 

of the AuNPs were measured using a Zetasizer 

Nano ZS (Malvern Instruments Ltd.). Prior to 

DLS analysis, the AuNP solution was centrifuged 

at 10,000 rpm for 10 minutes, and the 

supernatant was collected. 1 mL of the centrifuged 

supernatant was then used for DLS 

measurements. Zeta potential provides valuable 

information regarding the dispersion stability of 

nanoparticles in solution. The stability of the 

dispersion is strongly influenced by the zeta 

potential, which is in turn affected by factors such 

as pH and electrolyte concentration. Studies 

indicate that a zeta potential exceeding +30 mV or 

below -30 mV generally signifies a stable 

dispersion [33]. 

 

2.4  Application of AuNPs: Catalytic Efficiency of 

Gold Nanoparticles  

2.4.1  Conversion of p-nitrophenol into p-

aminophenol  

Industrial waste, particularly from dye and 

agrochemical manufacturing, significantly 

contributes to water pollution. p-Nitrophenol, a 

highly stable and harmful compound, is released 

during these processes. However, it can be readily 

transformed into p-aminophenol, a safe compound 

with valuable applications in pharmaceutical 

synthesis. AuNPs exhibit catalytic activity due to 

their high surface-to-volume ratio and numerous 

surface-active sites. The conversion of p-

nitrophenol into p-aminophenol was monitored 

using UV-Vis spectrophotometry, with spectra 

recorded in triplicate. To assess catalytic activity, 

80 µL of freshly prepared 3×10-1 M NaBH4 

solution was added to 2 mL of 1×10-4 M                       

p-nitrophenol solution. The immediate color 

change was observed and quantified using UV-Vis 

spectroscopy. Subsequently, varying volumes (50 

µL, 100 µL, and 200 µL) of the AuNPs colloidal 

solution (catalyst) were added, and the reaction 

progress was monitored at room temperature and 

atmospheric pressure. UV-Vis spectra were 

recorded at 2-minute intervals from 200 to 600 

nm, and the resulting data was plotted as 

absorbance versus wavelength using Origin Pro 

software [34].  

 

2.4.2  Reduction/degradation of organic dyes 

Organic dyes are a major source of water 

pollution, with detrimental consequences for 

human health. Methylene Blue (MB), a thiazine 

dye with the chemical structure 3,7-

bis(dimethylamino)-phenothiazin-5-iumchloride, 

has diverse applications. These include the 

detection of sulfide ions in aquatic environments, 

its use as a chemotherapeutic and antimicrobial 

agent in aquaculture [35], and its utilization in 

surgical, microbiological, and diagnostic 

procedures [36]. Organic dyes discharged into 

aquatic environments pose a significant threat to 

both the environment and human health. These 

dyes, primarily from the textile, dyeing, and 

printing industries, not only cause aesthetic 

issues but also have detrimental effects on aquatic 

life. Furthermore, the consumption of water 

contaminated with these dyes can have adverse 

impacts on human health. 

 

2.4.3  Degradation of Methylene blue (MB) 

To study degradation of MB, 1 mM solutions 

of MB was prepared in Milli Q water. To study dye 

degradation, 1 mL of MB was mixed with 1 mL of 

100 mM NaBH4 solution and total volume is made 

up to 12 mL and 2 mL of AuNPs (catalyst) was 

added. The dye degradation was monitored by 

measuring absorbance from 200 to 800 nm at 

room temperature, atmospheric pressure using 

UV-Vis spectrophotometer at 2 min time intervals 

and graphs were plotted between absorbance and 

wavelength using origin pro. Control experiment 

was also performed using a mixture of  dye 

solution and additionally, NaBH4 was performed 
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for the purpose of providing comparison [37]. 

Experiments were performed in triplicates. 

 

2.4.4  Degradation of Methyl Orange (MO) 

To investigate the degradation of Methyl 

Orange (MO), a 10 mg/L solution of MO was 

prepared using Milli-Q water. For dye 

degradation studies, MO was mixed with 2 mL of 

0.2 M NaBH4 solution and 1 mL of AuNP colloidal 

solution (catalyst). The degradation of the dye was 

monitored by recording UV-Vis absorbance 

spectra from 200 to 800 nm at 2-minute intervals 

under ambient conditions (room temperature and 

atmospheric pressure). Absorbance values were 

plotted against wavelength using Origin software. 

A control experiment was also performed using a 

mixture of the dye solution and NaBH4 to provide 

a comparative baseline. All experiments were 

conducted in triplicate.   

 

3.  Result and Discussion 

3.1  Characterisation of AuNPs   

3.1.1  UV spectroscopy 

UV-visible spectroscopy is a crucial technique 

for characterizing metal nanoparticles, providing 

information on their stability and synthesis. The 

observed absorption bands in nanoparticle 

solutions are a result of surface plasmon 

resonance, which involves the collective 

oscillations of electrons within the metal 

nanoparticles. By analyzing these spectral 

features, valuable information regarding 

nanoparticle size and shape can be obtained [38]. 

To characterize the synthesized AuNPs, UV-Vis 

spectroscopy was performed immediately. 1 mL of 

the reaction mixture was diluted with 3 mL of 

double-distilled water for spectral analysis. 

Figure 2 displays the recorded spectrum. The 

observed absorption maximum at 530.5 nm 

confirms the formation of AuNPs. The absence of 

any significant peaks between 450 and 700 nm 

indicates the absence of AuNP aggregation. 

Previous research has demonstrated that the 

properties of metal nanoparticles are closely 

linked to their surface plasmon resonance peak 

position and intensity [39]. The seed extract of BC 

is rich in phytochemicals, including flavonoids 

and phenolic compounds. During AuNP synthesis, 

these phytochemicals act as both reducing and 

stabilizing agents. In this study, a solution 

containing HAuCl4.3H2O was mixed with the seed 

extract, leading to the reduction of Au+3 ions to Au 

atoms, which subsequently aggregated to form 

nanoparticles. Furthermore, the phytochemicals 

effectively stabilized the synthesized AuNPs by 

forming a protective coating, preventing their 

aggregation. Figure 2(b) presents the UV spectra 

of the synthesized AuNPs at 1:1 and 1:0.5 ratios. 

As shown in Figure 2(c), the surface plasmon 

resonance (SPR) band of the AuNPs remained 

remarkably stable even after several months of 

storage at ambient temperature, further 

confirming the efficacy of the phytochemicals in 

stabilizing the nanoparticles [38]. 

 

3.1.2  TEM analysis 

 Transmission electron microscopy (TEM) 

was employed to characterize the synthesized 

AuNPs, revealing their morphology and size 

distribution. Figure 3(a) demonstrates that all 

Figure 2. (a) Images of Plant Extract, Gold Nitrate solutions and Colloidal Solution of synthesized 

AuNPs (b) UV-Visible absorption spectra of synthesized gold nanoparticles stabilized in BC (c) Time 

variation from 0 to 3 months 
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AuNPs observed were less than 100 nm in size. A 

magnified view of this morphology is presented in 

Figure 3(b), showcasing a mixture of triangular 

and spherical AuNPs, along with some capping 

agents, at a resolution of 10 nm. In contrast to the 

1:1 ratio shown in Figure 3, AuNPs synthesized at 

a 1:0.5 ratio (Figure 4) exhibited a broader range 

of shapes, observed at varying resolutions. 

Overall, the synthesized particles were 

predominantly spherical, with a proportion 

exhibiting triangular morphologies. 

 

3.1.3  FTIR analysis 

FTIR spectroscopy was employed to 

investigate the role of BC extract in AuNP 

formation. The recorded FTIR spectra of the BC 

extract provided valuable information regarding 

the functional groups of the chemical compounds 

present within the extract. FTIR spectra were 

acquired from 30 µL of BC extract both before and 

after the bioreduction of gold nanoparticles. A 

comparison of these spectra revealed shifts in 

certain peak positions within the 4000-3200 cm-1 

range, indicating potential interactions between 

the phytochemicals in the extract and the 

synthesized AuNPs. There is a broad peak around 

3259 cm−1 which attributes O–H stretching 

vibrations of various phenolic compounds. The 

peak at 2959 cm-1 is characteristic of aliphatic        

C–H stretching vibrations. The moderately strong 

band at 1637 cm-1 could be assigned to C=C 

stretching vibrations of aromatic ring. The peaks 

at 1031 cm-1 corresponds to C–O stretching 

vibrations of phenolic groups. Other bands up to 

Figure 3. HR-TEM images of 1:1 synthesized Gold nanoparticle under different magnification (a) at 20 

nm showing different sizes (b) at 10 nm. 

Figure 4. HR-TEM images of 1:0.5 synthesized gold nanoparticles under different magnification (a) at 50 

nm (b) at 5 nm. 
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Functional groups Wavenumbers 

O–H streching vibrations of phenolic compounds 3259 cm−1 

aliphatic C–H stretching vibrations 2959 cm-1 

C=C stretching vibrations of aromatic ring 1637 cm-1 

C–O stretching vibrations of phenolic groups 1031cm-1 

Other bands (both spectra obtained before and 

after the reduction) 

1800 cm−1 

(both spectra obtained before and after the 

reduction) 

After 1770 to 500 cm-1 

1800 cm−1 are also found in both spectra, that is, 

in both spectra obtained before and after the 

reduction. After 1770 to 500 cm-1, the positions of 

bonds are again almost similar as those before 

reduction, with varying intensity as presented in 

Table 1. 
Figure 5 shows that certain peaks in the FTIR 

spectra remained consistent before and after the 

bioreduction of the plant extract, while minor 

shifts were observed in the peaks associated with 

phenolic compounds and the C=C stretching of 

aromatic rings. These functional groups likely 

played a crucial role in the bioreduction of Au+ 

ions. They may have acted as robust binding sites 

and electron-rich centers, facilitating the 

conversion of gold ions into AuNPs. These findings 

align with previous studies that have 

demonstrated the involvement of biomolecules in 

the reduction of Au ions during the formation of 

AuNPs. 

 

3.1.4  DLS measurements 

 DLS analysis was performed to determine 

the zeta potential and average hydrodynamic 

diameter of the synthesized AuNPs. DLS 

measurements revealed a size distribution for the 

AuNP colloidal solution ranging from 12 nm to 60 

nm, with a Z-average of 113.1 nm. It is important 

to note that DLS measurements typically yield 

slightly larger size values compared to those 

obtained from TEM analysis [40].  The resulting 

size depends on the size of the AuNPs metal core, 

the biomaterial absorbed onto their surface, and 

electric double layer (solvent wall) that flows 

between particles [41,42]. The poly dispersive 

index (PDI) of the measurements represents the 

size distribution within a sample [43]. The 

synthesized AuNPs exhibited a narrow size 

distribution, as evidenced by PDI values of 0.301 

for the 1:1 ratio (Figure 6(a)) and 0.289 for the 

1:0.5 ratio (Figure 7(a)). A PDI value below 0.5 

generally indicates a relatively narrow particle 

size distribution, while values closer to zero 

suggest a more uniform, monodisperse sample. 

Zeta potential measurements revealed a negative 

surface charge for the synthesized AuNPs, with 

values of -10.3 mV for the 1:1 ratio (Figure 6(b)) 

and -7.58 mV for the 1:0.5 ratio (Figure 7(b)). This 

negative surface charge contributes to the 

stability of the colloidal dispersion by minimizing 

particle aggregation. 

Table 1. FTIR spectra of plant extract before and after reduction representing the wavenumbers of the 

various functional groups. 

Figure 5. FT-IR spectra of plant extract (a) before reduction and (b) after reduction of plant extract 
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3.1.5  Energy Dispersive X-Ray analysis (EDX)  

Energy-dispersive X-ray spectroscopy (EDS) 

is a powerful technique for determining the 

elemental composition of extremely small 

samples, even those as minute as a few cubic 

micrometers. In a scanning electron microscope 

(SEM), the focused electron beam interacts with 

the sample's surface, exciting the atoms and 

causing them to emit characteristic X-rays. These 

X-rays, unique to each element, are then detected 

and analyzed by an energy-dispersive detector. By 

analyzing the energies of these X-rays, the 

elemental composition of the sample's surface can 

be precisely determined [44]. 

EDX analysis of the synthesized AuNPs 

revealed strong signals characteristic of gold, 

confirming the presence of AuNPs. The detection 

of elements such as Mg, Cl, K, and Ca can be 

attributed to the adsorption of organic moieties 

from the BC seed extract onto the AuNP surface. 

These organic compounds, which act as reducing 

and stabilizing agents during AuNP synthesis, 

may contribute to the presence of these elements. 

AuNPs synthesized using the aqueous extract of 

BC exhibited a broad energy-dispersive X-ray 

absorption spectrum. Weak signals corresponding 

to K, C, Cu, Ca, and Cl were observed. Further 

chemical examination, as depicted in Figure 8, 

confirmed the presence of these elements (Cl, Ca, 

Figure 6. (a) size distribution and (b) Zeta potential of 1:1 ratio AuNPs. 

Figure 7. (a) size distribution and (b) Zeta potential of 1:0.5 ratio AuNPs 

Figure 8. DX of (a) 1:1 ratio and (b) 1:0.5 ratio of synthesized AuNPs 
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O, Mg, K, and Au) within the synthesized 

nanoparticles. 

 

3.1.6  Diffraction of AuNPs 

The selected-area electron diffraction (SAED) 

pattern in Figure 9 provides evidence of the 

crystalline nature of the nanoparticles. The 

presence of distinct diffraction spots 

corresponding to the (111), (200), (220), and (311) 

crystal planes confirm the crystalline structure of 

the synthesized nanoparticles. The diffraction 

rings also suggested that the NPs were 

polycrystalline [45]. 

 

3.2  Applications of AuNPs: Catalytic Activity of 

AuNPs  

3.2.1  Reduction of p-nitrophenol (4-NP) 

The synthesized AuNPs demonstrated high 

catalytic activity in the reduction of p nitrophenol 

(4-NP) to p-aminophenol (4-AP). Degradation 

efficiencies of 93.67%, 66.07%, and 97.07% were 

achieved using 50 µL, 100 µL, and 200 µL of the 

AuNP colloidal solution, respectively. Kinetic 

analysis revealed that the reaction follows 

pseudo-first-order kinetics with rate constants of 

0.093, 0.18, and 0.45 min⁻¹ for the respective 

AuNP concentrations. 

To prevent photocatalytic reduction of 4-NP, 

all experiments were conducted under dark 

conditions. The reduction of 4-NP by NaBH4 was 

monitored using UV-Vis spectroscopy. Upon 

addition of NaBH4 to the 4-NP solution, the color 

changed to yellow due to the formation of sodium 

p-nitrophenolate, with a characteristic absorption 

peak at 400 nm. Upon subsequent addition of 

AuNPs, a rapid decrease in the absorbance at 400 

nm was observed, accompanied by a concurrent 

increase in absorbance at 300 nm, indicating the 

formation of 4-AP. This catalytic reduction was 

completed within 10 minutes, 6 minutes, and 7 

minutes for 50 µL, 100 µL, and 200 µL of AuNPs, 

respectively. 

The high catalytic activity of AuNPs can be 

attributed to their ability to lower the activation 

energy of the reaction. The absorbance of 4-NP is 

directly proportional to its concentration, where 

A₀ represents the initial absorbance and Aₜ 

represents the absorbance at time 't'. Degradation 

efficiency was calculated using the following 

formula: 

 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
(𝐴0−𝐴𝑡)

𝐴0
× 100% (1) 

 

Due to the significantly higher concentration of 

NaBH4 compared to 4-NP, the reaction can be 

approximated as pseudo-first-order kinetics. 

Under these conditions, the rate of the reaction is 

independent of the NaBH4 concentration.  

The rate constant (k) of the reaction was 

determined using the following equation: 

 

𝑘 = ln (
𝐴0

𝐴𝑡
) /𝑡𝑖𝑚𝑒    (2) 

 
Figures 10(b), 11(b), and 12(b) illustrate the linear 

relationship between ln (A₀/Aₜ) and time, 

confirming the pseudo-first-order kinetics of the 

reaction. 

Present study demonstrates a significantly 

reduced degradation time compared to previous 

work. While a previous study reported a 

degradation time of 13 minutes, our method 

achieved degradation within 6 minutes, indicating 

a substantial improvement in reaction kinetics 

[34].  

 

Figure 9. Showing SAED of (a) 1:1 ratio and (b) 1:0.5 ratio. 
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3.2.2  Degradation of MB 

 MB has two UV-Vis absorption peaks, one at 

664 nm from the MB monomer [46] and one at 612 

nm from the MB dimers [47]. Methylene Blue 

(MB), a heterocyclic dye used in the textile 

industry, exhibits a characteristic absorption 

peak at 664 nm resulting from an n-π electronic 

transition. In its molecular structure, the sulfur 

and nitrogen atoms link two dimethylamino-

substituted aromatic groups. Additionally, two 

absorption bands are observed in the ultraviolet 

region (near 245 nm and 290 nm), likely arising 

from the benzene substituents. In the presence of 

NaBH4 as a reducing agent, AuNPs significantly 

accelerated the degradation of MB, acting as 

heterogeneous catalysts. The dye didn't change 

color when NaBH4 was added, but gold 

Figure 10. For 50 µL AuNPs Concentration: UV-visible spectra of (a) p-nitro phenol (2 mL, 1×10-4 mM) ; 

consecutive reduction of nitrophenolate ion with time interval of 2 min reacting with NaBH4 (80 µL , 

3×10-1 M) ; p-amino phenol  in presence of Nano catalyst AuNPs (50 µL (b) Plots of ln [A/Ao] against time 

for the conversion of p-nitrophenol into p-amino phenol using gold nanoparticles (c) plot of ln [A] vs Time 

Figure 11. For 100 µL AuNPs Concentration:  UV-visible spectra of (a) p-nitro phenol (2 mL, 1×10-4  mM); 

consecutive reduction of nitrophenolate ion with time interval of 2 min reacting with NaBH4 (80 µL , 

3×10-1 M);  p-amino phenol in presence of Nano catalyst AuNPs (100 µL) (b) Plots of ln [A/Ao] against 

time for the conversion of p-nitrophenol into p-amino phenol using Gold nanoparticles (c) plot of ln [A] 

against time. 
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nanoparticles decolorized it by forming leuco 

methylene blue, which is measured by a decrease 

in absorbance [38]. In the absence of AuNPs, the 

reaction between MB and NaBH4 resulted in 

minimal dye degradation. However, when AuNPs 

were introduced as a catalyst, the degradation of 

MB was significantly accelerated. The complete 

degradation of MB occurred within 24 minutes in 

the absence of AuNPs, while the presence of 

AuNPs reduced this time to only 5 minutes, as 

illustrated in Figure 13. This enhanced catalytic 

activity can be attributed to the large surface area 

and high reactivity of AuNPs. 

The addition of NaBH4 alone did not induce 

any significant color change in the MB solution. 

However, upon the addition of AuNPs, the 

solution gradually decolorized, indicating the 

formation of Leuco Methylene Blue (LMB), which 

is characterized by a decrease in absorbance at 

665-670 nm, as shown in Figure 13a. This 

Figure 12. For 200 µl AuNPs Concentration: UV-visible spectra of (a) p-nitro phenol (2 mL,1×10-4 mM) ; 

consecutive reduction of nitrophenolate ion with time interval of 2 min reacting with NaBH4 (80 µL, 

3×10-1 M);  p-amino in presence of Nano catalyst AuNPs (200 µL) (b) Plots of ln [A/Ao]  against time for 

the conversion of p-nitrophenol into p-amino phenol using Gold nanoparticles (c) plot of ln [A] against 

time. 

Figure 13. UV-visible spectra of Successive degradation of Methylene blue (1 mL, 1 mM) in 1 mL, 100 

mM NaBH4 (a) in presence of nanocatalyst AuNPs (2 mL) (b) Plot of ln [A/Ao] against time (c) Smooth 

plots of ln [A] against time. 
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Dyes AuNPs 

concentration 

Reaction 

time 

(minute) 

K 

(min-1) 

Correlation 

Coefficient 

(R2) 

Methylene 

Blue 

2 mL 5 0.46 1 

Methyl 

Orange 

1 mL 7 0.36 0.99 

observation confirms that both AuNPs and NaBH4 

are essential for the efficient degradation of MB. 

Furthermore, AuNPs exhibit a high affinity 

for both MB and borohydride ions, facilitating 

their adsorption onto the AuNP surface and 

promoting the catalytic reaction. The calculated 

rate constant for the AuNP-catalyzed reaction was 

0.46 min-1, further highlighting the significant 

enhancement in reaction kinetics. 

 

3.2.3  Degradation of MO  

Methyl Orange (MO) is an organic azo dye 

commonly used in the textile and paper 

industries. Due to its environmental impact, 

effective methods for its degradation are crucial. 

One promising approach involves the reduction of 

MO using NaBH4 in the presence of gold 

nanoparticles (AuNPs). In this process, MO is 

adsorbed onto the surface of the AuNPs, 

facilitating the reduction reaction. As AuNPs are 

highly reactive and has a large surface area [21], 

dye molecules and reducing agents bind efficiently 

to its surface for considerable periods of time, 

facilitating electron transfer from the borohydride 

anion to the MO atom. The reaction leads to the 

formation of an intermediate, which is followed by 

the oxidation of the azo dye to obtain colorless 

compounds. The MO dye did not show any change 

in color when only NaBH4 was added, but when 

AuNPs were added, the dye became decolored, 

determined by a decrease in absorbance, and 

complete degradation was observed after only 7 

minutes, as shown in Figure 14a. Rate constant 

was calculated and it is found to be 0.36 min-1. In 

the absence of AuNPs, reaction between MO and 

NaBH4 also occurs, but there is no significant 

decrease in absorbance. Rate constants of 

catalytic conversion of p-nitrophenol and dye 

degradation of MB and MO were found to be same 

as calculated from formulas and graphs. 

The synthesized AuNPs exhibited a high 

catalytic activity as recorded for the degradation 

of two water soluble dyes, MB and MO. 

Degradation efficiency of MB and MO is 91.78% 

and 91.84% respectively. Kinetic study of the 

degradation reaction revealed the rates to be 

pseudo-first order with rate constants 0.46 min−1 

and 0.36 min−1 for MB and MO respectively (Table 

2). The rate constant of MB is higher than MO as 

Methylene blue (MB) exhibits a simpler molecular 

structure than methyl orange (MO), potentially 

facilitating its degradation. Additionally, the 

cationic nature of MB may enhance its adsorption 

onto the catalytic surface compared to MO. 

Increased adsorption generally leads to closer 

proximity of the dye molecules to the active sites 

of the catalyst, resulting in faster degradation 

kinetics and a higher rate constant. Schematic 

representation of catalytic activity of AuNPs are 

shown in Figure 15. NaBH4 act as electron donor 

and provides electron to p-nitro phenol, MB and 

MO. 

Figure 14.  UV -visible spectra of successive degradation of Methylene Orange (50 mL, 10 mg/L) in 2 mL, 

0.2 M NaBH4 (a) in presence of nanocatalyst AuNPs (1 mL) (b) Plot of ln [A/Ao] against time (c) Smooth 

plots of ln [A] against time. 

Table 2. Catalytic activity of AuNPs in the 

degradation of MB and MO. 
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4.  Conclusion 

In this study, an eco-friendly, simple, and 

cost-effective one-step synthesis of gold 

nanoparticles (AuNPs) was successfully achieved 

using an aqueous extract of Amomum subulatum. 

The synthesized nanoparticles were 

characterized, and their catalytic activity was 

assessed. UV-Visible spectroscopy confirmed the 

synthesis and stability of the AuNPs over a period 

of 2 months. TEM and DLS studies revealed that 

the nanoparticles varied in size and shape. FTIR 

indicated the predominant presence of 1,8-cineole, 

which plays a key role in the reduction of 

chloroauric acid. The synthesized AuNPs 

exhibited significant catalytic activity in the 

reduction of p-nitrophenol (4-NP) to p-

aminophenol (4-AP) in the presence of NaBH4. 

Kinetic studies revealed pseudo-first-order 

reaction kinetics with rate constants increasing 

with increasing AuNP concentration. The 

observed catalytic activity can be attributed to the 

high surface area and ability of AuNPs to lower 

the activation energy of the reaction. This study 

also demonstrated the potential of synthesized 

AuNPs as effective catalysts for the degradation 

of methylene blue and methyl orange dyes. The 

environmentally friendly synthesis method, 

coupled with their observed catalytic efficiency, 

makes these nanoparticles a promising 

alternative to those synthesized using 

conventional chemical methods.  
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