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ABSTRACT 

This study focuses on the synthesis and characterization of carbon nanodots derived from Phyla nodiflora leaves, 

a naturally abundant and sustainable precursor. Phyla nodiflora leaves due to their rich content of bioactive compounds, such 

as polyphenols, flavonoids, triterpenes, and saponins. Carbon Nanodots (CNDs) exhibited strong blue-green fluorescence, 

high quantum yield, and excellent photostability, making them suitable for multifunctional applications. In this research 

work, CNDs were synthesized from Phyla nodiflora leaf extract using a one-step hydrothermal method to produce highly 

fluorescent CNDs with remarkable physicochemical properties1.Comprehensive characterization techniques, including UV, 

Fourier-transform infrared spectroscopy (FT-IR), and fluorescence studies, revealed the surface functional groups and 

heteroatom doping of the CNDs. The presence of oxygen- and nitrogen-containing groups, naturally doped into the CNDs 

during synthesis, was attributed to the phytochemical composition of Phyla nodiflora leaves, enhancing their optical and 

catalytic properties. This study explores the advanced synthesis using a hydrothermal approach and application of PN-CNDs' 

as a corrosion inhibitor for mild steel in a 1.0 M HCl solution. PN-CNDs were found to be effective in improving corrosion 

resistance, as evidenced by electrochemical measurements showing a significant increase in polarization resistance and a 

decrease in corrosion current density. By tackling corrosion-related issues in a range of industrial applications, our research 

aids in the development of sustainable materials for corrosion protection. The equilibrium data were analyzed using the 

Langmuir isotherm model to determine the adsorption capacity and surface heterogeneity. Furthermore, structural 

evaluations using scanning electron microscopy (SEM) validated PN-CNDs-C's dependability as a corrosion barrier. 

Keywords: Phyla nodiflora; Carbon nanodots; Biomass precursor; Morphology and corrosion. 

1. INTRODUCTION

Carbon nanodots (CNDs) are a class of zero-

dimensional carbon-based nanomaterials with unique 

optical, electronic, and chemical properties. These 

properties make them valuable in a range of applications, 

including bioimaging, sensing, environmental 

monitoring, and drug delivery. Carbon nanodots (CNDs) 

have garnered significant attention in recent years as 

promising materials for a wide array of applications in 

bioimaging, biosensing, drug delivery, and energy 

systems. These zero-dimensional nanomaterials are 

celebrated for their remarkable photoluminescent 

properties, high biocompatibility, ease of 

functionalization, and cost-effective synthesis processes. 

Their environmentally friendly nature and potential for 

scaling up production further add to their appeal, 

particularly in developing green and sustainable 

technologies. Plant-based synthesis routes offer several 

advantages, including sustainability, simplicity, and the 

presence of natural stabilizing and reducing agents in 

plant extracts. Among the myriads of plant sources 

explored, Poduthalai (Phyla nodiflora), a traditional 

medicinal plant, has recently gained attention for its rich 

phytochemical content. This plant is known for its 

bioactive compounds such as flavonoids, tannins, and 

phenols, which can act as both reducing and capping 

agents during the synthesis of nanomaterials. The use of 

Poduthalai leaves as a green precursor for synthesizing 

carbon nanodots holds immense potential due to their 

high content of bioactive compounds, which aid in 

reducing carbon sources into nanoscale structures and 

provide stability to the synthesized nanodots. These 

naturally derived nanomaterials are anticipated to exhibit 

enhanced biocompatibility and reduced cytotoxicity, 

making them suitable for biomedical applications. 

Furthermore, the incorporation of such natural sources 

aligns with sustainable development goals by reducing 

reliance on chemical synthesis processes that often 

involve hazardous reagents (Bhunia et al. 2013; De and 

Karak, 2017; Chan et al. 2018; Amjad et al. 2019). 

This research aims to develop and characterize 

advanced carbon nanodots derived from Poduthalai 

leaves using a simple, cost-effective, and 

environmentally benign synthesis approach. The study 

focuses on evaluating the optical, structural, and 

functional properties of these CNDs and exploring their 

https://crossmark.crossref.org/dialog?doi=10.13074/jent.2025.03.2511194&domain=pdf&date_stamp=2025-03-30
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potential applications in areas such as bio-imaging and 

sensing. Carbon-based nanomaterials, particularly 

carbon dots (CDs), have emerged as a focus of 

nanotechnology research due to their small size, excellent 

photoluminescence, high biocompatibility, and eco-

friendly nature. CDs are typically synthesized using 

physical or chemical methods; however, these 

approaches often involve toxic reagents and high energy 

consumption, which limit their sustainability. Green 

synthesis methods, which use natural, renewable 

precursors, offer a promising alternative for sustainable 

and environmentally friendly nanomaterial production. 

Green synthesis produces safer synthesis methods and 

products by using fewer harmful chemicals. It lowers 

pollution and waste creation by utilizing natural 

resources and effective procedures. By using renewable 

resources and reducing environmental effects, green 

synthesis encourages sustainable practices. When 

compared to conventional techniques, the use of natural 

reagents and effective procedures helps to reduce the 

carbon footprint. Because green synthesis makes use of 

easily accessible and reasonably priced natural materials, 

it may be less expensive than conventional techniques. 

Plants, with their rich reservoirs of bioactive 

compounds such as flavonoids, tannins, and phenols, 

have gained attention as precursors for green 

nanotechnology. Among these, Phyla nodiflora, a 

traditional medicinal plant, is a promising candidate for 

carbon dot synthesis. The plant's leaves are rich in 

phytochemicals that act naturally, reducing and capping 

agents, facilitating the production of stable, 

functionalized carbon dots. Leveraging this renewable 

resource aligns with the global push for sustainable 

development and green chemistry practices (Genc et al. 

2017; Gao et al. 2018). 

Nowadays, many efforts have been made on the 

development of new strategies for the synthesis and 

doping of CNDs. Different physical and chemical 

methods, such as hydrothermal treatment, laser ablation, 

electrochemical oxidation, and microwave treatment, 

have been presented in the literature. The hydrothermal 

method, a well-established and environmentally friendly 

synthesis approach, is particularly effective for 

producing carbon nanodots. It involves the use of high-

pressure, high-temperature aqueous systems, allowing 

for precise control over reaction conditions and enabling 

the direct carbonization of natural organic matter into 

nanostructures. Poduthalai (Phyla nodiflora), a 

traditional medicinal plant rich in bioactive compounds 

such as polyphenols, flavonoids, and tannins, represents 

a promising natural precursor for CND synthesis. These 

phytochemicals act as reducing and stabilizing agents 

during the hydrothermal process, facilitating the 

formation of stable and functionalized CNDs. 

In this study, the effect of extracts of the leaves 

of Phyla nodiflora as inhibitors is evaluated with a view 

to determining their effectiveness as biomass precursors 

using the hydrothermal synthesis technique. The 

utilization of Poduthalai leaves in hydrothermal synthesis 

offers a dual advantage: harnessing the plant's abundant 

natural phytochemicals and aligning with sustainable 

development goals by minimizing chemical waste and 

reliance on synthetic precursors. This green approach not 

only enhances the eco-friendliness of CND production 

but also improves the biocompatibility and functionality 

of the resulting CNDs, making them suitable for 

biomedical and environmental applications. These 

methods leverage renewable biomass and typically 

involve characterizations like UV-vis spectroscopy, FT-

IR, and fluorescence to analyze structural and optical 

properties. These nanodots exhibit excellent 

luminescence, stability, and biocompatibility, making 

them promising for applications in industries (Guo et al. 

2019). 

Fig. 1: Collected Phyla nodiflora leaves from the 
Pudukkottai district of Tamil Nadu, India 

2. EXPERIMENTAL SECTION

2.1 Collection of Phyla nodiflora Leaves 

Fresh leaves of Phyla nodiflora were collected 

from the Pudukkottai district of Tamil Nadu. An aqueous 

extract of the leaves was prepared and used for the 

present work. The plant picture is shown in Fig. 1. 

Poduthalai (Phyla nodiflora), also known as punarnava, 

is valued in traditional medicine for its wide-ranging 

therapeutic properties. Its leaves are known for their anti-

inflammatory, antioxidant, antimicrobial, and 

hepatoprotective benefits. They are often used to treat 

conditions such as liver disorders, skin ailments, 

respiratory issues, and urinary tract problems. The plant 

is also appreciated for its role in managing diabetes and 

promoting kidney health. Its bioactive compounds, 

including flavonoids and alkaloids, contribute to these 

medicinal effects. Accordingly, the objective of this 

study focuses on evaluating the optical, structural, and 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/microwave-irradiation
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functional properties of these CNDs and exploring their 

potential applications in areas such as bioimaging and 

sensing (Moradi et al. 2018). 

2.2 PN Leaves Extract Preparation 

Fresh Phyla nodiflora leaves were collected 

from a local area, ensuring they were free of any chemical 

contamination (e.g., pesticides or fertilizers). The leaves 

were thoroughly washed with distilled water to remove 

dirt and impurities. The cleaned leaves were air-dried in 

a shaded, ventilated area for 3–5 days to avoid the 

degradation of phytochemicals. Alternatively, drying in 

an oven at 40–50°C can be used to speed up the process. 

The dried leaves were ground into a fine powder using a 

blender or mortar and pestle and stored in an airtight 

container. These fine powders were used as a sample or 

the precursor for the synthesis of carbon dots. The 

powdered leaves were mixed with deionized water and 

subjected to hydrothermal treatment in an autoclave at a 

controlled temperature and pressure. The resulting 

solution was filtered, centrifuged, and dried to obtain 

highly luminescent carbon dots. This step was crucial in 

breaking down the plant material into a more manageable 

and homogenous form, facilitating subsequent extraction 

processes (Jeong et al. 2016; He et al. 2017). The 

centrifuge process with Poduthalai (Phyla nodiflora) 

leaves is typically used for extracting bioactive 

compounds. The process involves preparing a leaf 

extract, often by grinding leaves with a solvent like water 

or ethanol. The mixture is then subjected to 

centrifugation to separate the supernatant (containing the 

desired phytochemicals) from solid residues. This 

method is widely applied in research to isolate 

flavonoids, alkaloids, and other therapeutic compounds 

for further analysis or use in medicinal formulations. In 

this process, 10 grams of the powdered plant material 

were combined with 100 ml of double-distilled water. 

Double-distilled water is often used in scientific 

experiments due to its high purity, which ensures 

minimal interference with the extracted compounds. The 

mixture of Phyla nodiflora powder and double-distilled 

water was then subjected to a boiling process. The 

mixture was heated at 80–90°C for 30–60 minutes under 

constant stirring to extract the bioactive compounds and 

phytochemicals. The boiling process continued until the 

initial 100 milliliters of water were condensed down to 

50 milliliters, concentrating the extracted components. 

Once the boiling process was complete, the resulting 

extract was allowed to cool naturally to room 

temperature. After cooling, the extract underwent a 

purification step. To remove any residual plant material 

or solid impurities, the extract was carefully filtered 

(Jhonsi et al. 2018) using Whatman filter paper. This 

filtration process ensured that the final extract was free 

from any particulate matter, leaving us with a clear and 

purified aqueous extract of Phyla nodiflora ready for 

further analysis and experimentation. 

2.3 CND Synthesis Assisted by Hydrothermal 

Carbon nanodots were synthesized using Phyla 

nodiflora leaves collected from Vayalogam, Pudukkottai 

district, Tamil Nadu, as a precursor and distilled water as 

a reactive solvent by the hydrothermal method (Jiang et 

al. 2015). 2 g of fine powder of Phyla nodiflora leaves 

and 20 ml of distilled water were mixed in a 500 ml 

beaker, and the mixture was heated in an autoclave at a 

high temperature (e.g., 180°C) for several hours. And it 

is purified by using centrifugation and filtration to isolate 

the nanodots. The dried mixture was re-dissolved in 20 

ml of ethanol, and the NaOH solution was then added 

drop by drop with constant stirring for 5 mins. It was then 

filtered through a Whatman 40 filter paper or a fine 

muslin cloth to remove insoluble residues, yielding a 

clear aqueous solution. After the hydrothermal synthesis, 

the residual material, which contained the newly formed 

PN-CNDs, was carefully scraped from the containers. 

This material was subsequently liquefied by dissolving it 

in ultra-pure water.  

To further purify the sample and separate any 

dense particles, the mixture underwent a centrifugation 

process. To obtain PN-CNDs in their highly luminescent 

and finely dispersed form, the solvent containing the 

carbon dots was subjected to evaporation. Methanol, 

ethanol, and distilled water were the solvents used for the 

extraction process (Khan et al. 2019). The reaction 

mixture turned dark brown in color after one minute and, 

after two minutes, got charred and turned black, which 

was then cooled and extracted using ethanol. This 

evaporation was conducted at a controlled temperature of 

80°C. After extraction, the sample was kept under stirring 

with heating conditions at 400 rpm. The excess ethanol 

was removed, and the solution was filtered, and thereby 

collected solutions were used for further analysis and 

studies. The result of this evaporation process was the 

formation of extremely bright carbon dots, which 

appeared as a black, fine dust-like material. 

2.4 Electrochemical Measurements 

A CHI760e electrochemical workstation with a 

standard three-electrode system—a saturated Ag/AgCl 

electrode (reference electrode), a platinum sheet 

(auxiliary electrode), and a mild steel substrate (1 cm2 of 

exposure area, working electrode)—was used to conduct 

the electrochemical tests. Before the system attained a 

steady state, the open circuit potential (OCP) test was 

conducted before the electrochemical impedance 

spectroscopy (EIS) test. The EIS test was then conducted 

at OCP using a 5 mV disturbance signal and frequencies 

ranging from 100 kHz to 10 mHz. Zsimpwin 3.21 

software was then used to analyze the EIS data (Li et al. 

2017; Liu et al. 2019; Banu et al. 2024). 
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2.5 Surface Analysis 

The surface morphology of specimens was 

examined using a scanning electron microscope (SEM, 

Hitachi, SU5000). To further reveal the corrosion 

inhibition mechanism of PN-CNDs (Meng et al. 2019). 

Fig. 2: Fluorescence of carbon nanodots in water, ethanol, 
and methanol 

3. RESULTS AND ANALYSIS

3.1 UV-visible Absorption and Fluorescence 
Spectrum 

UV-visible absorption (Naik et al. 2018) spectra 

(Fig. 3a) were measured using Shimadzu model U–2501 

PC spectrophotometer. Fluorescence spectra were 

measured using a Photophysics SX20—Spectrometer 

(Applied Photophysics Ltd, Leatherhead, United 

Kingdom) using a 1 cm, 4-wall transparent quartz 

cuvette. The purified carbon dots solution exhibited 

strong blue emission under UV light at 365 nm. Fig. 3a 

represents UV-vis spectrum of carbon nanodots (CNDs) 

synthesized from Poduthalai (Phyla nodiflora) leaves 

typically shows an absorption peak around 260–280 nm 

due to π-π* transitions of aromatic C=C bonds, and a 

secondary shoulder or peak near 330–350 nm related to 

n-π* transitions of carbonyl groups. These optical 

features indicate the successful formation of CNDs and 

their functionalized surface groups, which contribute to 

their fluorescence properties.  

The photoluminescence property (Fig. 2) of the 

newly synthesized carbon nanodots was seen in the 

fluorescence spectrometer. The sample was taken in the 

cuvette and kept under a fluorescence spectrometer with 

a 320–420 nm wavelength. Based on the absorption 

value, we have taken the PL spectra (Ogi et al. 2016) with 

different excitation wavelengths such as 240, 260, 280, 

300, 320, and 340 nm. CNDs show a peak emission that 

shifts with the excitation wavelength, often appearing in 

the blue to green region of the spectrum. This behavior 

arises from surface functional groups and quantum 

confinement effects, highlighting their tunable 

fluorescence and suitability for applications like 

bioimaging or sensors. The PL excitation spectra (Fig. 

3b) of carbon nanodots were recorded at different 

emission wavelengths monitored from 240 to 350 nm at 

20 nm intervals. The intensity peaks when excited near 

the optimal wavelength (e.g., 360–400 nm). These CNDs 

typically exhibit strong fluorescence in the blue or green 

spectrum, with excitation-dependent emission. 

Fig. 3: Spectra of the CNDs: (a) UV-Vi’s absorption  
(b) fluorescence emission 

3.2 FT-IR Analysis 

The major components are present in the leaves 

exhibited in Fig. 4. The IR spectra of the synthesized 

carbon dot was recorded using an FT-IR spectrometer 

using KBr pellets and medium. FT-IR measurements 

were carried out by Nicolet 380 spectrometer, Germany. 

FT-IR analysis was executed to attain structural insight 

into the surface functionalization of C-dots. As presented 

in (Figs. 5a & 5b), abundant hydrophilic groups were 

observed, which are designated by spectrum stretching 

frequencies (Quraishi et al. 2010) in Table 1. The 

presence of these functional groups ensured that the 

synthesized C-dots have excellent water solubility. 

(a) 

(b) 

λex = 280 nm 
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Furthermore, the functionalized surface C-dot, in 

particular, the hetero groups, can be very useful for the 

interaction of the material with the metal surface. Other 

researchers have proposed that the interaction of the 

heteroatom with the metal surface results in the formation 

of an insoluble protective complex. The results revealed 

these functional groups enhance water solubility, 

fluorescence, and surface reactivity, confirming the 

successful formation of functionalized CNDs suitable for 

various applications. The different frequencies observed 

in FT-IR analysis are tabulated in Table 1. 

Noifloridin A 

Two phenylpropanoid compounds, acteoside 

Nodifloridin B 

Fig. 4: Major components in Phyla nodiflora 

Table 1. FT-IR data of PN leaves extract and PN-CNDs 

Wavenumber (cm⁻¹) Functional Groups 

3200–3600 O-H stretching 

2800–3000 C-H stretching 

1700–1750 C=O stretching 

1500–1650 C=C stretching 

1000–1300 C-O stretching 

<1000 Fingerprint region 

3.3 Electro-chemical Measurements 

3.3.1 Potentiodynamic Polarization Studies 

Fig. 6a shows the potentiodynamic polarization 

curves of mild steel in 1 M HCl solution with and without 

varying PN-CNDs concentrations. Table 1 lists the 

related electrochemical parameters and inhibition 

efficacy (η). The following formula was used to 

determine the inhibitory efficiency: 

η = 
 𝑖𝑐𝑜𝑟𝑟

0 − 𝑖𝑐𝑜𝑟𝑟

𝑖𝑐𝑜𝑟𝑟
0  𝑥 100 … (1)

where  𝑖𝑐𝑜𝑟𝑟
0 and icorr stand for the corrosion current 

density with and without PN-CNDs, respectively, and η 

is the inhibition efficiency. 

Fig. 5: (a) FT-IR spectrum of PN leaves extract (b) FT-IR 
spectrum of PN-CNDs        

Table 2 demonstrates that as the concentration 

of PN-CNDs increases, the corrosion potential (Ecorr) 

exhibits a modest positive shift while the corrosion 

current density (icorr) decreases noticeably. The slight 

positive shift of Ecorr suggests that the geometric blocking 

effect is mostly responsible for the inhibitory impact of 

PN-CNDs. Furthermore, the addition of PN-CNDs in a 

1.0 M HCl solution appears to suppress both the anodic 

dissolution and cathodic reduction reactions, with the 

anodic reaction being inhibited more successfully. In the 

meantime, when the concentration of PN-CNDS rises, so 

does the inhibition efficiency. According to the results 

above, PN-CNDs can function as a mixed-type inhibitor. 

Nearly parallel polarization curves for the cathodic 

portion of polarization curves show that the proton 

(a) 

(b) 
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reduction mechanism is still in charge of the cathodic 

process. 35 Nevertheless, the cathodic reduction reaction 

can be successfully inhibited by blocking the active sites 

using PN-CNDs that are adsorbed onto the surface of 

mild steel. When the potential is less than -0.33 V (vs. 

Ag/AgCl), the icorr clearly declines in the case of the 

anodic branch of polarization curves, indicating the 

production of a protective PN-CNDs coating on the steel 

surface. The desorption of PN-CNDs from the steel 

surface causes the anodic current density in the presence 

of PN-CNDs to correspond with that in a blank solution 

after the polarization potential exceeds −0.33 V (vs. 

Ag/AgCl).  

Table 2. Electrochemical characteristics derived from mild 
steel polarization curves in 1.0 M HCl with and without 

varying PN-CNDs concentrations 

C 

(ppm) 

Ecorr 

(mV) 

icorr (µA 

cm-2) 

βc 

(mVdec-1) 

βa 

(mVdec-1) 

η 

(%) 

Blank -445 647 -149.6 125.6 - 

50 -442 182 -110.1 68.3 71.7 

100 -439 89.5 -101.3 53.7 86.1 

200 -433 54.7 -101.1 51.1 91.5 

400 -430 23.2 -101.8 48.7 96.4 

Fig. 6: (a) Potentiodynamic polarization curves  
(b) EIS measurement curves 

3.3.2 Impedance Studies 

The corrosion behavior of mild steel in 1.0 M 

HCl solution with and without varying amounts of PN-

CNDs was assessed using the EIS test after three hours 

of immersion at room temperature. As can be seen in Fig. 

6b, Nyquist plots of all specimens, whether PN-CNDs are 

present, show a depressed capacitive arc at high and 

medium frequencies that corresponds to the charge 

transfer process (Simsek et al. 2019). The specimen’s 

roughness and inhomogeneity are the reasons for the 

depressed capacitive arc shape. It is important to note that 

all EIS plots show comparable shapes whether PN-CNDs 

are present or not. This suggests that adding PN-CNDs to 

an HCl solution only prevents the charge transfer process 

by forming a protective layer by adsorbing onto the steel 

surface. It does not alter the electrochemical reaction 

mechanism. The lone pair of electrons present in the 

phyto-chemical constituents bind with weak force of 

attractions on the metal surface. Chemically it is known 

as the physisorption process. 

Table 3. Electrochemical parameters derived from mild 
steel EIS data in a 1.0 M HCl solution with and without 

varying PN-CNDs concentrations 

C (ppm) Rct, (Ω cm2) CPEdl, (μF cm−2) η (%) 

Blank 23.76 263.00 - 

50 76.32 110.02 58.16 

100 146.94 72.80 72.31 

200 194.42 52.93 79.87 

400 276.40 33.58 87.23 

Fig. 7: Equivalent circuit used to fit the EIS results in Fig. 6b 

The analogous circuit depicted in Fig. 6b is 

suggested to suit the EIS results in accordance with the 

previously given EIS results. The solution resistance in 

the equivalent circuit is denoted by Rs, while the charge-

transfer resistance and double layer capacitance are 
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represented by Rct and CPEdl, respectively. Because of 

the surface's inhomogeneity, CPE is used instead of the 

ideal capacitor. According to earlier reports, Brug's 

formula in the equation might be used to determine the 

double layer capacitance (Cdl) value. 

𝐶𝑑𝑙 =  𝑌0

1

𝑛  (
1

𝑅𝑠
+

1

𝑅𝑐𝑡
)

(𝑛−1)/𝑛

… (2)

where Y0 is the magnitude of CPE and n corresponds to 

a phase shift (−1 ≤ n ≤ 1). 

Fig. 8: Plot of Langmuir adsorption isotherm 

Table 3 summarizes the fitting electrochemical 

parameters derived from the EIS data. As the 

concentration of PN-CNDS increases, the Rct value rises 

from 23.76 Ω cm2 to 276.40 Ω cm2, whereas the Cdl value 

falls. The interaction of PN-CNDs with the steel surface's 

active sites rather than hydrogen bonding with water 

molecules is thought to be the cause of the drop in the Cdl 

value. Additionally, the following formulae (3-4) was 

used to determine the Electrical capacity of a binary layer 

and inhibitory efficiency: 

 Cd.l = 1/2πRctfmax … (3)

(% I.E) =((Cd.l)acid-(Cd.l)PN-CNDs/(Cd.l)acid)×100 … (4) 

 (Cd.l)acid       = Electrical capacity of a binary layer in acid 

 (Cd.l)PN-CNDs = Electrical capacity of binary layer in acid + PN-        

                               CNDs  

where the charge transfer resistance in the 

presence and absence of PN-CNDs is denoted by R0
ct and 

Rct, respectively. Table 3 shows that the inhibition 

effectiveness increases dramatically as the concentration 

of PN-CNDs increases. The maximum inhibition 

efficiency, which is in good agreement with those in 

Table 2, is around 96.4% at 400 ppm PN-CNDs. 

3.3.3 Adsorption Isotherm 

The analysis indicates that the primary 

mechanism for preventing corrosion is the adsorption of 

PN-CNDs onto the steel surface. Therefore, 

understanding the interaction between PN-CNDs and 

mild steel is essential. In general, there are three 

categories of inhibitor adsorption: Langmuir. In this 

study, the Langmuir adsorption isotherm (Tabaraki and 

Sadeghinejad, 2018) results obtained, which can be 

represented by the following equation: 

𝐶𝑖𝑛ℎ

𝜃
=  𝐶𝑖𝑛ℎ +  

1

𝐾𝑎𝑑𝑠
… (4)

where θ is the surface coverage, which may be 

computed using the above equation, Kads is the adsorption 

equilibrium constant, and Cinh is the PN-CNDs 

concentration. The link between and Cinh is seen in Fig. 

8. The plot intercept indicates that the Kads value is

157.73 Lg−1, which suggests that PN-CNDs have a 

significant adsorption on the steel surface. Furthermore, 

the adsorption of PN-CNDs appears to follow the 

Langmuir adsorption isotherm, as indicated by the 

regression coefficient (R2) of 0.9999. The PN-CNDs 

contains the phytochemical components shown in the 

Fig.4. The heteroatoms and aromatic rings in the organic 

compounds were interact with the mild steel surface and 

formed the protective layer which is confirmed by 

impedance studies. The Langmuir model clearly depicts 

the surface covered by the phytochemical components on 

the mild steel surface. Langmuir Adsorption Isotherm 

predicts linear adsorption at a maximum surface 

coverage and low adsorption densities. It happens at 

higher solute metal concentrations. It indicates the level 

of interaction between the surface and the adsorbate. If 

the value of this constant is larger, it indicates a strong 

interaction between the adsorbent and the adsorbate. On 

the other hand, K having a smaller value indicates a 

weaker interaction between the surface and the adsorbate. 

Langmuir clearly give the foundation regarding 

adsorption of phyto-components in form of CNDs. 

Adsorption isotherms describe the relationship between 

the amount of adsorbate and its concentration in the 

solution at equilibrium, which is crucial for 

understanding the efficiency and nature of the adsorption 

process. 

3.3.4 Morphology 

SEM was used to examine the steel surface's 

corrosion (Dhayabaran et al. 2004) condition following 

immersion in the tested solutions. Prior to immersion, the 

polished mild steel has a comparatively even and smooth 

surface, as seen in Fig. 9a. The surface of mild steel 

corrodes badly along the polished direction and becomes 

extremely coarse when it is exposed to the blank solution 

(Fig. 9b). Steel surface corrosion occurs in the polished 

direction when PN-CNDs are present, although the 
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degree of corrosion is clearly reduced as the 

concentration of PN-CNDs rises (Fig. 9c). 

Fig. 9: (a) SEM micrograph for polished mild steel, (b) SEM 
micrograph for mild steel dipped in 1.0 M HCl, and (c) SEM 
micrograph for mild steel dipped in HCl/400 ppm of PN-
CNDs 

4. MECHANISM OF SURFACE
FUNCTIONALIZATION BY PN-CNDS 

A potential model to depict the inhibitory 

mechanism of PN-CNDs might be put forth based on the 

previously indicated analysis of experimental data. It is 

commonly known that the adsorbed water molecules are 

always replaced to achieve the adsorption of inhibitor 

molecules onto the metal surface. The presence of 

nitrogen atoms in the blank solution causes PN-CNDs to 

become protonated in equilibrium. In addition, there is 

always a positive excess charge on the steel surface in the 

HCl solution. Through electrostatic interaction, which 

can serve as connecting bridges to promote the 

adsorption of protonated PN-CNDs on the positively 

charged steel surface, the hydrated chloride ions can be 

selectively adsorbed onto the steel surface with positive 

charges. The reaction rate of hydrogen evolution would 

thus be lowered as a result of protonated PN-CNDs 

adsorbed onto the steel surface competing with hydrogen 

ions (Yuan et al. 2015; Yang et al. 2019). The FT-IR 

results show that the heteroatoms (N and O) in PN-CNDs 

exist in both single and multiple bond forms in addition 

to physisorption. This allows the PN-CNDs to readily 

adsorb onto the steel surface by forming coordinated 

bonds with Fe atoms and lone pair electrons. PN-CNDs 

might therefore successfully stop acid corrosion in mild 

steel. 

5. CONCLUSION

According to the findings, PN-CNDs and their 

potential applications attained results from sophisticated 

investigations are as follows: 

The green synthesis approach utilized Phyla 

nodiflora leaves as a natural, renewable, and cost-

effective carbon source for carbon nanodots production. 

In this work, PN-CNDs were hydrothermally 

produced as new environmentally acceptable corrosion 

inhibitors. The corrosion inhibition ability of PN-CNDs 

for mild steel in 1.0 M HCl solution was investigated 

through systematic experimental measurements. The 

findings are summed up as follows: 

• PN-CNDs may function as efficient corrosion

inhibitors to prevent corrosion of mild steel in 1.0

M HCl solution, according to electrochemical

results. Furthermore, the inhibitory efficiency

rose as the concentration of PN-CNDs increased,

reaching 96.4% in the presence of 400 ppm PN-

CNDs. Comparing with conventional inhibitors,

the PN-CNDs provide the corrosion inhibition

efficiency in the range of above 90 %. The reason

behind this may be due to more number of active

organic compounds present in the green CNDs.

• The synthesized PN-CNDs were characterized by

UV-visible, FT-IR, and fluorescence spectral

studies (Zhang and Yu, 2016).

• Electrochemical measurements were used to

predict the physisorption process by the

adsorption of PN-CNDs onto the steel surface,

which followed the Langmuir adsorption model.

(a) 

(b) 

(c) 
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• The reduction in corrosion and surface roughness

of mild steel further validated the outstanding

inhibitory effect of PN-CNDs.

• The adsorption of PN-CNDs onto the steel surface

was confirmed by data, which were ascribed to the

creation of a protective layer by lone pair

electrons present in the phytochemical

constituents (Zhao et. al. 2019).
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