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ABSTRACT

Carbon steel suffers from rapid corrosion in acidic environments such as those encountered during acid cleaning and petroleum-
well acidification, leading to significant economic losses and environmental challenges. Conventional corrosion inhibitors are often
toxic, nonbiodegradable, and expensive, motivating the search for sustainable biomass-derived alternatives. In this study, carbon

dots (CDs) synthesized from pomegranate peel waste (PPCDs) and their nitrogen-doped analogs (N-PPCDs) were evaluated

as ecofriendly corrosion inhibitors for carbon steel in S wt.% HCI. The structural, morphological, and chemical properties of the

materials were characterized using UV-Vis, Fourier-transform infrared, transmission electron microscopy, and energy-dispersive X-
ray analyses. Electrochemical impedance spectroscopy and potentiodynamic polarization measurements demonstrated that both
PPCDs and N-PPCDs acted as mixed-type inhibitors, effectively inhibiting both anodic and cathodic corrosion reactions. Nitro-
gen doping enhanced inhibition efficiency from 70% to 80% at CD concentration of 200 ppm owing to enhanced adsorption and

chemisorption through N- and O-donor functional groups, as confirmed by surface analysis. These findings establish the nitrogen-

doped pomegranate peel CDs as promising and sustainable alternatives to conventional synthetic inhibitors for corrosion control

in acidic media.
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1. INTRODUCTION

Corrosion has been a significant and long-standing challenge,
as it affects a wide spectrum of sectors, such as transportation,
construction, and energy sectors, leading to structural failures,
operational inefficiencies, and high maintenance costs'. Carbon
steel (CS), despite its widespread use, is particularly vulnerable to
corrosion in acidic environments, for example, when exposed to
acidic cleaning agents or harsh environments 2, necessitating the
development of effective corrosion inhibitors. While many cor-
rosion inhibitors have been shown to be effective, they are often
toxic and expensive®. This has intensified research into greener
alternatives capable of offering comparable or superior inhibi-
tion performance while minimizing ecological impact®. Hence,
there is a demand for robust and environmentally friendly cor-
rosion inhibitors that can perform in extreme environments.
In meeting this demand, green corrosion inhibitors offer sev-
eral advantages, such as a lack of toxicity and the utilization of
inexpensive waste resources>. Recently, carbon dots (CDs) syn-
thesized from agricultural waste have attracted significant atten-
tion®. These CDs are nanosized and may be derived from a
variety of low-cost materials, such as carbohydrates and organic
solvents’. CDs synthesized from renewable biomass and agri-
cultural waste precursors, such as fruits, vegetables, and dairy
byproducts, offer advantages over traditional inhibitors, because

these precursors are non-toxic, cost-effective, and environmen-
tally friendly®. Reports have shown that CDs can effectively sup-
press corrosion in acidic media by blocking metal’s active sites,
hindering electron transfer, and establishing barrier films that
restrict the ingress of aggressive species’. In addition, CDs can
serve as electron donors and acceptors, enhancing its corrosion-
inhibition properties '°. Incorporation of nitrogen into CDs, in
particular, has been found to enhance their inhibition capabil-
ity due to improved electron-donor characteristics and stronger
metal-inhibitor interactions*, improving their ability to donate
electrons, suppress electrochemical reactions, and provide cor-
rosion protection. Several studies have demonstrated that N-
doped CDs can reduce the corrosion rate of CS in hydrochloric
acid, with the nitrogenated functional groups strengthening the
adsorption process . For instance, carbon-dot-based complexes
modified with sulfosalicylic acid served as corrosion inhibitors for
CS in an HCl solution, markedly decreasing the corrosion rate 2.
Biomass-derived CDs were employed as corrosion inhibitors for
Q235 steel in a 1 M HCl solution, mitigating corrosion by self-
aggregation and adsorption onto the metal surface'>. Addition-
ally, the efficacy of CDs as corrosion inhibitors for CS has been
evidenced in various acidic solutions, with the diminished corro-
sion rate ascribed to the development of a protective coating on

14-

the metal surface '*'%. While CDs derived from various natural

and synthetic sources have demonstrated considerable potential
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as corrosion inhibitors for various metals under diverse environ-
mental conditions **, the use of CDs derived from pomegranate
peels for corrosion protection of CS has not been reported to
date. Furthermore, nitrogen-doped CDs are an emerging class
of functional nanomaterials that have received limited attention
in the context of corrosion inhibition. This study addresses this
gap by investigating CDs synthesized from pomegranate peel
waste (PPCDs) and their nitrogen-doped analogs (N-PPCDs)
obtained via hydrothermal carbonization of pomegranate peel
waste using glycine for N doping. The inhibition of CS in
HCI was evaluated through electrochemical and surface analy-
ses, highlighting their potential as sustainable high-performance
corrosion inhibitors.

2. EXPERIMENTAL

2.1. Materials and Materials Preparation. Pomegran-
ates were purchased from a local market and glycine was obtained
from Sigma-Aldrich. X60 CS was used as the metal substrate, and
its chemical composition matched that previously documented in
the literature '”. The corrosive medium used in the research work
was 5% solution of hydrochloric acid (HCI). It was prepared
by diluting analytical-grade concentrated HCl (Merck) with dis-
tilled water. The CS samples were polished by wet mechanical
abrasion using sandpapers of different grades (#120, #320, #600,
#800, and #1000). Prior to each experimental run, the polished
samples were thoroughly rinsed with distilled water, followed by
ethanol, and subsequently dried using warm air to ensure a clean,
uniform surface.

2.2. Synthesis of Undoped and N-doped PPCDs. The
pomegranate peel waste was sun-dried, and the dried biomass
was ground into a fine powder that served as the carbon source.
Glycine was used as the nitrogen source. The pomegranate peel
(1.5 g) and glycine (0.5 g) precursors were mixed with distilled
water (100 mL) and placed in a Teflon-lined stainless-steel auto-
clave. To facilitate the hydrothermal process, the autoclave was
kept in a drying oven at 200 °C for a full day. Once the reac-
tion finished, the autoclave was cooled to room temperature, and
the mixture was filtered using Whatman #1 filter paper. To purify
the CDs, the supernatant was filtered. The dialyzed filtrate was
then dried in an oven (70 °)C to produce the solid-state prod-
uct (N-PPCDs). A solid product obtained from the powdered
pomegranate peel waste material without blending with glycine
is referred to as the undoped pomegranate peel CDs (PPCDs).

2.3. Characterization of Synthesized PPCDs. The
optical properties of PPCDs and N-PPCDs were examined using
a JASCO 770 UV-vis spectrophotometer (Tokyo, Japan) oper-
ated at a scanning speed of 200 nm min ™' and a spectral resolu-
tion of 1 nm. Distilled water served as the reference for baseline
correction. Fourier-transform infrared (FTIR) spectra were col-
lected with an ATR-FTIR system (Nicolet iSS, Thermo Scien-
tific, Waltham, MA, USA) over the wavenumber range of 4000~
400 cm™'. Morphological observations were performed using
a JEOL JSM-6610LV scanning electron microscope (JEOL,
Japan). For SEM analysis, a drop of the ethanolic dispersion
of PPCDs or N-PPCDs was deposited onto an aluminum stub,
allowed to dry at ambient conditions to form a thin film, and

subsequently coated with a thin layer of gold. Imaging was con-
ducted at an accelerating voltage of 20 kV. Elemental composi-
tion was evaluated using an energy-dispersive X-ray spectroscopy
(EDAX) detector integrated with the SEM system. Transmis-
sion electron microscopy (TEM) was used to determine particle
size and morphology. Samples were prepared by placing a small
amount of the colloidal PPCD or N-PPCD suspension onto a
carbon-coated copper grid, followed by drying at room temper-
ature. TEM images were obtained using a JEOL JEM-2100F
microscope (Tokyo, Japan) operated at 200 kV '3,

2.4. Corrosion Inhibition Evaluation. The inhibitory
effectiveness of PPCDs and N-PPCDs on CS in 5§ wt.% HCl was
evaluated using weight loss and electrochemical measurements.
The equations (1 and 2) and a detail description of the experi-
mental procedures used for weight loss evaluation are provided
in Section S5 and Table S2 of the Supplementary Materials. A
Gamry 1010E system was employed to conduct the electrochem-
ical tests in accordance with the protocol detailed in Section S6.
Linear polarization resistance (LPR) quantities were estimated
by scanning 10 mV around the corrosion potential (Ecoy) at
a rate of 0.167 mV/s, whereas potentiodynamic polarization
(PDP) measurements were conducted over a range of £250 mV
using a scan rate of 0.5 mV/s. Data analysis was conducted by
Echem Analyst v6.2 software. The inhibition efficiencies (IE)
were calculated using Equations (3) and (4) in Table S2, corre-
sponding to the PDP, EIS, and LPR methods.

2.5. Surface Analysis. The surface morphology of the
carbon steel samples was examined using a scanning electron
microscope (SEM; JEOL JSM-6610LV, Japan) equipped with
an energy-dispersive X-ray spectroscopy (EDAX) system. This
combination enabled both imaging and elemental analysis of
the sample surfaces after exposure to the corrosive environment,
with and without the presence of inhibitors. The method for
the preparation of the sample for SEM analysis is described in
Section S7 of the Supplementary Materials. In addition, a 3D
optical profiler (Profilm 3D, Filmetrics, USA) was used to eval-
uate alterations in the surface topography of the steel specimens.
This analysis was performed on samples exposed to 5% HCI
under inhibited and uninhibited conditions to assess changes in
roughness and damage features. AFM measurements were con-
ducted using an MFP-3D Infinity Oxford Instruments (UK),
operated under ambient conditions, to provide nanoscale insight
into surface modifications resulting from corrosion and inhibitor
adsorption.

3. RESULTS AND DISCUSSION

3.1. Characterization of PPCDs and N-PPCDs. Prior to
the examination of the corrosion inhibition by the CDs, charac-
terization techniques were used to verify the successful synthesis
of PPCDs and N-PPCDs. TEM analysis (Figure 1a) revealed that
PPCDs exhibit an amorphous spherical morphology, with parti-
cle sizes ranging from S to 10 nm. The UV-vis spectrum (Figure
1b) of PPCDs exhibited two absorption peaks at approximately
256 and 367 nm, corresponding to the 7 —7 * transitions in con-
jugated systems and the n—z * transitions associated with the sur-
face C=0 and C-O functionalities>'®. The inset shows that the

https://doi.org/10.64589/juri/214906

JURI 1(2) (2025) 15—23


https://doi.org/10.64589/juri/214906

Journal of Undergraduate Research International

5
A (b)
4]
%
= 256 nm
B3] \ ! .
3 B
< = b1
82] Z 2
g E
3 367 nm
< i
11 :
04
.3 T T T FeRe T 5 1 % '
200 300 400 500 600 F(LJ SE - 20KV i X1,000 g 10um - === .
s s 14 May 2025
Wavelength (nm)
CKal 2 0O Kal

M Spectrum 1
Wt% o

C 806 16

O 194 16

O

s Sy B e

O

O D L

0 Z e ——

50pm ! !

50pm
Figure 1. Results of (a) TEM, (b) UV-vis, (c) SEM, (d) EDAX and (e) elemental mapping characterizations of undoped PPCDs

PPCD solution appeared orange under visible light and emitted the C=0 and C-O groups. After nitrogen doping (Figure 2b),

deep-blue fluorescence under UV light, confirming its fluorescent the 7 — 7 * transition became less distinct and merged with the
nature. The peaks at 1000-1275 cm™! correspond to the C-H in- n— 7 * band to yield a single broad absorption feature centered
plane bending vibration and C-O stretching vibration, and the at approximately 325 nm. This apparent disappearance of the
peaks at 1000-650 cm ™! correspond to the C-H out-of-plane 7 — 7 *band is attributed to the perturbation of the 7 -electron
bending vibration '*. These results confirm that PPCDs include system caused by nitrogen incorporation®”S. Nitrogen atoms
abundant C and O functional groups and unsaturated bonds introduce new electronic states (C-N, C=N, pyridinic N) within
which enhance their potential for use as corrosion inhibitors. the carbon framework, disrupting the planarity and delocaliza-
SEM imaging and EDAX mapping (Figures 1(c-e)) further con- tion of 7 orbitals and enhancing charge-transfer interactions.
firmed that carbon and oxygen were the primary elements in The resulting hybridization between 7 and n orbitals gives rise
the PPCDs. Elemental analysis (Figure 1(c-e)) confirmed the to a blue-shifted, broadened absorption band characteristic of
absence of nitrogen in the undoped PPCDs, indicating that the N-doped carbon materials. This observation confirms success-
observed n-m* transitions originated solely from oxygenated ful nitrogen doping and its effect on the optical and electronic
groups rather than from N-containing moieties. properties of the CDs.

For N-PPCDs, TEM analysis (Figure 2a) revealed an amor- FTIR analysis of PPCDs (Figure 3(a)) revealed the presence
phous spherical morphology similar to that observed for PPCDs, of several functional groups; for example a broad peak at 3333
but with reduced particle sizes in the range of 2-5 nm due to cm™! can be attributed to intramolecular hydrogen bonds such
nitrogen doping. The UV-vis spectrum (Figure 2b) presented a as O-H'?, while the absorption peaks at 2940 and 2065 cm ™! can
single peak at approximately 325 nm which is attributed to the n— be attributed to the methyl or methylene groups'’, and the peak
7 * transitions involving heterocyclic structures'®?, and the solu- at 1574 cm ™! is attributed to the C=C vibration of the benzene
tion displayed the same orange color and blue fluorescence under ring skeleton'®. The absorption peak at 1208 cm™! corresponds
UV illumination, indicating that the fluorescence properties were to the C-O stretching vibration of carboxylic acid. The spectrum
retained upon N doping. Figure 2(c—e) displays the results of of N-PPCDs presented in Figure 3(b) reveals the presence of
the SEM analysis and EDAX mapping, confirming that N, C, C=C, C-N, and C=N bonds, indicating the successful transfor-

and O are the main components of the N-PPCDs. As described mation of the precursors into N-PPCDs. The peak at 1597 cm ™
above, the UV-Vis spectrum of undoped PPCDs (Figure 1b) is assigned to the C—N stretching vibration '. The edges of the

exhibits two distinct absorption bands: a strong 7 — 7 transi- CDs are formed by chemical structures such as ~-CONR, which
tion near 274 nm, assigned to the aromatic C=C bonds within shows an absorption peak at 1651 cm™!, confirming the doping
the conjugated carbon core, and a weaker n— 7 * transition at process®. The N-PPCD shows the absorption peak of conju-
approximately 367 nm corresponding to the transitions involving gated double bonds (N=C=0 and C=C=N) at 2353 cm !,
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Figure 2. Results of (a) TEM, (b) UV-vis, (c) SEM, (d) EDAX and (e) elemental mapping characterizations of doped N- PPCDs

distinguishing it from its PPCD precursor®. The peaks centered
at 1385 and 1302 cm ™! indicate the presence of C-N-C bonds®.
Hence, the findings indicate that the PPCDs were successfully
modified through nitrogen doping,

3.2. Corrosion Inhibition Performance.

3.2.1. Weight loss measurements. The corrosion rate
and corresponding IE obtained from weight loss tests for PPCDs
and N-PPCDs at two different temperatures are illustrated in
Figure 4. Both the corrosion rate and IE show a clear dependence
on the PPCD and N-PPCD concentrations, with increasing
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Figure 3. ATR-FTIR spectra of (a) undoped PPCDs and (b) doped
N-PPCDs

inhibitor concentration leading to higher IE and a corresponding
decrease in the corrosion rate. This trend was attributed to the
greater surface coverage of CS by the inhibitor molecules which
hindered metal dissolution?!. However, for PPCD, IE declined
as the temperature was increased from 30 to 60 °C, as shown
in Figure 4(a, b), likely due to the desorption of the inhibitor
molecules from the CS surface and the increased molecular
mobility; both of these effects reduce surface protection at ele-
vated temperatures. The N-PPCDs showed better performance
at 60 °C than at 30 °C in terms of IE. These results demonstrate
the thermal stability of N-PPCDs and their ability to function at
higher temperatures.

3.2.2. Electrochemical measurements. PDP measure-
ments were used to investigate the effect of the CDs on the anodic
and cathodic redox reactions of CS in a 5% HCI solution. The
polarization curves obtained for the CS with and without differ-
ent concentrations of PPCDs and N-PPCD are shown in Figure
S. Figure 5(a-b) shows the concentration-dependent behavior of
steel at a temperature of 25 °C, evaluated across the PPCD and
N-PPCD concentration range of 25-200 ppm. The IE, corrosion
potential (Ecor), corrosion current density (Ieor ), and the anodic
and cathodic slopes (B, and B.) were calculated by extrapolation
of the anodic and cathodic current to the corrosion potentials,
and the obtained results are presented in Table 1. These results
indicate that the addition of CDs resulted in a noticeable decrease
in both B, and P, accompanied by a significant reduction in
the I and E,, values. These findings strongly suggest that
PPCDs and N-PPCDs act as mixed-type inhibitors, effectively
blocking both the cathodic and anodic reactions. The E,,, value
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Figure 4. Corrosion rate and IE obtained by weight loss measurements for CS in $% HCl solution at different concentrations of (a, b) undoped PPCDs

and (¢, d) doped N-PPCDs at 30 and 60 °C

became more positive after the addition of CDs, indicating that
the inhibitors adsorbed onto the steel surface and blocked the
active sites for corrosion.

Examination of the results presented in Table 1 shows that
incorporation of PPCDs and N-PPCDs at higher concentrations
increased the IE values as observed using both the PDP and LPR
techniques. The highest IE values were 70.09% for PPCD and
79.58% for N-PPCD at 200 ppm obtained using the PDP tech-
nique, and 65.17% for PPCD and 75.88% for N-PPCD obtained
with the LPR technique. These results showed that 200 ppm was
the optimum concentration for further testing. At this concentra-
tion, the corrosion rate was 0.97 mm/y of N-PPCD, compared
to 1.41 mm/y for PPCD. The higher IE and lower corrosion rate
observed for N-PPCD suggested that the nitrogen-containing
functional groups served as active adsorption sites, forming a
protective film on the metal surface that inhibited corrosion.

The open-circuit potential (OCP) measurements at room
temperature are described in the Supplementary Material, Figure
S1, and section S1. The results show that the potential values

shifted toward more positive potentials with increasing concen-
trations of PPCDs and N-PPCDs, with the most significant shift
observed at 200 ppm. All inhibition curves stabilized over time,
indicating the development of a protective layer on the metal
surface.

To investigate the electrochemical behavior, Nyquist and
Bode plots were recorded for CS in 5% HCI with varying
concentrations (25-200 ppm) of PPCDs and N-PPCDs at
25 °C. Figures 6(a) and 6(c) show the Nyquist plots, and
Figures 6(b) and 6(d) display the corresponding Bode plots.
The Nyquist plots revealed a notable increase in the semicir-
cle diameter upon inhibitor addition, indicating enhanced charge
transfer resistance. The diameter further increased at higher
inhibitor concentrations, with 200 ppm exhibiting the most
significant surface coverage. N-PPCD exhibited larger diame-
ters than PPCD at all concentrations, confirming its superior
inhibition efficiency.

The Bode plots show the impedance modulus and phase angle
over a frequency range between 10° and 10~% Hz. Both PPCD
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and N-PPCD increased the impedance modulus, with higher
values obtained with increasing concentration, suggesting effec-
tive barrier film formation on the CS surface. Additionally, the
increasing peak heights in the phase angle plots with higher
inhibitor concentrations indicate enhanced capacitive behavior
at the metal-solution interface, which is attributed to the greater
adsorption of inhibitor molecules**.

The electrical equivalent circuit shown in the Supplemen-
tary Materials, Figure S2, and Section S2 was used to fit the
experimental EIS data, and the obtained parameters are listed
in Table 2. The results presented in Table 2 indicate that com-
pared to the blank solution, the R;, values in the acidic solu-
tions containing PPCDs and N-PPCDs increased. Specifically
the R, value increased from 51.91 Q-cm? (uninhibited solu-
tion) to 151.09 Q-cm?* for the solution including 200 ppm
PPCD, while it increased to 217.38 Q-cm? for the solution
with 200 ppm N-PPCD. This demonstrates that the PPCDs
and N-PCDs formed a dense adsorbed layer, minimizing the
number of active corrosion sites. The decrease in Y,q sug-
gests a reduced double-layer capacitance owing to the adsorbed
inhibitor molecules forming a less permeable film. N-doped
PPCDs consistently showed better performance than undoped
PPCDs at the same concentrations, most likely due to their

enhanced electron-donating capability, improved surface affinity,
and denser film formation attributed to the nitrogen functional
groups. At 200 ppm, the N-PPCDs provide R and R;, of 168.3
Q-cm? and 217.38 Q-cm?, respectively, with TE = 76.12%, out-
performing undoped PPCDs. The sharp improvement in the
inhibition efficiency, even at 25 ppm, of N-PPCDs emphasizes
their potential as highly efficient green inhibitors at low dosages.

3.3. Surface Analysis. SEM-EDS analysis was carried out
on the CS samples immersed in 5% HCI for 24 h, both with and
without the addition of 100 ppm CDs, to assess surface mor-
phology and elemental composition. The steel surface exposed
to HCl without CDs exhibited significant damage owing to metal
dissolution and degradation (Figure 7(a)). Exposure to HCIl
resulted in notable deformation and deep pits on the surface.
Conversely, the micrographs of the steel surface treated with 200
ppm PPCD (Figure 7(c)) and N-PPCD (Figure 7(e)) display
less surface damage with fewer imperfections compared to the
untreated sample. EDS analysis of the CS sample (Figure 7(b))
revealed peaks consistent with the chemical composition of the
corroded steel. In the EDS spectrum of the untreated sample, the
chloride peaks indicated the adsorption of chloride ions on the
steel surface, which can accelerate corrosion '°. The reduction of
the chlorine peak in the EDAX results for the PPCD-inhibited

Table 1. PDP and LPR parameters for CS in 5% HCl without and with different concentrations of undoped PPCDs and doped N-PPCDs at 30 °C

PDP Technique LPR Technique
Conc. Ecorr Teorr Ba Be Corrosion IE R, Corrosion IE
CDs  (ppm) (mVwsAg/AgC) (nA/em?) (mV/dec) (mV/dec) rmate(mm/yr) (%) (Qom?) rate (mmfyr) (%)
Blank —463.0 408.0 178.4 114.4 4.74 — 52.46 5.76 —
100 —458.0 301.0 137.5 102.1 3.49 26.23 67.59 4.47 22.38
PPCDs 150 —462.0 199.0 137.3 105.9 231 51.23 102.3 2.96 48.72
200 —459.0 122.0 120.9 106.2 1.41 70.09 150.6 2.01 65.17
25 —472.0 156.0 128.5 112.3 1.81 61.76 145.4 2.08 63.92
N-PPCDs 100 —462.0 99.0 98.1 96.3 1.18 75.74 152.5 1.98 65.60
150 —461.0 90.1 97.5 100.7 1.0 77.92 202.1 1.49 74.04
200 —463.0 83.3 108.2 92.7 0.97 79.58 217.5 1.39 75.88
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Table 2. Impedance parameters for CS in 5% HCl without and with different concentrations of undoped PPCDs and N-PPCDs at 25 °C

Conc. R Yor R¢ Yodl Rt Rp 1IE
CDs  (ppm) (Qem?) (mFem~2s"1) ne  (Qem?) (WFem ") ng (Qemd) (RebR) (Qem?) 72 x 1074 (%)
Blank 0.81 1.28 0.78 1443 433.7 097 3748 5191 423 -
100 0.84 0.51 1.0 29.45 810.9 0.78  45.72 75.17 8.76 30.94
PPCDs 150 0.65 0.23 099  30.11 523.7 0.79  78.74 108.85 8.54 52.31
200 0.67 0.18 097  25.29 664.9 0.79  125.8 151.09 7.41 65.64
25 0.76 1.16 0.87 3.03 321.6 083 1412 144.23 1.86 64.01
N-PPCDs 100 0.74 0.76 0.76  26.29 252.4 098 1276 153.89 7.31 66.27
150 0.76 0.87 0.76  18.29 229.3 092 1779 196.19 5.84 73.54
200 0.67 0.77 0.75  49.08 365.2 092 1683 217.38 1.10 76.12

and N-PPCD-inhibited CS samples indicates that the inhibitor
molecules effectively blocked the adsorption of chloride ions on
the surface (Figures 7(d),(f)). Additionally, the nitrogen peak in
the EDS spectrum of the N-PPCD-inhibited CS sample suggests
that N-PPCD was adsorbed onto the steel surface (Figure 7(f)).

AFM surface analysis was used to examine the changes in the
CS surface topography after immersion in 5% HCl solution, both
with and without the inhibitor. Figure $4(a-d) show 2D and
3D micrographs of the CS submerged in the corrosive medium
with and without CDs. The polished sample surface shows no
visible damage (Figure S4(a)). By contrast, the sample immersed
in the corrosive media exhibited clear pits and fissures, with the

surface roughness increasing dramatically from 0.5166 to 68.468
nm, indicating significant corrosion. Conversely, the surface of
the sample in the inhibitor-containing solution displayed mini-
mal imperfections (Figure S4(c, d) in Supplementary Materials),
with a roughness of only 2.433 nm for the PPCD-inhibited CS
sample and of 1.121 nm for the N-PPCD-inhibited CS sample,
which is much lower than the 68.468 nm observed for the sam-
ple without the inhibitor. These findings implied that PPCDs
and N-PPCDs effectively protected steel from corrosion in harsh
HCl environments. The N-doped PPCDs demonstrated superior
inhibition performance, creating a more effective barrier layer
that reduces metal dissolution and pitting.
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Figure 6. Impedance plots for CS in $% HClI solution in the absence and presence of different concentrations of (a, b) undoped PPCDs and (¢, d)

doped N-PPCDs at 25 °C in Nyquist and Bode representations
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Figure 7. SEM images and corresponding EDAX spectra of CS immersed in 5% HCI (a and b) without inhibitor, (c and d) containing 100 ppm of
undoped PPCDs and (e and f) containing 100 ppm of doped N-PPCDs at 30 °C after 24 h immersion

Optical profilometry was performed to further validate the
microscale surface protection behavior and Figure S3 in the
Supplementary Materials, Section S3 shows the 2D and 3D pro-
filometer images obtained under identical test conditions. Table
S1 summarizes the surface roughness parameters obtained from
optical profilometry for CS samples exposed to 5% HCl solution,
both in the absence and presence of 200 ppm of undoped PPCDs

[}
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Figure 8. Proposed mechanism of corrosion inhibition of carbon steel
in 5% HCI by undoped (PPCDs) and nitrogen-doped (N-PPCDs)
pomegranate-peel-derived carbon dot

and N-doped PPCDs at 30 °C. As discussed in Section S4 of
the Supplementary Materials, the sample treated with N-doped
PPCDs demonstrated markedly improved surface protection.
These roughness values were significantly lower than those of the
blank and undoped PPCD-treated samples.

3.4. Possible Mechanism and Comparison to Previ-
ous Studies. Taken together, the electrochemical and surface
characterization results indicate that both PPCDs and, N-PPCDs
inhibit CS corrosion in 5% HCl via competitive adsorption and
compact film formation at the metal/electrolyte interface with a
more pronounced effect obtained for N-PPCDs. In 5% HCI, the
steel surface rapidly accumulates specifically adsorbed CI~, while
the oxygen- and nitrogen-bearing groups (carboxylates, hydrox-
yls; and for N-PPCDs: amines/amide/pyridinic N) on the CDs
in the solution are partially protonated. The protonated func-
tional groups in the CDs are attracted to the Cl™-decorated
surface regions, displacing water and anions and binding to Fe
through O-donor (PPCDs) and additional N-donor (N-PPCDs)
sites via electrostatic attraction and van der Waals/z -7 inter-
actions. The adsorbed CD layer functions as a barrier to charge
transfer (raising Ri) and as a diffusion barrier for H" and CI™.
For the cathodic reaction (H, evolution), the inhibitor film
reduces access of H' to catalytic sites. For the anodic reaction
(Fe — Fe?* + 2e7), coverage of active Fe sites and partial
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Table 3. Comparison of corrosion inhibition performance of biomass-derived CDs for carbon steel in an acid medium

CD inhibitor Metal Corrosive Inhibition

S/N types substrate medium Concentration efficiency (%) Ref.

1 Acerola seed-derived CDs Mild steel 1MHCI 200 ppm 94.1 23

2 Pumpkin seed-derived CDs carbon steel 1 MHCI 10 ppm 94.6 24

3 Sugarcane bagasse-derived CDs carbon steel 1 MHCI 100 ppm 94.0 25

4 Lichi leaves derived CDs Q235 steel 1MHCI 200 ppm 86.1 26

S Peanut shell-derived CDs Cold-rolled steel 1 MHCI 50 mg/L 92.4 27

6 Grapefruit-derived CDs Q235 steel 1MHCI 200 ppm 94.1 13

7 Z. bungeanum leaves-derived CDs Q235 steel 1MHCI 200 ppm 95.9 28

8 Lupine seed-derived CDs Carbon steel 1 MHCI 175 ppm 89.3 =

9 Pomegranate peel-derived CDs Carbon steel 5% HCl 200 ppm 70.0 This study
10 N-doped-pomegranate peel-derived CDs Carbon steel 5% HCI 200 ppm 80.0 This study

complexation of Fe>™ by O/N groups at the interface reduce
effective dissolution. The organic layer formed by the CDs
blocks both anodic dissolution and cathodic hydrogen evolution,
consistent with the mixed-type behavior observed in the PDP
experiments (simultaneous reductions in B, and B, with mod-
est B, shifts), the increased R;/R and decreased double-
layer admittance found by EIS measurements, and the markedly
reduced roughness and suppressed chloride signals observed by
AFM/SEM-EDAX. The enhanced performance of the N-PPCDs
was attributed to stronger chemisorption and tighter packing
due to the nitrogen functional groups, yielding a denser and
less permeable film. The observed retention or improvement of
IE at 60 °C for N-PPCDs suggests a chemisorption-dominated
component for which the binding is less strongly affected by tem-
perature, whereas PPCD protection shows greater decreases with
higher temperature, suggesting a stronger physisorption contri-
bution to the binding.

Hence, overall the data show (i) mixed-type inhibition (PDP:
simultaneous decreases in 3, and B, with modest, <85 mV, E .,
shifts), (i) substantial increases in R,/R¢; with rising inhibitor
dose (EIS), (iii) marked decreases in double-layer admit-
tance/capacitance (CPEg/Yoq1), and (iv) dramatically smoother
surfaces with suppressed Cl signals (AFM/SEM-EDAX). This
mechanism is schematically depicted in Figure 8. Together,
these features support an adsorption/film formation mechanism
enhanced by the nitrogen functionalities in the N-PPCDs for the
inhibition of corrosion.

Table 3 compares the corrosion inhibition efficiencies of vari-
ous biomass-derived CDs tested on mild or carbon steels in acidic
HCl environments. The inhibition efficiencies reported in previ-
ous studies range from 86% to 96% and were typically achieved at
concentrations between 10 and 200 ppm in 1 M HCI (~3.65%).
Notably, all previous studies used milder acid strengths and
similar or higher doses of inhibitors. Although most reported
CDs achieved 86-96% efficiency in 1 M HC], the present study
N-doped CDs exhibited 80% inhibition even in the substantially
more aggressive 5% HCl medium. The 10% improvement of
inhibition upon nitrogen doping confirmed the beneficial role of
N-donor functionalities in enhancing chemisorption and com-
pact film formation on the steel surface. Considering the higher
acid strength and carbon steel substrate used in this study, the

observed performance was comparable to or better than that of
the previously reported multi-heteroatom-doped CDs, highlight-
ing the chemical economy and green synthetic advantages of the
present formulation. Additionally, the present study is the first
report on the use of nitrogen-doped pomegranate peels CDs for
corrosion inhibition.

4. CONCLUSIONS

This study demonstrates that CDs synthesized from
pomegranate peel waste, and particularly nitrogen-doped PPCDs
(N-PPCDs), can serve as effective green corrosion inhibitors
of CS in acidic environments. N-PPCDs achieved superior
inhibition efficiency (up to 79.58%) owing to enhanced surface
interactions and film formation. Electrochemical and surface
analyses confirmed the reduced corrosion rates and smoother
steel surfaces in the presence of these inhibitors. Overall, N-
PPCDs offer a sustainable and high-performance alternative to
conventional inhibitors, supporting the use of biomass-derived
nanomaterials for corrosion protection.
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