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 The development of environmentally friendly corrosion protection 
materials is important for protecting metallic components exposed to 
saline environments. In this work, graphite–curcuminoids hybrid 
formulations based on curcuminoids extracted from Curcuma longa 
and graphite (IGC) were evaluated for corrosion protection of zinc in 
3.5 wt.% NaCl solution. Optical properties were characterized by 
UV–Vis spectroscopy, while corrosion behavior was assessed using 
linear sweep voltammetry and Tafel polarization analysis. The 
incorporation of graphite modified the absorption characteristics of 
curcuminoids and slightly reduced the optical band gap from 2.65 eV 
(curcuminoids) and 2.85 eV (graphite) to 2.59–2.62 eV for the hybrid 
formulations. Among the investigated compositions, IGC1 exhibited 
the best performance, reducing the corrosion rate from 0.1175 to 
0.0408 mm/y and achieving an inhibition efficiency of 65.3%. In 
contrast, IGC2 showed a higher corrosion rate of 0.1863 mm/y, 
indicating that excessive graphite loading adversely affected the 
protective performance. The results indicate that the corrosion 
behavior of graphite–curcuminoids hybrid formulations is highly 
dependent on composition. These findings demonstrate the potential 
of graphite–curcuminoids hybrids as environmentally friendly 
corrosion inhibitors for zinc in saline water media. 
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Introduction 

The increasing demand for durable and environmentally friendly metallic systems in 
electrochemical and industrial environments has intensified research into efficient corrosion 
protection strategies. Corrosion not only degrades metallic components but also significantly 
reduces the performance, efficiency, and service life of electrochemical devices and structural 
materials [1]. Among various protection methods, the use of organic corrosion inhibitors has 
attracted considerable attention due to their cost-effectiveness, ease of application, and 
minimal environmental impact [2], [3]. 

Natural organic compounds derived from plant extracts have emerged as promising green 
corrosion inhibitors. Curcuminoids, the main bioactive compound in turmeric (Curcuma 
longa), have been widely reported as an effective corrosion inhibitor owing to their rich π-
electron system and functional groups such as hydroxyl and carbonyl moieties [4], [5]. These 
functional groups facilitate strong adsorption on metal surfaces through both physical and 
chemical interactions [6]. While curcumin is known as an effective organic corrosion inhibitor, 
its relatively poor film robustness and limited interfacial stability in chloride media may 
reduce long-term protection performance [7]. 

Carbon-based materials such as graphite have been extensively studied for corrosion 
protection due to their high electrical conductivity, chemical stability, and ability to participate 
in π–π interactions [8]–[11]. Graphite and graphene derivatives have demonstrated good 
corrosion inhibition performance by forming protective layers on metallic substrates [9], [12], 
[13]. Nevertheless, their relatively weak adhesion and poor dispersion in aqueous 
environments often limit their long-term effectiveness. 

To address these limitations, a hybrid graphite–curcuminoids system is proposed as a 
potential corrosion protection strategy. The synergistic interaction between organic molecules 
and conductive carbon materials is expected to enhance adsorption strength, improve 
electronic interactions, and stabilize the protective film formed on the metal surface [9]. In 
addition, understanding the optical and electronic properties of such hybrid systems is 
essential, as these properties are closely related to charge transfer behavior and adsorption 
mechanisms [14]. 

In this study, we investigate the optical properties of graphite–curcuminoid inhibitor (IGC) 
systems using UV–Vis spectroscopy, including band-gap estimation and spectral 
deconvolution. Potentiodynamic polarization measurements evaluated the corrosion 
inhibition performance of different formulations in a 3.5 wt% NaCl solution. A qualitative 
comparison of the optical and electrochemical results was conducted to examine possible 
relationships between the optical characteristics of the hybrid systems and their corrosion 
behavior. As an initial investigation, this work aims to provide a rapid assessment of the 
potential of graphite–curcuminoids dual inhibitors for mitigating corrosion of zinc electrodes, 
which are considered promising anode materials for sodium-ion batteries [1], [3]. 

 

Experimental Method 

Materials and reagents 

Curcuminoids were extracted from fresh turmeric rhizomes, while commercial graphite 
powder was used as the conductive component. Sodium chloride (NaCl) (Merck), ethanol, and 
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deionized (DI) water were used as received. Metallic substrates, including zinc (Zn) (from the 
marketplace), are employed as working electrodes. Epoxy resin was used to isolate non-
exposed electrode surfaces during electrochemical measurements. 

Extraction of curcuminoids 

Fresh turmeric rhizomes (200 g) were thoroughly cleaned, crushed, and subjected to 
maceration using ethanol as the solvent for 72 h at room temperature [4]. The mixture was 
then filtered to remove solid residues, and the resulting curcuminoids-rich extract was stored 
in a sealed container for further use. This extraction method is known to preserve the 
molecular structure and optical activity of curcuminoids. 

Preparation of inhibitor solutions 

The inhibitor solutions were prepared by mixing curcuminoid extract with graphite powder 
in ethanol. 5 ml of curcuminoid extract was dissolved in 20 ml of ethanol, and 5 ml of this 
solution was applied (labeled as CUR solution). For making a graphite solution, 1 g of graphite 
is dispersed in 10 mL of ethanol. Then about 0.1 ml of this solution is diluted in 70 ml of ethanol 
for the application, denoted as GR suspension. The visual appearance of the prepared inhibitor 
formulations is displayed in Figure 1, corresponding to the compositions detailed in Table 1.  
The CUR sample has a yellowish color, typical for curcuminoid extract, while the graphite 
solution has a grayish color. For the composite formulations (IGC1, IGC2, and IGC3), the 
physical blending of the yellow organic extract with the dark graphite dispersion yields a 
characteristic soft greenish-gray color, visually confirming the physical incorporation of the 
graphite particles into the organic matrix. 

Table 1. The inhibitor composition for the application 

Sample CUR (ml) GR (ml) Ethanol (ml) Total volume (ml) 

CUR 10 - - 10 

GR - 10 - 10 

IGC1 5 1 5 11 

IGC2 5 2 5 12  

IGC3 5 3 5 13 

 
Figure 1. The visual of graphite, curcuminoids, and graphite–curcuminoids inhibitor solutions. 

Application of an inhibitor to the electrode 

Prior to inhibitor application, metal electrodes were mechanically polished using 1000-grit 
sandpaper, rinsed with DI water, and dried. The non-exposed surfaces were coated with epoxy 
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resin, leaving an exposed area of approximately 1 cm². The electrodes were immersed in the 
IGC solution for 10 minutes at room temperature to allow adsorption of inhibitor molecules 
onto the metal surface [15]. 

Microwave-assisted surface activation 

After immersion, the coated electrodes were irradiated with microwave energy for 1 min 
using a commercial microwave oven (Sharp R-728). The device operates at 2.45 GHz 
with a maximum output power of 900 W (220 V, 50 Hz). Microwave treatment was 
employed to enhance surface activation, improve inhibitor adhesion, and promote stronger 
interfacial interactions between the inhibitor and the metal surface [16]–[18]. Upon the 
completion of the short exposure cycle, empirical inspection confirmed that the sample 
surfaces were thoroughly dry and solidified. Due to the direct coupling of microwave energy 
with the molecular dipoles of the polar solvent, ethanol (boiling point about 78°C) undergoes 
instantaneous boiling and evaporation [19]. 

UV–vis optical characterization 

UV–Vis absorption spectra of curcuminoids, graphite, and IGC solutions were recorded to 
analyze optical absorption behavior. The optical band gap was estimated using the Tauc plot 
method, while spectral deconvolution was performed to resolve overlapping absorption 
bands and identify individual electronic transitions. These analyses provide insight into the 
electronic structure modification and charge-transfer potential of the graphite–turmeric 
extract system. To estimate curcuminoid contents (Ei) from UV-Vis spectra, we can use the 
area under the curve (AUC) principle [25].  

%𝐸𝑖 =
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎
× 100% (1) 

The band gap is calculated by the Tauc plot as follows [26]–[28].  

(𝛼ℎν)𝛾 = 𝐴(ℎν − 𝐸𝑔) (2) 

where ν is photon frequency, 𝐸𝑔 is the band gap, 𝐴 is the Tauc constant, ℎ is Planck constant, 

𝑐 is light speed, 𝛼 is the absorption coefficient, and 𝛾 is the transition factor (𝛾 = 2 for a direct 
allowed transition or 𝛾 = 0.5 for an indirect allowed transition. 

Electrochemical corrosion measurements 
Electrochemical measurements were performed in a 3.5 wt% NaCl electrolyte using a two-
electrode configuration with a Rodeostat open-source potentiostat (low-current configuration) 
[20]–[22]. The Zn electrode (coated with the inhibitor) served as the working electrode, while 
a high-purity graphite rod with a surface area ten times that of the working electrode was used 
as both the counter and pseudo-reference electrode. Prior to the measurements, the electrodes 
were immersed for 30 minutes to allow the system to reach a stable Open Circuit Potential 
(OCP). Linear Sweep Voltammetry (LSV) was performed using a potentiostat with a scan rate 
of 10 mV s⁻¹ over a potential range from −1.0 V to +1.0 V [23], [24]. Note that this scan rate was 
initially selected to expedite the screening of various inhibitor compositions, which may 
introduce capacitive current contributions. Corrosion current density was obtained from Tafel 
extrapolation, and corrosion rates were calculated using standard electrochemical equations. 

𝐶𝑅𝑖 =
𝐾𝐼𝑐𝑜𝑟𝑟 𝐸𝑊 

𝑛𝜌
 

 
(3) 
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where K is the conversion constant, 𝐼𝑐𝑜𝑟𝑟 is corrosion current, 𝐸𝑊 is the equivalent weight, n is 
the number of electrons involved in the reaction, and ρ is the metal density. This approach is 
commonly used in corrosion studies of battery electrodes and stainless steel.  

The corrosion inhibition efficiency (IE%) was then calculated by comparing the corrosion rates 
in the absence and presence of the inhibitor [4], as expressed in Equation (4), 

𝐼𝐸% = (
𝐶𝑅0 − 𝐶𝑅𝑖

𝐶𝑅0
) × 100% (4) 

where CR₀ is the corrosion rate without inhibitor, and CRᵢ is the corrosion rate with inhibitor. 

Result and Discussion 

UV–Vis absorption spectra 

The UV–Vis absorption spectra reveal distinct optical characteristics among the pristine 
curcuminoids, graphite, and the graphite–curcuminoids inhibitor (IGC) system, as depicted in 
Figure 2. To accommodate the wide variation in absorbance scales between the pristine and 
composite formulations, a dual y-axis plot is used in Figure 2, with the left axis for the 
composite systems and the right axis for the pristine components. Graphite exhibits strong 
absorption in the ultraviolet region with a tail extending into the visible range, which is 
characteristic of π–π* electronic transitions in sp²-hybridized [9]. Such behavior is consistent 
with the broad optical absorption characteristics typically observed in graphitic carbon 
materials [29]. 

 

Figure 2. UV–Vis absorbance spectra of graphite (GR), curcuminoids (CUR), and graphite–
curcuminoids inhibitor solutions (IGC1–IGC3). The left y-axis corresponds to the absorbance values of 
CUR and the hybrid systems (IGC1–IGC3), whereas the right y-axis corresponds to the absorbance 
values of GR. 

Curcuminoids show a pronounced absorption band centered around 420 nm, which is 
attributed to π–π* and n–π* transitions within its conjugated aromatic structure and β-
diketone functional groups [9]. After incorporating curcuminoids into the graphite-based 
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inhibitor solutions (IGC1–IGC3), noticeable changes in absorbance intensity and subtle 
spectral shifts are observed. These changes may indicate electronic interactions between 
curcuminoid molecules and the graphite surface, potentially involving π–π stacking 
interactions and weak hydrogen bonding [30]. 

The absorbance profiles of IGC1 and IGC3 display comparable peak intensities despite their 
different graphite contents (Table 1), as shown in Figure 2. This behavior suggests that 
increasing the graphite concentration does not necessarily result in a proportional increase in 
absorbance. One possible explanation is the limited dispersion capability of the carbon sheets 
within the fixed volume of the curcuminoid matrix [31]. At higher graphite loading, particle 
aggregation and light-scattering effects may reduce the contribution of additional graphite to 
the overall absorption response. 

The changed absorbance intensity of the IGC systems compared to pristine curcuminoids 
indicates that the physical combination of components alters the transition state energy 
distributions, broadening the optical absorption properties  [32]. Although UV–Vis 
spectroscopy alone cannot directly confirm the adsorption mechanism responsible for 
corrosion protection, these spectral changes provide evidence of interactions between the 
components that may facilitate their adsorption and film-forming behavior on metallic 
surfaces. 

Optical band gap estimation 

The optical band gap energy (Eg)  of the prepared samples was estimated using the Tauc 
relation by plotting (αhν)γ versus photon energy (hν) as shown in Figure 3. The linear region 
of the curve was extrapolated to the photon-energy axis to determine Eg by assuming a direct 
allowed transition. The optical band gap of graphite is approximately 2.85 eV (see Table 2). 
This value can be associated with electronic transitions in dispersed or partially oxidized 
graphite within the liquid solvent [9]. In contrast, pristine curcuminoids show a lower band 
gap (2.65 eV), consistent with their nature as an organic semiconductor with an extended π-
conjugated system [31]. 

Table 2. Optical band gap values estimated using Tauc plots 

Sample Eg (eV) 

CUR 2.65 

GR 2.85 

IGC1 2.62 

IGC2 2.60 

IGC3 2.59 

A gradual decrease in band gap from 2.62 to 2.59 eV is observed for the graphite–curcuminoids 
inhibitor systems (IGC1–IGC3). Although the change is relatively small, it suggests that 
combining graphite with curcuminoids alters the system's optical response. This reduction in 
Eg suggests a modification of the electronic structure due to interactions between curcuminoid 
molecules and the graphite surface, which can influence the distribution of electronic states 
near the absorption edge [33]. Similar trends have been reported for various carbon–organic 
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hybrid materials, in which physical interactions between the constituents result in slight shifts 
in the optical band gap [34]. 

From a corrosion inhibition perspective, the reduced band gap may indicate a more favorable 
electronic environment for charge-transfer processes at the metal–solution interface[35]. In 
general, materials with lower band gap energies are often associated with enhanced electron-
donating capability and stronger adsorption tendencies, which may contribute to the 
formation of protective layers on metallic surfaces [34]. However, the exact adsorption 
mechanism and the nature of the interactions with the zinc surface require further 
investigation using complementary electrochemical characterization. 

 

Figure 3. Tauc plot analysis used to estimate the optical bandgap energy (𝐸𝑔). The linear fitting indicates 

that all samples exhibit direct allowed electronic transitions. 

Deconvolution of UV–Vis absorption spectra 

Spectral deconvolution of the UV–Vis absorption spectra was performed using Gaussian 
fitting functions to resolve overlapping bands and identify the major absorption components, 
as shown in Figure 4. Pristine curcuminoids exhibits five distinct absorption peaks, which are 
commonly associated with overlapping electronic transitions involving π→π* and n→π*  
excitations originating from aromatic rings, conjugated double bonds, and carbonyl groups 
[33], [36]. The presence of multiple absorption components indicates the complex electronic 
structure of the curcuminoid chromophores. 

Compared with pristine curcuminoids, the graphite–curcuminoids systems shows noticeable 
changes in the deconvoluted spectral profiles, with the disappearance of intermediate-energy 
transitions [36]. This difference suggests that the presence of graphite influences the optical 
response of the system and may alter the relative contributions of individual electronic 
transitions. Similar spectral changes have been reported in carbon–organic hybrid materials 
[12], [36], where intermolecular interactions and local structural environments affect the 
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overall absorption characteristics. However, the exact nature of these interactions cannot be 
established solely from UV–Vis analysis. 

 

Figure 4. Deconvolution of UV–Vis absorption spectra of curcuminoids and graphite–curcuminoid 
inhibitor solutions. 

Peak energy absorption from deconvolution analysis 

The quantitative results obtained from the Gaussian deconvolution analysis are summarized 
in Tables 3 and 4. Table 3 show that the primary low-energy transitions (E1–E3) remain 
relatively stable after the formation of graphite–curcuminoids inhibitor systems, with only 
minor shifts toward higher energies. These modest shifts show the changes in the local 
electronic environment and interfacial interactions between curcuminoids and graphite. In 
particular, the lowest-energy component (E1 ~2.84–2.87 eV) remains almost constant across all 
samples, indicating that the principal chromophoric features of the curcuminoid extract are 
retained in the hybrid systems. 

The relative contribution of each component was quantified using the area under the curve 
(AUC) approach described in Equation (1), in which the area of an individual peak was 
normalized to the total integrated area. For example, in pristine curcuminoids, the E1 and E3 
components account for approximately 33.9% and 30.1% of the total spectral area, respectively. 
This finding also support that curcumin it associated compounds are the dominant 
chromophore in the turmeric extract (see Table 4).  After the incorporation of graphite, changes 



 Indonesian Physical Review. 9(3): 503-517  

511 
 

in the normalized peak areas are observed, indicating that the distribution of optical 
transitions within the hybrid system differs from that of the pristine organic phase [5]. 

Table 3. Peak energy absorption values obtained from deconvolution analysis 

Sampel 

E1 

(eV) 

E2 

(eV) 

E3 

(eV) 

E4 

(eV) 

E5 

(eV) 

CUR 2.84 3.00 3.30 3.87 4.30 

IGC1 2.87 3.05 3.53 - 4.29 

IGC2 2.87 3.05 3.54 - 4.35 

IGC3 2.86 3.03 3.51 - 4.37 

Table 4. UV-Vis spectral deconvolution parameters of the turmeric extract (CUR) 

Parameter E1 E2 E3 E4 E5 

Center-band (eV) 2.84 3.00 3.30 3.87 4.30 

Area 2.75 8.05 7.15 4.46 1.37 

Height 11.76 23.44 12.24 6.71 4.36 

FWHM 0.22 0.32 0.55 0.62 0.29 

%Area 11.6 33.85 30.07 18.76 5.76 

Interestingly, Table 3 shows that the intermediate-energy component E4 (3.87 eV), which is 
clearly resolved in the pristine CUR extract, is no longer distinguishable in the spectra of the 
hybrid systems (IGC1–IGC3). This observation suggests that incorporating graphite modifies 
the relative contributions and the overlap among the absorption components. One possible 
explanation is that interactions within the hybrid matrix broaden or merge certain transitions, 
making individual features less distinguishable after deconvolution [37]. In contrast, the high-
energy component (E5 ~4.30–4.37 eV) remains observable in all samples, indicating that the 
higher-energy absorption features are largely preserved upon hybridization. 

Tafel polarization curves 

The potentiodynamic polarization curves shown in Figure 5 illustrate the influence of the 
different inhibitor formulations on the electrochemical behavior of the zinc electrode. The 
uninhibited sample exhibits the highest current density and well-defined anodic and cathodic 
branches, indicating active corrosion in the salt solution. The addition of the single-component 
inhibitors, namely curcuminoids (CUR) and graphite (GR), results in only slight changes in 
the polarization profiles. In contrast, the IGC1 formulation produces a noticeable decrease in 
current density and modifies both the anodic and cathodic branches. The relatively small shift 
in corrosion potential suggests that IGC1 behaves as a mixed-type inhibitor, affecting both 
anodic metal dissolution and cathodic reduction reactions [31]. 
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Figure 5. Tafel polarization curves of Zn in 3.5 wt% NaCl solution with different inhibitor systems. 

Differences among the polarization curves become more apparent for the hybrid formulations. 
Compared with IGC1, the IGC2 sample exhibits a higher current density and a different 
polarization profile, whereas IGC3 shows an intermediate behavior. These variations indicate 
that the electrochemical response of the zinc electrode is sensitive to the composition of the 
graphite–curcuminoids system, with each formulation influencing the anodic and cathodic 
processes to different extents [23]. 

Corrosion rate of Zn 

The potentiodynamic polarization parameters, including corrosion potential (𝐸𝑐𝑜𝑟𝑟), corrosion 
current density (𝑖𝑐𝑜𝑟𝑟), and anodic/cathodic Tafel slopes (𝛽𝑎, 𝛽𝑐), are summarized in Table 4. 
The control sample without inhibitor exhibits a corrosion rate of 0.1175 mm/y, indicating the 
susceptibility of Zn to salt-induced corrosion [38], [39].  The experimental results reveal that 
the addition of inhibitors influences the electrochemical kinetics of Zinc disolution. The 
application of single-component inhibitors, curcuminoids (CUR) and graphite (GR), results in 
only modest reductions in corrosion rate, with inhibition efficiencies of 19.8% and 
approximately 11.6%, respectively. This indicates that each component alone provides limited 
protection under the present experimental conditions. 

Table 4. Corrosion rate of Zn in 3.5 wt% NaCl solution in the presence of different inhibitors 

Sample Vcorr (V) icorr 
(µA/cm2) 

𝛽𝑐 𝛽𝑎 Corrosion rate, 
CR(mm/y) 

IE(%) 

Control -1.0623 7.8476 -8.1727 10.3298 0.1175 - 

CUR -1.1184 6.2912 -10.1441 18.1929 0.0942 19.8 
GR -1.2606 6.9394 -7.4445 5.9935 0.1039 11.6 

IGC1 -1.0555 2.7276 -22.3321 22.5965 0.0408 65.3 
IGC2 -1.0514 12.4451 -11.5706 21.1093 0.1863 -58.6 
IGC3 -1.1807 6.5627 -10.0486 8.0735 0.0983 16.3 
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Among the investigated formulations, the graphite–curcuminoids hybrid system with the 
IGC1 composition exhibits the best corrosion protection performance. The corrosion rate 
decreases to 0.0408 mm/y, corresponding to an inhibition efficiency of 65.3%. This 
improvement is accompanied by noticeable changes in both the anodic and cathodic Tafel 
slopes (βa = 22.59 V/dec and βc = 22.33 V/dec), suggesting that the inhibitor affects both anodic 
and cathodic reactions [40]. The improvement of IGC1 performance may be related to a 
favorable combination of graphite and curcuminoids, which facilitates the formation of a more 
effective protective layer on the zinc surface [41], [42]. 

In contrast, sample IGC2 shows a higher corrosion rate of 0.1863 mm/y, exceeding that of the 
control sample. This result indicates that the selected composition does not provide effective 
surface protection under the present conditions. One possible explanation is that higher 
graphite loading adversely affects the homogeneity of the deposited layer, thereby reducing 
its protective capability [43]. However, the exact origin of this behavior requires further 
investigation using additional surface and electrochemical characterization techniques, which 
we will save for future work. 

When the graphite content was increased in IGC3, the inhibition efficiency became positive 
again (16.3%), with a corresponding corrosion rate of 0.0983 mm/year. This phenomenon 
indicates that the corrosion performance of the graphite-curcuminoid system is sensitive to 
changes in the composition of the hybrid inhibitor. Therefore, adjusting the compositional 
balance between turmeric extract and graphite seems to be crucial for achieving effective 
corrosion protection [15], [42]. 
 

Conclusion 

This study demonstrates that the combination of curcuminoids and graphite forms an effective 
dual corrosion inhibitor system for zinc in a salty medium. UV–Vis absorption analysis reveals 
modifications in the optical properties of the graphite–curcuminoid hybrid systems, including 
changes in absorbance intensity, bandgap narrowing, and the distribution of optical 
transitions, as confirmed by spectral deconvolution. Electrochemical measurements using 
Tafel polarization analysis indicate that the corrosion-inhibition performance strongly 
depends on the inhibitor composition. The IGC1 formulation exhibited the highest inhibition 
efficiency (65.3%) and a mixed-type inhibition pattern. The comparison between the optical 
and electrochemical results suggests that both the electronic characteristics and the 
compositional balance of the dual systems influence their corrosion performance. In contrast, 
excessive graphite loading resulted in inferior protection, indicating that optical properties 
alone do not determine inhibition efficiency. This work provides valuable insights for the 
rational design of carbon–organic hybrid inhibitors for corrosion protection in salty solutions. 
However, future work should incorporate electrochemical impedance spectroscopy (EIS) and 
advanced surface analysis (SEM/XPS) to further elucidate the molecular adsorption 
mechanisms and long-term durability 
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