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Abstract
The electrochemical behaviour of paracetamol was investigated in various electrolyte environments, with a focus on its
interaction with uranyl ions in alkaline medium. Cyclic voltammetry revealed evidence of complex formation, supported by
shifts in peak potentials and increased current responses. Thermodynamic parameters were estimated from electrochemical
data, confirming the stability and spontaneity of the complexes. Molecular docking studies with viral (7JWY) and cancer-
related (5IXB) proteins were also performed to evaluate theoretical binding affinity. The findings suggest that paracetamol
can form stable coordination complexes with uranyl ions and potentially interact with biologically relevant targets.
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1. Introduction
Paracetamol, also known as acetaminophen, is a widely used analgesic and antipyretic treatment of headaches, fever,

and musculoskeletal pain. It is often prescribed following surgical procedures and in the management of osteoarthritis and
rheumatoid arthritis. Despite its therapeutic prevalence, the full scope of its molecular interactions remains under investigation
[1, 2]. Cyclic voltammetry (CV) is a powerful electrochemical technique for studying redox behaviour in solutions. It offers
detailed insights into electron transfer mechanisms and the stability of electroactive species. In alkaline media, uranyl (VI)
ions form hydroxo complexes whose formation and electrochemical characteristics can be effectively monitored using CV,
particularly at low concentrations where precipitation is absent [3-10]. In basic environments, uranyl ions (UO2²⁺ )
sequentially react with hydroxide ions to form hydroxo complexes such as UO2(OH)⁺ , UO2(OH)2, UO2(OH)3⁻ , and
UO2(OH)4²⁻ [11, 12]. These reactions are outlined as follows, Equations (1-4):

UO22+ + OH- ↔ UO2(OH)+ (1)
UO2(OH)+ + OH- ↔ UO2(OH)2(aq) (2)
UO2(OH)2(aq) + OH- ↔ UO2(OH)3- (3)
UO2(OH)3- + OH- ↔ UO2(OH)42- (4)

Nuclear magnetic resonance (NMR) and density functional theory (DFT) analyses confirm that UO2(OH)4²⁻ is a dominant
binuclear hydroxo complex of uranyl(VI) in strong alkaline conditions [13].
In alkaline media, paracetamol undergoes deprotonation to form anionic species, which enhances its solubility and reactivity.
These negatively charged molecules interact electrostatically with uranyl ions, promoting the formation of stable soluble
complexes. This interaction is of interest for its potential role in heavy metal detoxification and extraction [14].

In sodium hydroxide (NaOH) solutions, paracetamol facilitates uranyl ion stabilization by preventing precipitation,
leading to the formation of soluble uranyl-paracetamol complexes. UV-Vis spectrophotometry was used to monitor the
formation kinetics and calculate Gibbs free energy (ΔG), indicating that increased alkalinity enhances the rate of complex
formation.These findings point to potential applications in uranium recovery processes, such as the extraction of uranium
from radioactive waste. Paracetamol may serve as a viable alternative to conventional chelating agents.

Additionally, its stabilizing effect could support the production of sodium uranate, a yellow pigment used in
ceramics. Tailoring paracetamol derivatives could further improve binding affinity and extraction efficiency [15].
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Commercially known as Tylenol, paracetamol exhibits weak acidic behavior and can coordinate with metal ions in
alkaline media. This characteristic makes it useful in several applications: Precipitation and extraction of metal ions through
pH manipulation [16-19]. Electrochemical sensing of metal ions, with paracetamol acting as a ligand [20-23].
Novelty of the Work:
Unlike previous studies that primarily focused on spectroscopic or theoretical evaluations, the present work provides novel
insights into the redox behaviour and complexation dynamics between paracetamol and uranyl ions using cyclic voltammetry
in alkaline media a system not previously explored in this context. The study introduces a quantitative electrochemical
approach to assess the stability and formation of uranyl–paracetamol complexes, supported by kinetic and thermodynamic
parameters. Furthermore, it incorporates molecular docking simulations with biologically relevant proteins (7JWY and 5IXB)
to explore the theoretical biomedical relevance of paracetamol–metal interactions. This integrated electrochemical–theoretical
strategy adds a new dimension to the understanding of ligand–actinide behaviour and opens avenues for future applications in
bioinorganic, environmental, and analytical chemistry.

2. Materials and Methods
2.1 Chemicals and Instrumentation
All solutions were prepared using high-purity deionized water. Analytical-grade reagents were procured from Sigma-Aldrich
and used without further purification. These included uranyl nitrate hexahydrate (UO₂(NO₃)₂·6H₂O), paracetamol
(C₈ H₉ NO₂), potassium bromide (KBr), hydrochloric acid (HCl, 0.1 M), and sodium hydroxide (NaOH, 0.1 M).
Electrochemical measurements were performed using a DY 2000 potentiostat (USA), equipped with a conventional three-
electrode system. The working electrode was a glassy carbon electrode (GCE), selected for its wide electrochemical window
and chemical stability. A saturated calomel electrode (SCE) served as the reference electrode, and a platinum wire functioned
as the counter electrode. All experiments were conducted at a controlled temperature of 298.15 K. The potential window for
cyclic voltammetry (CV) measurements was set from +1.5 V to -1.5 V. Different scan rates were applied to evaluate the redox
kinetics, although the primary scan rate used for comparative analysis was 0.1 V/s [24, 25].
2.2 Cyclic Voltammetry Analysis
The DY 2000 potentiostat was interfaced with a three-electrode electrochemical cell to perform CV studies. Prior to each
measurement, solutions were degassed with high-purity nitrogen (N₂) gas for 15 minutes to eliminate dissolved oxygen,
thereby avoiding interference from oxygen reduction reactions.
Electrochemical scans were conducted using the following setup:
Working Electrode: Glassy carbon electrode (GCE). Reference Electrode: Saturated calomel electrode (SCE). Counter
Electrode: Platinum wire.
All CV experiments were carried out within the potential range of +1.5 V to -1.5 V, with a scan rate of 0.1 V/s unless
otherwise specified. This configuration ensured reproducibility and sensitivity for redox behavior assessment.
2.3 Experimental Procedure
Stock solutions of paracetamol (0.01 M) were prepared in four different media: 0.1 M NaOH, KBr, HCl, and KCl. Uranyl
nitrate (0.01 M) was dissolved in 0.1 M NaOH for studies involving complexation and redox interactions.
A 30 mL aliquot of each solution was used for electrochemical analysis in the three-electrode cell. CV measurements were
conducted under identical experimental conditions for consistency. Each experiment was performed in triplicate to ensure
reproducibility and reliability of the data.
Electrochemical parameters such as anodic and cathodic peak potentials (E ,a and E ,c) and corresponding peak currents
(I ,a and I ,c) were recorded. From the resulting voltammograms, diffusion coefficients and electrochemical stability
constants were calculated.
To assess the antioxidant capability of paracetamol, the effect of increasing its concentration on the oxygen reduction wave
was systematically evaluated. This provided insights into the electron-donating capacity of paracetamol in different electrolyte
environments.
This methodological framework enabled a comprehensive evaluation of the electrochemical behavior of paracetamol, its
interaction with uranyl ions, and its role as an antioxidant and potential metal chelator.

3. Results and Discussion
3.1. Redox Behaviour of Paracetamol in Different Electrolytes
Cyclic voltammetry (CV) was employed to investigate the redox characteristics of paracetamol (0.01 M) in different
electrolytic media HCl, KCl, NaOH, and KBr using a glassy carbon electrode at 298.15 K and a scan rate of 0.1 V/s. The
voltammograms obtained are shown in Fig. 1.
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Fig. 1. Redox Behaviour of Paracetamol in Different Electrolytes
Cyclic voltammogram of Paracetamol (0.01 M) in 0.1 M solutions of (a) HCl, (b) KCl, (c) NaOH, and (d) KBr, at 298.15 K
using a glassy carbon working electrode, SCE reference electrode, and platinum counter electrode. Scan rate: 0.1
V/s.

The CV profiles revealed the following redox behaviours:

 HCl Medium: A single oxidation peak at 0.8 V was observed without a corresponding reduction peak, indicating
an irreversible oxidation process.

 KCl Medium: Oxidation and reduction peaks appeared at 0.5 V and 0.25 V, respectively, indicating a moderate
redox reaction.

 NaOH Medium: Oxidation occurred at 0.1 V and reduction at 0 V, indicating a facile redox process.

 KBr Medium: A marked suppression of the oxygen wave suggested a strong antioxidant response by paracetamol.

In HCl medium, a single irreversible oxidation peak for paracetamol is observed at approximately +0.80 V vs. Ag/AgCl,
without a corresponding cathodic peak, indicating the formation of a radical intermediate such as N-acetyl-p-benzoquinone
imine (NAPQI). In alkaline medium (NaOH), both anodic and cathodic peaks are more prominent, and the peak separation
(ΔEp) suggests a quasi-reversible process. The shift of oxidation potential to lower values in alkaline medium indicates
facilitated electron transfer due to deprotonation and stabilization of the oxidized species. These changes reflect the influence
of the medium on the redox mechanism of paracetamol and point to possible proton-coupled electron transfer (PCET)
behaviour.

3.2. Antioxidant Behaviour of Paracetamol in KBr Medium
Table 1 summarizes the CV parameters for varying concentrations of paracetamol in 0.1 M KBr medium.
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Table1. Electrochemicalparametersfor paracetamol(0.01 M) in 30 mL of 0.1 M KBrat 298.15 K, scan rate= 0.1 V/s.
[L]
mol. L-1

Volt Amp Ip,a/Ip,c volt
(-)Ep,a Ep,c ∆Ep (-)Ip,a (µA) Ip,c (µA) E˚

1.61 x10-3 0.692 0.480 0.211 5.65 164.0 0.034 0.586
3.13 x10-3 0.784 0.455 0.328 33.3 96.2 0.346 0.619
4.55 x10-3 0.784 0.441 0.342 41.1 43.8 0.938 0.612
5.88 x10-3 0.784 0.369 0.414 66.6 17.4 3.834 0.576
7.14 x10-3 0.795 0.742 0.053 75.8 14.8 5.110 0.768

Dcx105

cm-2.s-1
Epc/2 Epa-

Epc/2 αna
ksc x102

cm-2.s-1

Γc x109
mol.cm-

2

(+)Qcx105

columb

Γa x109
mol.cm-2

(-)Qax105

columb
18.5 0.696 0.216 0.226 1.55 14.182 8.59 0.488 0.29
1.70 0.702 0.247 0.197 4.13 8.326 5.04 2.882 1.75
0.166 0.700 0.259 0.188 1.65 3.787 2.29 3.555 2.15
0.016 0.762 0.393 0.124 1.63 1.504 0.91 5.765 3.49
0.008 0.787 0.044 1.083 0.341 1.283 0.78 6.557 3.97
This table summarizes the key electrochemical parameters for paracetamol in 0.1 M KBr, focusing on its
antioxidant behaviour. The anodic (Ep,a) and cathodic (Ep,c) peak potentials represent the redox transitions of
paracetamol. Their separation (ΔEp) is an indicator of reversibility; in this case, values >0.059 V suggest quasi-
reversible or irreversible behaviour. The corresponding peak currents (Ip,a and Ip,c) reflect the rate of electron
transfer. As paracetamol concentration increases, the magnitude of these currents increases, supporting enhanced
redox activity and possible antioxidant action through oxygen scavenging.
The formal potential (E°), calculated as the average of Ep,a and Ep,c, gives insight into the intrinsic redox
characteristics of paracetamol. Additional parameters such as the diffusion coefficient (Dc), surface coverage (Γa
and Γc), and charge passed (Qa and Qc) help evaluate the electroactive surface behaviour. The standard rate
constant (ks) and transfer coefficient (αna) provide kinetic information higher values denote faster electron
transfer processes. These results collectively support the claim that paracetamol exhibits enhanced
electrochemical activity in KBr medium due to its radical scavenging behaviour. As paracetamol concentration
increased, the intensity of the oxygen wave diminished, supporting its antioxidant behaviour. Enhanced anodic and cathodic
peak currents at higher concentrations reflected improved electron transfer kinetics. The fading oxygen reduction wave
indicated effective scavenging of oxygen free radicals.
The redox mechanism for paracetamol is depicted in Eq (5):

Eq. (5): Paracetamol reduction involves hydrogen ion consumption from the aqueous phase and reduction at the oxygen atom.

The pronounced effect of paracetamol on the oxygen wave underscores its potential as an antioxidant. The three-dimensional
relationship between paracetamol concentration and oxygen wave parameters is shown in Fig. 2.
Fig. 2: 3D representation showing the suppression of the oxygen wave with increasing paracetamol concentration in KBr
medium. The oxygen reduction and oxidation reactions are proposed at about 0.5 V as follows, Eq (6):

O2 + 2H+ + 2e - ↔ H2O2 (6)
And oxidation at about 0.7 V with the given suggested mechansim as given in electrochemical series, Eq (7) [26]:

2OH- + 2H2O2 ↔ O2 + H2O + 2e- (7)
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Fig. 2. Antioxidant Activity of Paracetamol in KBr Medium
3D plot showing suppression of the oxygen reduction wave with increasing paracetamol concentrations in 0.1 M KBr medium.
The data reflect antioxidant activity through decreasing oxygen wave intensity.

The plot demonstrates the gradual suppression of the oxygen wave with increasing paracetamol concentration, confirming its
antioxidant activity. This 3D visualization demonstrates how increasing paracetamol concentration progressively diminishes
the oxygen reduction wave (∼0.5 V) and oxidation wave (∼0.7 V). These reactions support the role of paracetamol as a
radical scavenger, as evidenced by the progressive attenuation of the oxygen redox waves.
The observed suppression of the oxygen reduction wave with increasing paracetamol concentration is primarily attributed to a
diffusion-controlled process, as evidenced by the linear relationship between peak current (Ip) and the square root of scan rate
(√ν), which is characteristic of diffusion-limited electrochemical reactions. While some degree of surface interaction
(adsorption) cannot be entirely ruled out, especially at higher concentrations, no significant deviation from the Randles–
Ševčík behavior was observed in our data, suggesting that adsorption phenomena play a minor role under the studied
conditions.
These findings support the hypothesis that paracetamol acts as an effective electrochemical antioxidant by interacting with
oxygen radicals in solution via a diffusion-dominated process, making it a potentially useful ligand for modulating redox-
active environments.

3.3. Redox Behaviour of Uranyl Ions in Alkaline Medium and the Influence of Paracetamol
To investigate the redox properties of uranyl ions and assess the stabilizing effect of paracetamol, cyclic voltammetry
experiments were carried out in 0.1 M NaOH containing 0.01 M uranyl nitrate. Fig. 3 illustrates the resulting voltammogram.
Within the potential window of +1.5 V to −1.5 V, two distinct reductions and two oxidation peaks were observed, indicating
multiple redox transitions involving uranyl hydroxide complexes.
In the absence of paracetamol, the voltammetric response exhibited weak current signals, suggesting limited electrochemical
activity of uranyl ions in alkaline medium. The observed redox peaks are attributed to the formation of species such as
UO₂(OH)₄²⁻ , UO₂(OH)₅ ³⁻ , and UO₃(OH)₃³⁻ , consistent with known hydroxo-complexation behaviour under
alkaline conditions. The following redox processes are proposed based on the peak positions:
Reduction Reaction (Step 1), Eq (8).:

[UO2(OH)4]2- + 1/2 H2O + e- ↔ [UO2(OH)5]3- (8)
Oxidation Reaction (Step 2), Eq (9).:

[UO2(OH) 4]2- + e- ⇌ [UO3(OH) 3]3- +H+ (9)
Effect of Paracetamol:

 The formation of stable paracetamol-uranyl complexes was observed. Enhanced diffusion coefficients and current
responses confirm increased stabilization of uranyl species.

Upon addition of paracetamol to the uranyl system, significant changes in the voltammetric profile are observed. New peaks
emerge or shift in position, indicating complex formation between paracetamol and the uranyl ion. Specifically, the
appearance of two cathodic peaks around –0.65 V and –0.95 V vs. Ag/AgCl is attributed to the stepwise reduction of U(VI) to
U(V) and U(V) to U(IV). These processes are further supported by anodic waves that suggest partial reversibility, depending
on paracetamol concentration.
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The negative shift in reduction potential and the increase in peak current upon increasing ligand concentration confirm
complexation and stabilization of reduced uranium species. These observations are consistent with a ligand-mediated electron
transfer mechanism, where paracetamol facilitates reduction by forming more stable intermediate species. The interaction
alters the redox potential and enhances the electrochemical activity, confirming the formation of a uranyl–paracetamol
complex.

Fig. 3. CV of Uranyl Ions in NaOH (Without Paracetamol)
Cyclic voltammogram of uranyl nitrate (0.01 M) in 0.1 M NaOH at 298.15 K. Peaks correspond to redox processes involving
uranyl hydroxyl complexes. Scan rate: 0.1 V/s.

The introduction of paracetamol to the uranyl nitrate system in 0.1 M NaOH significantly altered the voltammetric
profile (Fig. 4). Enhanced redox peaks were recorded, accompanied by increased peak currents and diffusion coefficients, as
shown in Tables 2 and 3. These changes suggest the formation of electroactive and more soluble uranyl–paracetamol
complexes, indicating that paracetamol serves as a stabilizing ligand.
Under identical electrochemical conditions (scan rate: 0.1 V·s⁻ ¹; temperature: 298.15 K), the presence of paracetamol shifted
the redox potentials and amplified both anodic and cathodic responses. The interaction window remained between
approximately +1.0 V and −1.5 V. Two reductions and two oxidation processes were consistently observed, supporting the
existence of complex multi-step electron transfer pathways. According to literature and DFT calculations, the redox
mechanism likely involves oxygen exchange through hydroxyl coordination, as described below [27]:

Revised Reduction Step (with paracetamol), Eq. (10):

[UO2(OH)4]2- +1/2 H2(H2O) + e- ↔ [UO2(OH)5]3- (10)

The suggested mechanism for the second oxidation with its reverse oxidation process is represented as suggested from DFT
calculations in literature [11] is given in equation (5).

The examination of waves was carried out in accordance with earlier research. Four peaks in each phase indicate an increase
in uranyl nitrate reduction and oxidation, indicating that complexion was completed and displayed in Fig. 4.
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Fig. 4. CV of Uranyl Ions in NaOH with Paracetamol
Cyclic voltammogram of uranyl nitrate (0.01 M) with paracetamol (0.01 M) in 0.1 M NaOH at 298.15 K. Enhanced peak
currents indicate the formation of uranyl–paracetamol complexes. Scan rate: 0.1 V/s.

The enhanced peaks confirm the formation of stable uranyl-paracetamol complexes. Enhanced peak currents and diffusion
coefficients (Tables 2–3) confirm paracetamol stabilizes uranyl ions, forming soluble complexes. The redox mechanism
follows Eq. 6, where paracetamol acts as a chelating ligand for UO₂²⁺ .

The waves seen in Fig. 4 correspond to the redox reaction of uranyl hydroxyl complexes because it is increased by increase
uranyl ion concentration and the waves lie in different potentials for that of paracetamol.

The general redox equation for the UO22+ and paracetamol reactions increased, Eq (11) [11–12].

Paracetamol-Assisted Complex Formation

UO22+ + paracetamol → UO22(paracetamol)2+ + e (11)

These findings confirm the enhanced redox activity and complexation of U(VI) species in the presence of paracetamol. The
increases in both anodic and cathodic charges (Qₐ, Q_c), as well as the surface coverage (Γₐ, Γc), suggest that paracetamol
facilitates a more efficient electron transfer by stabilizing uranyl ions through chelation.

Tables 2 and 3 provide detailed electrochemical parameters corresponding to the first (U⁶ ⁺ ) and second (U⁴⁺ ) redox
transitions, respectively. Notably, the peak separation (ΔEp), standard rate constants (Ks), and diffusion coefficients (Dₐ, Dc)
demonstrate a concentration-dependent effect, supporting the hypothesis of complex formation. For instance, increasing
paracetamol concentration led to enhanced peak currents and more pronounced reversibility in the redox cycles.

Table 2 outlines the electrochemical behaviour of the first redox couple, associated with the U(VI)/U(V)
transition. The anodic (Ep,a) and cathodic (Ep,c) peak potentials shift with increasing paracetamol concentration,
indicating progressive complexation and alteration of uranyl’s redox environment. The increasing peak currents
(Ip,a and Ip,c) suggest more electroactive species are formed as paracetamol binds uranyl ions, supporting the
formation of soluble uranyl–paracetamol complexes.
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Table 2. Electrochemical Parameters for the First Redox Wave (U⁶ ⁺ ). Conditions: 0.01 M Paracetamol, 298.15 K,
0.1 V·s⁻ ¹, 0.1 M NaOH

[L]
mol.L-1

volt amp Ip,a/Ip,c volt
Ep,a Ep,c ∆Ep (-) Ip,a (µA) Ip,c (µA) E˚

9.35 x10-3 0.4204 0.0972 0.5177 10.3 24.2 4.2504 0.1615
1.85 x10-3 0.2573 0.0877 0.3450 10.5 39.1 0.2698 0.0848
5.64 x10-3 0.3418 0.0869 0.4288 70.6 39.5 1.7867 0.1274
7.29 x10-3 0.3961 0.0928 0.4889 71.2 62.2 1.4796 0.1516
1.07 x10-3 0.3583 0.0960 0.4544 93.8 63.4 1.1442 0.1311

Da x105
cm2.s-1

Dc x105
cm2.s-1 Epc/2 Epa-

Epc/2 Ksx102
Γc x109
mol.cm-2 (+)Qcx105 C Γa x109

mol.cm-2
(-)Qa x105
C

4.64 1.19 0.1457 0.0484 1.86 2.2369 4.07 9.5078 1.73
3.21 3.15 0.1441 0.0564 8.25 3.6071 6.56 6.5169 1.18
4.98 3.49 0.1115 0.0245 8.96 3.6473 6.63 9.7342 1.77
4.51 9.30 0.1366 0.0438 3.04 5.7420 1.04 8.6607 1.57
3.55 9.65 0.1265 0.0305 2.91 5.7420 1.04 6.5703 1.19

The diffusion coefficients (Da and Dc) increase with ligand concentration, indicating enhanced ion mobility due
to stabilization of soluble complexes. The peak separation (ΔEp) values and the formal potential (E°) show that
the redox reaction becomes more favorable in the presence of paracetamol. The standard rate constants (ks) and
transfer coefficients (αna) further confirm faster kinetics and greater electrochemical reversibility. Additionally,
the increase in surface coverage (Γa and Γc) and charge passed (Qa and Qc) validates the increased electron flow
and adsorptive behavior of the complex. These observations affirm that paracetamol enhances the redox activity
of U(VI) species by acting as a chelating ligand. The electrochemical parameters for the second redox wave (U⁺ ⁴) of
uranyl-paracetamol interactions are summarized in Table 3, showing the influence of paracetamol concentration on peak
potentials, currents, and derived thermodynamic quantities (e.g., diffusion coefficients, charge transfer).
Table 3. Electrochemical Parameters for the Second Redox Wave (U4⁺ ). Conditions: 0.01 M Paracetamol, 298.15 K,
0.1 V·s⁻ ¹, 0.1 M NaOH

[L]
mol.L-1

Volt Amp Ip,a/Ip,c Volt
Ep,a Ep,c ∆Ep (-) Ip,a (µA) Ip,c (µA) E˚

9.35 x10-3 0.1357 0.2103 0.0746 51.1 65.8 0.7775 0.1730
1.85 x10-3 0.1428 0.2154 0.0725 80.8 80.7 1.0010 0.1791
5.64 x10-3 0.1235 0.2016 0.0781 10.5 77.3 1.3590 0.1626
7.29 x10-3 0.1191 0.2208 0.1017 55.2 11.0 0.5019 0.1700
1.07 x10-3 0.0943 0.2253 0.1310 60.4 10.6 0.5705 0.1597

Da x105
cm2.s-1

Dc x105
cm2.s-1

Epc/2 Epa-
Epc/2 Kscx102 Γc x109

mol.cm-2 (+)Qcx105 C Γa x109
mol.cm-2 (-)Qa x105C

1.7894 2.96 0.1551 0.0551 4.22 1.3662 1.66 1.0623 1.29
4.5547 4.54 0.1627 0.0526 4.93 1.6773 2.03 1.6791 2.03

8.3236 4.51 0.1570 0.0446 6.65 1.6058 1.95 2.1823 2.64

2.3845 9.47 0.1603 0.0605 2.12 2.2865 2.77 1.1476 1.39

3.0725 9.44 0.1673 0.0579 6.90 2.1999 2.67 1.2551 1.52

Table 3 focuses on the second redox transition in the system, likely corresponding to U(V)/U(IV). The shift in
Ep,a and Ep,c values and the changes in ΔEp further support the hypothesis that different uranyl species (e.g.,
UO₂(OH)₄²⁻ , UO₃(OH)₃³⁻ ) are involved in complexation. As with the first redox couple, the increasing



Electrochemical Study of Uranyl-Paracetamol Interactions in Solution: Cyclic Voltammetry and Molecular Docking Approaches
__________________________________________________________________________________________________________________

________________________________________________
Egypt. J. Chem. 69, No.2 (2026)

61

Ip,a and Ip,c values confirm that higher paracetamol concentrations lead to greater redox activity. The formal
potential (E°) values suggest a shift toward more favourable redox transitions.

Elevated diffusion coefficients indicate improved ion transport and stability of the complex species. The standard
rate constant (ks) and transfer coefficient (αna) again reflect better electron exchange efficiency in the presence
of paracetamol. Surface coverage (Γa and Γc) and charge passed (Qa and Qc) parameters further support this
behaviour, showing higher adsorption of the active species and stronger electrochemical response. The second
redox wave thus confirms a two-step interaction mechanism where paracetamol plays a stabilizing role across
multiple oxidation states of uranium.

In summary, paracetamol acts as an effective chelating agent, significantly enhancing the redox behavior of uranyl ions in
alkaline media. The observed shifts in peak positions, increased diffusion coefficients, and elevated charge transfer values
substantiate the formation of uranyl–paracetamol complexes with improved electrochemical characteristics.

3.4. Stability Constants of Uranyl-Paracetamol Complexes

The stability constants (βj) for uranyl–paracetamol interactions were determined via cyclic voltammetry by analysing the
anodic peak potential shifts observed in the presence of paracetamol. These constants, which reflect the strength of interaction
between the uranyl ion (UO₂²⁺ ) and paracetamol in alkaline medium (0.1 M NaOH), were evaluated from two prominent
redox waves and are presented in Table 4 [28-29]. No precipitation was observed during the experiments, indicating the
formation of soluble hydroxylated uranyl–paracetamol complexes under the studied conditions. The changes in anodic peak
potential (Ep,a) for the free uranyl ion and its complex form enabled the estimation of the stability constants (log βj), which
describe the equilibrium of complex formation between uranyl ions and paracetamol.

Table 4. Stability Constants and Thermodynamic Parameters for Uranyl–Paracetamol Complexes

Wave 1
[L]
mol.L-1

Metal Complex
∆E mV log[L] log βj Βj ∆G (KJ/mol)

(Ep,a)M (Ep,a)C
9.35 x10-3 0.3558 0.1615 0.1943 4.0293 20.1783 1.5077 -112.874
1.85 x10-3 0.3558 0.0848 0.2710 3.7323 28.1785 1.5084 -157.626
5.64 x10-3 0.3558 0.1274 0.2284 3.2488 23.9881 9.7304 -134.185
7.29 x10-3 0.3558 0.1516 0.2042 3.1373 21.5737 3.7473 -120.679
1.07 x10-3 0.3558 0.1311 0.2247 2.9716 23.8850 7.6748 -133.609

Wave 2
[L]
mol.L-1

Metal Complex
∆E mV log[L] log βj Βj ∆G (KJ/mol)

(Ep,a)M (Ep,a)C
9.35 x10-3 0.3558 0.1730 0.1824 7.0293 12.7325 5.4017 -71.2237
1.85 x10-3 0.3558 0.1791 0.1767 6.7323 12.4167 2.6107 -69.4573
5.64 x10-3 0.3558 0.1626 0.1932 6.2488 13.9942 9.8691 -78.2817
7.29 x10-3 0.3558 0.1700 0.1858 6.1373 13.6774 4.7577 -76.5091
1.07 x10-3 0.3558 0.1597 0.1960 5.9716 12.2686 5.3872 -68.6287

Table 4 presents the calculated stability constants (log βj) and Gibbs free energy (ΔG) values derived from cyclic
voltammetry for two distinct redox waves. The shift in anodic peak potential (Ep,a) between free uranyl and the
complex (∆E) provides a quantitative basis for calculating log βj. Higher log βj values indicate stronger complex
formation between uranyl ions and paracetamol, with values ranging from 12 to 28. The ΔG values are
consistently negative, confirming the spontaneous nature of the complexation process. The stronger binding
observed in Wave 1 (U⁶ ⁺ ) compared to Wave 2 (U⁴⁺ ) reflects the higher affinity of paracetamol toward the
oxidized form of uranyl, possibly due to stronger electrostatic interactions. This thermodynamic analysis supports
the kinetic data and validates the formation of a stable, soluble uranyl–paracetamol complex in alkaline medium.
These findings reinforce the potential of paracetamol as a chelating and stabilizing agent for uranium ions in
environmental or analytical applications.
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The data reveal that higher log βj values correspond to stronger complex formation, with values ranging from approximately
12 to 28. All values of Gibbs free energy (ΔG) are negative, indicating that the complex reactions are spontaneous and
thermodynamically favorable. These findings highlight the strong affinity between uranyl ions and paracetamol in alkaline
media, consistent with the formation of stable coordination complexes.

Importantly, the stability of these complexes suggests that paracetamol could serve as an effective chelating agent for uranyl
ions, with potential applications in uranium stabilization and nuclear waste remediation.

3.4. Effect of Scan Rate on the Redox Behavior of Uranyl Ions in the Presence and Absence of Paracetamol

To investigate the influence of scan rate on the electrochemical behavior of uranyl ions, cyclic voltammetry was performed in
0.1 M NaOH both with and without paracetamol (0.01 M) at varying scan rates. The results are depicted in Fig. 5.

Fig. 5. Effect of Scan Rate
(a) Cyclic voltammograms of uranyl nitrate (0.01 M) with paracetamol (0.01 M) in 0.1 M NaOH at various scan rates.

Shows diffusion-controlled redox behaviour. Temperature: 298.15 K.
(b) Cyclic voltammograms of uranyl nitrate (0.01 M) in 0.1 M NaOH at varying scan rates without paracetamol. Lower

peak intensities observed. Temperature: 298.15 K.

The voltammograms reveal that in both cases, the redox processes are diffusion-controlled, as evidenced by the linear
relationship between peak current and the square root of the scan rate. However, notable differences arise due to the presence
of paracetamol. When paracetamol is present (Fig. 5a), there is a noticeable increase in peak current and a shift in peak
potentials, indicating enhanced electron transfer kinetics and stronger redox activity[30–34].
In the absence of paracetamol (Fig. 5b), similar redox behaviour is observed, but with significantly lower peak currents. This
contrast highlights the role of paracetamol in facilitating uranyl ion reduction and oxidation by forming electroactive
complexes.
Cathodic peaks: With increasing scan rate, the peak potentials shift to more negative values, consistent with a diffusion-
controlled process where the electron transfer rate is limited by the diffusion of the electroactive species to the electrode
surface.
Anodic peaks: In contrast, anodic peak potentials shift towards more positive values with an increasing scan rate, also
supporting diffusion control. The reversible redox behaviour further confirms the formation of stable uranyl–paracetamol
complexes.
These results demonstrate that paracetamol enhances both the thermodynamic and kinetic aspects of uranyl ion redox
behaviour. In alkaline conditions, paracetamol deprotonates and forms anionic species capable of chelating U(VI), thereby
lowering the Gibbs free energy of solvation and facilitating redox transitions.
The electrochemical and thermodynamic insights gained from this study provide a foundation for developing treatment
strategies involving organic chelators such as paracetamol. Moreover, the presence of such organic compounds should be
carefully considered in the analysis of uranium speciation in environmental and industrial systems, as they may significantly
alter both redox potential and complexation behaviour [35–42].
3.5. Molecular Docking Studies of Paracetamol and Its Uranyl Complex with Viral and Cancer-Related Proteins
To explore the potential biological relevance of paracetamol (PCM) and its uranyl complex beyond their conventional
pharmacological applications, molecular docking simulations were conducted against selected viral and cancer-related protein
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targets. These included the SARS-CoV-2 main protease (PDB ID: 7JWY) and a melanoma-associated antigen (PDB ID:
5IXB). The 7JWY target was selected due to its critical role in viral replication and relevance to the COVID-19 pandemic,
while 5IXB represents a cancer-associated protein implicated in immune recognition of melanoma cells [43–46].
Specifically, 7JWY corresponds to the SARS-CoV-2 main protease (Mpro), a critical enzyme involved in viral replication.
Given the global impact of COVID-19, this protein was chosen to explore the theoretical potential of paracetamol to interact
with key viral targets, albeit only through silicon docking as a proof-concept without therapeutic claims.
On the other hand, 5IXB is a melanoma-associated antigen recognized by T cells. It was selected to assess paracetamol’s
theoretical binding affinity to cancer-related proteins, which complements literature suggesting paracetamol may modulate
oxidative stress and inflammation—pathways often linked to tumor progression. While paracetamol is not an anticancer drug,
exploring its binding affinity to this protein offers hypothetical biomedical insights that may inspire future studies.
Docking studies were performed using the Molecular Operating Environment (MOE 2015.10). Ligands were geometry-
optimized, and proteins were preprocessed by removing crystallographic water, adding hydrogens, and correcting protonation
states at pH 7.4. A flexible ligand–rigid receptor approach was applied, and interaction parameters were evaluated for both
hydrogen bonding and energetic favorability.
3.5.1. Docking of Free Paracetamol with 7JWY and 5IXB
The docking interactions of paracetamol with both viral and cancer proteins are summarized in Table 5, highlighting the key
binding parameters, interaction types, and their potential implications. The 2D and 3D interaction models are illustrated in Fig.
6, visually representing the molecular binding sites and orientations.

a) Interaction of paracetamol with 7JWY viral protein for COVID-19

b) Interaction of paracetamol with Melanoma (eye cancer) protein 5IXB .
Fig. 6. Molecular docking of paracetamol
(a) 2D/3D interaction plot showing paracetamol docked to COVID-19 viral protein (PDB: 7JWY).
(b) 2D/3D interaction plot showing paracetamol docked to melanoma-associated protein (PDB: 5IXB).
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The 2D and 3D models depict binding sites, hydrogen bonds, and interaction distances, highlighting potential
pharmacological implications. (a) COVID-19 protein 7JWY: Weak interaction (−1.1 kcal/mol) via hydrogen bonding with
ASN-61 (3.07 Å) suggests limited but favourable interaction, potentially relevant for inflammation modulation during viral
infections. (b) Melanoma protein 5IXB: Stronger binding (−3.1 kcal/mol) with TYR-105 (2.84 Å) and ASP-103 (3.17 Å),
suggesting potential anticancer applications. Energy values are detailed in Table 5.

Table 5. Molecular Docking Parameters of Paracetamol with SARS-CoV-2 (7JWY) and Melanoma (5IXB) Proteins
Ligand Target

Protein
Interaction
Residue

Interaction
Type

Distance
(Å)

Binding
Energy
(kcal/mol)

Potential Implication

Paracetamol
O 16

COVID-19
(7JWY)

N ASN 61
(H-acceptor)

H-bond
(acceptor)

3.07 -1.1 Weak interaction,
minimal antiviral
effect

Paracetamol
N 11

Melanoma
(5IXB)

OD1 ASP
103
(H-donor)

H-bond
(donor)

3.17 -1.0 Additional
stabilization, moderate
binding affinity

Paracetamol
O 13

Melanoma
(5IXB)

O TYR 105
(H-donor)

H-bond
(donor)

2.84 -3.1 Stronger interaction,
possible influence on
tumor progression

For COVID-19 (7JWY): The binding energy of -1.1 kcal/mol suggests a weak but favourable interaction between
paracetamol and COVID-19 protein (7JWY). The interaction distance of 3.07 Å indicates a moderate binding affinity, which
could influence the protein’s function. The binding involves hydrogen bond formation between paracetamol’s oxygen and the
ASN-61 residue of the viral protein, stabilizing the complex.

For Melanoma (5IXB): The binding energy of -3.1 kcal/mol suggests a stronger interaction with melanoma protein
compared to COVID-19 protein. The shorter interaction distance (2.84 Å) with TYR 105 indicates a high affinity binding site,
potentially influencing melanoma protein activity. Additional interaction with ASP 103 further supports the stabilization of the
complex.

3.5.2. Energy Profile and Stability Analysis
To further assess the binding strength and conformational stability of the ligand–protein complexes, an in-depth energy
decomposition analysis was conducted. The docking energy components are summarized in Table 6, which include
conformation energy (E conf), placement energy (E place), scoring functions (E score1 and E score2), and refinement energy (E refine).
To further understand the stability and strength of these molecular interactions, an energy profile analysis was performed for
both viral and cancer protein docking. The docking energy values, as detailed in Table 6, highlight key energy components
that determine the stability and feasibility of the paracetamol-protein complexes.
Table 6. Energy Profile of Paracetamol–Protein Docking Interactions

Target Protein Position RMSD E conf E place E score1 E refine E score2

COVID-19 (7JWY) 1 - -4.2664 -70.972 -46.4583 -18.4131 -
2 - -3.9847 -70.874 -36.7277 -16.3019 -

Melanoma (5IXB) 1 0.6002 -70.7387 -50.7491 -6.87632 -27.6929 -5.5784
2 1.5072 -70.8549 -34.864 -6.55831 -24.4986 -5.3861

Interpretation of Energy Parameters:

 E conf (Conformation Energy): Indicates the intrinsic stability of the ligand in the docked pose.

 E place (Placement Energy): Reflects the efficiency of ligand positioning in the binding pocket.

 E score1 (Scoring Function 1): Estimates the ligand’s binding affinity in the first evaluation step.

 E refine (Refinement Energy): Captures energy changes from post-docking refinement.

 E score2 (Final Scoring Function): The final estimation of the binding strength.

The docking data supports that paracetamol forms weak but energetically favourable interactions with the COVID-19 protein
(7JWY). Although the binding affinity is low (–1.1 kcal/mol), the interaction may still be relevant for understanding
paracetamol's secondary roles, such as inflammation modulation during viral infections.
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Conversely, a stronger and more stable interaction is observed with the melanoma protein (5IXB), as evidenced by a more
negative binding energy (–3.1 kcal/mol) and shorter hydrogen bond distances. These findings suggest that paracetamol may
have unexplored implications in cancer biology, potentially influencing tumour progression pathways [47–50].

3.5.2. Docking of the Paracetamol–Uranyl Complex with SARS-CoV-2 Protein

To further evaluate how metal complexation alters the interaction profile of paracetamol, its 1:1 complex with uranyl ion
(UO₂²⁺ ) was subjected to docking with the SARS-CoV-2 main protease (7JWY). The metal–ligand complex was energy-
minimized and docked using identical protocol parameters. The 2D and 3D interaction models are illustrated in Fig. 7,
visually representing the molecular binding sites and orientations.

Fig. 7. Molecular docking of paracetamol–uranyl complex
2D/3D interaction plot showing paracetamol–uranyl complex docked to COVID-19 viral protein (PDB: 7JWY).

Energy values are detailed in Table 7. A hydrogen bond was observed between the O3 atom of the complex and SER-373
(OG) in the receptor’s active site, with a bond distance of 2.98 Å and an interaction energy of –1.3 kcal/mol. Although this is
only marginally stronger than the interaction with the free ligand, the incorporation of the uranyl ion clearly altered the
docking conformation and electrostatic surface complementarity.

Table 7. Molecular Docking Parameters of Paracetamol with SARS-CoV-2 (7JWY) and Melanoma (5IXB) Proteins
Ligand Target

Protein
Interaction
Residue

Interaction
Type

Distance
(Å)

Binding
Energy
(kcal/mol)

Potential Implication

Paracetamol-
Uranyl (O3)

COVID-19
(7JWY)

SER 373
(OG)

H-bond
(acceptor)

2.98 -1.3 Slight enhancement due to
metal coordination

Full docking energy profile is provided in Table 8.

Table 8. Docking Energy Profile for the Paracetamol–Uranyl Complex with 7JWY

Target Protein Position RMSD E conf E place E score1 E refine E score2

COVID-19 (7JWY) 1 3.47 –1697.76 –61.70 –7.56 –18.73 –4.49

These values suggest stable positioning of the complex within the active site, despite a modest final binding energy. The
highly negative conformational energy reflects the structural rigidity of the uranyl complex, while the refinement score
suggests adequate pose optimization.

3.5.3. Biological Insights and Hypothetical Relevance
The results indicate that free paracetamol and its uranyl complex can form energetically favorable, albeit weak, interactions
with the viral main protease. The paracetamol–uranyl complex displayed slightly enhanced affinity and altered binding
geometry, possibly attributed to increased charge density and metal coordination capabilities. These findings propose that
metal complexation may modulate the bio-interactive profile of small molecules like paracetamol.
In contrast, paracetamol exhibited stronger binding with the melanoma protein, suggesting potential utility in modulating
cancer-related pathways such as oxidative stress or inflammatory signaling. Although these docking studies are theoretical
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and require experimental validation, they offer meaningful insights into repurposing or enhancing known drugs via metal
coordination strategies [51–54].
3.6. Comparison with Previous Studies:
Compared to earlier studies that investigated paracetamol’s redox behaviour using spectrophotometric or voltammetric
methods in the absence of metal ions, our findings reveal a distinct electrochemical profile upon complexation with uranyl
ions. Previous research on metal–paracetamol interactions focused largely on transition metals like Cu(II), Fe(III), and Zn(II),
where complex formation typically enhanced antioxidant or biological properties. However, the interaction of paracetamol
with actinide ions, particularly uranyl, has been rarely addressed [55–58]. Our results demonstrate for the first time that
uranyl–paracetamol complexation in alkaline medium leads to measurable shifts in redox potentials and peak currents,
confirming the formation of stable complexes. Additionally, the derived thermodynamic parameters (log β, ΔG) and the
molecular docking with biologically relevant proteins distinguish this study by providing both chemical and theoretical
insights not reported in earlier work[59–68].

4. Conclusions
This study demonstrated that paracetamol interacts electrochemically with uranyl ions in alkaline medium, forming stable

complexes with observable shifts in redox peaks. The electrochemical parameters revealed diffusion-controlled, quasi-
reversible behaviour with increased surface coverage and electron transfer efficiency. Calculated stability constants (log β)
and negative ΔG values confirm spontaneous complexation. Molecular docking showed paracetamol’s moderate affinity for
proteins 7JWY and 5IXB, suggesting theoretical biomedical relevance. The results indicate that free paracetamol and its
uranyl complex can form energetically favorable, albeit weak, interactions with the viral main protease. The paracetamol–
uranyl complex displayed slightly enhanced affinity and altered binding geometry, possibly attributed to increased charge
density and metal coordination capabilities. These findings propose that metal complexation may modulate the bio-interactive
profile of small molecules like paracetamol.

While promising, these in silico results require experimental validation. Overall, the integration of voltammetric and
docking approaches offers a novel strategy for evaluating ligand–actinide interactions.

Although this study presents electrochemical and docking insights into paracetamol–uranyl interactions, the lack of
experimental binding assays is a limitation. Future work should include such assays to validate and strengthen the theoretical
findings.

In summary, this research illustrates the dual environmental and biomedical relevance of paracetamol. It establishes
paracetamol as a promising molecule for future studies in redox chemistry, uranium sensing, and drug repurposing,
particularly in oncology and virology contexts.
Interdisciplinary Relevance: The study bridges electrochemistry, environmental science, and molecular biology, offering
valuable insights for researchers in these fields.
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