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ABSTRACT 

This study investigated the effectiveness of pristine and magnesium-doped beryllium oxide nanocages as 

adsorbents and sensors for the removal and detection of propylparaben (PP) using density functional 

theory (DFT) methods. The results indicated that while PP interaction with Be12O12 nanocages is not 

experimentally feasible, its interaction with MgBe11O12 is achievable under experimental conditions. The 

thermodynamic analysis revealed that adsorption on the pristine nanocluster is endothermic and non-

spontaneous, as evidenced by the positive values of ∆Had and ∆Gad. In contrast, adsorption on the Mg-

doped nanocage is exothermic and occurs spontaneously, as shown by the negative values of ∆Had and 

∆Gad. For both materials, low equilibrium constants (Kth) suggested that the adsorption process is 

reversible, bidirectional, and equilibrium-driven. Temperature and solvent effects were also assessed, 

showing that adsorption is more effective at lower temperatures and in the absence of water, i.e., in the 

gas phase. In terms of electronic properties, the pristine Be12O12 nanocage exhibited a 23% reduction in 

its bandgap, decreasing from 16.627 eV to 12.775 eV upon interaction with PP. Conversely, the 

MgBe11O12 nanocage experienced a substantial 110% bandgap increase, rising from 6.090 eV to 13.018 

eV. These findings suggest that Mg-doped nanocages not only exhibit superior adsorption efficiency for 

PP removal but also demonstrate enhanced suitability as sensing materials for the electrochemical 

detection of PP. 
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Introduction 

Propylparaben (PP, Figure 1), a commonly used preservative in cosmetics, pharmaceuticals, and 

food products, has garnered significant attention due to its potential health and environmental 

implications [1]. Its primary function is to inhibit the growth of harmful microorganisms, thereby 

extending the shelf life of products. However, growing concerns about its safety have 

underscored the importance of both its removal from certain applications and the accurate 

determination of its concentration in consumer goods [2]. Scientific studies have suggested that 

PP can mimic estrogenic activity in the body, raising concerns about its potential role as an 

endocrine disruptor [3]. Prolonged exposure to such compounds may interfere with hormonal 

balance, potentially contributing to reproductive issues, developmental abnormalities, or even 

certain cancers [4]. As a result, regulatory bodies in various regions have imposed restrictions or 

set maximum permissible limits on its usage, emphasizing the need for rigorous monitoring and 

compliance [4]. The removal of PP from products where it poses a risk is not only a public health 

priority but also an environmental necessity [5]. Once released into wastewater systems, 

parabens can persist in aquatic environments, potentially affecting marine life by disrupting 

endocrine functions in fish and other organisms [5]. These ecological consequences further 

highlight the need for advanced wastewater treatment technologies capable of efficiently 

degrading or eliminating parabens before they enter natural ecosystems [6]. Simultaneously, the 

determination of PP concentrations is critical for ensuring product safety and regulatory 

compliance [6]. Among the various methods available, adsorption and electrochemical sensors 

have emerged as superior alternatives to traditional techniques, offering distinct advantages in 

terms of efficiency, sensitivity, and environmental compatibility [7]. Adsorption-based methods 

leverage materials such as activated nanostructures, which exhibit high surface area and tailored 

functional groups for selective binding of PP [1]. These materials enable rapid and cost-effective 

removal of the compound even at low concentrations, outperforming conventional methods like 

chemical precipitation or membrane filtration, which often suffer from high operational costs and 

secondary waste generation [8]. On the other hand, electrochemical sensors provide a highly 

sensitive and real-time detection platform for PP through advanced electrode materials and 

surface modifications [9]. These sensors offer low detection limits, fast response times, and the 

ability to operate in complex matrices without requiring extensive sample preparation, making 

them ideal for on-site monitoring [10]. Compared to traditional chromatographic or 
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spectroscopic techniques, electrochemical sensors are more portable, cost-efficient, and user-

friendly. Furthermore, the integration of nanomaterials in both adsorption systems and 

electrochemical sensors significantly enhances their performance by increasing active surface 

area and improving selectivity [10].  

Beryllium oxide nanoclusters, particularly Be12O12 (Figure 1), have garnered significant attention 

in recent years due to their exceptional physicochemical properties, which make them promising 

candidates for applications in adsorption and electrochemical sensing [11]. Be12O12 nanoclusters 

exhibit a unique combination of high thermal stability, chemical inertness, and an impressive 

surface-to-volume ratio, which is pivotal for enhancing their interaction with target molecules 

[12]. Their structural configuration, characterized by a three-dimensional framework of 

beryllium and oxygen atoms, endows them with a high density of active sites that can facilitate 

efficient adsorption and detection of various chemical species [13]. This property is particularly 

advantageous in the realm of electrochemical sensors, where sensitivity and selectivity are 

paramount [14]. The high bandgap of Beryllium oxide nanoclusters contributes to their electronic 

stability, while their polar surface nature enhances their affinity for polar analytes, making them 

ideal for detecting gases, organic compounds, and biomolecules [15]. Moreover, the 

nanocluster's ability to undergo reversible interactions with adsorbed species ensures that it can 

be reused in multiple sensing cycles without significant degradation in performance [16]. The 

small size and quantum confinement effects of Be12O12 further amplify its electronic and optical 

properties, enabling enhanced signal transduction in electrochemical systems [16]. Additionally, 

the biocompatibility and low toxicity of beryllium oxide, when used in controlled nanoscale 

forms, open pathways for applications in biosensing and medical diagnostics [17]. Another 

noteworthy feature of Be12O12 is its resistance to harsh chemical environments, which allows it 

to maintain functionality under extreme conditions, such as high temperatures or corrosive 

atmospheres [18]. This robustness makes it suitable for industrial sensing applications where 

durability is critical. Density Functional Theory (DFT) has emerged as one of the most powerful 

and widely used computational tools in the field of quantum chemistry and materials science. 

Rooted in quantum mechanical principles, DFT provides a framework to study the electronic 

structure of atoms, molecules, and condensed matter systems with remarkable accuracy and 

computational efficiency [19]. One of the key applications of DFT is in understanding and 
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predicting adsorption phenomena, where molecules or atoms adhere to surfaces, a process 

critical in catalysis, energy storage, and environmental remediation [20]. Therefore, the 

application of a sensor and adsorbent for the detection and adsorptive removal of PP was 

scrutinized by DFT computations, and the effects of various factors such as the temperature, 

doping of the nanocluster, and solvent were also evaluated in detail.  

 

Figure 1. The optimized structures of PP and Be12O12 (yellow: carbon, white: hydrogen, purple: 

oxygen, green: beryllium) 

Computational Methods 

The structures of PP, Be12O12, MgBe11O12, and their combinations were meticulously designed 

and evaluated using GaussView 6 [21] and Nanotube Modeler 1.3.0.3 [22]. The process 

commenced with geometric optimization for each structure to ensure stability, enabling accurate 

and reliable subsequent analyses. Following optimization, a series of computational analyses 

were carried out, including infrared (IR) spectroscopy, and frontier molecular orbital (FMO) 

analysis. These analyses were conducted to gain a deeper understanding of the electronic 

properties and bonding characteristics of the structures. The density functional theory (DFT) 

approach was consistently applied, with a particular focus on the B3LYP/6-31G(d) level of 

theory, utilizing Gaussian 16 [23] software to ensure precision and dependability in the 

computational outcomes. This comprehensive methodology provided valuable insights into the 

molecular interactions and electronic configurations of these complex nanostructures. The 

research adopted this theoretical approach due to its broad acceptance within the scientific 
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community and its strong alignment with empirical observations. This framework is well-

regarded for its dependability in predicting experimental outcomes, ensuring that computational 

results effectively reflect real-world phenomena. The study utilized computational simulations in 

both gaseous and aqueous environments, incorporating the Conductor-like Polarizable 

Continuum Model (CPCM) to account for solvation effects [24]. Temperature variations from 

298 K to 318 K were analyzed, with a particular focus on understanding the adsorption of drugs 

onto an adsorbent material. The primary objective was to explore the influence of solvation and 

temperature on the adsorption process, especially in water-based systems. This approach 

provides valuable insights into the thermodynamic aspects of drug adsorption, potentially 

informing the design of more effective drug delivery systems in aqueous environments. The 

following process was scrutinized: 

PP + Adsorbent → PP-Adsorbent                                                                                                 (1) 

In our study, we conducted an in-depth evaluation of the interaction between the drug and the 

adsorbent by determining the adsorption energy values (Ead) alongside several key 

thermodynamic parameters. These parameters included the thermodynamic equilibrium constant 

(Kth), entropy changes (∆Sad), Gibbs free energy variations (∆Gad), and adsorption enthalpy 

changes (∆Had). The calculations were based on a series of equations, specifically equations 2 

through 6, which provided a robust framework for analyzing the thermodynamic characteristics 

of the adsorption process. These equations enabled us to quantify and assess the energetic and 

entropic contributions to the adsorption mechanism, thereby offering critical insights into the 

effectiveness and practicality of the drug-adsorbent interaction under varying conditions [25]. 

     (2)        

                                                                             (3) 

      (4)  

                                                                             (5) 

                                                                                                          (6)  
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In the equations under consideration, the variable E represents the total electronic energy 

corresponding to each structure being analyzed. Conversely, EBSSE denotes the basis set 

superposition correction, a critical factor for ensuring precise energy computations. The variable 

H signifies the total energy of the materials under study, incorporating the thermal correction of 

enthalpy. Likewise, G represents the total energy adjusted by the thermal correction of Gibbs free 

energy, as detailed in the pertinent literature. The constant R corresponds to the ideal gas 

constant, while S refers to the thermal correction entropy relevant to the structures being 

examined. Lastly, T denotes the temperature at which these assessments are performed [26]. 

Equations 7-12 are employed to determine several essential properties, including the bandgap 

(Eg), chemical hardness (η), chemical potential (µ), electrophilicity (ω), and the maximum 

charge transfer capacity (∆Nmax) of frontier molecular orbitals [27]. 

                                                                                                                 (7) 

                                                                                                               (8) 

                                                                                                            (9) 

                                                                                                           (10( 

                                                                                                                                 (11)  

∆Nmax=- µ/ η                                                                                                                               (12) 

Within the framework of molecular orbital theory, the concepts of ELUMO and EHOMO are essential 

for analyzing the electronic characteristics of materials. ELUMO represents the energy of the 

lowest unoccupied molecular orbital, while EHOMO denotes the energy of the highest occupied 

molecular orbital. These parameters play a crucial role in determining a molecule's electronic 

properties and reactivity. The energy gap between these two levels, known as the bandgap, is a 

key factor that affects the electrical conductivity and optical behavior of a material. In this 

context, two types of complexes are being considered: the Nano-adsorbent and the PP-
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Adsorbent. The corresponding bandgaps for these complexes are identified as Eg1 and Eg2 [28-

30]. 

Results and Discussion  

PP Interactions with Pristine Adsorbent 

The research explores the interaction between PP and Be12O12 by analyzing three distinct 

configurations to identify the most stable arrangement. In the A-configuration, Be12O12 is aligned 

parallel to the benzene ring of PP. In the B-configuration, Be12O12 is positioned near the propyl 

group of PP. Lastly, in the C-configuration, the adsorbent is located near the OH group of PP. 

Following geometrical optimization (Figure 2), it was found that PP moved farther from Be12O12 

in all configurations, causing slight structural alterations [25]. These results highlight weak 

interactions between PP and Be12O12 [25]. 

 

Figure 2. The initial and optimized structures of Be12O12 and PP complexes (yellow: carbon, 

white: hydrogen, purple: oxygen, green: beryllium) 
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The adsorption energies presented in Table 1 are positive, signifying that the adsorption process 

is unfeasible under experimental conditions. Notably, the C-Conformer exhibits the highest 

adsorption energy, which points to the weakest interactions within its configuration [26]. 

Furthermore, the impact of water as a solvent on these adsorption energies was investigated. The 

findings show that the adsorption energies are increased in an aqueous environment [27]. This 

suggests that although water diminishes the interactions, the adsorption process continues to be 

experimentally unachievable. The exploration of water's influence on adsorption indicates that its 

presence has only a minor effect on the adsorption energies [28]. After performing geometrical 

optimizations, the structure underwent analysis through infrared (IR) spectral calculations. The 

results, as presented in Table 1, reveal the recorded minimum and maximum frequency values. 

The consistently positive frequencies calculated confirm that the structures analyzed are genuine 

local minima, verifying their stability and supporting the reliability of the computational methods 

used in this study [29]. This stability is crucial for future applications and theoretical forecasts in 

related chemical processes. The information in Table 1 highlights significant and meaningful 

changes in dipole moment when PP is adsorbed onto the Be12O12 surface. These findings 

strongly indicate that PP's chemical reactivity is greatly increased upon its interaction with the 

nanocage. The shifts observed in dipole moment values point to a significant alteration in 

electronic distribution and charge transfer within the PP-Adsorbent system [30]. 

Table 1. Structural properties of PP, Be12O12, and their complexes 

Structures Total 

electronic 

energy  

(a.u) 

Adsorption 

energy 

 (kJ/mol) 

νmin 

(cm-1) 

νmax 

(cm-1) 

Dipole 

moment 

(Deby) 

PP (Vacuum) -602.571 --- 10.982 3107.900 0.470 

PP (Water) -602.371 --- 20.567 3110.871 0.560 

Be12O12 (Vacuum) -1062.046 --- 50.981 2050.099 0.000 

Be12O12 (Water) -1062.151 --- 65.993 2040.176 0.200 

A-Conformer (Vacuum) -1664.597 52.720 5.592 3893.310 2.010 

A-Conformer (Water) -1664.495 70.822 10.366 3765.403 2.460 

B-Conformer (Vacuum) -1664.589 73.422 18.761 3769.988 3.050 

B-Conformer (Water) -1664.471 132.962 15.532 3840.120 3.130 

C-Conformer (Vacuum) -1664.574 112.422 16.160 3620.022 2.840 

C-Conformer (Water) -1664.466 146.742 17.658 3699.183 3.180 
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The thermodynamic evaluation presented in Table 2 reveals that the interaction between PP and 

Be12O12 is markedly endothermic and does not occur naturally without external intervention [29]. 

This conclusion is evident from the positive values of ∆Had and ∆Gad. Furthermore, the low 

thermodynamic equilibrium constants provide additional confirmation of these findings [28]. 

The study also investigates how temperature and solvent impact these parameters, showing that 

PP adsorption is more efficient at lower temperatures and in a vacuum environment [27]. 

However, the negative ∆Sad values suggest that the adsorption process is entropically 

unfavorable, indicating a tendency for PP-Adsorbent clusters to form after adsorption [26]. 

Additionally, the thermodynamic data highlight a preference for the formation of the A-

Conformer over other conformers. The elevated thermodynamic equilibrium constants also 

suggest that the interactions between PP and Be12O12 are irreversible, unidirectional, and deviate 

from equilibrium conditions [25]. 

Table 2. Thermodynamic parameters of the adsorption process as a function of temperature 

Structures ΔHad (kJ/mol) ΔGad (kJ/mol) ΔSad (J/mol) Kth 

A-Conformer-Vacuum-298 36.529 101.187 102.046 1.832×10-18 

A-Conformer-Vacuum-308 38.329 103.492 99.486 2.804×10-18 

A-Conformer-Vacuum-318 40.129 105.797 96.926 4.180×10-18 

A-Conformer-Water-298 102.413 167.072 120.055 5.175×10-30 

A-Conformer-Water-308 104.213 169.377 117.845 1.878×10-29 

A-Conformer-Water-318 106.013 171.682 115.865 6.288×10-29 

B-Conformer-Vacuum-298 90.483 135.497 119.277 1.773×10-24 

B-Conformer-Vacuum-308 92.283 137.802 116.826 4.255×10-24 

B-Conformer-Vacuum-318 94.083 140.107 115.608 9.665×10-24 

B-Conformer-Water-298 124.117 169.131 107.104 2.254×10-30 

B-Conformer-Water-308 125.917 171.436 105.255 8.406×10-30 

B-Conformer-Water-318 127.717 173.741 104.682 2.886×10-29 

C-Conformer-Vacuum-298 95.032 140.046 52.886 2.827×10-25 

C-Conformer-Vacuum-308 96.832 142.351 51.056 7.201×10-25 

C-Conformer-Vacuum-318 98.632 144.656 48.287 1.730×10-24 

C-Conformer-Water-298 124.372 169.386 82.226 1.832×10-18 

C-Conformer-Water-308 126.172 171.691 80.396 2.804×10-18 

C-Conformer-Water-318 127.972 173.996 77.627 4.180×10-18 
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The density of states (DOS) spectra and analysis of frontier molecular orbital (FMO) parameters, 

as detailed in Table 3 and Figure 3, reveal subtle changes in the band gap of Be12O12 upon 

adsorption. Initially measured at 16.627 eV, the band gap decreases to 12.775 eV, 12.851 eV, and 

12.883 eV for conformers A, B, and C, respectively. These reductions, which represent a 

maximum change of approximately 23% for the most favorable conformer, indicate that Be12O12 

exhibits limited potential as an electrocatalyst modifier for PP detection [26]. Additionally, the 

interaction with Be12O12 slightly lowers the chemical hardness of PP from its original value of 

6.706 eV to 6.388 eV, 6.426 eV, and 6.441 eV for the respective conformers, suggesting 

enhanced chemical reactivity after adsorption [27]. The negative values of chemical potential 

observed further confirm the thermodynamic stability of the studied configurations. Moreover, 

adsorption leads to a slight increase in both the electrophilicity and the maximum charge transfer 

capacity indices of PP on the Be12O12 surface, indicating an improved propensity for electron 

absorption compared to isolated PP molecules without nanostructural interaction [28]. In 

summary, these results demonstrate that Be12O12 is unlikely to serve as an effective 

electrocatalytic modifier for electrochemical PP detection applications [29]. 

Table 3. FMO parameters for PP, Be12O12, and their complexes 

Structures EHOMO 

(eV) 

ELUMO (eV) Eg (eV) %ΔEg η (eV) µ (eV) ω (eV) ∆Nmax (eV) 

PP -6.887 6.525 13.412 --- 6.706 -0.181 0.002 0.027 

Be12O12 -9.635 6.993 16.627 --- 8.314 -1.321 0.105 0.159 

A-Conformer -7.314 5.462 12.775 -23.167 6.388 -0.926 0.067 0.145 

B-Conformer -6.896 5.955 12.851 -22.711 6.426 -0.470 0.017 0.073 

C-Conformer -7.074 5.809 12.883 -22.521 6.441 -0.633 0.031 0.098 
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Figure 3. The DOS spectrums of Be12O12 and PP- Be12O12 complexes 

PP Interactions with Al-doped Adsorbent 

The study revealed that the adsorption of PP on the pristine BeO nanocluster exhibited 

characteristics of experimental impossible [30]. Besides, the changes in band gaps were not 

particularly significant. As a result, Be12O12 is not a suitable adsorbent and sensing material for 

its adsorptive removal and electrochemical detection [29]. To address this, the BeO nanocage 

was modified by incorporating a single magnesium atom, and the potential of MgBe11O12 was 

evaluated for its dual functionality as both a sensor and an adsorbent for the detection and 

elimination of PP [28]. The initial arrangements of the structures were identical to those used for 

the pristine adsorbent, and the interactions were analyzed in three distinct configurations [27]. In 

the Mg-A configuration, the MgBe11O12 molecule was oriented parallel to the benzene ring of the 

PP molecule. For the Mg-B configuration, MgBe11O12 was aligned parallel to the propyl group of 

PP. Lastly, in the C configuration, the adsorbent was positioned near the OH group of PP. After 

performing geometrical optimization (as shown in Figure 4), it was observed that PP shifted 
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closer to MgBe11O12 in all configurations, resulting in minimal structural changes [26]. These 

findings suggest that the interactions between PP and MgBe11O12 are relatively weak [25].  

 

Figure 4. The initial and optimized structures of MgBe11O12 and PP complexes (yellow: carbon, 

white: hydrogen, purple: oxygen, black: magnesium, green: beryllium) 

 

The adsorption energies detailed in Table 4 are slightly negative, indicating that the adsorption 

process is feasible under experimental conditions. Among the configurations studied, the Mg-C-

Conformer demonstrates the most negative adsorption energy, reflecting the strongest 

interactions in its structure [26]. Additionally, the role of water as a solvent in these adsorption 

energies was examined. The results reveal that while the presence of water reduces the 
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adsorption energies, they remain negative, signifying that the adsorption process is still 

experimentally attainable [27]. This analysis highlights that water's influence on adsorption is 

relatively minor. Following geometrical optimization, the structure was further analyzed using 

infrared (IR) spectral calculations. The findings, as detailed in Table 4, showcase the observed 

minimum and maximum frequency values [28]. The uniformly positive frequencies derived 

confirm that the analyzed structures represent true local minima, thereby affirming their stability 

and validating the computational approaches employed in this research [29]. Such stability is 

essential for advancing both practical applications and theoretical predictions in related chemical 

systems. Table 4 also underscores notable and impactful variations in dipole moment when PP 

interacts with the MgBe11O12 surface [30]. These results provide compelling evidence that PP's 

chemical reactivity is significantly enhanced through its interaction with the nanocage. The 

changes in dipole moment values suggest a pronounced shift in electronic distribution and charge 

transfer dynamics within the PP-adsorbent system [29]. 

Table 4. Structural properties of PP, MgBe11O12, and their complexes 

Structures Total electronic 

energy  

(a.u) 

Adsorption 

energy 

 (kJ/mol) 

νmin 

(cm-1) 

νmax 

(cm-1) 

Dipole moment 

(Deby) 

PP (Vacuum) -602.571 --- 16.664 3113.582 2.160 

PP (Water) -602.371 --- 26.249 3116.553 2.250 

MgBe11O12 (Vacuum) -1244.708 --- 56.663 2055.781 1.690 

MgBe11O12 (Water) -1244.815 --- 71.675 2045.858 1.890 

Mg-A-Conformer (Vacuum) -1847.305 -67.198 11.274 3898.992 3.700 

Mg-A-Conformer (Water) -1847.205 -48.991 16.048 3771.085 4.150 

Mg-B-Conformer (Vacuum) -1847.311 -82.158 24.443 3775.670 4.740 

Mg-B-Conformer (Water) -1847.210 -61.991 21.214 3845.802 4.820 

Mg-C-Conformer (Vacuum) -1847.315 -92.558 21.842 3625.704 4.530 

Mg-C-Conformer (Water) -1847.218 -82.791 23.340 3704.865 4.870 

 

The thermodynamic analysis summarized in Table 5 indicates that the interaction between PP 

and MgBe11O12 is mildly exothermic and occurs spontaneously without requiring external energy 

input. This conclusion is supported by the negative values of ∆Had and ∆Gad. Additionally, the 
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thermodynamic equilibrium constants further validate these observations. The study also 

explores the influence of temperature and solvent on these parameters, revealing that PP 

adsorption is more effective at lower temperatures and under vacuum conditions [28]. However, 

the negative ∆Sad values imply that the adsorption process is entropically unfavorable, suggesting 

a propensity for PP-Adsorbent clusters to form post-adsorption [27]. Moreover, the 

thermodynamic data underscore a preference for the Mg-C-Conformer over other possible 

conformers [26]. The minimal values of the equilibrium constants also point to the reversibility 

and equilibrium nature of the interactions between PP and MgBe11O12 [25]. 

 

Table 5. Thermodynamic parameters of the adsorption process as a function of temperature 

 
Structures ΔHad (kJ/mol) ΔGad (kJ/mol) ΔSad (J/mol) Kth 

Mg-A-Conformer-Vacuum-298 -163.415 -98.757 -97.898 2.047×10+17 

Mg-A-Conformer-Vacuum-308 -161.615 -96.452 -100.458 2.281×10+16 

Mg-A-Conformer-Vacuum-318 -159.815 -94.147 -103.018 2.918×10+15 

Mg-A-Conformer-Water-298 -97.531 -32.872 -79.889 5.783×10+05 

Mg-A-Conformer-Water-308 -95.731 -30.567 -82.099 1.528×10+05 

Mg-A-Conformer-Water-318 -93.931 -28.262 -84.079 4.390×10+04 

Mg-B-Conformer-Vacuum-298 -109.461 -64.447 -80.667 1.981×10+11 

Mg-B-Conformer-Vacuum-308 -107.661 -62.142 -83.118 3.461×10+10 

Mg-B-Conformer-Vacuum-318 -105.861 -59.837 -84.336 6.748×10+09 

Mg-B-Conformer-Water-298 -75.827 -30.813 -92.840 2.519×10+05 

Mg-B-Conformer-Water-308 -74.027 -28.508 -94.689 6.838×10+04 

Mg-B-Conformer-Water-318 -72.227 -26.203 -95.262 2.015×10+04 

Mg-C-Conformer-Vacuum-298 -104.912 -59.898 -147.058 3.159×10+10 

Mg-C-Conformer-Vacuum-308 -103.112 -57.593 -148.888 5.858×10+09 

Mg-C-Conformer-Vacuum-318 -101.312 -55.288 -151.657 1.208×10+09 

Mg-C-Conformer-Water-298 -75.572 -30.558 -117.718 2.273×10+05 

Mg-C-Conformer-Water-308 -73.415 -28.757 -119.898 7.536×10+04 

Mg-C-Conformer-Water-318 -71.615 -26.452 -120.458 2.214×10+04 
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The analysis of density of states (DOS) spectra and frontier molecular orbital (FMO) parameters, 

as presented in Table 6 and Figure 5, highlights notable alterations in the band gap of MgBe11O12 

upon adsorption. Initially recorded at 6.090 eV, the band gap expands significantly to 12.883 eV, 

12.030 eV, and 13.018 eV for conformers A, B, and C, respectively. This translates to a 

maximum increase of approximately 113.777% for the most favorable conformer, underscoring 

MgBe11O12's strong potential as an electrocatalyst modifier for PP detection [26]. Furthermore, 

the adsorption process marginally reduces the chemical hardness of PP from its original value of 

6.706 eV to 6.442 eV, 6.015 eV, and 6.509 eV for the respective conformers, indicating enhanced 

chemical reactivity post-adsorption. The observed negative chemical potential values further 

validate the thermodynamic stability of these configurations [27]. Additionally, adsorption results 

in slight increases in both electrophilicity and the maximum charge transfer capacity indices for 

PP on the MgBe11O12 surface, suggesting an improved ability to absorb electrons compared to 

isolated PP molecules lacking nanostructural interaction [28]. Overall, these findings confirm 

that MgBe11O12 holds great promise as an efficient electrocatalytic modifier for use in 

electrochemical PP detection applications. 

Table 6. FMO parameters for PP, MgBe11O12, and their complexes 

Structures EHOMO 

(eV) 

ELUMO (eV) Eg (eV) %ΔEg η (eV) µ (eV) ω (eV) ∆Nmax (eV) 

PP -6.887 6.525 13.412 --- 6.706 -0.181 0.002 0.027 

MgB11O12 -8.063 -1.973 6.090 --- 3.045 -5.018 4.135 1.648 

Al-A-Conformer -8.233 4.650 12.883 111.559 6.442 -1.791 0.249 0.278 

Al-B-Conformer -7.698 4.331 12.030 97.544 6.015 -1.683 0.236 0.280 

Al-C-Conformer -7.512 5.506 13.018 113.777 6.509 -1.003 0.077 0.154 
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Figure 5. The DOS spectrums of MgBe11O12 and PP- MgBe11O12 complexes 

Conclusion 

This research delved into the potential of pristine and magnesium-doped beryllium oxide 

(Be12O12 and MgBe11O12) nanocages as efficient materials for the adsorption and detection of 

propylparaben (PP), a common preservative, utilizing advanced density functional theory (DFT) 

methods. The study's findings revealed significant differences in the adsorption behaviors and 

sensing capabilities of these two nanostructures. Specifically, while the interaction of PP with 

pristine Be12O12 nanocages was deemed experimentally unfeasible, the Mg-doped variant 

(MgBe11O12) demonstrated an achievable and promising interaction under realistic laboratory 

conditions. Thermodynamic analyses provided further insights into the nature of these 

interactions. Adsorption on the pristine Be12O12 nanocage was characterized as endothermic and 

non-spontaneous, as evidenced by positive values of enthalpy change (∆Had) and Gibbs free 



International Journal of New Chemistry, 2024, 11 (4), 523-542                                     Razeghi et al 

  
 

 539  

energy change (∆Gad). In stark contrast, the Mg-doped nanocage exhibited an exothermic and 

spontaneous adsorption process, underscored by negative values of ∆Had and ∆Gad. Despite 

these differences, both materials displayed low equilibrium constants (Kth), indicating that the 

adsorption process is reversible, bidirectional, and fundamentally driven by equilibrium 

dynamics. 

The study also evaluated the influence of temperature and solvent environments on adsorption 

efficacy. It was found that lower temperatures significantly enhanced adsorption efficiency, while 

the absence of water—i.e., in a gas-phase environment—further optimized the process. This 

suggests that temperature control and solvent conditions play pivotal roles in improving the 

performance of these nanocages for PP removal. From an electronic perspective, the interaction 

with PP induced notable changes in the bandgap properties of both nanocages. For the pristine 

Be12O12 nanocage, a 23% reduction in bandgap was observed, with its value decreasing from 

16.627 eV to 12.775 eV upon interaction with PP. Conversely, the Mg-doped MgBe11O12 

nanocage experienced a dramatic 110% increase in the bandgap, rising from 6.090 eV to 13.018 

eV. These pronounced alterations in electronic properties highlight the potential of Mg-doped 

nanocages not only as superior adsorbents for PP removal but also as highly effective materials 

for electrochemical sensing applications. Overall, this study underscores the advantages of 

magnesium doping in enhancing both the adsorption efficiency and sensing capabilities of 

beryllium oxide nanocages, offering valuable insights for future developments in environmental 

remediation and sensor technologies. 
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