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The research investigated the performances of pristine and Si-doped fullerenes 
(C20 and SiC19) as an adsorbent and sensor for the removal and detection of methyl 
paraben (MP) using density functional theory computations. The results indicated 
that MP interaction with C20 is experimentally impossible, endothermic, and non-
spontaneous, suggesting that C20 is not an effective adsorbent for the removal of 
MP. On the other hand, MP adsorption on the surface of SiC19 is experimentally 
feasible, exothermic, spontaneous, and thermodynamically reversible, indicating 
that SiC19 could be a potential adsorbent for the removal of MP. The study also 
scrutinized the effects of water as the solvent and changing temperature on the 
thermodynamic parameters. The findings revealed that both parameters do not 
have any meaningful effects on the interactions in the case of both adsorbents. 
Additionally, the Frontier Molecular Orbital (FMO) analysis showed that SiC19is 
more conductive than C20. Moreover, the bandgap of C20 did not experience 
significant changes during the adsorption process, while the bandgap of SiC19 
decreased from 5.840 eV to 3.270 eV. This implies that Si-doped fullerene can be 
utilized as a good electrocatalytic modifier for the electrochemical detection of 
methyl paraben. In conclusion, the research provides valuable insights into the 
potential use of Si-doped fullerene (SiC19) as an effective adsorbent and sensor 
for the removal and detection of methyl paraben. 
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INTRODUCTION
Methylparaben (MP, Fig. 1) is a synthetic 

compound widely used as an antimicrobial 
preservative in personal care products, cosmetics, 
food, and pharmaceuticals. It is an ester of para-
hydroxybenzoic acid and methanol and belongs to 
a class of chemicals known as parabens, including 
ethylparaben, propylparaben, and butylparaben. 
These compounds are added to products to prevent 
the growth of bacteria, mold, and yeast, extending 

the shelf life of the product [1]. Methylparabens 
have poor biodegradability and can harm human 
health and the environment. There is a need for 
new analytical methods to detect and remove 
them from environmental samples to ensure safety. 
Researchers are making efforts to address this 
concern and mitigate the risks of methylparaben 
contamination [2]. In recent years, different 
methods such as electrochemical oxidation [3], 
photolysis [4], Advanced Oxidation Processes 
[5-7], photocatalytic ozonation [8-10], Fenton 

http://creativecommons.org/licenses/by/4.0/.
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oxidation [11], sonochemical degradation [12] and 
nanofiltration [13] have been used for the removal 
of parabens from wastewater. However, because of 
some difficulties found in the use of these methods 
such as high consumption of energy, treatment of 
a large volume of sewage, separation and reuse of 
photocatalyst particles, high operation cost and 
sedimentation in the membrane and disposal 
problems, the adsorption process as compared with 
other traditional methods because of its simple 
design, easy access, high efficiency and selectivity, 
low maintenance cost, highly economic benefits, 
rapidness, and less requirement of control systems 
seems to be an excellent technique  for parabens 
removal [14,15]. The development of a cost-
effective, reusable adsorbent with high capacity 
and selectivity in difficult conditions remains a 
significant challenge. Research is underway to 
explore various materials and technologies, testing 
various compounds and surface modifications 
to improve performance while balancing 
considerations of cost, environmental impact, and 
scalability. Despite the difficulties, advancements 
in material science and chemical engineering offer 
promise for effective adsorbents. Collaboration 
among experts is essential for driving innovation 
in adsorbent development. There are several 
methods for determining the presence of parabens 
in various products such as foods, cosmetics, 
and pharmaceuticals. Some of the commonly 
used methods include high-performance liquid 
chromatography [16,17], capillary electrophoresis 

[18], gas chromatography [19], and ultraviolet-
visible (UV-Vis) spectrophotometric [20] 
techniques. The mentioned techniques suffer 
from various drawbacks, including expensive 
and complex instrumentation, time-consuming, 
consumption of high amounts of toxic organic 
solvent, and the need to skilled operators to 
perform sample preparation and analysis steps 
[21,22]. Electrochemical sensors present numerous 
benefits when compared to other types of sensors. 
Their portability, user-friendly nature, and cost-
effectiveness in terms of instrumentation are 
notable advantages. Moreover, they boast high 
selectivity and sensitivity, enabling precise and 
dependable measurements. The rapid analysis 
procedures of electrochemical sensors contribute 
to their efficiency in conducting quick tests and 
producing results. Their capability to test opaque 
and colored samples also adds versatility across 
various testing environments. Altogether, these 
advantages position electrochemical sensors as a 
preferred choice for applications where portability, 
ease of use, and cost-efficiency hold significant 
importance [23,24]. These characteristics make 
electrochemical sensors an ideal alternative to 
traditional analytical techniques. So, the initial 
and significant step in the development of a new 
electrochemical sensor and an adsorbent for the 
detection and removal of an analyte is to find an 
appropriate modifier that well and selectively 
interacts with the desired compound [25,26]. This 
interaction should result in a significant change in 

 
 

Fig. 1. e optimized structures of fullerene (C20) and MP (yellow: carbon, white: hydrogen, purple: oxygen) 
  

Fig. 1. The optimized structures of fullerene (C20) and MP (yellow: carbon, white: hydrogen, purple: oxygen)
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the electrical conductivity of the sensing material, 
enabling accurate detection and measurement 
of the analyte. On the other hand, Fullerenes are 
molecules composed entirely of carbon, typically 
shaped like spheres, ellipsoids, or tubes. Fullerene 
20, also known as C20, with a cage like chemical 
structure is the smallest fullerene which consists 
solely of 12 pentagons. C20 exhibits reactivity as a 
result of its non-spherical aromaticity, low energy 
differential, and inherent instability. Exploring 
its cycloaddition reactions with other π-systems 
could offer valuable insights into its reactivity and 
potential applications across diverse fields. Gaining 
comprehension of these interactions could lead to 
advancements in scientific understanding and the 
creation of new materials and technologies [27,28]. 
Fullerenes, a type of carbon molecules, have recently 
shown promise as gas sensors. Each carbon atom in 
a fullerene functions as a surface atom, resulting in 
highly sensitive electron transport. This sensitivity 
makes fullerenes attractive for gas detection across 
various applications, with their unique structure 
and electronic properties enhancing gas sensing 
technologies. As research advances, fullerene-
based gas sensors hold potential for improving 
environmental monitoring, industrial safety, 
and healthcare diagnostics [30]. The potential 
applications of carbonaceous nanostructures in 
sensing and adsorption of MP have not been 
explored using density functional theory (DFT) 
methods. To address this gap, we conducted DFT 
computations to investigate the adsorption of MP 
on pristine and Si-doped fullerenes (C20 and SiC19) 
as potential sensors and adsorbents. Our study 
aimed to understand the adsorption characteristics 
and sensing capability of these nanostructures 
towards MP, providing valuable insights for 
potential practical applications in environmental 
monitoring and detection of MP.

COMPUTATIONAL DETAILS
The C20, SiC19, MP, and their combinations were 

designed using GuassView 6 [30] and Nanotube 
Modeler 1.3.0.3 [31] software versions, and then 
geometric optimization was performed for each 
structure. Subsequently, the optimized structures 
underwent various computations, including 
infra-red (IR), and frontier molecular orbital 
(FMO). The density functional theory (DFT) 
method, particularly the B3LYP/6-31G (d) level 
of theory, was consistently applied using Gaussian 
16 [32] software version. This level of theory was 

chosen due to its prior acceptance and consistent 
alignment with experimental findings, as well as 
its proven reliability in predicting experimental 
results. This selection was made to ensure that the 
theoretical calculations closely correspond to the 
actual observations, thereby enhancing the validity 
and applicability of the research findings [33-
38]. The study conducted computations in both 
vacuum and aqueous phases employing the CPCM 
[39] solvation method. Temperatures varying 
from 298 K to 318 K were examined, focusing on 
MP adsorption onto an adsorbent material. The 
following process was scrutinized:

MP + Adsorbent → MP-Adsorbent         �   (1)

The computed thermodynamic and FMO 
parameters were calculated as explained in [40-46].

RESULTS AND DISCUSSION
MP interaction with pristine fullerene (C20)

The initial and optimized structures of the MP-
C20 complexes are depicted in Fig. 2. The study 
investigated the interaction of MP with C20 at two 
different configurations to determine the most 
stable one. In A-Conformer, the nanostructure 
is positioned near the methyl ester group of 
MP, while in B-conformer, the adsorbent is 
situated near the benzene ring of MP in a parallel 
orientation. Following geometrical optimization, it 
was observed that the adsorbate moved away from 
the adsorbent in both configurations, indicating 
relatively weak interactions between the two [33]. 
The adsorption energies listed in Table 1 are all 
positive, indicating that the adsorption process is 
not feasible in experimental conditions [34]. The 
influence of water as a solvent on the adsorption 
energies was also examined, and it was found 
that it does not affect the interactions [35]. This 
suggests that the presence of water does not play a 
significant role in altering the adsorption energies. 
These findings are important for understanding 
the practical limitations of the adsorption process 
and provide valuable insights for further research 
in this area. After performing geometrical 
optimizations, the scrutinized structure underwent 
IR computations, and the resulting minimum and 
maximum frequencies are listed in Table 1. It is 
evident from the computed frequencies that all 
values are positive, indicating that all investigated 
structures represent true local minimums. This 
outcome confirms the stability of the structures 
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under scrutiny. [36]. The dipole moment values are 
included in Table 1, and the data clearly indicate 
that there are no significant changes in the dipole 
moment values when MP is adsorbed onto the 
surface of C20. This suggests that the solubility 
of MP remains relatively unchanged during the 
adsorption process [37].

The reported thermodynamic parameters in 
Table 2 indicate that the interaction between MP 
and C20 is endothermic and non-spontaneous, 
as shown by the positive values of ∆Had and 

∆Gad. This is further confirmed by the low values 
of the thermodynamic equilibrium constants 
[40]. The study also examined the influence of 
temperature and solvent on the thermodynamic 
parameters, revealing that neither of these factors 
had a significant impact on the interactions [41]. 
Additionally, the negative values of ∆Sad indicate 
that the adsorption process is not favorable in terms 
of entropy [42]. These findings provide valuable 
insights into the nature of the adsorption process 
and its thermodynamic characteristics.

 
 

Fig. 2. e initial and optimized structures of fullerene (C20) and MP complexes (yellow: carbon, white: hydrogen, 
purple: oxygen) 

  

Fig. 2. The initial and optimized structures of fullerene (C20) and MP complexes (yellow: carbon, white: hydrogen, purple: oxygen)
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Table 1. Structural properties of MP, C20 and their complexes 
 

NO 
Total electronic 

energy (a.u) 
Adsorption 

energy (kJ/mol) 
Zero-point energy 

(kJ/mol) 
νmin 

(cm-1) 
νmax 

(cm-1) 
Dipole moment 

(Deby) 
MP (Vacuum) -525.407 --- 376.980 53.186 4261.516 0.720 
MP (Water) -525.403 --- 374.510 49.178 4262.981 0.735 
C20 (Vacuum) -747.196 --- 325.130 262.134 1689.950 0.000 
C20 (Water) -747.198 --- 326.340 2.1456 4263.432 0.010 
A-Conformer 
(Vacuum) 

-1272.602 3.046 796.280 1.884 4261.946 0.780 

A-Conformer (Water) -1272.597 10.502 801.260 2.3987 4262.1983 0.810 
B-Conformer 
(Vacuum) 

-1272.599 11.694 796.850 1.831 4262.197 0.770 

B-Conformer (Water) -1272.600 2.660 799.710 1.9320 4262.9818 1.090 
 
 
 
 
 
 
  

Table 1. Structural properties of MP, C20 and their complexes
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The provided data in Table 3 clearly demonstrate 
the impact of MP adsorption on the properties of 
C20. The bandgap of C20 shifts from 7.200 eV to 7.740 
and 7.860 eV for A and B conformers, respectively, 
indicating a slight change in bandgap during the 
adsorption process. This suggests that pristine 
fullerene may not be an effective electrocatalyst 
modifier for MP detection. Furthermore, the 
chemical hardness of MP decreases significantly 
upon interaction with C20, implying increased 
chemical reactivity. The negative values of 
chemical potential confirm the thermodynamic 
stability of the studied structures. Additionally, the 
electrophilicity and maximum transferred charge 
capacity of MP increase noticeably after adsorption 
on the C20 surface, indicating a higher tendency 
for electron absorption. Overall, these findings 
suggest that MP-C20 complexes exhibit enhanced 
chemical reactivity compared to pure MP without 
a nanostructure.

MP Interaction with Si-doped fullerene (SiC19)
As the provided data show clearly pristine 

fullerene did not have an appropriate interaction 
with MP. Besides, its bandgap did not experience 
a tangible variation implying this nanostructure 

cannot be an appropriate sensor or adsorbent for 
the detection and removal of MP. Therefore, we 
doped the fullerene with silicon to check is SiC19 
performs better than C20 or not. The initial and 
optimized structures of MP- SiC19 complexes are 
given in Fig. 3. As it is obvious, in Si-A-conformer, 
SiC19 is placed near the methyl ester group of MP 
and in Si-B-Conformer, the nanostructure is 
placed parallelly near the benzene ring of MP. As 
the optimized structures in Fig. 3 show clearly, 
after geometrical optimizations, sharp structural 
distortions occur in the adsorbent and adsorbate 
implying strong interactions exist between them 
[33].

The values of total electronic energy and 
adsorption energies are reported in Table 4. As it 
is obvious, Si-B-Conformer has lower energy than 
Si-A-Conformer implying this configuration is 
more energetically stable [34]. The negative values 
of adsorption energies show the adsorption process 
is experimentally possible. The values of minimum 
and maximum IR frequencies in Table 4 show none 
of the studied structures have negative frequencies 
and all of them are true local minimums [35]. The 
calculated dipole moment values showed MP- SiC19 
complexes have higher values of dipole moment in 
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Table 2. ermodynamic parameters of adsorption process as a function of temperature 
 

NO ΔHad (kJ/mol) ΔGad (kJ/mol) ΔSad (J/mol) Kth 

A-Conformer-Vacuum-298 5.756 80.152 -104.567 9.062×10-15 
A-Conformer-Vacuum-308 5.911 82.896 -104.329 8.865×10-15 
A-Conformer-Vacuum-318 6.066 85.192 -104.091 1.029×10-14 
A-Conformer-Water-298 6.221 88.340 -103.853 3.332×10-16 
A-Conformer-Water-308 6.376 91.002 -103.615 3.746×10-16 
A-Conformer-Water-318 6.531 93.701 -103.377 4.125×10-16 
B-Conformer-Vacuum-298 6.686 96.345 -103.139 1.319×10-17 
B-Conformer-Vacuum-308 6.841 99.018 -102.901 1.640×10-17 
B-Conformer-Vacuum-318 6.996 101.756 -102.663 1.963×10-17 
B-Conformer-Water-298 7.151 104.503 -102.425 4.908×10-19 
B-Conformer-Water-308 7.306 107.265 -102.187 6.559×10-19 
B-Conformer-Water-318 7.485 108.452 -101.949 1.561×10-18 

 
 
 
 
 
 
  

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

Table 3. FMO parameters for MP, C20 and their complexes
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Table 3. FMO parameters for MP, C20 and their complexes 

 
 
 
  
  

NO EHOMO (eV) ELUMO (eV) Eg (eV) %ΔEg η (eV) µ (eV) ω (eV) ΔNmax (eV) 

MP -6.970 5.980 12.950 --- 6.475 -0.495 0.019 0.076 

C20 -4.350 2.850 7.200 --- 3.600 -0.750 0.078 0.208 

A-Conformer -4.480 3.260 7.740 7.500 3.870 -0.610 0.048 0.158 

B-Conformer -4.490 3.370 7.860 9.167 3.930 -0.560 0.040 0.142 
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comparison to pure MP without nanostructures 
implying the solubility of MP in polar solvents can 
enhance after its interaction with SiC19 [36]. 

The thermodynamic parameters of MP 
adsorption process on the surface of SiC19 is reported 
in Table 5. As can be seen, the values of ∆Had and 
∆Gad is negative for both studied configurations 
indicating MP adsorption process is exothermic 
and experimentally feasible [37]. The low values of 
thermodynamic parameters show MP interaction 
with SiC19 is reversible and equilibrium. The impact 
of changing temperature and the presence of water 
as the solvent. The negative values of ∆Sad show 
the interaction process is inappropriate in terms 
of entropy which can be due to the aggregation of 
complexes [38].

The FMO parameters of the adsorption process 
are detailed in Table 6, revealing significant 
changes in the properties of SiC19 and MP upon 

interaction. The bandgap of SiC19 is reported to be 
5.840 eV, indicating higher conductivity compared 
to C20 with a bandgap of 7.200 eV. Upon adsorption 
of MP on the surface of SiC19, the bandgap 
decreases by 24.658% and 44.007% for Si-A and 
Si-B conformers, respectively. This suggests a 
significant impact on the electronic properties of 
the system. Additionally, the chemical hardness 
of MP decreases substantially after adsorption, 
indicating increased chemical reactivity in the MP-
SiC19 complexes. Furthermore, the negative values 
of chemical potential indicate thermodynamic 
stability for all studied structures. Interestingly, the 
electrophilicity and maximum transferred charge 
capacity of MP increase notably after adsorption 
on Si-doped fullerene, highlighting its enhanced 
electron-absorbing tendency. These findings shed 
light on the potential applications of MP-SiC19 
complexes in electronic devices and catalysis.
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Table 4. Structural properties of MP, SiC19 and their complexes 
 
 
 
 
 
 
 

  

NO 
Total electronic 

energy (a.u) 
Adsorption 

energy (kJ/mol) 
Zero-point energy 

(kJ/mol) 
νmin 

(cm-1) 
νmax 

(cm-1) 
Dipole moment 

(Deby) 

MP (Vacuum) -525.407 --- 376.980 53.186 4261.516 0.720 

MP (Water) -525.403 --- 374.510 49.178 4262.981 0.735 

SiC19 (Vacuum) -995.394 --- 315.490 235.620 1657.216 3.92 

SiC19  (Water) -995.401 --- 316.510 233.487 1658.119 4.010 

Si-A-Conformer (Vacuum) -1520.842 -106.246 782.980 15.663 4267.144 10.420 

Si-A-Conformer (Water) -1520.848 -104.574 781.200 17.542 4268.103 11.680 

Si-B-Conformer (Vacuum) -1520.871 -182.386 795.390 11.897 3743.530 3.310 

Si-B-Conformer (Water) -1520.868 -157.084 796.530 12.991 3854.576 4.870 

Table 4. Structural properties of MP, SiC19 and their complexes
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Table 5. ermodynamic parameters of adsorption process as a function of temperature 
 

NO ΔHad (kJ/mol) ΔGad (kJ/mol) ΔSad (J/mol) Kth 

Si-A-Conformer-Vacuum-298 -86.110 -11.714 -110.245 1.128×10+02 
Si-A-Conformer-Vacuum-308 -85.955 -26.395 -109.926 2.981×10+04 
Si-A-Conformer-Vacuum-318 -85.800 -23.679 -109.607 7.725×10+03 
Si-A-Conformer-Water-298 -85.645 -20.952 -109.288 4.686×10+03 
Si-A-Conformer-Water-308 -85.490 -18.290 -108.969 1.260×10+03 
Si-A-Conformer-Water-318 -85.335 -15.591 -108.650 3.629×10+02 
Si-B-Conformer-Vacuum-298 -162.249 -87.854 -108.331 2.467×10+15 
Si-B-Conformer-Vacuum-308 -162.094 -102.535 -108.012 2.406×10+17 
Si-B-Conformer-Vacuum-318 -161.939 -99.819 -107.693 2.450×10+16 
Si-B-Conformer-Water-298 -161.784 -97.091 -107.374 1.025×10+17 
Si-B-Conformer-Water-308 -161.629 -94.429 -107.055 1.017×10+16 
Si-B-Conformer-Water-318 -161.474 -91.730 -106.736 1.151×10+15 

 
 
 
 
 
 
 
 
 
 
 
  

Table 5. Thermodynamic parameters of adsorption process as a function of temperature
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CONCLUSION
The research conducted focused on investigating 

the performance of pristine and Si-doped fullerenes, 
specifically C20 and SiC19, as an adsorbent and 
sensor for the removal and detection of methyl 
paraben (MP) using density functional theory 
computations. The results obtained indicated that 
the interaction of MP with C20 is experimentally 
impossible, endothermic, and non-spontaneous. 
On the other hand, MP adsorption on the surface 
of SiC19 was found to be experimentally feasible, 

6 
 

 
Table 6. FMO parameters for MP, SiC19 and their complexes 

 
 

NO EHOMO (eV) ELUMO (eV) Eg (eV) %ΔEg η (eV) µ (eV) ω (eV) ΔNmax (eV) 
MP -6.970 5.980 12.950 --- 6.475 -0.495 0.019 0.076 
SiC19 -3.870 1.970 5.840 --- 2.920 -0.950 0.155 0.325 
Si-A-Conformer -2.650 1.750 4.400 -24.658 2.200 -0.450 0.046 0.205 
Si-B-Conformer -2.530 0.740 3.270 -44.007 1.635 -0.895 0.245 0.547 

Table 6. FMO parameters for MP, SiC19 and their complexes

 
 

Fig. 3. e initial and optimized structures of Si-doped fullerene (SiC19) and MP complexes (yellow: carbon, white: 
hydrogen, purple: oxygen, gray: silicon) 

 

Fig. 3. The initial and optimized structures of Si-doped fullerene (SiC19) and MP complexes (yellow: carbon, white: hydrogen, pur-
ple: oxygen, gray: silicon)

exothermic, spontaneous, and thermodynamically 
reversible. This implies that C20 is not an effective 
adsorbent for the removal of MP. Furthermore, 
the effects of water as the solvent and changes in 
temperature on the thermodynamic parameters 
were scrutinized. The findings revealed that both 
parameters do not have any significant effects on 
the interactions in the case of both adsorbents. 
Additionally, the Frontier Molecular Orbital (FMO) 
analysis showed that SiC19 is more conductive than 
C20. Moreover, the bandgap of C20 did not undergo 
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significant changes during the adsorption process, 
whereas the bandgap of SiC19 decreased from 5.840 
(eV) to 3.270 (eV). This indicates that Si-doped 
fullerene can be utilized as a good electrocatalytic 
modifier for the electrochemical detection of 
methyl paraben. In conclusion, the research 
provides valuable insights into the potential 
applications of Si-doped fullerenes, particularly 
SiC19, as an effective adsorbent and sensor for the 
removal and detection of methyl paraben. 
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