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In recent decades, the detection of non-steroidal anti-inflammatory drugs (NSAIDs) in 
various water bodies has raised concerns for their environmental impact, since conventional 
wastewater treatment plants are inefficient for removing these pharmaceutical 
contaminants. In this way, many researchers have proposed various techniques, including 
the use of adsorbent materials. In this work, we conducted a theoretical study of the 
adsorption of the paracetamol (PCT) molecule on a large cluster (C80H26O24) of graphene 
oxide (GO) that simulates a sheet. The calculations were based on the DFT formalism using 
the combination M06-2X/6-31G**. The GO sheet used, with a C/O ratio of 3.5 and an oxygen 
content of 17%, exhibited a high adsorption capacity and stability. The adsorption energies 
for the most preferred complexes were 22 kcal/mol with adsorption distances between 1.84 
and 2.60 Å, which allowed us to conclude that this is a very favored chemisorption process. 
The interaction distances and adsorption energies obtained were compared with those from 
other studies, confirming that the DFT approach used in this work, as well as the GO sheet 
modeled, were suitable. The percentages of elongation of the bonds in the PCT molecule, 
calculated from the bond distances before and after the adsorption process, evidenced a 
weakening of certain bonds in the molecule related to its most likely fragmentations. 
Therefore, it is concluded that these adsorption processes mediated by GO sheets can help, 
together with other methods, with PCT degradation. 
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1. Introduction 
 

Currently, one of the most commonly addressed 
environmental problems worldwide is water pollution. 
Recently, chemical products of daily use have been detected in 
water bodies and effluents from wastewater treatment plants 
(WWTPs), which were not designed to remove these 
substances. Although they have been detected at low 
concentrations, these chemical products have adverse effects 
on marine fauna and human health [1,2]. 

Among these substances, pharmaceutical waste, and in 
particular non-steroidal anti-inflammatory drugs (NSAIDs), 
have been classified as 'emerging contaminants' (EC) [3], due to 
the urgency to search for ways to degrade or mineralize them. 
NSAIDs constitute a heterogeneous group of drugs with 
analgesic, antipyretic, and anti-inflammatory properties; This 
group of drugs includes more than 100 compounds and are 
known to be widely used around the world [4]. These products 
generate considerable waste, leading to their accumulation in 
water reservoirs [5]. In particular, the paracetamol molecule 
(PCT), also known as acetaminophen, is one of the most widely 
used analgesics worldwide; when ingested, this drug cannot be 
fully metabolized and approximately 20% of the drug is 

excreted into the environment as metabolites, ending up in 
water bodies and effluent treatment plants [6]. Due to its 
excessive usage and consumption, PCT has been detected in 
concentrations ranging from 0.1 to 300 mg/L in effluents and 
0.4 to 71 ng/L in rivers [7]; therefore, the removal of PCT and 
its metabolites/degradation products from wastewater, prior 
to their discharge into the environment, is mandatory to 
preserve environmental quality and to avoid their harmful 
health effects on living beings [8]. In Mexico and Latin America, 
although few studies have been conducted, pharmaceutical 
waste has been detected at levels comparable to those reported 
in Europe and, in some cases, above the limits allowed by 
environmental regulations, raising concerns about its 
ecological impact and possible adverse effects on human health 
[9,10]. 

Since the conventional techniques used in WWTPs are 
inefficient for removing pharmaceutical residues, many 
researchers have proposed and tested various methods based 
on advanced oxidation processes [11], photocatalysis and UV 
photolytic techniques [12] or the combination of both 
techniques, like UV/H2O2, also called hybrid methodologies 
[13]. 
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Figure 1. Optimized geometry of (a) coronene molecule (C24H12) and (b) polycircumcoronene sheet (C78H22). 

 
Recently, the use of carbon-based adsorbent materials, such 

as activated carbon, graphene (G) and graphene oxide (GO), has 
also been considered [14,15]. Carbon-based materials have 
always attracted special attention among researchers due to 
their outstanding physical, chemical and surface properties, 
which are being applied to the removal of ECs [16]. In 
particular, one of the key advantages of using graphene oxide in 
the remediation of emerging contaminants is its ability to 
remove a wide range of substances, including pharmaceuticals 
[17]. GO is the oxidized form of graphene and contains various 
functional groups, such as hydroxyl, carboxyl, and epoxy 
groups. They act as active sites and anchor points where 
contaminants will be adsorbed [18,19]. GO has been shown to 
be very useful in degrading the PCT molecule when combined 
with other photocatalytic [20] and electrochemical processes 
[21], when functionalized with semiconductor materials (TiO2 
and ZnO) [22] or when decorated with oxides of transition 
metals such as Fe [23]. Considering the heterogeneity of the GO 
surface as a result of the functional groups present, we analyze 
the role of these groups in the adsorption of PCT through a 
theoretical study using DFT formalism and certain adsorption 
process descriptors. 
 
2. Experimental 
 
2.1. Computational details 
 

Calculations were carried out applying the formalism of the 
density functional theory included in the Gaussian 09 package 
[24]. The calculation route considered the combination of the 
density functional and the basis set M06-2X/6-31G**. The 
hybrid meta-GGA exchange-correlation functional M06-2X [25] 
has been recommended in several applications, ranging from 
conjugated polyenes and non-covalent interactions to thermo-
dynamic calculations, making it an excellent alternative for 
accurately describing dispersion interactions and chemi-
sorption processes of organic molecules on the surface of 
graphene-based adsorbents [26,27]. On the other hand, the 6-
31G** basis set is suitable for calculations on medium-to-large-
sized molecules [28], and some studies have shown that its 
combination with the M06-2X functional provides reliable and 
accurate results at minimal computational cost [29-31]. This 
combination offers a reasonable balance between precision and 
computational costs, which is ideal for medium-sized molecular 
systems, such as the adsorption complexes studied in this work. 
 
2.2. Methodology  
 

In the first stage, the optimizations were carried out in the 
gas phase, and in the second stage, the Solvation Model Density 
(SMD) [32] was considered. SMD is a continuum solvation 

model based on the charge density of a solute molecule 
interacting with a solvent, which is described as a dielectric 
medium with a surface tension value at the solute-solvent 
boundary. For both phases, the frequency analyses confirmed 
that the calculated stationary points were truly minima on the 
potential energy surface (PES). Inclusion of the solvent effect is 
required because it provides a more realistic representation of 
the problem under study, specifically the presence of 
contaminants in water sources, allowing more precise results 
compared to gas phase calculations [31,33]. The SMD model is 
widely used in the study of various types of solutes and 
solvents, and along with the 6-31G* basis, errors less than 1 
kcal/mol have been obtained for the calculation of solvation 
parameters, using functionals from the same series as the M06-
2X; therefore, it was chosen to perform this study [26]. 

GO sheet modeling is based on a coronene molecule (C24H12, 
Figure 1a); this strategy has been employed in many previous 
works, demonstrating that it can be considered a suitable model 
for studying these processes [29,33,34]. Since the PCT is a drug 
with an approximate length of 8.86 Å, the coronene molecule 
was expanded to form a cluster of polycircumcoronene with 78 
carbon atoms in a rectangular shape, as shown in Figure 1b. The 
GO sheet contributed to the best arrangement of the PCT 
molecule over the GO sheet. Finally, as Figure 1b shows, 
hydrogen atoms were added to the carbons located at the 
cluster periphery to saturate their valences and neutralize 
possible edge effects; to obtain the GO sheet, this last cluster 
was functionalized according to certain criteria, which will be 
explained in the next section. 

This study includes the calculation of the energy and 
adsorption distance of the adsorption complexes GO-PCT as 
well as the HOMO-LUMO orbital maps, the HOMO-LUMO energy 
gap, and the molecular electrostatic potential (MEP). In 
addition, the reactivity of the free GO sheet and PCT molecule 
was also analyzed using HOMO-LUMO orbital maps and the 
molecular electrostatic potential (MEP). 
 
3. Results and discussion 
 
3.1. Modeling of the graphene oxide sheet 
 

The pristine graphene sheet shown in Figure 1b was 
functionalized considering that on one side, named the main 
side, there is a combination of epoxide and hydroxyl groups at 
the center and a combination of carbonyl, hydroxide, and 
carboxyl groups at the edge, as in the Lerf-Klinowski model 
[35,36], which was supported by 13C and 1H NMR studies. Based 
on this criterion, three different models were explored in which 
the composition was varied based on the C/O ratio, the oxygen 
percentage, the OH/epoxy ratio at the center of the main side 
and the OH/CO2H ratio at the edge. 
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Table 1. Data of the composition and some electronic properties of the selected graphene oxide sheet model. The HOMO-LUMO gap (Egap) is in eV and the dipolar 
moment (µD) is in Debye. 
C/O ratio % Oxygen (>C=O+OH)/CO2H ratio (at edge) OH/epoxy ratio (at the main side) Egap * µD 
3.5 17 3 1.2 0.127 12.34 
 * 𝐸𝐸gap = 𝐸𝐸LUMO − 𝐸𝐸HOMO 

 
Table 2. Relevant bond lengths (Å) of the optimized geometry of PCT for the H2O solvent effect. (The percentages of accuracy with respect to the references 
considered are in parentheses.) 
Reference/Bond >C3-O11(H) >C14-N12(H) >C6-N12(H) >C14-O15 O15···H10 (C5) 
This work 1.371 1.357 1.413 1.233 2.237 
Single crystal structure (X-ray) [41] 1.377 (0.44%) 1.340 (1.27%) 1.425 (0.84%) 1.232 (0.08%) 2.380 
Theoretical [43] 1.382 (0.80%) 1.380 (1.67%) 1.416 (0.21%) 1.235 (0.16%) 2.199 

 

 

 

(a) (b) 
 

Figure 2. (a) Top and (b) side view of the optimized geometry of graphene oxide. 
 

On the basis of binding energy calculations of each model, 
the most stable one was selected for the subsequent adsorption 
studies; this model exhibited the highest dipole moment. Table 
1 presents some data on its composition and electronic 
properties, such as the HOMO-LUMO gap (Eg) and the dipolar 
moment (μD). Figure 2 shows the corresponding optimized 
geometry. 

You can see in Figure 2 that additionally in this model, at the 
non-main side of the sheet (trans conformation), a combination 
of one epoxide group and two OH groups were added, as has 
been suggested [37]. It is important to note that the ratio C/O = 
3.5 is only slightly higher than that reported by Gao et al. [38] 
(C/O = 2.44) and Quiao et al. [39] (C/O = 2.93), both of which 
are based on experimental data.  
 
3.2. Reactivity of the graphene oxide sheet 
 

Figure 3 shows the mapping of the frontier orbitals (HOMO 
and LUMO) and the molecular electrostatic potential map 
(MEP). Both frontier orbitals are showing that the available 
states correspond to a 𝜋𝜋-orbital conjugate system, which is 
extended over the same zone; therefore, these states facilitate a 
delocalized movement of the electronic charge, which could 
explain the very narrow HOMO-LUMO (Egap) gap observed in 
Table 2. This pattern observed in the HOMO and LUMO orbitals 
allows one to preserve a continuous domain of conjugate 
carbons (Figure 3), as has been suggested by Sinclair et al. [40], 
although a slight curvature is observed with respect to the 
pristine graphene sheet. 

However, the MEP map displays orange and blue zones, 
which correspond to negative and positive charges, 
respectively. In the negative zones, epoxide and carbonyl 
groups are present, while in the positive ones, hydrogens 
belonging to hydroxyl groups are observed. It is anticipated that 
these two zones play a key role in the adsorption process. 
Finally, we report an average carbon-oxygen length of 1.42 Å in 
the epoxide groups, 1.33 Å for carbons bonded to the OH 
groups, and a C-O distance of 1.23 Å in the carbonyl groups. 

3.3. Geometry and reactivity of the PCT molecule 
 

Figure 4 shows the optimized geometry of PCT, revealing 
that is a flat molecule except for an out-of-plane methyl group. 
The most relevant characteristics of its geometry are a benzene 
ring with a hydroxyl group (phenolic fragment) forming a 𝜋𝜋-
system and a polar acetamide group (-NH-CO-CH3) (amide 
fragment); both groups are substituted in the para position. In 
its crystalline form, PCT can exist mainly in two conformations 
due to the free rotation of the 𝜎𝜎-bond. While one of the 
conformations has the -NH and -OH groups in the same 
direction, the other arranges them in opposite directions. 
According to the X-ray experiments of Haisa et al., the first one 
is more stable in the crystalline phase and is the one presented 
in the two polymorphic forms [41,42]; in contrast, theoretical 
calculations made by Nguyen et al. [43] in both the gas phase 
and the solvent effect at the MP2/aug-cc-pVTZ level have 
presented the second one as the most stable conformation. The 
main reason is that both conformations have very similar 
geometries and therefore a slight energy difference of 0.288 
kcal/mol. In this paper, the interaction of PCT with two solvents 
(water and formaldehyde) was studied, and it was found that 
the interaction ability was the same and was slightly more 
favored when the -NH and -OH groups pointed in opposite 
directions in both solvents. 

Srivastava et al. [44] also considered the conformation with 
the -NH and -OH groups in opposite directions in their study of 
the interaction between PCT and oxalic acid. Finally, the 
negative value of the binding energy (BE = -2910.2 kcal/mol), 
calculated in the present work, indicated to us that this 
conformation is stable and was the one we used. 

To validate the geometry of the PCT molecule obtained from 
our calculations, in Table 2, we are reporting the more relevant 
values of bond lengths compared with those reported by X-ray 
experiments of Haisa et al. [41] and the theoretical study of 
Nguyen et al. [43] in terms of percentages, which appear in 
parentheses. Notice that the values of bond lengths in this work 
agree  with  the  experimental  and  theoretical  reports,  with an  
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Figure 3. Mapping of the frontier orbitals (a, b) and MEP (c) (defined range from (-8.108×10-2 to 8.108×10-2) of the graphene oxide sheet. (a) HOMO orbital and 
(b) LUMO orbital. 
 

 
 

Figure 4. Optimized geometries of the PCT. 
 
average error of less than 1%, except for the >C14-N12 bond, 
which is slightly greater than 1%. The intramolecular hydrogen 
bond was not considered because it is a noncovalent interaction 
and not a chemical bond; however, these values are very close. 

In relation to this non-covalent interaction involving the 
atoms >C=O15···H10-C5, it should be noted that it is an 
intramolecular interaction mediated by aromatic hydrogens 
and therefore could not be considered an authentic hydrogen 
bond as it does not involve two electronegative atoms. Despite 
this, this kind of interaction will be essential in the adsorption 
processes, as will be seen later. 

Figure 5 presents the HOMO-LUMO orbital maps and the 
MEP of the PCT molecule. Notice that (i) the frontier orbitals 
have a π-symmetry and (ii) the MEP map presents a very 
negative zone (in red) and two slightly negative zones (between 
green and orange), which correspond to the oxygens of the 
carbonyl group the OH- group, and the aromatic ring, 
respectively. Moreover, there is a very positive zone related to 
hydrogens belonging to N-H and O-H groups. Therefore, it is 
expected that the GO sheet can absorb the PCT through non-
covalent interactions such as π-stacking and hydrogen bonds 
involving the -OH, -NH, and >C=O groups. 
 

3.4. Study of the adsorption complexes PCT-GO 
 

Taking into account the calculations for the GO and the PCT, 
the adsorption process was modeled considering four 
orientations for the approach of the PCT molecule on the GO 
sheet: (i) one of them, in parallel, to favor a possible stacking 
interaction between both conjugate systems (molecule-sheet), 
and (ii) three in a leaning position to favor the interaction of the 
>C=O, -OH, and -NH groups of the molecule with the sheet. 

Figure 6 shows the optimized geometries of the orientation 
in parallel, with various interaction points labeled d1, d2, d3, etc., 
where di represents each of the adsorption distances. For a 
better visualization of all the adsorption points between the 
PCT molecule and the GO sheet, Figure 6a shows one side of the 
PCT molecule, where the methyl group can be seen on the left, 
and Figure 6b shows the other side of the molecule, in which the 
methyl group can be seen on the right. 

The adsorption distance values are depicted in Table 3. The 
distances d1 (1.84 Å) and d4 (2.07 Å) present the lower values 
and therefore come from the strongest interactions; These 
interactions correspond to conventional hydrogen bonds 
involving the lone pairs of the carbonyl and epoxy groups: 
>C=O···H-O and O-H···Oepox (the first group belongs to the PCT 
molecule and the second one to the GO sheet).  
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Table 3. Parameters for the adsorption complexes: adsorption energies (Eads) in kcal/mol, HOMO-LUMO-energy gap (Egap) in eV, and the adsorption distances 
(di) in Å. 
Orientations Eads * Egap Adsorption distances (di) 
In parallel (Figures 6a-6b) 21.662 -0.1272 d1 = 1.84 d2 = 2.22 d3 = 2.39 d4= 2.07 
   d5 = 2.75 d6 = 2.51 d7 = 2.58 - 
Leaning position, entering through the carbonyl group of PCT (Figure 7a) 21.539 -0.1270 d1 = 2.05 d2 = 2.11 d3 = 2.53 - 
Leaning position, entering through the amine group of PCT (Figure 7b) 13.892 -0.1272 d1 = 2.02 d2 = 2.82 d3 = 2.23 d4= 2.80 
* Calculated by: 𝐸𝐸ads = [𝐸𝐸T(GO sheet) + 𝐸𝐸T(Paracetamol)] − 𝐸𝐸T(Adsorption complex). 
 

  
 

(a) (b) (c) 
 

Figure 5. Mapping of frontier orbitals (a, b) and MEP (c) (defined range from (-6.566×10-2 to 6.566×10-2) of the PCT molecule; (a) HOMO orbital and (b) LUMO 
orbital. 
 

 
 

(a) Methyl group at left. (b) Methyl group at right. 
 

Figure 6. Optimized geometries of the adsorption complex in the parallel approach; (a) side of the PCT molecule where the methyl group is at left; (b) side of the 
PCT molecule where the methyl group is on the right. 

 
The distances d2 (2.22 Å) and d3 (2.39 Å) correspond to non-

covalent interactions mediated by aromatic hydrogens, which 
are characteristic of adsorption processes involving molecules 
such as the NSAID-type drugs in interaction with graphene-
based sheets. These interactions involve the atoms: >Carom-
Harom···O-H and >Carom-Harom···Oepox. 

Another hydrogen bond at a d7 (2.58 Å) distance is observed 
between the amine and hydroxide groups:  >N-H…O-H. Finally, 
it can be seen two more distances, d5 (2.75 Å) and d6 (2.51 Å), 
that correspond to non-covalent interactions mediated by 
aromatic hydrogens involving >Carom-Harom···Oepox. Interestingly, 
the position in parallel of the PCT molecule reinforced the 
intramolecular hydrogen bond mediated by aromatic hydrogen, 
observing 2.206 Å of bond distance, corresponding to a 
shortening of 0.031 Å. 

Figures 7a and 7b show the two geometries obtained as a 
result of the approaching in leaning orientations by the 
carbonyl (>C=O) and amine (>NH) groups, respectively. In 
Figure 7a, the final position of the PCT molecule favored the 
interaction with both groups,  >C=O and >NH; you can see the 
presence of two hydrogen bonds with d1 (2.05 Å) and d2 (2.11 
Å) distances, respectively, involving the atoms >C=O···H-O and 
>N-H···Oepox and besides, a weaker noncovalent interaction 
with a d3 (2.53 Å) distance mediated by methyl hydrogen: 
Cmethyl-H···Oepox. On the other hand, in Figure 7b, only a hydrogen 
bond with a distance of d1 (2.02 Å) involving the amine group 
was observed: >N-H···O-H; the other three non-covalent 
interactions were mediated by aromatic hydrogens, two of 
them with distances of d2 (2.82 Å) and d4 (2.80 Å), mediated by 
the atoms: >Carom-Harom···O-H, and the third one, with a distance 
of d3 (2.23 Å), through the atoms: >Carom-Harom···Oepox. 

The values of the adsorption energies indicated that parallel 
orientations (Figure 6) and leaning, with a simultaneous 
interaction of the >C=O and -NH groups of the PCT molecule 
(Figure 7a), were the most favored. The orientation shown in 
Figure 7b, having the highest inclination, could only interact 
through a single >NH group of the PCT molecule. In both leaning 
orientations, the intramolecular hydrogen bond of the PCT 
molecule, mediated by an aromatic hydrogen, was weakened, 
with elongations of 0.05 Å and 0.08 Å in (a) and (b), 
respectively. 

There are two aspects that should be highlighted: (i) the 
contribution of non-covalent interactions mediated by mostly 
aromatic hydrogens and also methyl hydrogens, with an 
arrangement very similar to that of a hydrogen bond and (ii) the 
interactions observed in the three adsorption complexes 
studied between the PCT molecule and the GO sheet 
corresponded to adsorption distances of less than 3.00 Å and 
adsorption energies above 10 kcal/mol (22 and 13 kcal/mol), 
which allow us to establish that the adsorption process of PCT 
over GO corresponds to a chemisorption. 

Figure 8 presents the mapping of the frontier orbitals 
(HOMO and LUMO) for the three adsorption complexes, where 
it can be observed that only π-orbitals are present. However, 
while the adsorption complex with the PCT molecule in parallel 
(Figure 6) maintains its frontier orbitals within the GO sheet, for 
the complexes C and D, the HOMO orbital appears on the PCT 
molecule and the LUMO orbital on the GO sheet. Therefore, it 
can be expected in (A/B) a tendency to move the electronic 
charge over the surface, while the entry of the molecule in an 
inclined orientation (C and D) could favor a movement of 
electronic charges from the molecule to the surface. 
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Table 4. Percentages of elongation of the bonds in the PCT molecule during the adsorption process. 
Bond Complex (A/B) Complex (C) Complex (D) 
C14(>C=O)-N12(-NH) 2.06 1.98 1.71 
Carom – Carom 0.38 0.38 - 
Carom – N12 (-NH) 0.30 0.17 0.20 
Carom – O11 (OH) 0.45 0.46 0.65 
 

 

 
(a) (b) 

 
Figure 7. Optimized geometries of the adsorption complex with leaning orientation: (a) favoring the interaction with the carbonyl and -NH groups and (b) 
favoring the interaction with the -NH groups. 
 

   
   

   
(a) (b) (c) 

 
Figure 8. Mapping of the HOMO-LUMO frontier orbitals for the adsorption complexes: (a) in parallel orientation, (b), and (c) in leaning orientation (HOMO orbitals 
appear on the top figure, and LUMO orbitals on the lower). 

 
In summary, the adsorption energies for the most preferred 

adsorption complexes were 22 kcal/mol with adsorption 
distances between 1.84 and 2.60 Å. These values agree with 
those of other studies. For example, Gonzalez-Rodriguez et al. 
[45] used a DFT formalism to study the adsorption of five drugs, 
such as atrazine, caffeine, carbamazepine, sulfamethoxazole, 
and ibuprofen, onto activated carbon, and the adsorption 
energies were between 17 and 26 kcal/mol. Also, Hasanzade et 
al. [46] studied the adsorption of the thioguanine drug on the 
surface of graphene oxide using the DFT approach with M06-
2X/6-31G**, the same functional used in this work, together 
with molecular dynamics and solvent effect; they found an 
adsorption process highly favored with adsorption energies 
from 10.04 to 26.70 kcal/mol; likewise, the most favored 
adsorption complex, in which the Thioguanine molecule was 
located in parallel to the GO nanosheet, exhibited adsorption 
distances between 1.90 and 2.26 Å. Anchique et al. [47] studied 
the adsorption of ibuprofen over a GO model with structure 
type-coronene and DFT with a theory level of ωB97X-D/6-
311G(2d,p) and reported an adsorption energy of 19.41 
kcal/mol. Finally, Matos et al. [48] performed periodic DFT 
calculations with an LDA functional of the PCT adsorption over 

three models of GO, considering the epoxy group, the -OH 
group, and the carboxyl group separately; the adsorption 
energies gave values in a higher range, between 7.84 and 45.66 
kcal/mol, due to the structural diversity of the three GO models 
considered. All of these studies confirm that the DFT approach 
followed in this work and the GO sheet modeled were suitable. 
 
3.5. Contribution of the adsorption process to the 
degradation of PCT 
 

To assess the potential of the PCT adsorption on the GO 
sheet for promoting the degradation of this drug, Table 4 
presents some relevant percentages of bond elongation in the 
PCT molecule, calculated from the bond distances before and 
after the adsorption process. As explained below, these changes 
could be related to some fragmentation patterns of this 
molecule. 

Belal et al. [49] used a gas chromatograph coupled with a 
mass spectrometer (GC-MS) to obtain a mass spectrum of the 
PCT molecule with m/z peaks at 134, 122, 109, 94, 80, 63, 52, 
and 43. Starting from the molecular peak (M+) at m/z = 151, the 
cleavage of the bond C14-N12 can produce two alternative 
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fragmentation routes. The first one initiates with the formation 
of the base peak at m/z = 109 by the hydrogen transfer from the 
methyl group to the nitrogen, followed by the loss of the ketene 
group (CH2=C=O), which, after protonation, forms the fragment 
at m/z = 43. From the base peak, the cleavage of two Carom-Carom 
bonds produces the loss of the -COH radical and the formation 
of a cyclopentadienylidene ammonium cation at m/z = 80. The 
second one involves hydrogen transfer from the methyl group 
to the carbonyl group, followed by the migration of the CH2 

group to nitrogen and the loss of the -COH radical to form a 
fragment at m/z = 122, which can produce a fragment at m/z = 
94 by the cleavage of Carom-N(NH) bond, followed by the 
cleavage of two Carom-Carom bonds originating the loss of the -CH-
COH species to form a fragment at m/z = 52. At the final stage, 
directly from the molecular peak, the cleavage of the Carom-
O(OH) bond and consequently the exit of the OH radical, to form 
a fragment at m/z = 134, followed by the cleavage of two Carom-
Carom bonds and the loss of the -CH3-CO-N=CH2 species to 
generate a fragment at m/z = 63. The analysis described above 
has confirmed that the adsorption process of PCT over a GO 
sheet can contribute to weakening certain bonds in the 
molecule related to its fragmentation. Therefore, these 
adsorption processes mediated by GO sheets could contribute 
to PCT degradation.  
 
4. Conclusions 
 

In this study, the adsorption energies and interaction 
distances of the paracetamol-graphene oxide (PCT-GO) 
adsorption complex were estimated. The calculations suggest 
that the adsorption process of PCT on GO is primarily favored 
by chemisorption. The main interactions involved in this 
chemisorption process were a stacking interaction between 
both conjugate systems (molecule-sheet); the hydrogen bonds 
involving the carbonyl, -OH, and >NH groups of the molecule 
together with the -OH and epoxy groups of the GO sheet; finally, 
the noncovalent interactions mediated by aromatic and also 
methyl hydrogens, with an arrangement very similar to that of 
a hydrogen bond. In this way, it can be confirmed that the 
heterogeneity of the GO sheet, due to the functional groups 
regulated by parameters such as the C/O ratio and the oxygen 
percentage, has a strong influence on its adsorption capacity 
and stability. This theoretical study has confirmed that GO can 
act as an effective adsorbent material for the PCT molecule, 
contributing to its degradation. Therefore, the GO sheets could 
be tested as an interesting adsorbent material to be included in 
existing hybrid methodologies to remove emergent 
contaminants from water and thus further improve its quality. 
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