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The omnipresence of emerging contaminants in the aquatic environment is indisputable. These contaminants include chemical substances not removed in traditional water and sewage treatment processes. To ensure the quality of water and healthy aquatic ecosystems, new treatment technologies and materials are essential to effectively control the presence of these contaminants in the aquatic environment. More than that, it is important to know how molecules interact with these new materials. A low-cost alternative currently available is adsorption. Despite this method being widely studied, describing the interaction mechanisms between the materials and the analytes is not usual, limiting the obtainment of more efficient materials. Thus, the objective of this work was to understand, in a theoretical-experimental way, the forms of interaction in the adsorption of the drug paracetamol, widely used worldwide, in materials based on graphene with different chemical and structural properties. For this, kinetic and isothermal experimental studies were carried out using four materials that contemplated different dimensions, pore sizes, and oxidation degrees. In theoretical studies, density functional theory (DFT) simulations were performed to cover quantum details, revealing how paracetamol interacts with different graphene structures. According to theoretical studies, binding energies, binding distances, and charge transfer between oxidized graphene and paracetamol drug are compatible with physical adsorption, strongly dependent on the type and number of functional groups on the graphene surface. These results agree with the experimental data where the highest adsorptions were observed precisely for materials containing a higher proportion of functional groups and where these groups are more available (more porous), with adsorptive capacities reaching 235.7 mg/g. Our findings contribute to scientific knowledge about using graphene structures as an adsorbent material, providing a solid basis for future studies and developing more efficient and advanced water treatment technologies.
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1 INTRODUCTION
Graphene, graphene oxide (GO), and reduced graphene oxide (2D-rGO) have been widely used as adsorbents to remove different classes of contaminants from water (Ersan et al., 2017; Bolisetty et al., 2019; Liu et al., 2019; Yousefi et al., 2019; Alves et al., 2021). This application is highlighted for this type of material due to its unique properties, such as high specific surface area and amphiphilic structure, in materials with polar groups (Alves et al., 2021; Huang et al., 2021). Pristine graphene, besides its limitations in obtaining (Wang et al., 2020), has limited applications due to its hydrophobicity and its unique π-π interactions. GO and rGO, on the other hand, improve the accessibility of contaminants in aqueous systems and extend material-analyte interactions through hydrogen bonding and electrostatic interactions (Deshwal et al., 2023; Fan et al., 2023). Despite the range of these materials in removing contaminants, their applications are limited by agglomeration or re-stacking of graphene sheets through strong π-π and van der Waals interactions between the sheets. This process results in a reduction in surface area, poor dispersion in aqueous media, and a consequent reduction in adsorption efficiency (Shan et al., 2017; Alves et al., 2021; Lin et al., 2021; Wong et al., 2022). In addition, due to their two-dimensional structure, these materials can be easily leached into water bodies, being affected by a difficult recovery process.
An alternative to solve these problems is using three-dimensional materials of reduced graphene oxide (3D-rGO). These materials have interconnected pores formed by the disorderly bonding of two-dimensional reduced graphene oxide sheets (Shan et al., 2017). These materials are a solution to the problems mentioned above and have excellent mechanical properties, specific surface areas, and high porosity (Torabi Fard et al., 2022). Based on their structures and properties, these materials have been applied in different contaminant removal methods, such as photocatalysis, advanced Fenton oxidation, capacitive deionization (Jung et al., 2018; Wang et al., 2019; Yang et al., 2020; Yu et al., 2022), and especially adsorption (Bruckmann et al., 2022; Leão et al., 2022; Leão et al., 2023). This water treatment method is widely used due to its simplicity and high efficiency (Hiew et al., 2019). In the case of three-dimensional graphene materials and their derivatives, relevant and desirable adsorptive capacities have been found for different contaminants (Torabi Fard et al., 2022), such as metals, dyes (Liu and Qiu, 2020; Lin et al., 2021; Sun et al., 2021), organic solvents, oils (Liu and Qiu, 2020; Wong et al., 2022), pesticides (Guo et al., 2021), and drugs. In the case of drugs, different classes have been removed through the adsorption process, using three-dimensional materials based on graphene, decorated or not. Recent studies show, for example, the use of three-dimensional reduced graphene oxide functionalized with caffeic acid in the removal of norfloxacin (220.99 mg g−1) and ketoprofen (125.37 mg g−1) (Lu et al., 2020); when functionalized with chitosan, a similar material was able to remove up to 14.4 mg g−1 of sulfamethazine (Hamed et al., 2022). The synergistic effects of 3D-rGO/MnO2 were evaluated in removing and degrading tetracycline from water, which can remove up to 91% of this drug (Song et al., 2019). The 3D-rGO has also been applied to efficiently remove ibuprofen, diclofenac and naproxen with efficiencies of up to 526 mg g−1 (Umbreen et al., 2018).
Pharmaceutical products are not fully eliminated in conventional water and sewage treatments and are destined for water resources. There, they can impact the organisms that live in that ecosystem and humans (Villaescusa et al., 2011; Hamed et al., 2022). A drug that has attracted attention due to its characteristics is paracetamol (PCM), also known as acetaminophen, the most widely used analgesic worldwide (Villaescusa et al., 2011; van den Driesche et al., 2015; Hiew et al., 2022). When ingested, paracetamol cannot be completely metabolized, and approximately 20% of the drug is excreted into the environment as metabolites, ending up in water bodies and effluent treatment plants. During the disinfection process of water or effluents, paracetamol may be reactive with hypochlorite, generating significantly toxic compounds (Bedner and MacCrehan, 2006). In addition, several studies suggest that paracetamol may have endocrine-disrupting effects at all stages of human development, being able to act as an anti-androgenic substance and causing male reproductive disorders (van den Driesche et al., 2015; Albert et al., 2013; Kristensen et al., 2016; Kristensen et al., 2011; Kristensen et al., 2012). In addition to the wide use and risks attributed to this drug, there is also a low number of studies evaluating its removal using adsorption since conventional water treatment techniques (Villaescusa et al., 2011; Hamed et al., 2022). Paracetamol adsorption has been described on silica, alumina (Lorphensri et al., 2006), aquifer sand (Hamed et al., 2022), and carbon materials such as coconut activated carbon (Fernandez et al., 2015), rice husk (Paredes-Laverde et al., 2019), and tea leaves (Wong et al., 2018), grape stalk, yohimbe bark and cork bark (Villaescusa et al., 2011), multi-walled carbon nanotubes (Yanyan et al., 2018) and graphene oxide (Moussavi et al., 2016). At the same time, no studies report the use of graphene-based three-dimensional materials, which had their previously mentioned advantages.
Simultaneously, to find new materials capable of efficiently removing this drug, it is necessary to determine the interaction mechanisms between the material and the analyte. These determinations can be carried out using computer simulations, where one can simulate the interaction with materials that present different degrees of oxidation or pore sizes, for example,. In this sense, the objective of this work was to experimentally evaluate the efficiency of 3D-rGO materials with different degrees of oxidation of the structure and a two-dimensional graphene oxide material (2D-rGO) in the adsorption of the analgesic paracetamol. Furthermore, the experimental results were compared with ab initio computer simulations to elucidate the mechanisms involved in the material-analyte interaction.
2 EXPERIMENTAL
2.1 Experimental setup and details
2.1.1 Obtaining 2D graphene-based material
Two-dimensional reduced graphene oxide was obtained from the chemical oxidation of graphite, followed by exfoliation to obtain graphene oxide. The reducing agent ascorbic acid was used at a concentration of 25 mmol L−1 150 mL of GO dispersion (1 mg mL−1) and the corresponding amount of reducing agent were added to a round bottom flask and kept at reflux for 3 h. At the end of the process, the material obtained was washed several times with distilled water.
2.1.2 Obtaining 3D graphene-based materials
The three-dimensional materials of reduced graphene oxide (3D-rGO) were obtained as described by Leão et al. (Leão et al., 2022), from the chemical oxidation of graphite followed by exfoliation in an ultrasound bath (SP Labor, model SP-UL, frequency 50 kHz) to obtain graphene oxide. A dispersion of this graphene oxide at a concentration of 1 mg mL−1 was used to obtain 3D-rGO. This was obtained from a thermochemical process using the ascorbic acid-reducing agent at different concentrations (0, 5, and 25 mmol L−1). The corresponding amount of reducing agent and 50 mL of GO dispersion were added to 100 mL beakers, mixed, and taken to an autoclave (Stermax Digital Super Top, 21 L) at 120 C for 90 min. At the end of the process, the monoliths were removed and washed with distilled water, ready for use as a hydrogel. The entire synthesis process takes about 2 h.
The abbreviations for reference to the samples in this work are 3D-rGO for three-dimensional reduced graphene oxide. The second part of the acronym refers to different concentrations of reducing agent (0, 5 and 25 mmol L−1); for example, 3D-rGO0 is used for 3D reduced material without ascorbic acid, and so on.
2.1.3 Materials characterization
The complete characterization of these materials is better described in our previous work (Leão et al., 2022). In this previously published work, the characterizations of X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Raman Spectroscopy, Thermogravimetry (TGA) and zero charge point pH (pHZCP) are presented. To avoid repetitions, in this work, the characterization of 3D-rGO0, 3D-rGO5, 3D-rGO25 and 2D-rGO was performed using Scanning Electron Microscopy (SEM), Brunauer–Emmett–Teller (BET) specific surface area values, and indirect potentiometric titration.
For Scanning Electron Microscopy, a MIRA 3 FEG-SEM microscope was used. The samples were placed on double-sided copper tapes previously glued on the sample holder. All samples were metalized with chromium; the source voltage was 15 kV. The BET method obtained the surface area using a Quantachrome Instrument, NOVA 4200e, United States. The indirect potentiometric titration was performed according to Hanelt et al. (2011) (Hanelt et al., 2011). The materials were kept in a NaOH 0.0025 mol L−1 solution, standardized with potassium biphthalate, for 24 h. At the end of this time, the solution was filtered and titrated with HCl 0.001 mol L−1, using KCl 0.01 mol L−1 as a supporting electrolyte.
2.1.4 Adsorption experimental studies
The kinetic study used 8 mg of each material, left in contact with 5 mL of PCM 50 mg L−1. At predetermined time intervals and until equilibrium, the concentration of PCM in the solution was determined. From the data obtained, the adsorptive capacity of the materials was calculated using Equation (1) (Thue et al., 2018), where Qe, is the adsorptive capacity in mg g−1, Ce and Cf are the initial and final concentrations of the solution (mg L−1), V is the volume of solution (L) and m is the mass of the adsorbent (g). The obtained results were fitted to non-linear kinetic models of general order, pseudo-first order and pseudo-second order.
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As for the equilibrium isotherms, 8 mg of adsorbent was kept in contact with 5 mL of PCM at 50, 100, 250, 500, 1,000, 1,500 and 2000 mg L−1 concentrations. After 5 h, the final drug concentration in the solution was determined. The adsorptive capacity was determined from Equation (1), and the data were fitted to the non-linear isothermal models of Langmuir, Freundlich and Sips.
All experiments were conducted at an ambient temperature of approximately 25 C, with constant stirring at 150 rpm. Solution concentrations were determined using a Kasuaki IL-593-S UV-Vis spectrophotometer at a wavelength of 242 nm. All experiments were performed in triplicates.
3 COMPUTATIONAL MODEL AND DETAILS
3.1 Ab initio simulations
The ab initio simulation was performed using SIESTA code (Soler et al., 2002). They were evaluated through first-principles calculations based on DFT (Hohenberg and Kohn, 1964; Kohn and Sham, 1965) to obtain electronic, structural, and energetic properties. In all calculations, we used the local density approximation (LDA) parameterized by Perdew and Zunger to describe the exchange–correlation potential. LDA is more suitable than the Generalized Gradient Approximation (GGA) to study weakly interacting systems and also the presence of π-stacking interactions on sp2-like materials. It is also important to outline that similar LDA calculations have been employed successfully in our group to describe the most diverse types of systems related to Gr-molecule interactions, resulting in an excellent tool for the connection between theory and experiments. Additionally, the present methodology used in this work allowed us for a feasible comparison with previously published work by our team, where the LDA results for binding energy and bond distance are very close to the experimental one (Jauris et al., 2017; de Oliveira et al., 2021; Bruckmann et al., 2022; Leão et al., 2023).
The interactions between the core and the valence electrons were employed through Troullier–Martins pseudopotentials (Troullier and Martins, 1991), whereas the molecular orbitals made use of a localized double zeta plus polarization (DZP) (Sankey and Niklewski, 1989) basis set through a limited energy shift of 0.05 eV. The cutoff of 200 Ry in the grid integration represents the charge density for all interactions. Mulliken population analysis evaluated the electronic charge transfer between paracetamol (PCM) and graphene (Gr).
The structural optimization was performed by a conjugate gradient method. All atomic coordinates were allowed to move until the residual forces were less than 0.05 eV/Å. The computational method and simulation parameters were similar to those used in our previous work (de Oliveira et al., 2021; Bruckmann et al., 2022; Leão et al., 2023). These structures can describe qualitatively the results by combining simulations and experimental data for molecule adsorption.
Thus, the structures studied were graphene functionalized with one epoxy/two epoxy groups (Gr[O]/Gr[2O]), one hydroxyl/two hydroxyl groups (Gr[OH]/Gr[2OH]), and one carboxyl/two carboxyl groups (Gr[COOH]/Gr[2COOH]), where each of them interacts with PCM (CAS 103-90-2; C8H9NO2). Three different pairs Gr[O]/Gr[2O], Gr[OH]/Gr[2OH], and Gr[COOH]/Gr[2COOH], were used in the simulation and represent the type and quantity of functional groups in the graphene model used. They reflect possible functional groups present in reduced graphene oxide structures. We do not use the same functional groups simultaneously, so it would be possible to evaluate their individual collaboration. These models were chosen to explain the effect of the type and quantity of functional groups on the PCM adsorption mechanism on three-dimensional materials based on graphene, whose structural differences are mainly due to the amount and kind of oxygenated groups.
The optimized structures can be seen in Supplementary Figure S1. We use several different configurations for every system associated with PCM. Notably, only the most stable configurations are presented in this work. The final binding energies (EB) were calculated according to Equation 2, which is based on the Basis Set Superposition Error (BSSE) (Boys and Bernardi, 1970),
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where EB is the binding energy, EB(Gr + PCM) is the total energy of the Gr plus PCM molecule. The subscript “ghost” corresponds to the additional basis wave functions centered at the position of the Gr or at the PCM molecule but without any atomic potential. The minimum distance (DB) values between the PCM and the Gr were obtained from the nearest atoms. The bond distance (DB) values between PCM and Gr are obtained from the minimum interatomic distance between the systems. In this paper, to quantify an interaction such as physical or chemical adsorption, we considered parameters such as charge transfer, bond distance, and detailed analysis from the electronic energy levels of the systems, similar to those used in previous works (Vendrame et al., 2019; Concu et al., 2020; Leão et al., 2022; Leão et al., 2023).
4 RESULTS AND DISCUSSION
4.1 Material characterization
As already mentioned, a detailed version of the characterization of these materials can be found in the article that describes the process of synthesis and characterization of these materials (Leão et al., 2022). The SEM images of the four studied materials are shown in Figure 1. The structural difference between 2D-rGO (Figure 1A) and 3D materials can be observed. While the first one appears as small sheets, the others have these sheets interconnected disorderly, forming a three-dimensional porous network. It is also possible to observe significant differences among the 3D materials (Figure 1B–D). The greater the amount of reducing agent added, the greater the compaction of the structure, which has smaller cavities. Thus, it can be expected that different behaviors are found for the materials due to their morphology. Self-assembling graphene oxide sheets form 3D graphene network structures through hydrogen bonding, electrostatic interaction, or π-π interactions. Wang et al. (2019) Considering the self-assembly mechanism of graphene hydrogels via hydrothermal routes, the pore size results from the size of the bubbles formed during the process. It must be considered that a greater degree of oxygen functionalization promotes greater interaction with the polar solvent, leaving larger hydrate pores. However, when the reduction process removes the hydrophilic groups, the water in the pore decreases, consequently allowing for higher structure compaction.
[image: Figure 1]FIGURE 1 | Scanning Electron Microscopy of 2D-rGO (A), 3D-rGO0 (B), 3D-rGO5 (C), and 3D-rGO25 (D) materials.
The results of the concentration of functional groups (Table 1) show that the greater the amount of reducing agent added, the smaller the number of oxygenated groups. These results are corroborated by the FTIR spectra available in (Leão et al., 2022). Likewise, for 3D materials, the greater the amount of reducing agent, the smaller the material-specific surface areas; the 2D-rGO material has an intermediate surface, closer to the 3D-rGO25 material–which is the 3D version closest to it. The combination of these results shows that the variation in the amount of reducing agent used interferes with the chemical structure and the morphology of the materials.
TABLE 1 | Properties of the materials obtained according to the characterizations performed (Leão et al., 2022).
[image: Table 1]4.2 Experimental adsorption results
From the experimental adsorption studies, it was possible to compare the efficiencies of the materials as follows. The kinetic study, shown in Figure 2, and detailed data in Table 2, show that the behavior of the adsorption rate is influenced by the synthesis method and the concentration of the reducing agent, that is, the presence of functional groups. Reaching adsorption equilibrium was approximately 5 h for 3D-rGO0, 12 h for 3D-rGO5, 20 h for 3D-rGO25 and 24 h for 2D-rGO. Respectively, for the four materials, t1/2 was 15.9, 123.6, 188.4 and 192.7 min. This last value represents the time required for 50% of the analyte to be adsorbed and is used to compare the different materials (Thue et al., 2018).
[image: Figure 2]FIGURE 2 | Adsorption kinetics of paracetamol in 2D-rGO (A), 3D-rGO0 (B); 3D-rGO5 (C), and 3D-rGO25 (D).
TABLE 2 | The kinetic parameters for paracetamol adsorption by 2D-rGO, 3D-rGO0, 3D-rGO5, and 3D-rGO25.
[image: Table 2]From these results, we can infer that the 3D-rGO0 material can adsorb PCM faster, followed by the 3D-rGO5, 3D-rGO25, and 2D-rGO materials. Similar behavior has been described previously in our articles (Vijayaraghavan et al., 2006; Leão et al., 2022) in the adsorption of safranin and methylene blue dyes. We verified, then, that the behavior obtained for the dyes can be extended to the drug PCM. As in previous works, adsorption takes place more quickly in materials where there is a greater amount of oxygenated functional groups and the presence of larger cavities and/or pores. Additionally, the 3D-rGO0 material presents different behavior due to its granular structure. This structural configuration allows a larger material area to interact with the PCM, accelerating the adsorptive process. In the case of other materials, the intra-particle diffusion process must be responsible for the increased velocity in materials with larger pore sizes. As seen previously, the greater the amount of reducing agent added during synthesis, the smaller the cavities/pores, and the more compact the structure. At the same time, smaller amounts of oxygenated functional groups are available for interaction with the analytes. Such conditions guarantee the order of adsorption speed in the studied materials.
Adsorption isotherms were constructed to determine the adsorptive capacity of the materials for the drug PCM (Figure 3). The adsorptive capacities of 235.7, 176.8, 175.1 and 157.6 mg g−1 were determined for 3D-rGO5, 3D-rGO25, 2D-rGO, and 3D-rGO0 materials, respectively (Table 3). An important observation point is the isothermal models that best fit each result. While all three three-dimensional materials showed a better fit to the Langmuir isothermal model, only 2D-rGO showed a better fit to the Sips isothermal model. This result indicates that their dimensionality influences the adsorptive behavior of the materials. While the Langmuir model describes monolayer adsorption, the Sips model, also called Langmuir-Freundlich, has two behaviors: at low adsorbate concentrations, it reduces to the Freundlich isotherm (Vijayaraghavan et al., 2006), and at high concentrations, predicts monolayer adsorption, with a limited number of sites on the surface of the adsorbent, characteristic of the Langmuir isotherm (Lima et al., 2015; Soltani et al., 2019).
[image: Figure 3]FIGURE 3 | Adsorption isotherms of paracetamol in 2D-rGO (A), 3D-rGO0 (B); 3D-rGO5 (C), and 3D-rGO25 (D).
TABLE 3 | Isotherm parameters for paracetamol adsorption using 2D-rGO, 3D-rGO0, 3D-rGO5 and 3D-rGO25 adsorbent.
[image: Table 3]Another important point in the adsorption study concerns the differences in adsorption capacities. Differently from the kinetic study, there is a highlight for the 3D-rGO5 material, which can absorb 235.7 mg g−1. Next, we observed that the 3D-rGO25 and 2D-rGO materials have similar adsorptive capacities. In common, both materials have the highest addition of reducing agent (25 mmol L−1), presenting a similar degree of reduction. Finally, the 3D-rGO0 material, which has excellent kinetic performance, has the lowest adsorptive capacity. From these results, we can infer some considerations. First, material morphology appears to be dominant in the adsorptive process. This can be observed mainly for the 3D-rGO0 material, which can adsorb PCM quickly but not in large quantities due to its loose granular structure. Secondly, due to similar synthesis, 3D-rGO25 and 2D-rGO materials have identical amounts of oxygenated groups. Thus, it can be deduced that smaller amounts of oxygenated functional groups result in smaller quantities of PCM. The presence of oxygenated groups is a secondary factor in the adsorption. Finally, 3D-rGO5 stands out, which presents a cohesive three-dimensional structure, is porous, less compacted, and has larger cavities and an intermediate number of oxygenated groups. Such material seems ideal for the adsorption of the drug PCM, due to its morphology and presence of oxygenated groups.
4.3 Computational results
Theoretical calculations were conducted to understand the interaction mechanisms between different three-dimensional graphene materials and the drug paracetamol, focusing on the type and number of oxygenated groups in the materials. This section provides the details of the calculations.
4.3.1 Ab initio simulations - Gr[O]/Gr[2O] interacting with PCM
To gain insights into the atomistic details of the interaction, we present the main results for Gr[O] and Gr[2O], graphene with one and two oxygen atoms attached, respectively. Both interact with the PCM molecule, and the results for the most stable configurations are presented in Table 4. The optimized structures of the most stable configurations can be found in the Supplementary Figure S2.
TABLE 4 | Binding distance (DB), charge transfer [▵q (e−)], Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied Molecular Orbital (LUMO) difference (▵HL), and binding Q21 energy (EB). The positive signal in the charge transfer indicates that the Gr is a charge donor. The bold values correspond to the most stable structures.
[image: Table 4]Table 1 presents the minimum atomic distance (DB), binding energy (EB) and electronic charge transfer (∆q (e−)) of the most stable configurations for both Gr[O]+PCM and Gr[2O]+PCM systems.
All results showed that these systems interact in a physisorption regime for both Gr structures. For PCM adsorbed on Gr[O], the most stable configuration was Gr[O]+PCM-II, with a binding energy of 0.60 eV and a distance of 1.88 Å (OGr-HPCM). The same occurs to PCM adsorbed on Gr[2O]. The most stable configuration was Gr[2O] + PCM-II, where this system presents a 0.49 eV for the binding energy with a binding distance of 2.00 Å (OGr-HPCM).
In the binding distance column, the first atom always refers to a graphene (Gr) atomic structure, while the second refers to a paracetamol (PCM) molecule. Figure 4 shows the energy levels for the Gr[O]+PCM-II and Gr[2O] + PCM-II systems. The same figure also presents the local density of states (LDOS) for the HOMO and LUMO levels.
[image: Figure 4]FIGURE 4 | Electronic levels and LDOS for the most stable configuration: (A) Gr[O] +PCM-II and (B) Gr[2O]+PCM-II configurations with orbital charge density isosurfaces 0.0093 e−/(Å)3.
The difference between the highest occupied molecular orbital (HOMO, represented by the solid black circle) and the lowest unoccupied molecular orbital (LUMO, represented by the hollow circle) is given in electron volts (eV). The values found are 1.81 eV for isolated graphene with one oxygen atom (Gr[O]) and 1.25 eV for the most stable interacting system between these two structures (Gr[O]+PCM-II). For isolated graphene with two oxygen atoms (Gr[2O]), the difference between HOMO and LUMO is 1.88 eV, and the interacting system, Gr[2O]+PCM-II, shows a value of 1.31 eV.
The difference between HOMO and LUMO levels is similar to the isolated graphene, without significant changes. Furthermore, we observe that there is only an overlap of the paracetamol (PCM) molecule levels with the graphene but no substantial changes in the electronic properties of the resultant system compared to the pristine ones.
Regarding the local density of states (LDOS) analysis, both systems, with one or two oxygen atoms attached to graphene, show HOMO energy level contribution on the PCM molecule, while the LUMO on the graphene structure. This characteristic leads us to a physisorption mechanism since we have only one structure contribution for each energy level.
4.3.2 Ab initio simulations - Gr[OH]/Gr[2OH] interacting with PCM
Here, we show Gr[OH] and Gr[2OH] data. This means we now considered two different types of oxidized Gr: the first has one OH chemical group, and the second has two OH chemical groups attached to its surface.
Both Gr[OH] and Gr[2OH] interact with PCM molecules in multiple configurations, and the key data are presented in Table 5. Table 5 shows the minimum atomic distance (DB), binding energy (EB), and electronic charge transfer (∆q (e−)) of the most stable configurations for both the Gr[OH]+PCM and Gr[2OH]+PCM systems. The optimized structures of the most stable configurations can be seen in the Supplementary Figure S3.
TABLE 5 | Relevant data for minimum distance (DB), charge transfer (∆q (e−)), HOMO and LUMO difference (ΔHL), and binding energy (EB). The positive signal in the charge transfer indicates that the oxidized graphene is a charge donor.
[image: Table 5]For PCM adsorbed on Gr[OH], the most stable configuration was Gr[OH]+PCM-III, with a binding energy of 0.60 eV and a distance of 1.75 Å (HGr-OPCM). For PCM adsorbed on Gr[2OH], the most stable configuration was Gr[2OH]+PCM-III, where this system presents a 1.28 eV for the binding energy with a binding distance of 1.52 Å (HGr-OPCM).
The binding energies for Gr[2OH]+PCM-III are high, suggesting the possibility of chemical interaction. However, the bond distance and charge transfer values for Gr[2OH]+PCM-III are incompatible with chemisorption. Therefore, the presence of these hydrogen bonds cannot lead to significant changes in the physical adsorption regime of PCM on graphene. An electronic study of these configurations was conducted to confirm these findings, and the results are shown in Figure 5 and Figure 6.
[image: Figure 5]FIGURE 5 | Electronic levels and LDOS for the most stable configuration: (A) Gr[OH] interacting with PCM (Gr[OH]+PCM-III) and (B) Gr[2OH] interacting with PCM molecule (Gr[2OH]+PCM-III) with orbital charge density isosurfaces 0.0093 e−/(Å)3.
[image: Figure 6]FIGURE 6 | Total electronic charge density isosurface for the most stable configurations for Gr[2OH]+PCM-III using orbital charge density isosurfaces of 0.0093 e−/(Å)3.
Figure 5 shows the energy levels and the local density of states (LDOS) for both the Gr[OH]+PCM-III and Gr[2OH]+PCM-III systems. We can see that the HOMO energy level has a contribution from the graphene (Gr) structure, and the same occurs with the LUMO. This data suggests that both systems are interacting through the physisorption regime. However, the system with two OH chemical groups has a smaller binding distance and higher binding energy. For a more detailed analysis, Figure 6 shows the total charge density isosurface plots for the most stable configuration, Gr[2OH]+PCM-III, to investigate the possibility of chemisorption.
This analysis scans every single energy level of the system and shows its total electronic distribution, allowing us to confirm whether there is chemisorption between the structures (Figure 6). The image confirms no chemisorption between the -OH chemical groups and the PCM molecule. As can be seen, the charges are localized only on the Gr(2OH) and PCM molecules, with no charge lines shared between the systems. There is no electron sharing between the two structures. This result confirms that this system exhibits a physisorption interaction, as observed in previous work with graphene nanomaterials and different molecules (de Oliveira et al., 2021; Bruckmann et al., 2022; Leão et al., 2023).
4.3.3 Ab initio simulations - Gr[COOH]/Gr[2COOH] interacting with PCM
At last, we present the data for Gr[COOH] and Gr[2COOH]. In this case, we now have a first Gr with one COOH chemical group and a second Gr with two COOH chemical groups attached to their surface. Both Grs interact with the PCM molecule. Table 6 presents the minimum atomic distance (DB), binding energy (EB), and electronic charge transfer (∆q(e−)) of the most stable configurations for both Gr[COOH]+PCM and Gr[2COOH]+PCM systems. The optimized structures of the most stable configurations can be seen in Supplementary Figure S4.
TABLE 6 | Binding distance (DB), charge transfer (∆q (e−)), HOMO and LUMO difference (ΔHL), and binding energy (EB). The positive signal in the charge transfer indicates that the graphene is a charge donor.
[image: Table 6]The binding energy features the configuration Gr[COOH]+PCM-II and Gr[2COOH]+PCM-III as the most stable for Gr[COOH]+PCM and Gr[2COOH]+PCM systems, respectively. After calculating the BSSE, we found a 0.79 eV and DB of 1.61 Å (OGr-HPCM) for Gr[COOH]+PCM-II and 1.48 eV and DB of 1.49 Å (OGr-HPCM) for Gr[2COOH]+PCM-III systems. Figure 7 shows the energy levels and the LDOS for both Gr[COOH]+PCM-II and Gr[2COOH]+PCM-III systems.
[image: Figure 7]FIGURE 7 | Electronic levels and LDOS for the most stable configuration of (A) Gr[COOH] interacting with PCM (Gr[COOH]+PCM-II), (B) Gr[2COOH] interacting with PCM molecule (Gr[2COOH]+PCM-III) with orbital charge density isosurfaces 0.0093 e−/(Å)3.
We can observe that the HOMO energy level shows a contribution from the PCM molecule for the Gr[COOH]+PCM-II system and a contribution from the Gr[COOH] structure for the Gr[COOH]+PCM-III system. In the LUMO level, we can observe a contribution from Gr[2COOH] with a strong contribution from the functionalized COOH groups.
The binding energies for Gr[2COOH]+PCM-II and Gr[2COOH]+PCM-III are high, as we also observed for Gr[2OH]+PCM-II, suggesting the existence of chemical interaction. It is important to emphasize that in both cases, more than one functional group in the Gr increases the interactions with the PCM molecule. Once again, we performed the total electronic charge density isosurface analysis to check for any signs of chemisorption for the Gr[2COOH]+PCM-II and Gr[2COOH]+PCM-III systems, shown in Figure 8.
[image: Figure 8]FIGURE 8 | Total electronic charge density isosurface for the most stable configurations for (A) Gr[2COOH]+PCM-II, (B) Gr[2COOH]+PCM-III using orbital charge density isosurfaces of 0.0093 e−/(Å)3.
In Figure 8A, it is made clear that the PCM molecule does not share electrons with anyone close to it, and in Figure 8B, we can also confirm that the Gr structure and PCM molecule cannot share electrons with how they are arranged.
Despite the high binding energies and/or small binding distances observed for the Gr[2OH] and Gr[2COOH] systems, all systems exhibited a physisorption regime. This suggests that increasing the number of functional groups tends to increase the energies and binding of the systems.
The adsorption of PCM onto graphene, with one or two functionalizations, was simulated to provide a good understanding of the adsorption process of the PCM molecule onto the surfaces of functionalized graphene materials. The Mulliken population analysis showed that the electronic charge transfers indicate that graphene materials have an amphoteric character, depending on the position of the PCM during the adsorption process.
In addition to the binding energies, the high values of the minimum distance between the systems, the low values of charge transfer, and the total charge density between the systems indicate that the interaction occurred through a physical adsorption regime. A strong hydrogen bonding tendency was observed between the functional groups and PCM for all functional groups attached to graphene, increasing the number of epoxy, hydroxyl, and carboxyl functional groups on the graphene surface led to significant increases in the graphene+PCM binding energy. Therefore, the intensity of the binding energies depends on the presence of some types of functional groups on the graphene surface. A deformation in the Gr structure is also observed as the number of functionalized groups increases. These results agree with the experimental data, where the highest adsorptions were observed for materials containing a higher proportion of functional groups and where these groups are more available, such as the 3D-rGO5 material. Our research group also found similar results in recent works with methylene blue (Leão et al., 2023). The three different functional groups attached to the graphene surface used in the simulation reflect the 2D-rGO experimental synthesized well. The results from graphene Gr[OH]/Gr[2OH] and Gr[COOH]/Gr[2COOH] are consistent, showing that increasing the number of functional groups leads to an increase in binding energies. Greater binding energy can also be associated with a better adsorption capacity. As described in experimental results, due to similar synthesis, 3D-rGO25 and 2D-rGO materials have identical amounts of oxygenated groups. Regardless of 3D-rGO25 pursuit cavities/pores in comparison with 2D-rGO, which are more compact structures, it can be noted that the adsorption capacities were similar in both cases; thus, the number of functional groups could be responsible for these similarities. On the other hand, 3D-rGO5, which presents a structure similar to 3D-rGO25, exhibits better adsorption compacity than 3D-rGO25, revealing that more functional groups could enhance the adsorption capacity up to a threshold.
5 CONCLUSION
Our results showed that three-dimensional graphene-based materials exhibit interesting adsorption results with only minor changes in the material synthesis. These changes result in variations in the specific surface areas, pore sizes, and amount of oxygenated functional groups in the structure. The combination of experiments with computational studies allowed us to verify the influence of these characteristics of the materials on the adsorption of paracetamol.
Generally, it was observed that the more oxidized the material, the greater the adsorption efficiency, except for the material without adding a reducing agent, which does not form a three-dimensional porous structure. Ab initio studies revealed that the binding energies, bond distances, and charge transfer between oxidized graphene and the PCM drug are compatible with physical adsorption. The results demonstrate no chemisorption, as confirmed by the total electronic charge density measure. Moreover, the intensity of physical adsorption strongly depends on the type of oxygen group on the graphene surface, increasing as the number of functional groups increases. These results satisfactorily explain the results obtained experimentally: the larger the pores (which makes it easier for paracetamol to reach oxygenated sites), the more oxidized the material, and the better its efficiency in adsorbing paracetamol.
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ti2 (min) 192,728 15910 151,871 247,299
R 09930 09950 09911 09937
D 07013 0474 08956 0642
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