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Abstract

:

Emerging pollutants such as butylparaben (BP) are often difficult to remove via conventional wastewater treatment. Therefore, this study aimed to produce and characterize graphene oxide (GO) and evaluate the adsorption of BP on this adsorbent. The GO was made using the Hummers method and characterized by TGA/DTA, XRD, XRF, BET, point of zero charge (pHpzc), SEM, and the Boehman method. Adsorption experiments were performed in a batch system. The removal efficiency from a Box–Behnken experimental design was 84.3% at a BP concentration 600 µg∙L−1, adsorbent five g∙L−1, and pH 7 in solution. The first-order (PFO) kinetics obtained the best fit to the experimental data compared to the other models tested in this study: pseudo-second-order (PSO), Elovich (ELC), and intra-particle diffusion (IPD). The Langmuir isotherm provided the best fit compared to the Freundlich isotherm. The temperature effect showed that the system has a spontaneous adsorption process, with a Gibbs energy lower than zero, and that increasing the temperature increases the adsorption capacity. The ionic effect showed that increasing the salt concentration of 1 M increased the repulsive forces but did not decrease the adsorption capacity. The regeneration cycle showed a rate of 85% up to the second cycle. The toxicity analysis confirmed the efficiency of the adsorption process using GO before and after BP adsorption on GO.
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1. Introduction


Butylparaben (BP) (4-hydroxybenzoic acid ester) is widely found in pharmaceuticals, personal care products, and processed foods due to its chemical stability and broad-spectrum antibacterial properties [1]. Anthropogenic activities recurrently contaminate different matrices with this compound, such as water resources, sludge, sediment, soil, and drinking water [2].



BP, to date, has become an emerging pollutant in contact with the liquid medium. BP does not yet have environmental legislation, and conventional treatments do not entirely remove it from wastewater [3]. Water contamination by this paraben is the most widespread and is in the range of μg∙L−1 in freshwater resources [1,2,4,5]. This compound is degraded relatively quickly in soil and water (on average 10 days) but is considered pseudo-persistent since it is frequently released into the environment [1].



Adverse effects assessments showed that BP, at concentrations in the μg∙L−1 range, caused neurotransmitter dysregulation, nephrotoxicity, and cranial malformation in fish [1,6,7], infertility in male rats and in humans [4,8], and may be a potentiator in the development of breast cancer in women [6].



Methods that use advanced oxidative processes, such as ion exchange, membrane separation, heterogeneous photocatalysis, and electron precipitation, are efficient in the removal/degradation of emerging pollutants. However, these methods do not entirely remove emerging pollutants [7]. In addition, these methods generate a high amount of sludge, as well as a high demand for reagents and membrane fouling. Therefore, some of the best alternatives for removing pollutants include the adsorption process, which can use cheap, abundant materials susceptible to modification [3]. The use of adsorption methods for contamination has been gaining much prominence, as it is a very efficient method for this type of situation and has practical applications in both industry and environmental protection [8]. The method is viable because of its high removal efficiency, low operating costs, and the possibility of reusing materials considered waste in the industry [9].



The materials with the most significant potential for use in adsorption processes are those rich in carbon compounds [10]. One of their advantages is that they can be produced on a large scale. Activated carbons are porous carbon compounds that have a microcrystalline structure. Their activation receives a specific treatment that serves to increase their internal porosity since tunnels are formed inside it, which bifurcate into tunnels with an increasingly smaller diameter, creating areas of micropores; this gives the coal a gigantic internal surface and also provides good selectivity in adsorption [7].



The disadvantage of activated carbon is its high energy demand to produce the functional material. Hence, graphene oxide (GO) stands out as a material with a good capacity for adsorption and replacement of activated carbon adsorbents. GO is the oxidized form of graphene with oxygen functional groups on its surface. GO and its variations are generally prepared without exceeding the upper temperature of 250 °C; the preparation of GO from other studies is established by primary synthesis methods, which include microwave solvothermal and microemulsion methods used as efficient adsorbents for analysis of adsorption efficiency [11]. These studies used a high quantity of chemical compounds, a proposal contrary to this study that used the Hummels method, reducing the amount of chemical solvents [12,13,14]. These materials are non-toxic and biocompatible. In its variations, GO offers an ideal platform for adsorbing pollutants and investigating the potential of this new material. GOs have received much attention and play an essential role in separation and purification technology due to their unique properties, such as high surface area, two-dimensional structure, low weight, surface modification ability, excellent conductivity, cost-effective synthesis, and biological compatibility [15]. A growing number of studies are attempting to use the advantages that graphene composites and their derivatives offer for the sorption of a wide range of elements, including heavy metals, organic molecules, drugs, and gases [16].



There are some studies involving the adsorption process of BP. Wei et al. (2022) [17] investigated the adsorption and degradation of parabens (BP, propylparaben, ethylparaben, methylparaben) using three types of nanomaterials from the graphene family, reduced graphene oxide, multilayer graphene, and graphene oxide. In this study, hydrogen peroxide was used to aid further catalytic degradation. The study showed a low removal efficiency of parabens in GO, close to 20% at pH 6, with an adsorbent concentration of 400 mg·L−1 and pollutant of 40 mg∙L−1. Moreno-Marenco et al. (2020) [18] analyzed the adsorption of BP on activated carbon from African palm shells (Elaeis guineensis) by chemical modification with solutions of calcium chloride and magnesium chloride at different concentrations. The adsorbent obtained a neutral charge point of 9.13 for the best condition of activated carbon, with a more fundamental character than the others by the Boehman method. The adsorption capacity was 1.3 mmol per gram at pH 7.34, which resulted in 252.2 mg∙g−1. A thermodynamic study was carried out, and negative immersion enthalpy was found, indicating the exothermic nature of the adsorption process, which involves adsorbate–adsorbent and solvent–adsorbent interactions. In contrast, the adsorbate–adsorbent interaction is an endothermic process that requires energy.



Correa-Navarro et al. (2024) [3] synthesized benzoic and magnetic cellulose to remove methylparaben and BP in water and characterized the adsorbents. In addition, PFO, PSO, ELC, Weber, Morris, and Boyd models were used to investigate adsorption kinetics, and Freundlich, Langmuir, and Sips adsorption isotherms were investigated. The maximum adsorption capacity of BP for magnetic cellulose was 12.03 mg∙g−1. Atheba et al. (2018) [19] used low-cost activated carbon based on coconut biochar for BP adsorption. The adsorbent was characterized using BET, Boehm analysis, and studies of adsorption equilibrium, kinetics, and adsorption thermodynamics. The experimental results revealed a BP removal efficiency of over 97% at pH 7. The Langmuir, Freundlich, and Temkin isotherm models fitted the equilibrium data with a correlation coefficient greater than 0.9. The PSO kinetic model was observed to fit the adsorption data well. Thermodynamic analysis shows positive standard Gibbs free energy values. The changes were found to be endothermic with increasing randomness.



Given the facts presented, using GO for BP adsorption introduces new parameters to the adsorptive process of emerging pollutant and adsorbent systems. This configuration is of great economic interest since health and environmental problems are associated with the uncontrolled use of these emerging pollutants. To date, this is the only work that uses a GO-based compound to remove BP using a batch system without the presence of additives in the adsorption process. Therefore, this study aimed to evaluate and characterize the GO adsorbent’s production and use this functional material to adsorb BP, evaluating the removal, kinetics, adsorption isotherm, ionic effect, temperature effect, and reuse of GO. To confirm the efficiency of the evaluated adsorbent, the toxicity analysis of the BP solution was conducted before and after adsorption in a biological model widely used in environmental impact studies.




2. Materials and Methods


2.1. Materials


BP (butyl 4-hydroxybenzoate, CAS 94-26-8) was purchased by Sigma-Aldrich, USA-San Louis, MO, USA. All reagents used in this study are of analytical grade. The powdered graphite, sulfuric acid (H2SO4), potassium permanganate (KMnO4), hydrogen peroxide (H2O2), hydrochloric acid (HCl), of analytical grade, used to obtain the GO was purchased from Dinâmica (São Paulo, Brazil). Tween 80, sodium hydroxide (NaOH), sodium bicarbonate (NaHCO3), sodium carbonate (Na2CO3), and sodium chloride (NaCl) were purchased in analytical grade from Synth Diadema (São Paulo, Brazil).




2.2. Graphene Oxide Production and Characterization


GO was prepared by oxidizing pure graphite; 1.0 g of the material was added to 25 mL of H2SO4 in a beaker. The material was then stirred constantly until it was utterly homogenized. Subsequently, 3.0 g of KMnO4 was gradually added under a water bath at a temperature close to 20 °C for 20 min. We then increased the temperature to 35 °C for 180 min and placed the beaker in an ultrasonic bath with 60 min of stirring. After this, 46 mL of distilled water was added slowly under stirring, then a further 150 mL of distilled water and 10 mL of 30% H2O2 were added to complete the graphite reaction on GO. The product was washed with 50 mL of 5% HCl solution and then five more times with distilled water [12,13,14]. The centrifugation occurred at 4000 rpm, and then the GO was dried to obtain solid material.



The GO obtained was analyzed by thermogravimetric means (TGA/DTA), and approximately 2 mg of GO was weighed and placed in an aluminum holder, according to the parameters of B. C. da S. Rocha et al. (2024) [3]. The temperature profile was obtained using an Instruments thermal analyzer, model SDT Q600 (TA Instruments, New Castle, DE, USA).



X-ray diffraction (XRD) used a Bruker, Billerica, MA, USA model D2 Phaser. The samples were inserted into the equipment and received Cu, Kα radiation of 40 kV and 35 mA. The sample was analyzed at a 2θ angle between 10 and 60° with a step of 0.02° and a scanning speed of 0.58° per minute.



The BET method (Brunauer, Emmett and Teller) analyzed the adsorption–desorption isotherms of nitrogen (−196 °C) at a relative pressure range of 10−6 to 1 that were treated by the flow of N2 at 250 °C. The micropores, mesopores, average diameter, and pore distribution were found using the BET method.



The GO was also characterized by the X-ray fluorescence (XRF) brand Bruker S8, model Tiger 4 kW (Bruker, USA). To run the equipment, a boric acid tablet (H3BO3) was prepared as an inert agent, 1 g of GO was weighed and mixed with 20 g of H3BO3, the mixture was homogenized, and around 7 g was removed to press and form the tablet, after which the tablet was pressed.



The zero charge point (pHpzc) was determined by evaluating the GO between pHs 1 and 12. The pH values were found by mixing 50 mg of GO with 20 mL of a mixture of NaOH and HCl solutions at a concentration of 0.1 M. Subsequently, at 25 °C, 50 rpm, for 24 h on a Tecnal TE-4200 shaker Piracicaba (Sao Paulo, Brazil), the samples were filtered, and the final pH was measured [7,20].



The functional groups of GO were evaluated using the Boehm method [7,21]. The mass concentration of 50% determined the acid groups of GO in the solvents 0.1 N NaOH, sodium bicarbonate (NaHCO3), and sodium carbonate (Na2CO3) in separate beakers. The samples were stirred for 24 h at a temperature of 25 °C. After this period, the samples were filtered, and 10 mL was removed. Then, 10 mL of 0.1 N HCl was added to the NaOH samples, 15 mL of HCl was added to the NaHCO3 samples, and 20 mL of acid was added to the Na2CO3 samples. The solutions were then heated, cooled, and titrated with 0.1 M NaOH with a phenolphthalein indicator. The same tests were carried out on the blank samples (without GO). The functional groups were calculated using Equation (1).


    m   e q   =   V   t   ×      N   b   ×     V   a m   −   V   b         V   a l      ×    1     m   c o a l       



(1)




where meq is the amount of basic, carboxylic, lactones, and phenolic groups (mmol∙g−1); carbon is defined as the mass of GO, Vt total volume, Nb is the initial concentration of NaOH, Vam − Vb is the difference in the volumes of NaOH used to titrate the samples and the blank (mL), and Val is the volume of the aliquot (mL).



Morphological analysis of the GO was carried out using scanning electron microscopy (SEM), model EVO MA 15, (Zeiss, Jena, Germany). The samples were sputter-coated with gold-palladium under an argon atmosphere not to make them electrically conductive.




2.3. Adsorption


The removal efficiency (ER%) was evaluated using a Box–Behnken experimental design (Table 1).



The planning and optimization was carried out in the Matlab R203a application GAMMA-GUI [22]. The variables tested in the form of factors were pollutant concentration (x1), adsorbent concentration (x2), and pH (x3). The factorial design included 15 experiments, with 12 experiments varying the factors and triplicate experiments of the central point, shown in Table 1. Polynomial Equations relating the dependent and independent variables were generated, and the ER% process was optimized. The analysis of variance adopted in this study was 5% [10,23,24,25]. The experiments used the Box–Behnken design [26,27]. The variables analyzed were pollutant concentration (x1), which varied from 0 to 600 µg∙L−1 [28]; adsorbent concentration (x2), which varied from 5 to 15 g [12]; and pH (x3), ranging from 2 to 12.



The solutions were prepared by adding 50 mL of the concentration, mass of GO, and pH into an Erlenmeyer flask (Table 1). The adsorption system was assembled with deionized water and 1% Tween 80 in solution placed in a Tecnal TE-4200 Shaker for 24 h at 25 °C and 50 rpm. The absorbance was measured at nanometric wavelength 254 [29] in the UV-VIS Global Analyzer (São Paulo, Brazil). The pHs were adjusted during adsorption with molar solutions, the shame methodology pHpzc, using aliquots every 3 h throughout the adsorption process [20,30]. The final concentration (CFinal) was calculated from the UV-VIS calibration relating to absorbance and butylparaben concentration, and then the ER% was calculated using Equation (2).


  E R     %   =   1 −      C   F i n a l       C   i n i t i a l        × 100  



(2)







The adsorption kinetics were obtained for the best condition in Table 1, and the mass quantity of adsorption at equilibrium (Qe = µg∙g−1) was determined from Equation (3).


    Q   e   =        C   0   −   C   e     × V   m     



(3)




where Ce is the concentration of the pollutant at equilibrium given in µg∙L−1, V (L) is the total volume of the solution presented in liters, and m is given in grams of the adsorbent. The Erlenmeyer flasks were added to the Tecnal Shaker under the conditions used in the previous section. The kinetics were obtained within 15 min to 1440 min, and an aliquot of 10 mL was collected, filtered, and measured in UV-VIS. After measurement and conversion into concentration, the experimental data was fitted using PFO Equation (4) and PSO Equation (5), ELC Equation (6), and IPD Equation (7) [31,32] to predict the adsorption of solid–liquid systems [7,10,33,34].


     d Q   d t    =   k   1   × (   Q   e   −   Q   t   )  



(4)








      d Q   d t    =   k   2   × (   Q   e   −   Q   t    ) 2    



(5)






      d Q   d t    = α ×   e   − β ×   Q   t       



(6)






     Q   t   =   k   i d   ×   t   0.5     



(7)





The amount of BP adsorbed at the instant of time is defined as Qt (µg∙g−1), and the constants of the models are described as k1 (min−1) for the PFO model and as k2 (µg∙mg−1∙min−1) for the PSO model, α is the initial rate of adsorption (µg∙g−1∙min−1), β is the desorption constant (µg∙mg−1) during an experiment,     k   i d     is the intraparticle diffusion rate constant (µg∙mg−1∙h−0.5) and can be taken as a rate factor (% removed per unit time); it should be noted that Equation (7) represents a simplistic approximation of pore diffusion kinetics without considering the possible impacts of pore dimensions [32].



The experiment determined the equilibrium isotherms in the 0–120 µg∙L−1 concentration range. The experiment was carried out under the same parameters as before and after measuring the absorbance and converting it into Ce and Qe. Next, Ceq was plotted against Qe, and the Langmuir (Equation (8)) and Freundlich (Equation (9)) models were adjusted using the experimental equilibrium data.


    Q   e   =      Q   m a x   × K ×   C   e     1 + K ×   C   e       



(8)








     Q   e   =   K   F   ×   C   1 / n     



(9)





Equation (8) has parameters Qmax (µg∙g−1) and K (L∙mg−1), which represent the adsorptive capacity and affinity of the adsorbate. Equation (9), Freundlich, refers to the adsorption of the adsorbate on multilayers and energetically heterogeneous surfaces, where KF (µg∙g−1∙L−1) is the Freundlich constant, which represents the intensity of adsorption, and n is defined as the energy on the surface of the adsorbent. The models have thermodynamic consistency, and the Langmuir isotherm describes adsorption phenomena that occur on energetically homogeneous surfaces [35].



The temperature effect was used to determine thermodynamic parameters such as enthalpy change (H-kJ∙mol−1), entropy change (S-kJ∙K∙mol−1), and Gibbs free energy (G-kJ∙mol−1). The experiments were carried out under the same conditions as the equilibrium isotherms, using three temperatures: 293 K, 325 K, and 341 K [36].



The ionic strength was also evaluated to analyze the electrostatic attractive and repulsive interactions of the adsorption mechanism, which the presence of ions can reduce. The analysis was carried out under the same conditions as the equilibrium isotherms, with only the ionic strength of the aqueous solutions being altered: sodium chloride (NaCl) was added as a supporting electrolyte at 0.01 M, 0.30 M, and 1.00 M [36].



The regeneration protocol was carried out after completion of the adsorption process following the BP kinetic process [30,37]. The functional material was collected, centrifuged, and washed, and then 30 mL of 99.6% pure analytical grade ethanol was added at 20 ± 1 °C for 5 h to desorb the pollutant. Finally, the sorbent was regenerated and washed with deionized water for reuse over 5 cycles.




2.4. Evaluation of the Toxic of BP in Aqueous Media Before and After Adsorption


The BP phytotoxicity analysis was carried out on A. cepa bulbs before and after using the GO adsorbent. The A. cepa bulbs used in the toxicity analysis were obtained from an organic garden and were free of synthetic fertilizers and pesticides. The dried cataphylls were removed, and the bulbs were washed in distilled water. After preparing the BP solutions at concentrations of 30 and 600 µg∙L−1, the cleaned bulbs were placed in contact with the solutions for 120 h (five days). Likewise, after adsorbing the paraben solutions, other clean bulbs were placed in contact with the obtained solutions for 120 h for rooting. Five onions (replications) were used for each analysis [7,10].



The cytotoxicity and genotoxicity analyses followed the same procedure before and after adsorption with the adsorbent [7,10,38]. However, five roots were collected in Carnoy solution, 3 parts methanol to 1 part acetic acid, for 20 h. After this, the roots were washed three times with distilled water, soaked in a 1 N HCl solution for 15 min, and then washed three times with distilled water. The meristematic was macerated and stained with 2% acetic orcein to prepare the slides and analyzed with an optical microscope using a 40× magnification. After analysis, the Mitotic Index (MI) was established for each treatment by counting 2000 cells per bulb and 10,000 per treatment. To establish the MI (Equation (10)), cells in interphase (which are not dividing) and cells in division (prophase, metaphase, anaphase, and telophase) were counted.


  M I =    T o t a l   n u m b e r   o f   d i v i d i n g   c e l l s   T o t a l   n u m b e r   o f   c e l l s   a n a l y z e d      × 100    



(10)







The Cell Alteration Index (CCI), Equation (11), determined the genotoxic potential of the solutions before and after passing through the GO, evaluating 1000 cells per treatment, in which 200 cells were counted per bulb. The cellular alterations considered were micronuclei, sticky chromosomes, chromosome disorganization in the different stages of mitosis (prophase, metaphase, anaphase, and telophase), chromosome breaks and bridges, and polyploidy. The cell alteration index was calculated as follows:


  C C I =    N ú m e r o   d e   a l t e r a ç õ e s   c e l u l a r e s   1000    × 100    



(11)







The cytotoxicity and genotoxicity effects of the different BP treatments on A. cepa were analyzed with p ≤ 0.05 since the Lilliefors test showed that the data obtained were non-normal [7,10].





3. Results and Discussion


3.1. Graphene Oxide Production and Characterization


Figure 1a shows the interaction between the GO and the pH of the solution. The GO shows that the pHpzc was 7.0, neutral [18,39]. The neutral pH indicates that the GO has stabilized positive and negative charges. BP has a pKa of 8.47 [40]. This means that at pH values within this range, it gives up H ions+ to the aqueous solution to form anions. In acidic environments, the BP molecule protonates with H ions+; consequently, neutral molecules are predominate in the solution. In basic environments, however, the surface charge is negative, reducing the molecule’s adsorption capacity; electrostatic repulsion occurs between the adsorbent and the adsorbate charges [7].



At pH values close to pHpzc, the difference in surface charges is zero, increasing the interaction between contaminant and adsorbent [41]. The pH ranges reported above can influence the pollutant’s adsorption capacity, but the ionic counter-charges in the system are not the only factors that influence the adsorption process.



Thus, this study works at pH values above pHpzc because, in aquatic systems at pH values above pHpzc, the net charge on the surface of GO is negative due to the deprotonation of the carboxyl and hydroxyl groups. As a result, the electrostatic interactions with positively charged BP become more favorable. In contrast, at pH values below pHpzc, the net charge on the GO surface becomes positive, and the electrostatic repulsion between BP and graphene surfaces of the same charge increases [42]. The BET area is a factor that directly influences the adsorption of the pollutant.



Figure 1b shows the data and the analyzed BET. The graph shows that the adsorption–desorption isotherm of GO has an IUPAC type IV classification. This type of classification is given to mesoporous materials with narrow hysteresis, showing a low variation in N2 adsorption [7,43,44]. According to IUPAC, hysteresis occurs at relative pressures lower than 0.4, as the increase in relative pressure indicates the development of micropores.



Figure 1b shows the properties of the GO produced in this study. The values found were lower than those found by Vu et al. (2020) [45]. The values obtained were 290 m2∙g−1 and 0.33 cm3∙g−1. In this study, the conversion of mesopores into micropores was not achieved. This may have occurred because SEM and BET analyses were performed to study the surface morphology and surface area of the synthesized compound, and the sheets in the graphite structure were piled on top of each other by weak Van der Waals forces. Using a stirrer at 50 rpm, the graphite sheets may deform and effectively peel off the graphene oxide layers. The expanded layers in graphite are eroded by microjets resulting from bubble eruption [46].



de Assis et al. (2020) [39] obtained a superficial area of 176.00 m2∙g−1 using the Hummers method, as did Moreno-Marenco et al. (2020) [18]. Atheba et al. (2018) [19] also obtained a higher BET surface area than this study, indicating that the material is oxidated, favoring the free surface area. The BET surface area can be influenced by several factors: the acid-base character (pKa) of the functional material, the use of a chemical activator, as this will generate larger meso- and micropores in the functional material obtained, the degradation of the graphite during the GO formation process, without an inert gas to keep the pores open, which results in the pores closing, or the fact that there is no chemical activator to increase the functional groups in the adsorbent [47]. This may also have occurred due to decreased acids in our GO production procedure. The interactions between BP and GO occurred via chemisorption since HCl, H2O2, H2SO4, and KMnO4 were used for GO production.



Figure 1c shows the XRD spectrum ranging from 20 to 120°. The spectrum shows a functional material with a more amorphous tendency [48] and a disordered carbon chain [49]. The typical characteristic peak of graphite is assigned at 2θ = 25° with the spacing of ca = 0.35 nm. The graphite peak causes its surface roughness in the graphite layer to stimulate abundant oxygen groups in its boundary layer to bind other molecules [50]. The spectrum of GO reveals its characteristic peak with the Miller plane (001) [51] and (015) [50].



Figure 1c shows the peaks found in the diffractogram, typical of carbonaceous material. The peak at approximately 25° is the characteristic peak of graphite; the intensity of this peak decreases with increasing grinding time [52]. The broadening of the peaks indicates that the spacing rises due to the presence of oxygen atoms and also shows the exfoliation of intermediate layers [53]. The increase in interlayer spacing indicates effective intercalation in the flakes and confirms the formation of GO due to functional groups being dispersed in the plane [54]. Graphite and GO indicate a heterogeneous structure that is not completely oxidized and is composed of graphitic and non-oxidized domains. Diffraction at 43° indicates stacked, crystalline GO layers [55].



Figure 1d shows the thermal analysis of GO; there were three mass percentage losses: the first loss was 15% in the 80 °C range, the second loss was 50% in the 200 °C to 250 °C range, and the third and final loss was 80% of the material; all losses are related to the thermal degradation of the material. Figure 1d shows the transition points that occurred in the thermal analysis process. The temperature of 221 °C shows the degradation of the material, changing its molecular structure from a solid to another state; in the case of GO, this means that there are losses of oxygen molecules, which means that the lattices of the GO structure, which are connected by sp2 bonds, will fall apart [56]. This means that the lattices of the GO structure, which are connected by sp2 bonds, will fall apart, and at a temperature of 559 °C to 650 °C, the GO will be completely combusted.



A sudden temperature change generates a thermal shock, removing functionalities such as water vapor, CO, and CO2 from the GO network. The evolution of gases generates pressure between two stacked layers of GO, which is the key factor for exfoliation. The residual weights of GO were 20% at 600 °C, which indicates the presence of a fraction of non-volatile components. GO has higher thermal stability, probably due to more ordered, H-bonded, and compacted non-exfoliated graphene sheets, which in turn possibly increases the thermal decomposition temperature of GO [57].



Figure 1e,f shows morphological changes of different magnitudes resulting from the production of GO. These figures present irregular morphology since if an inert gas were used in the GO production process, it could generate a porous material [7]. The prepared GO has sheets of different shapes and sizes, but their thickness is the same. In addition, GO has a layered and laminated structure. Generally, such a shape is observed in GO in the form of layers [58]. GO was exfoliated and deformed as a homogeneous and smooth surface with wrinkled edges through the restacking process to reveal a wavy and rolled layer surface structure [50]. This functional material is similar to that produced by Bezerra de Araujo et al. (2023), in which the GO has no cavities in its interior. Figure 1e,f does not show the micro- and mesopore cavities, which can be characterized as channels on the surface of the untreated GO material rather than pores, given the small surface area calculated from the BET analysis.



Table 2 shows the distribution of functional groups in GO. The table shows that GO has more carboxylic and lactonic groups. The functional material is acidic for these two functional groups, while the phenolic groups define the materials as essential [7]. The variation in the number of functional groups is related to the reaction time, as we left it around twelve hours, and the number of functional groups is consistent with the number of functional groups. In the study by Kumar and Srivastava (2018) [59], the carboxylic and lactonic groups increase in proportion to the increase in GO reaction time due to the oxidation of some of the hydroxyl groups into carbonyl groups and the loss of water molecules from the carboxylic molecules and phenol groups at the ends of the GO sheets.



The elemental analysis of the GO composite was carried out using XRF analysis (Table 2). The combustion and pyrolysis process detected carbon, hydrogen, and oxygen determination. The values are similar to those obtained by Vu et al. (2020) [45] and Peña-Benítez et al. (2016) [60], showing the presence of small amounts of materials added to C, H, and O due to the Hummers-type process.




3.2. Adsorption


The Box–Behnken design (Table 1) was applied to optimize the ER, and the results showed considerable information and reaffirmed the usefulness of the statistical design for conducting experiments. RSM optimization was used to determine the levels of these factors. The mathematical relationship of coefficients and p-values is listed in Table 3 for the measured responses. Coefficients with a p-value of less than 0.05 significantly affected the model’s predictive efficiency for the measured response. The polynomial Equation relating to the ER% response follows:


  E R % = 30.818 + 60.880 ×   x   1    



(12)







Equation (12) shows that the factors pollutant concentration (x1), adsorbent concentration (x2), and pH (x3) are related to the effect on the response variable ER%. Coefficients with more than one factor or those with more extensive terms represent interaction terms and quadratic relationships, respectively (Table 3).



Analyzing the p-value of the coefficients in Equation (12), the only factor considered significant was x1. This can be seen in Figure 2, where the response variable ER% is correlated with the factors tested. Figure 2a shows that the pollutant concentrations between 600 and 700 µg∙L−1 obtained a higher ER% than the experiments conducted at other concentrations. Figure 2b shows that pH between 7 and 12 also influenced the increase in ER%. In contrast, Figure 2c shows that at concentrations between 600 and 700 µg∙L−1 and any pH range, there is an increase in ER%.



The best adsorption process conditions evaluated for the BP/GO system were R3-84.9%, conducted at 600 µg∙L−1, adsorbent concentration 5 g∙L−1, and pH 7, respectively. The higher ER% may be correlated with a better mass transfer until complete adsorption between the pollutant and the adsorbent because, for high concentrations, such as the R3 run, the adsorption processes at high concentrations requires less time for the adsorptive capacity to remain constant [61]. Atheba et al. (2018) achieved 95% ER% for pH 7 and 4 g∙L−1, for adsorbent concentrations of 1 g∙L−1; the efficiency was 45%.



GO is driven by hydrophobic, H-bonding, electrostatic, and π–π interactions [62]. Species such as BP are hydrophobic pollutants that must be effectively removed, especially adsorbents based on hydrophobic graphene, which has a high surface area and strong hydrophobicity; graphene is a potential candidate for removing parabens from water. However, the adsorption of parabens by graphene and the related adsorption mechanism have not been reported without additives [17]. The interactions of the BP adsorption process with GO were considered as reactions with radicals and non-radicals [7,10,63,64,65,66]. The aqueous solution releases the OH ion− which interacts with pollutants to form intermediates. The O2 groups on the surface of the functional material generate this interaction. A mesomeric effect on the carbon double bond is where the carbon double bond moves to the oxygen bond, forming the carbon cation and the oxygen anion. Then, this interaction around the carbon moves to the carbon attached to the OCH3. This mesomeric effect causes adsorption between the molecule and the GO. The OH− groups contribute to redox reactions and electron transfer in mesomeric effects. The GO electrons interact with the BP and increase the electron transfer capacity through π electrons, carrying out the adsorption process [63]. The adsorption kinetics used the R3 run to perform the adsorption kinetics with the functional material used in this study.



Figure 3a,b shows the behavior of the experimental data according to time, the PFO (Equation (4)), PSO (Equation (5)), ELC (Equation (6)), and IPD (Equation (7)), used to model the experimental data.



The PFO model is the one that phenomenologically depends on the initial concentration to be adsorbed [61]. The PSO model is based on chemisorption, a technique not used in this study, and adsorption is independent of the initial concentration but rather depends on the adsorption capacity of the adsorbent [67]. The ELC model better describes PSO kinetics, assuming the sorbent surface is energetically heterogeneous. The model is also used for the chemisorption of gases on heterogeneous adsorbent surfaces [68]. For porous adsorbents, the IPD of the adsorbate molecules or ions in the pores must also be considered to find a suitable kinetic model for the adsorption process. In many cases, intraparticle diffusion can control the absorption rate of an adsorbate [32].



The adsorption process took around 800 min to stabilize the adsorption rate, which increased exponentially until this time. This shows that the number of adsorption sites available on this functional material has reached equilibrium, indicating the GO’s saturation. Instant adsorption occurs in the adsorbent layer, followed by intraparticle diffusion at slower adsorption rates [8], as noted in the data in this study. Table 4 shows the adsorption kinetic parameters obtained from the fitting curves and the amount of BP adsorbed on the GO, calculated experimentally.



The correlation coefficients (R2) showed values of 0.995 for the PFO, 0.229 for the PSO, 0.658 for the ELC model, and 0.942 for the IPD model. From the models tested, the variables found are defined as follows: Qe is the amount of BP adsorbed at equilibrium given in µg·g−1; t is the time given in minutes; k1 is the adsorption rate constant, the unit being defined as the inverse of the time in minutes; k2 is the intraparticle diffusion rate constant defined as µg∙g−1·min−1; α is the initial adsorption rate given in µg·g−1·min−1; β is the desorption constant µg·g−1 during an experiment;     k   i d     [µg∙g−1∙h−0.5 ] is the intraparticle diffusion rate constant [67].



The model that best fitted the experimental data was the PFO model. As mentioned, this model phenomenologically depends on the initial concentration to be adsorbed [61]. The model converges to the run used in this study, which is best used for high initial concentrations and has some active sites on the adsorbent [7,10]. The low correlation can justify the PSO and ELC order model because the model is based on chemisorption, a technique not used in this study, and adsorption is independent of the initial concentration rather than the adsorption capacity of the adsorbent [67]. The intraparticle diffusion model also showed a good correlation, showing the BP molecule’s diffusion in the GO adsorbent.



The equilibrium isotherm and the Langmuir and Freundlich models were carried out (Figure 3b). Both models showed a good quadratic correlation, 0.992 for the Langmuir model and 0.982 for the Freundlich model. This is important for interpreting adsorption systems and understanding liquid–solid interface mechanisms [67].



Figure 3b was plotted between the contraction ranges 0 µg∙L−1 to 120 µg∙L−1 [69]. The Langmuir model was calculated using Equation (8), and the Freundlich model using Equation (9). Figure 3b shows a tendency towards stabilization for higher concentrations. The Langmuir model is used for monolayer adsorption, atmospheric pressure, homogeneous systems, and constant temperature, and the process stabilizes due to the saturation of the adsorbent [70]. Table 4 shows the high value of Qmax, which means that graphene’s surface area, pore volume, particle size distribution, and multilayer development are greater than those of commercial carbon [7]. The Freundlich model shows that n greater than zero indicates that the adsorption process was spontaneous [7,10,67]. Several studies with different adsorbents have demonstrated that the Langmuir model represents the experimental data more quickly than the Freundlich model [3,17,18,19].



Temperature analysis is also a key factor in adsorption, as the adsorption capacity changes with temperature variation [36]. Figure 3c shows that BP reaches a maximum adsorption capacity of 661.72 µg∙g−1 (341 K) and 524.53 µ∙g−1 (298 K). The results show that adsorption is an endothermic process considering different adsorbate–adsorbent systems [71,72]. The Gibbs free energy (ΔG°) is also related to the equilibrium constant Keq (L∙mol−1). The enthalpy variation (ΔH°) and entropy variation (ΔS°) values are calculated from Equations (13)–(15).


  Δ G ° = Δ H ° − T x Δ S °  



(13)








   Δ G ° = − R T x l n     K   e q     



(14)






   l n   K   e q   = −    Δ H °   R T    +    Δ S °   R      



(15)





This method determined the adsorption equilibrium constants. The values of Keq are obtained by plotting a straight line of ln(Qt-Ce−1) as a function of Qt based on a least squares analysis and extrapolating Qt to 0. The intersection of the horizontal axis gives the value of Keq. A Van’t Hoff graph produces a straight line of ln Keq as a function of (1T−1). The variations of ΔH° and ΔS° were calculated from the slope and intercept of the graph, respectively [36]. Adsorption occurs in multilayers on the GO adsorbent. Table 5 shows negative ΔG values, which indicates that the adsorption process is thermodynamically spontaneous.



The positive ΔH° value also indicates that the nature of the adsorption process is endothermic. The increase in the value of the adsorbed capacity of the adsorbent with increasing temperature also supports this. The positive value of ΔS° shows the increase in randomness at the solid–solution interface during the adsorption process [36]. The ΔG found in this study is spontaneous compared to that found by Atheba et al. (2018) and lower than that found by Moreno-Marenco et al. (2020) [18]. However, both studies have ΔS° higher than the endothermic process, which explains why the degree of randomness at the solid–liquid interface increased during the adsorption of BP on GO.



The effect of ionic strength on BP adsorption was studied at pH 7.0 in GO, where the adsorbent and pollutant have opposite charges (pHPZC = 7.00 and pKa = 8.47). This situation can be confirmed with the speciation diagram in Figure 3d, where more than 99% of the butylparaben is presented in the anionic form. The isotherms were carried out with three different NaCl solutions at concentrations of 0.01 M, 0.30 M, and 1.00 M (Figure 3d). All the experiments were conducted under the same conditions as the equilibrium isotherms.



The effect of ionic strength on strength is shown in Figure 3d; for all concentrations analyzed, the adsorption capacity remained constant with increasing equilibrium concentration. The increase in NaCl produces an increase in the repulsive interactions between the adsorbate and the adsorbent due to the deprotonation of the BP and the increase in the negative charge density on the surface of the GO. Theoretically, when the electrostatic forces between the adsorbent surface and the adsorbed ions are attractive, an increase in ionic strength will decrease the adsorption capacity. When the electrostatic attraction is repulsive, an increase in ionic strength will increase adsorption [36]. Therefore, in this case, the concentration of 1 M obtains the best results because a curve with higher Ce was obtained for the same adsorption capacity.



To evaluate the effectiveness of the GO adsorbent, the five regeneration cycles were analyzed (Figure 3f) [30,37]. The regeneration and reuse of the adsorbent were carried out under the best BP adsorbed concentration conditions described above. GO shows a high removal efficiency after two recycling stages. The GO removal proficiency in the first cycle was 89.2% ± 1.5% and that in the second cycle was 84.9% ± 1.3%. From the third cycle onwards, there was a decrease in removal proficiency, which changes the desorption capacity. Compared to the study by Shoushtarian et al. [73], who used GO, this study obtained a shorter regeneration cycle in the first two stages and an efficiency of 58.06% in the fourth cycle. It can be concluded that GO is efficient when it is used for up to two regenerations.




3.3. Evaluation of the Toxic of BP in Aqueous Media Before and After Adsorption


The A. cepa bioassay is used worldwide as a model for assessing the toxicity of organic and inorganic pollutants at the cellular level. It has high sensitivity, even when the concentrations of these compounds in water are in the nanogram range, and the results obtained have a significant correlation with those obtained with animals, other plants, and in vitro [74]. Currently, the A. cepa test system has been used to validate the efficiency of adsorbents in removing emerging pollutants and herbicides from the aqueous medium [10,75].



Based on the results in Table 5, concentrations of 30 and 600 µg∙L−1 caused significant cytotoxicity and genotoxicity to A. cepa root meristems before adsorption. These results are analogous to Todorovac et al. (2021) [76], who observed the broad cytotoxicity of this contaminant to A. cepa roots and human lymphocytes.



In contrast, inhibition of cell division and significant cell changes were no longer observed after the adsorption of BP solutions by the three adsorbents evaluated, indicating that they efficiently removed butylparaben from the aqueous solution.



Some studies have explored BP adsorption processes using various adsorbents. Wei et al. [17] reported a low ER% for parabens on graphene oxide, close to 20% at pH 6, with an adsorbent concentration of 400 mg∙L−1 and a pollutant concentration of 40 mg·L−1. Moreno-Marenco et al. [18], using the shell of the African oil palm (Elaeis guineensis) chemically modified with calcium chloride and magnesium chloride solutions at different concentrations, observed a negative enthalpy of immersion, indicating the exothermic nature of the adsorption process.



Correa-Navarro et al. [3] synthesized benzoic and magnetic cellulose for BP removal. Magnetic cellulose’s maximum BP adsorption capacity was 12.03 mg∙g−1, with the best kinetic models being PFO and PSO compared to EL, Weber, Morris, and Boyd. Langmuir’s adsorption isotherm model performed better than Freundlich’s and Sips’s. Atheba et al. [19] used low-cost activated carbon derived from coconut biochar for BP adsorption, achieving an ER% greater than 97% at pH 7. The equilibrium data were fitted to the Langmuir, Freundlich, and Temkin isotherm models, with a correlation coefficient greater than 0.9 for the tested isotherms. Based on the analyses conducted, it can be concluded that this system is promising since, considering the removal efficiency and adsorption capacity, this study presented higher values than those reported in this study.





4. Conclusions


This study investigated the characterization of GO from solid graphite. Based on our analysis, GO showed a mass loss in line with other studies, lower surface area, neutral electronegativity, pH 7, and was composed of functional groups formed by hydroxyls, carbonyls, and aromatic rings. The removal efficiency values of the BP system with GO were close to 84.2%.



The kinetic data revealed that the adsorption rate follows the PFO model, suggesting that adsorption occurs around 800 min and reaches equilibrium at slower rates for all initial BP concentrations. The adsorption equilibrium was also evaluated, showing that the Langmuir model best represents the results based on environmental conditions. The temperature effect showed that the adsorption process is spontaneous with a negative Gibbs energy value, and the ion effect showed that a low electronegativity difference does not increase the pollutant’s adsorption capacity. Regeneration was efficient up to the second cycle.



Based on these facts, it can be concluded that the adsorption process carried out, with BP contaminant and GO adsorbent, is efficient on a laboratory scale, as the ecotoxicity studies on A. cepa confirmed the efficiency of BP removal in aqueous media, validating the entire adsorption process used to remove the pollutant in aqueous media.
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Figure 1. GO characterization chart. (a) pHpzc. (b) BET. (c) XDR. (d) TGA/DTG. (e,f) SEM. 






Figure 1. GO characterization chart. (a) pHpzc. (b) BET. (c) XDR. (d) TGA/DTG. (e,f) SEM.



[image: Water 16 03703 g001]







[image: Water 16 03703 g002] 





Figure 2. RSM and contours of the butylparaben and GO. 
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Figure 3. Adsorption data and models. (a,b) Kinetic. (c) Temperatures. (d) Ionic strength. (e) Isotherms Freundlich model, and the red line represents the model of Langmuir. (f) Regeneration of the GO. 
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Table 1. Experimental planning of the adsorption.






Table 1. Experimental planning of the adsorption.





	Run
	Concentration of the Pollution

(µg∙L−1)
	Adsorbent Concentration

(g∙L−1)
	pH
	ER%





	R1
	0 (−1)
	5 (−1)
	7 (0)
	0.0



	R2
	0 (−1)
	15 (1)
	7 (0)
	0.0



	R3
	600 (1)
	5 (−1)
	7 (0)
	84.9



	R4
	600 (1)
	15 (1)
	7 (0)
	55.9



	R5
	0 (−1)
	10 (0)
	2 (−1)
	0.0



	R6
	0 (−1)
	10 (0)
	12 (1)
	0.0



	R7
	600 (1)
	10 (0)
	2 (−1)
	56.4



	R8
	600 (1)
	10 (0)
	12 (1)
	22.3



	R9
	300 (0)
	5 (−1)
	2 (−1)
	35.5



	R10
	300 (0)
	5 (−1)
	12 (1)
	68.7



	R11
	300 (0)
	15 (1)
	2 (−1)
	12.1



	R12
	300 (0)
	15 (1)
	12 (1)
	10.0



	R13
	300 (0)
	10 (0)
	7 (0)
	17.0



	R14
	300 (0)
	10 (0)
	7 (0)
	16.7



	R15
	300 (0)
	10 (0)
	7 (0)
	17.2










 





Table 2. Titration results using the Boehm method and FRX.
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	Parameters Boehm GO
	meq (mmol·g−1)





	Carboxylic
	4.751



	Lactonics
	2.231



	Phenolics
	0.000



	Basic
	0.000



	Elemental analysis
	GO %



	C
	50.29



	O
	47.05



	H
	2.42



	C110H45O23
	99.76



	Other Components
	0.24










 





Table 3. Significance test and standard error of the ER%. Combined regression variables were analyzed for concentration.
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	Parameters
	Effects
	Standard-Error
	p-Value





	A
	30.818
	6.063
	0.00382



	x1
	60.880
	7.425
	0.00936



	     x   1   2     
	−6.167
	5.465
	0.597



	     x   2     
	−21.740
	7.425
	0.203



	     x   2   2     
	−18.077
	5.465
	0.159



	     x   3     
	−0.7402
	0.074
	0.962



	     x   3   2     
	3.4724
	5.465
	0.763



	     x   1   .   x   2     
	−2.4289
	6.501
	0.912



	     x   1   .   x   3     
	−17.030
	10.501
	0.454



	     x   2   .   x   3     
	−17.650
	10.501
	0.439










 





Table 4. Parameters are kinetic and are isotherms of the equilibrium of butylparaben adsorption isotherms on GO.
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Model

	
Parameters Kinetic




	
Parameter

	
Value






	
PFO

	
Qe (µg∙g−1)

	
657.00 ± 8.99




	
k1 (min−1)

	
0.003 ± 0.001




	
Adj. R-Square

	
0.995




	
PSO

	
Qe (µg∙g−1)

	
486.09 ± 20.10




	
k2 (µg∙g−1∙min−1)

	
0.102 ± 0.08




	
Adj. R-Square

	
0.229




	
ELC

	
α (µg∙g−1∙min−1)

	
0.573 ± 0.065




	
β (µg∙g−1)

	
1.742 ± 0.021




	
Adj. R-Square

	
0.658




	
IPD

	
C (µg∙g−1)

	
−5.48 ± 0.065




	
kdi (min−0.5)

	
19.33 ± 1.43




	
Adj. R-Square

	
0.942




	
Isotherms

	
Parameters Isotherms of the equilibrium




	

	
Qmax (µg∙g−1)

	
2432 ± 15.07




	
Langmuir

	
K (L∙g−1)

	
0.008 ± 0.001




	

	
Adj. R-Square

	
0.999




	

	
Kf (µg∙g−1∙L−1/n)

	
50.54 ± 1.58




	
Freundlich

	
n

	
1.52 ± 0.15




	

	
Adj. R-Square

	
0.982











 





Table 5. Parameters thermodynamics calculated for BP adsorption isotherms on GO and mitotic and cellular indices.
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Parameters Thermodynamic




	
T (K)

	
ΔH (kJ∙mol−1)

	
ΔS (kJ∙K−1∙mol−1)

	
ΔG (kJ∙mol−1)






	
293

	
2.436

	
3.24·10−2

	
−7.064




	
325

	
-

	
-

	
−8.101




	
341

	
-

	
-

	
−8.621




	
Mitotic indices and cellular alteration indices of root meristems of Allium cepa L.




	
Treatment

	
Concentration of the BP

	
MI/SD (%)

	
ICC/SD (%)




	
CO

	
100.00 ± 0.8

	
0.1 ± 0.9




	
Before adsorption

	
30 µg∙L−1

	
59.1 ± 0.5 *

	
17.4 ± 0.6 *




	
600 µg∙L−1

	
59.0 ± 0.8 *

	
38.9 ± 0.9 *




	
After adsorption with graphene

	
600 µg∙L−1

	
89.5 ± 1.0

	
0.1 ± 1.1








Notes: CO: distilled water control, MI: Mitotic Index, ICC: Index of Cellular Changes, SD: standard deviation. For MI, data are expressed as a percentage of CO values. * Significantly different from the CO, according to the Kruskal–Wallis test followed by Dunn’s post hoc test (p ≤ 0.05).
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