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Abstract

:

Water pollution caused by emerging contaminants such as pharmaceutical compounds is a growing problem worldwide. In this reported work, graphene oxide (GO) was directly used to remove an antihistamine drug, cetirizine. GO was prepared from graphite using a modified Hummer’s method and was characterized by UV–vis spectroscopy, Fourier-transformed infrared spectroscopy (FTIR), thermogravimetric analyzer (TGA), field scanning electron microscope (FE-SEM), transmission electron microscope (TEM), X-ray diffraction (XRD), etc. GO was demonstrated to be a highly efficient adsorbent for removing cetirizine from an aqueous solution. The adsorption of cetirizine on GO at various pH levels showed that in acidic pH with the adsorption shows faster kinetics and complete removal of cetirizine within 10 min, followed by neutral pH, which showed relatively slower kinetics but complete removal of cetirizine. However, at basic pH, GO could not completely remove cetirizine after 24 h. At a neutral pH, GO showed maximum adsorption of 81.30 mg g−1 of cetirizine. The adsorption isotherm results showed good agreement with the Langmuir isotherm. The BET surface area analysis showed the presence of mesoporosity in GO. In addition, the BET analysis further revealed a type IV isotherm curve being followed. A plausible mechanism is also discussed in the paper. The recyclability experiment demonstrates an adsorption efficiency of 85% after four cycles. The thermodynamic study reveals that adsorption is thermodynamically less favorable at higher temperatures. Hence, the current study successfully demonstrates the use of GO as an efficient adsorbent in removing cetirizine. It also studies the various factors and interactions affecting adsorption. Thus, this study sheds light on the adsorption characteristics of cetirizine on graphene oxide.
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1. Introduction


Pharmaceutical contamination in different water bodies has attracted attention in recent years due to an alarming overuse and uncontrolled disposal of pharmaceuticals [1]. The industrial discharge of pharmaceuticals has become a rising cause for concern in recent years [2]. Such “Emerging Contaminants” are expected to become a major health hazard in the near future, and increased research efforts are needed for consequent remediation using low-cost sustainable materials [3]. Special attention has to be taken when dealing with emerging pollutants as they generally have complex molecular structures, varied molecular weights, functionalities, and shapes. Moreover, some of the pharmaceuticals are lipophilic and they are moderately soluble in water. Hence, special materials need to be developed to efficiently remove such pollutants from the water.



Cetirizine is one such emerging pollutant belonging to the class of second-generation antihistamine drugs with a piperazine ring, used widely used for the treatment of hay fever, allergies, angioedema, etc. Unfortunately, more than 80% of cetirizine is excreted due to poor metabolism. Cetirizine is a very stable antihistamine drug, having high solubility, low volatility, lipophilic nature, and low biodegradability. Among the antihistamine drugs, cetirizine is found to have higher potency in the aqueous environment [4]. So, even at ppm levels of cetirizine has been found to exist in various wastewaters, as well as in drinking water [5]. Hence, cetirizine enters aquatic systems in up to micrograms-per-liter quantities and hampers the food chain. It is reported that (2–5) μg ml−1 is lethal if found in blood [6]. It causes various side effects such as sleepiness, fatigue, fever, sedation, and blurred vision in humans. Research has shown acute toxicity of antihistamine drugs in children can even lead to death [7].



The uses of cetirizine have been found to have increased tremendously during COVID-19, and hence the ecotoxicological effects are expected to impact all living species in years to come [8]. Hence, the detoxification of the aquatic environment from cetirizine is the need of the hour. Attempts have been made to remove cetirizine via advanced oxidation [9], ultrasound-assisted degradation [10], photocatalytic degradation [11], etc. Until now, to the best of our knowledge, limited research has reported on the adsorption of cetirizine and its derivatives from the aquatic environment. A few research groups have reported the adsorption of cetirizine from aqueous solution using activated carbon and also Ca-modified Montmorillonite [12], etc. GO is reported to be a low-cost adsorbent for a wide range of materials including various types of pharmaceuticals, such as atenolol, diclofenac, ibuprofen, etc. [13]. Thus, Graphene is an innovative adsorbent being explored at present and modifications have been done to increase its efficiency and adsorption capacity. For the removal of cetirizine, a laccase enzyme immobilized GO–alginate composite was reported. However, the roles of laccase and GO were not investigated as adsorption with as-synthesized GO was not tested for the adsorption of cetirizine [14]. Herein, we have reported for the first time the removal of cetirizine with as-synthesized GO, without using any enzyme to observe the role of GO, which is the missing piece of the puzzle in the literature. This has been supplemented using FTIR, XPS, and zeta potential studies which were concluded with a mechanism for the adsorption process.



Since the inception of graphene as a useful 2D material, every known material science group has attempted to use graphene for their specific application first. However, all this hype around graphene was not due to a fluke but rather due to all the advantages it brought to the table, including a high theoretical surface area (2630 m2 g−1), very high young modulus (~1.0 TPa), high intrinsic mobility (200,000 cm2 v−1 s−1), good optical property and high electrical conductivity [15]. Due to such fascinating properties, graphene was used in various applications such as in conductive films [16], OLED electrodes [17], field effect transistors [18], drug delivery [19], tissue regeneration [20], and environmental remediation [21] to name a few. Graphene is an exceptionally good material for environmental remediation because it has a non-toxic adsorbent with a high theoretical surface area, good porosity, and edge-specific functionality for adsorption. Furthermore, it is easier to functionalize GO with various substituents to improve its efficacy in adsorption [15,22]. Over the years, GO has been investigated for the adsorption of various adsorbents including heavy metals [23], dyes [24], pharmaceuticals [25], personal care products [26], etc.



In light of the emergence of various pharmaceutical pollutants, a large number of efficient adsorbents have been reported over the past few years. These include activated carbon [27], clays [28], metal-organic framework [29,30], covalent-organic framework [31], and biopolymers [32,33]. GO, with its multiple advantages, has been explored for possibilities in aiding the removal of various pharmaceuticals. This is because scaling down the lateral dimension of the graphene sheets increases the surface area, which is expected to enhance the absorption capacity of pharmaceuticals. Recently, Bhattacharjee et al. synthesized beta-cyclodextrin functionalized GO using a solvation-assisted sonochemical process for the removal of atenolol. The functionalized GO was reported to remove a maximum of 52.93 mg g−1 of atenolol [25]. In recent years, since COVID-19, many pharmaceuticals are in large demand, especially chloroquine (CQN) and dipyrone (DIP) for treating fever and other related symptoms. Januário et al. synthesized granular activated carbon from coconut shells and functionalized GO for the removal of CQN and DIP. The adsorbent could remove a maximum of 37.65 mg g−1 and 62.43 mg g−1 of CQN and DIP, respectively [34]. Mahmoodi et al. synthesized GO with chitosan hydrogel for the removal of diclofenac. The group synthesized GO and amino-functionalized GO to prepare two types of chitosan hydrogels, namely GO2–CTS and AGO2–CTS. Langmuir isotherm results showed maximum removal of 132.11 mg g−1 and 129.42 mg g−1 in GO2–CTS and AGO2–CTS hydrogel, respectively [35].



In this work, we demonstrated GO as an efficient adsorbent in the removal of cetirizine from an aqueous solution with very high efficiency. We have analyzed the adsorption process using various parameters including kinetics, thermodynamic, and diffusion processes. The maximum adsorption capacity of cetirizine in GO was evaluated. The possible experimental evidence for various interactions between GO and cetirizine was evaluated using FTIR and zeta potential. Overall, the goal of this work is to study the adsorption characteristics of GO regarding antihistamine drugs such as cetirizine. This will allow researchers to systematically modify adsorbents for higher efficiency, especially antihistamine drugs such as cetirizine.




2. Materials and Methods


2.1. Materials


Graphite powder, reagent grade sulfuric acid, hydrogen peroxide, and potassium permanganate were supplied from Merck, India. Cetirizine (Cadila) was procured commercially from a local pharmaceutical store. Double-distilled water was used as a solvent.




2.2. Synthesis of GO


GO for the adsorption experiment was prepared using a modified Hummer’s method with few modifications [25]. In total, 3 g of graphite powder was mixed with 46 mL of sulfuric acid in a 500 mL beaker with constant stirring in an ice bath below 5 °C. Slowly, 9 g of potassium permanganate was added to the mix under constant stirring at 0°–5 °C for 2 h. Subsequently, 150 mL of distilled water was poured under vigorous stirring followed by the addition of 15 mL of hydrogen peroxide, which resulted in the formation of a yellow slurry. The slurry was left undisturbed overnight, and the resulting mixture was washed continuously with double-distilled water until reaching pH 6. The obtained mixture was dried in an oven to obtain a dark brownish powder.




2.3. Preparation of Cetirizine Solutions


In total, 25 mg of a commercially procured cetirizine tablet was dissolved in a 250 mL volumetric flask (99.75 mg L−1). Then, 23.15 mL of the same solution was taken and made up to 100 mL in a volumetric flask to obtain 23.09 mg L−1 cetirizine. For adsorption isotherm experiments, 3 tablets with 25 mg of cetirizine dissolved in 250 mL water were used to obtain a 300 mg L−1 cetirizine solution.




2.4. Contact Time Experiment, Kinetics, and Diffusion Studies


About 0.01 g of GO was weighed followed by the addition of 10 mL cetirizine of known concentration (23.09 mg L−1) in a 25 mL beaker. The UV–vis spectrophotometer was used to monitor the adsorption of cetirizine with time. Cetirizine showed a characteristic peak at 232 nm, which was used to monitor the presence of cetirizine in an aqueous solution. The scheme of the overall experiment is given in Figure 1.



The kinetics of the adsorption process of cetirizine with GO were performed for 23.09 mg L−1 cetirizine over 24 h at a neutral pH. Pseudo-first-order (Equation (1)) [36] and pseudo-second-order (Equation (2)) [36] kinetics formulae were employed by linearly fitting the data obtained experimentally. The formulae for pseudo-first-order and second-order are stated below:


  ln (  q e  −  q t  ) = −  k 1  t + ln (  q e  )  



(1)






   t   q t    =  t   q e    +  1   k 2   q e    2        



(2)




where qe (mg g−1) and qt (mg g−1) are the amount of cetirizine adsorbed at equilibrium and at any course in time ‘t’ (min), respectively. k1 (min−1) and k2 (g mg−1 min−1) are the pseudo-first-order and pseudo-second-order rate constants, respectively.



The most widely accepted intraparticle diffusion model is given by Weber and Morris (1963) [37] (Equation (3)):


   q t  =  k i   t  1 / 2   + C  



(3)







From the above equation, it can be stated that intraparticle diffusion is a rate-limiting step in the adsorption process, where the plot of qt vs. t1/2 yields a straight line. ki is the intraparticle diffusion rate constant g mg−1 min−1 and C is the surface adsorption. The plot gives a straight line that passes through the origin, which signifies that intra-particle diffusion plays a vital role in the diffusion process. However, a straight line does not pass through the origin, indicating that boundary layer diffusion also takes place in the adsorption process. Thus, the greater the value of C, the greater the contribution of the boundary layer in the diffusion process.




2.5. Effect of pH


To monitor the effect of pH on the adsorption of cetirizine by GO in various conditions, three cetirizine solutions at pH 4, 6, and 10 were prepared to signify acidic, neutral, and basic conditions, respectively. To prepare the solutions of 23.09 mg L−1 cetirizine at various pH levels, first, a cetirizine tablet was dissolved in pH 4, 6, and 10 solutions. About 23.15 mL of cetirizine was taken from the stock solution, and the volume was made up to 100 mL with the required pH solution (pH 4, 6, and 10) to obtain a pH-specific 23.09 mg L−1 cetirizine solution.



In the adsorption process, 0.01 g of GO was added to 10 mL of cetirizine of specific pH. The adsorption process was monitored at different intervals using a UV–vis spectrophotometer.




2.6. Thermodynamic Studies


The effect of temperature on the adsorption of cetirizine in GO was studied at three different temperatures, namely 298.15 K, 313.15 K, and 333.15 K. With due consideration of exchange adsorption, the value of k° is calculated as follows [38]:


   k o  = 55.5    (   k   p       M  adsorbate    )   



(4)




where kP is the equilibrium constant at time t (L g−1), Madsorbate is the molecular weight of cetirizine, and 55.5 is the molar concentration of water.



ΔG° was calculated from the equation


   Δ G  ° = − RT ln (  k o  )  



(5)




where T is the temperature in Kelvin, and R is the gas constant (8.314 J K−1 mol−1).



Thermodynamic parameters such enthalpy (ΔH°) and entropy (ΔS°) can be calculated from the equation [38]


   Δ G  =    Δ H  ° +    T Δ S  °  



(6)







The plot of ln (ko) vs. 1/T gives a straight line. The slope and intercept of this straight line are used for the determination of ΔH° and ΔS°, respectively.



The negative value of ΔG° indicated the spontaneity or feasibility of the adsorption process. A positive value of ΔS° indicated increased disorder at the solid–liquid interface. A positive ΔH° indicates an exothermic, while a negative ΔH° indicates an endothermic process.




2.7. Adsorption Isotherm Studies


The maximum adsorption capacity of cetirizine with GO was measured. The Langmuir and Freundlich isotherms were obtained by taking seven sets of different concentrations of cetirizine (4.62 mg L−1, 23.09 mg L−1, 46.18 mg L−1, 69.27 mg L−1, 92.36 mg L−1, 138.54 mg L−1 and 230.91 mg L−1). Then, 0.01 g of adsorbent was added to each set of cetirizine solutions of 20 mL and kept for 24 h to obtain equilibrium in the adsorption process. The experimental data were fit linearly to obtain both Langmuir [39] and Freundlich [25,39] isotherms, respectively, as given in the formulae below.


     C e     Q e    =    C e     Q m    +  1   Q m   k L     



(7)






  l n    Q e  = l n   (  k F  ) +  (   1 n   )    l n  (   C e   )   



(8)




where qm (mg g−1) is the maximum uptake of cetirizine, kL (L mg−1) is the Langmuir adsorption equilibrium constant, and kF (L mg−1) is the Freundlich constant representing the adsorption capacity. n is a dimensionless constant.



Qe is calculated using the equation (Equation (6)) below


   Q e  =    (   C o  −  C e   )  V  m   



(9)




where V is the volume of the cetirizine solution taken in a liter, m is the mass of GO in g, Co is the initial concentration (mg L−1) of the cetirizine before adsorption, and Ce is the equilibrium concentration (mg L−1) of the adsorbate.




2.8. Recyclability


Recyclability is an important parameter for adsorption to be sustainable. To check the recyclability, the cetirizine present in GO must be removed. In our case, we have used two methods of removing cetirizine from GO. In one process, we regenerated the adsorbent by adding 50 μL of H2O2 in 10 mL of water. This will degrade the cetirizine present in graphene oxide. In the other process, because of the known solubility of cetirizine in DMSO, it was used as a solvent to desorb cetirizine from GO.




2.9. Characterization Techniques of Adsorbent


The layered structure of GO was investigated using a transmission electron microscope (TEM) from Jeol 2100 Plus, Japan. The different functional groups in the 500–4000 cm−1 range in GO and cetirizine adsorbed in GO were investigated in attenuated total reflection (ATR) mode using a Spectrum Series, Perkin Elmer FTIR instrument. The XRD spectrum of the GO powder was taken using a Bruker D8 Advance diffractometer, with Cu radiation operating at 40 kV and 40 mA. The zeta potential was taken for both GO and GO–cetirizine Melvern ZS90. The UV–visible spectrum of GO was characterized using a UV–Vis Spectrophotometer (LABTRONICS MODEL LT-2201). In addition, all the adsorption experiments of cetirizine in GO were evaluated using the same UV–vis spectrophotometer model. The BET analysis was performed using a Micrometrics Tristar II 3020 model, where N2 gas was purged into the sample. The BET conditions are stated in a Table S1 in the Supplementary Materials.





3. Results and Discussion


3.1. Characterization of GO


As stated earlier, the GO was prepared from graphite using a modified Hummer’s method. The UV–visible spectrum of GO is shown in Figure 2A. The UV–visible spectrum shows a peak at 234 nm. The peak corresponds to π–π* transition in the fused conjugated benzene-like moieties present in GO [40]. The FTIR spectrum of GO was also carried out (Figure 2B) and the FTIR of GO exhibits major peaks at 3200 cm−1 (broadened peak), 1619 cm−1, 1397 cm−1, and 1049 cm−1 because of O–H stretching with H-bonding, C=C stretching of aromatic C=C, C–H/C–O–H bending vibrations, and C–O–C stretching vibrations of GO, respectively. The minor peaks 1721 cm−1 and 976 cm−1 were due to the C=O stretching of the carboxylic acid and the bending of the alkene. The surface charge analysis for GO was performed using a zeta potential analyzer, as shown in Figure 2C. The surface charge of GO was found to be ─40.74 mV, which can be attributed to the presence of negatively charged species such as carboxylic acid and a hydroxyl group in GO. The structural order of GO was scrutinized using an X-ray diffractometer in Figure 2D. The GO shows a 2θ peak at 11.08° corresponding to the (0 0 1) crystal plane [40]. The nanosheet-like structure of GO was investigated using a transmission electron microscope (TEM) and is illustrated in Figure 2E. The TEM image shows multiple layered sheets of GO stacked above one another.



The BET isotherm is particularly helpful in indicating the adsorption process in the adsorbent, especially in case there is the formation of a multilayer. The BET isotherm of GO shows a resemblance to a BET type IV curve shown in Figure 2F. The sharp knee at the beginning of the isotherm indicates the formation of a monolayer, as predicted by the Langmuir isotherm. When the relative pressure is near unity, there is a sharp increase in the adsorption of N2 which is probably due to the multilayer formation and bulk liquefication of N2 [41]. The surface area and pore size of GO were found to be 11.13 m2 g−1 and 8.82 nm, respectively.




3.2. Contact Time Experiment, Kinetics, and Diffusion Studies


The contact time experiment for the adsorption of cetirizine on GO showed ultra-fast removal of cetirizine, with 99.62% removed within 30 min. Even after 24 h, there was no desorption of cetirizine in the solution. The cetirizine left in solution (%) with time is shown in Figure 3A. The experiment demonstrates the effective adsorption of cetirizine by GO.



The pseudo-first and second-order kinetics were also studied [Figure 3B, C]. K1 and K2 values for pseudo-first order and pseudo-second-order were found to be 0.208 min-1 and 0.055 g mg−1 min−1, respectively. It is however to be noted that the experiment showed good agreement with pseudo-second order kinetics, with R2 being 0.999. The kinetics study points to the fact that adsorption follows pseudo-second order kinetics. The results of the pseudo kinetics experiments are given in Table 1.



From the plot in Figure 4, a straight line was observed, which, however, does not pass through the origin. For the adsorption of cetirizine and GO, Ki and C were found to be 1.083 g mg−1 min−1 and 15.218, respectively. The non-zero value of constant C indicates that other than intraparticle diffusion, there exists diffusion of the boundary layer along with other processes, leading to the adsorption of cetirizine into the pores of GO. Thus, the boundary layer and other processes play a vital role in the adsorption process [42,43,44].




3.3. pH Variation Studies


One of the most interesting facets of the experiment was the dependence of pH (Figure 5) on the adsorption process. It was found that at pH 4 and 6, being acidic and neutral pH, respectively, there was ultrafast removal, and over 99% of cetirizine could be removed within the first 30 min. However, in basic pH, the adsorption process became quite sluggish, and only 58.86% of cetirizine could be removed after 120 min. Overall, in basic conditions, GO could not remove cetirizine even after 24 h, with only 86.61% removal. The rate of adsorption of cetirizine (mg L−1) at different pH levels is shown in Figure 5.




3.4. Thermodynamics Studies


The adsorption plot in Figure 6A of GO with cetirizine results in a non-linear plot, and it was observed that the higher the temperature, the lower the adsorption of cetirizine. It is possible that the bonding of GO with cetirizine is due to the formation of hydrogen bonding with different functional moieties in cetirizine and GO. As such bonding is weak, at a higher temperature, molecules have higher energy and a lesser tendency to form H-bonding with GO. This leads to lower adsorption at higher temperatures, as observed in Figure 6A.



The values of ΔH°, ΔS°, and ΔG° are depicted in Table 2 below after calculation from ln(ko) vs. T−1 plot in Figure 6B. As ΔG° is negative, it can be concluded that the adsorption process is spontaneous and thermodynamically feasible. As observed from the data for enthalpy, the adsorption of cetirizine on GO is exothermic, and weak bonds such as H-bonds play a vital role in the adsorption process.




3.5. Langmuir and Freundlich Isotherm


The adsorption isotherms help in predicting the mechanism of the adsorption process. The Langmuir process helps us to predict single molecular layer adsorption, while the Freundlich process predicts the formation of a multilayer during the adsorption process. The isotherm studies were carried out via batch experiments with concentrations of 4.62 mg L−1, 23.09 mg L−1, 46.18 mg L−1, 69.27 mg L−1, 92.36 mg L−1, 138.54 mg L−1, and 230.91 mg L−1. The R2 shows good agreement with the Langmuir isotherm, suggesting monolayer formation after adsorption. The Langmuir and Freundlich rate constants and other related isotherm data have been given in Table 3. The Langmuir and Freundlich isotherms are shown in Figure 7A,B, respectively.




3.6. XPS Analysis


The surface functional moieties present in GO after cetirizine adsorption were determined using X-ray photoelectron spectroscopy and depicted in Figure 8. From our previous report, the spectral analysis of GO for C1s spectra showed peaks at 284.73 eV, 286.71 eV, and 287.75 eV corresponding to C–C, C–OH, and C=O, respectively, while in O1s spectra (Figure 8B), peaks 531.1 eV, 532.56 eV, and 533.4 eV corresponded to –COOH, C=O, and C–OH, respectively [25]. After the adsorption of cetirizine, C1s peaks corresponding to C–C, C–O, and C=O were present at 284.67 eV, 286.73 eV, and 287.86, respectively (Figure 8B). As for O1s spectra after adsorption, peaks were observed at 532.33 eV and 533.87 eV, which are related to C=O and C–OH, respectively (Figure 8C) [25].




3.7. Recyclability


After four cycles of adsorption of cetirizine on GO (Figure 9), it was observed that 85% efficiency in adsorption was retained in DMSO-treated GO, while in H2O2, the adsorption efficiency of 68% was retained. Hence, desorption using DMSO is better than the peroxide-treated GO–cetirizine system. It is also visible that adsorption efficiency decreases in the subsequent cycle. This could be because complete regeneration of the surface site is not achieved during desorption using DMSO and H2O2.



The structural stability of the GO after four cycles of adsorption of cetirizine on GO was checked using a scanning electron microscope (SEM) image, and the microstructure was compared with as-synthesized GO. The representative SEM image of as-synthesized GO is shown in Figure S1A, Supplementary Materials. The representative SEM of GO after four cycles of adsorption of cetirizine and subsequent desorption with H2O2 and representative SEM of GO after four cycles of adsorption of cetirizine and subsequent desorption with DMSO are shown in Figure S2B,C, respectively (Supplementary Materials). It is evident from the SEM images that even after four cycles and desorption with H2O2 and DMSO, the structural features of GO are intact; however, some debris is visible over the graphene sheet.




3.8. Mechanism


To decipher the mechanistic process of the adsorption of cetirizine in GO, FTIR, and zeta potential analyses were taken into consideration. The FTIR spectrum gave information about various covalent interactions, while the zeta potential showed the presence of any electrostatic interactions. The findings from the FTIR and zeta potential analyses of GO are mentioned in the previous discussion.



From the FTIR spectrum of cetirizine, it was observed that cetirizine had major peaks at 1058 cm−1, 1406 cm−1, 1629 cm−1, and 3196 cm−1 resulting from C–O–C stretching vibrations, C–H bending vibrations, C=C of benzene of cetirizine, and N–H (amine)/C–OH (carboxylic acid) stretching frequencies, with H-bonding broadening in cetirizine. Other minor peaks including 984 cm−1, 1235 cm−1, and 1731cm−1 were due to bending stretching of the alkene, C–N stretching of the amine, and C=O stretching of the carboxylic acid (Figure 10A). After the adsorption of cetirizine on GO, the peaks observed were mostly similar to cetirizine but with some peaks having an increase in intensity due to similar groups being present in both cetirizine and GO. The peak at 3204 cm−1 was due to O–H stretching from both GO and also the N–H stretching of cetirizine. The peak was sharpened compared to GO and cetirizine, suggesting a decrease in H-bonding, possibly due to the presence of other types of interactions between GO and cetirizine. The sharp peak at 1620 cm−1 was due to the aromatic C=C of GO and C=C of the benzene ring of cetirizine (Figure 10A). π–π stacking is also possible between an aromatic system of GO and the benzene ring of cetirizine [45]. The C–H bending vibrations of methyl/methylene groups in cetirizine and GO, as well as C–O–H bending vibrations in cetirizine (carboxylic acid) and GO (alcoholic/carboxylic acid) resulted in a sharp peak at 1397 cm−1.



Furthermore, in zeta analysis (Figure 10B), there was also a decrement in zeta potential from −40.74 mV to −35.78 mV in GO–cetirizine. This can be attributed to electrostatic interaction possibly between two protonated tertiary amines in cetirizine with negatively charged groups (carboxylic acids/hydroxyl groups) in GO. Such interaction may lead to a decrease in H-bonding. The mechanism with various bonding interactions is highlighted in Figure 10C. The zeta potential interaction at different pH is discussed in the Supplementary Material (Figure S1).





4. Conclusions


In summary, we have synthesized GO from graphite using a modified Hummer’s method. The GO synthesized was confirmed using TEM, XRD, and UV–visible spectroscopy, etc. Cetirizine was taken as the model for an antihistamine drug for adsorption on GO. The adsorption process showed fast removal of cetirizine within 30 min in acidic and neutral conditions. The removal of cetirizine was found to be a maximum of 81.30 mg g−1. After analysis with FTIR and zeta, it can be concluded that π–π interactions, H-bonding, as well as electrostatic interactions played a role in the binding of cetirizine with GO. Such interactions are found to be pH-dependent. The BET analysis exhibited the presence of mesopores that are highly likely to assist in the adsorption process. Hence, the overall process is highly efficient and cost-effective. Such systems can be further employed for the removal of other pharmaceutical drugs that are accumulating in the environment, especially during the post-COVID-19 situation.
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Figure 1. Scheme of preparation of GO and adsorption of cetirizine. 
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Figure 2. (A) UV–visible spectra, (B) FTIR, (C) zeta, (D) XRD, and (E) TEM and (F) BET of GO. 
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Figure 3. (A) Contact Time experiment of GO with 23.09 mg L−1 cetirizine at 298.15 K. (B) Pseudo-first-order and (C) Pseudo-second-order kinetics plots of the cetirizine adsorption experiment. 
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Figure 4. Intraparticle Diffusion model plot qt vs. t1/2. 
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Figure 5. pH variation studies of adsorption of cetirizine in GO. 
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Figure 6. (A) Thermodynamics plot of adsorption of cetirizine on GO and (B) ln (ko) vs. T−1. 
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Figure 7. Isotherm studies of GO: (A) Langmuir and (B) Freundlich isotherm. 
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Figure 8. XPS (A) survey, (B) C1s and (C) O1s spectra of GO–cetirizine. 
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Figure 9. Recyclability experiment of GO. 
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Figure 10. (A) FTIR and (B) zeta of GO–cetirizine. (C) Mechanism of adsorption of cetirizine on GO. 
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Table 1. Pseudo kinetics data of adsorption of cetirizine on GO.
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	Sl. No
	Pseudo 1st Order
	Pseudo 2nd Order





	1.
	K1 = 0.208 min−1
	K2 = 0.055 g mg−1 min−1



	2.
	qe = 19.220 mg g−1
	qe = 46.490 mg g−1



	3.
	R2 = 0.885
	R2 = 0.999
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Table 2. Calculation of the Thermodynamic Parameters.
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	Sl. No
	Temperature (K)
	ΔG° (KJ mol−1)
	ΔH° (KJ mol−1)
	ΔS° (J K−1 mol−1)





	1.
	298.150
	−26.852
	
	



	2.
	313.150
	−27.234
	−16.984
	33.000



	3.
	333.150
	−28.002
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Table 3. Isotherm data related to adsorption of cetirizine on GO.
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	Sl. No
	Langmuir Isotherm
	Freundlich Isotherm





	1.
	KL = 0.766 L mg−1
	KF = 5.014 L mg−1



	2.
	qM = 81.300 mg g−1
	n = 5.235
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