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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Development of an efficient and inno
vative material for pharmaceuticals 
adsorption. 

• GAC-GO obtained qmáx of 37.65 and 
62.43 mg g− 1 for chloroquine and 
dipyrone adsorption. 

• The removal of chloroquine, dipyrone, 
methylene blue, 2,4-D and triclosan 
were evaluated. 

• Synergistic effects were proposed in the 
synthetic mixture.  

A R T I C L E  I N F O   

Handling Editor: Yongmei Li  

Keywords: 
Pharmaceuticals 
Covid-19 
Adsorbent functionalization 
Synthetic mixture 
Wastewater treatment 

A B S T R A C T   

Currently, the COVID-19 pandemic has been increasing the consumption of some drugs, such as chloroquine 
(CQN) and dipyrone (DIP), which are continuously discharged into water resources through domestic sewage 
treatment systems. The presence of these drugs in water bodies is worrisome due to their high toxicity, which 
makes crucial their monitoring and removal, especially by means of advanced technologies. Given this scenario, 
a new adsorbent material was synthesized through the combination of babassu coconut activated carbon and 
graphene oxide (GAC-GO). This study was evaluated in batch adsorption processes, aiming at the treatment of 
water contaminated with CQN and DIP. Characterization analyzes using physicochemical and spectroscopic 
techniques indicated that the GAC-GO functionalization was successfully performed. The equilibrium time of the 
adsorption process was 18 and 12 h for CQN and DIP, respectively. Kinetic and isothermal data better fitted to 
pseudo-second-order and Langmuir models for both drugs. Thermodynamic parameters showed that the process 
is endothermic and the maximum adsorption capacities of CQN and DIP were 37.65 and 62.43 mg g− 1, 
respectively, both at 318 K. The study of the effect of ionic strength, which simulates a real effluent, demon
strated that the synthesized adsorbent has potential application for the treatment of effluents. Furthermore, 
satisfactory removal rates were verified for the removal of other contaminants in both simple solutions and 
synthetic mixtures, evidencing the versatile profile of the adsorbent.  
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1. Introduction 

The COVID-19 pandemic is one of the greatest threats that humanity 
has ever faced, in which the virus has spread rapidly around the world 
(Yunus et al., 2020). Thus, some studies raise awareness about water 
quality, since wastewater has been overloaded with persistent and 
organic due to the excessive use of disinfectants, antibacterials and 
pharmaceuticals (Elsaid et al., 2021; Feizizadeh et al., 2021). Chloro
quine (CQN) has been used in some countries due to its probable benefits 
on control the infection caused by COVID-19 (Bagheri Novir and Aram, 
2020; Gautret et al., 2020; Noureddine et al., 2021). In addition, 
dipyrone (DIP) has been also intensively used for analgesia and fever 
control during the symptomatic phase of the disease (Quesada et al., 
2019a; Rivera-Utrilla et al., 2013). 

It is noteworthy that approximately 33% of these drugs are excreted 
after oral administration, wherein conventional water treatment 
methods are not able to completely remove these contaminants. That 
being said, the application of advanced methods becomes crucial 
(Andrade et al., 2022; Januário et al., 2021a). The adsorption process 
stands out as a promising technique for the removal of organic con
taminants from water due to its high efficiency, process simplicity, low 
cost and ecological feasibility (Lin et al., 2017; Luciano et al., 2020). 

Graphene oxide (GO) is a material widely applied in adsorption 
processes by virtue of its excellent performance, porous structure and 
abundance of oxygenated functional groups, which allow the formation 
of strong interactions with organic contaminants (Guerra et al., 2021; 
Rostamian and Behnejad, 2018). However, the GO use can become an 
expensive and disadvantageous alternative given its synthesis process 
and ease in forming clusters (Li et al., 2021). Thus, an interesting 
alternative to this issue is the aggregation of GO properties in other 
materials, aiming the development of new adsorbents (Wernke et al., 
2021). 

In this sense, activated carbons stand out since they are advanta
geous materials for adsorption. They are versatile, efficient and have low 
costs of obtaining, being commonly obtained from industrial waste. 
Many studies have reported the activated carbon synthesis from several 
biodegradable alternative materials, such as bananas peels (Mar
ichelvam and Azhagurajan, 2018), nutshells (Nazari et al., 2016), rice 
husks (de Luna et al., 2013) and babassu coconut shells (Vidovix et al., 
2019a). 

Therefore, considering the GO excellent properties and the potential 
application of activated carbons in adsorptive processes, the present 
study aimed to develop a new adsorbent by combining GO with acti
vated carbon from babassu bark. This adsorbent was synthesized and 
evaluated in batch adsorption processes, aiming at the treatment of 
water contaminated with CQN and DIP pharmaceuticals. 

2. Materials and methods 

2.1. Adsorbate 

The CQN (Farmácia Catanduvas, Astorga, Paraná, Brazil) and DIP 
(Medfórmula, Maringá, Paraná, Brazil) properties are described in 
Table S1. Both drugs used were 95% purity. As regards the adsorption 
tests, the contaminants were diluted in deionized water, in which their 
concentrations were determined in a UV–vis spectrophotometer (HACH 
DR 5000) at wavelengths of 343 and 258 nm for CQN and DIP, 
respectively. 

2.2. Adsorbent preparation 

The GO synthesis was performed according to the modified Hum
mers’ method (Hummers and Offeman, 1958) described by Yamaguchi 
et al. (2016). Thereafter, the GO nanosheets were dispersed in deionized 
water using an ultrasonic homogenizer, in order to obtain a GO aqueous 
solution. Granular activated carbon (GAC) obtained from babassu 

coconut shells was donated by Purific (Maringá, Paraná, Brazil). Con
cerning the preparation of the new adsorbent, the functionalization and 
thermal treatment have been carried out. The functionalization step was 
adapted from Wernke et al. (2021) in which GAC and GO were mixed at 
a ratio of 1:1 (m/V) in a shaker with temperature control (150 rpm at 
423 K) until the complete evaporation of the aqueous phase. Afterward, 
the activated charcoal functionalized with GO was oven-dried at 373 K 
for 24 h. The heat treatment step followed the methods described by 
Vidovix et al. (2019a), in which the adsorbent was heated at high 
temperatures (623–723 K) in a muffle. The new adsorbent was sieved in 
the size range of 300 μm in a set of meshes in a vibrating table (BT-001). 
Finally, it was named GAC-GO, being evaluated for its adsorption 
potential. 

2.3. Adsorbent characterization 

Scanning electron microscopy analysis (SEM, Quanta FEI – 250) was 
performed to evaluate the GAC-GO surface morphology, generated by 
topographic contrast. The zeta potential determined the surface charges 
of the material (Beckman Coulter – Delsa™ NanoC). For this purpose, 
the samples’ pH dispersed in deionized water was adjusted with 0.1 M of 
HCl and NaOH solutions. Fourier transform infrared spectroscopy 
analysis (FTIR, Vertex 70v, Bruker, Germany) was used to determine the 
functional groups present in the adsorbent. Finally, X-ray diffraction 
analysis (XRD, AXSD8 Advance, Bruker) defined the structure of GAC- 
GO. The mean particle diameter (d) was estimated by Scherrer’s Equa
tion (Equation (1)). 

d =
0, 89λ
BcosθB

(1)  

where 0.89 is the constant related to the spherical approximation; λ 
refers to the radiation wavelength; B is the peak width at half height; and 
θB is the Bragg angle (Koch, 2007). 

2.4. Adsorption experiments 

CQN and DIP adsorption tests were carried out in batches and in 
duplicate, on a shaker table with temperature control (Tecnal TE – 4200) 
at 150 rpm. Accordingly, 20 mL of the contaminant solution at a con
centration of 30 mg L− 1 was used for the tests. First, the mass effect was 
investigated using 0.02, 0.03 and 0.04 g at 298 K for 24 h. Later, the 
effect of pH (4, 7, 10 and natural) was also analyzed. After determining 
the working mass and pH, the study of the effects caused by the ionic 
strength was performed. MgCl2, NaCl and KCl at concentrations of 0.1 
and 0.3 M were individually dissolved in the contaminant solutions and 
kept under stirring at 298 K for 24 h, in order to verify the influence of 
the free ions on the adsorption capacity. 

Regarding the kinetic study, the contact time of the adsorbent with 
CQN and DIP was evaluated at 298 K for 28 h. In sequence, the pseudo- 
first-order (PFO) and pseudo-second-order (PSO) kinetic models were 
applied to the experimental data to understand the adsorption mecha
nisms. In addition, the intraparticle diffusion model described by Weber 
and Morris (1963) was also applied. 

The adsorption isotherms were evaluated by varying the CQN and 
DIP concentrations from 5 to 100 mg L− 1, at three different temperatures 
(298, 308 and 318 K) with a predefined equilibrium time. The equilib
rium data were fitted to the Langmuir and Freundlich models in order to 
assess the adsorbate/adsorbent interaction (Weber et al., 1991). The 
thermodynamic parameters (Gibbs Free Energy (ΔG◦), Enthalpy (ΔH◦) 
and Entropy (ΔS◦)) were applied to analyze the spontaneity, viability 
and heat exchange of the adsorptive process (Anastopoulos and Kyzas, 
2016). 

At the end of each experiment, the samples were filtered on cellulose 
acetate membranes (UNIFIL) with an average pore size of 0.45 μm. 
Sequentially, the concentration was determined. Thus, the adsorption 
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capacity (qe, mg g− 1) was calculated by Equation (2). 

qe =
(C0 − Ce)V

m
(2)  

where C0 and Ce are the initial and final contaminants concentration (mg 
L− 1), respectively; V is the solution volume (L); and m is the GAC-GO 
mass (g). 

In addition to CQN and DIP, a dye (methylene blue, Synth, Diadema, 
São Paulo, Brazil), herbicide (2,4-dichlorophenoxyacetic (2,4-D), Nor
tox, Arapongas, Paraná, Brazil) and antibacterial (triclosan, Medfór
mula, Maringá, Paraná, Brazil) adsorption were also evaluated using 
GAC-GO. They were assessed in both simple solutions and synthetic 
mixture, in order to simulate a real effluent and verify the adsorbent 
versatility. The adsorption tests were carried out for 24 h with 30 mg L− 1 

of the contaminant concentration, except for the methylene blue dye 
(20 mg L− 1). These experiments were carried under the same experi
mental conditions (298 K, 150 rpm, natural pH). The contaminants 
concentration was measured in a UV–Vis spectrophotometer, using a 
previously prepared standard curve at 665, 284 and 280 nm wave
lengths for the methylene blue, 2,4-D and triclosan, respectively. 

3. Results and discussion 

3.1. Adsorbent characterization 

Fig. 1 presents the characterization analyzes of the GAC-GO. 
The micrograph of the GAC-GO obtained by SEM (Fig. 1 (A)) presents 

heterogeneous morphological characteristics since the pores are well 
defined, deep and distributed throughout the adsorbent surface. These 
characteristics are typical of GAC (Paixão et al., 2018; Vidovix et al., 
2019a). The surface rough appearance proves the functionalization of 
the activated carbon with GO (Fachina et al., 2020). Furthermore, 
Figure S1 shows the GAC (A) and GAC-GO (B) micrographs at 3000 ×
magnification. It was possible to observe that GAC had an extremely 

porous surface and, after functionalization with GO, there was an 
irregular distribution of GO nanoparticles on the surface of GAC which, 
consequently, decreased the porosity of the biosorbent. This behavior 
was also reported by Wernke et al. (2021). 

The GAC-GO zeta potential (Fig. 1 (B)) shows a predominance of 
negative charges in the pH range studied (7.73 to − 35.41 mV). It was 
verified that the GAC-GO isoelectric point is close to 3, indicating that 
the adsorbent surface charge is positive at pH < 3 and negative at pH >
3. Figure S2 presents the zeta potential of GAC and GO, separately. It is 
possible to verify that GAC and GAC-GO have positive charges at pH 2 
and tend to become more negative as pH increases. Furthermore, the 
highest negative charge density (− 43.80 mV) was observed at pH 10. 
This behavior was similar to the zeta potential of the GO aqueous so
lution, confirming the GAC functionalization. 

In the FTIR spectrum of the material (Fig. 1 (C)) it is possible to verify 
a large number of functional groups, characteristic of biosorbents and 
GO. Peak 3221 cm− 1 corresponds to the elongation vibration of the 
hydroxyl groups (O─H) of the water molecules adsorbed by GAC-GO 
(Hacıosmanoğlu et al., 2019; Hoppen et al., 2019; Karkooti et al., 
2018). The peaks located at 1554, 1393 and 1085 cm− 1 are typical of 
charcoals synthesized from biomaterials and represent the carbonyl, 
ketone and ether groups, respectively (Vidovix et al., 2019a). The peak 
at 880 cm− 1 is related to the ester groups and aromatic rings existing in 
GAC, due to the lignin present in the babassu coconut (Vieira et al., 
2009). The functionalization of GAC with GO is confirmed in peak 1612 
cm− 1, which refers to the C––O bond, suggesting the presence of carboxy 
groups, anhydrides and esters (Yamaguchi et al., 2016). Furthermore, 
peak 1064 cm− 1 is related to C–O stretching vibration of the epoxy and 
hydroxyl groups of GO (Januário et al., 2020). Other peaks can be 
observed at 1459 and 1212 cm− 1 which can be attributed to the vibra
tion of the C––C bond and aromatic ether (Homem et al., 2019). 

The XRD analysis (Fig. 1 (D)) allows to verify characteristic peaks of 
the precursor materials of the adsorbent. The peak at 2θ = 7.20◦ in
dicates the presence of GO, which corresponds to the aggregation of 

Fig. 1. SEM images (A), zeta potential (B), FTIR (C) and XRD analysis (D) of the GAC-GO.  
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functional groups on the surface of GAC, such as hydroxyl (–OH), 
carboxyl (–COOH), carbonyl (–C––O) and epoxy (–COC–) (de Souza 
et al., 2021). The 2θ = 23.73◦ peak refers to the cellulosic compounds 
present in amorphous materials. Vidovix et al. (2019a) also reported 
peaks near 2θ = 43.08◦ and 78.87◦, which refer to GAC composition. In 
addition, the average diameter of the adsorbent was 3.24 nm. It is 
noteworthy that the diameter of GAC-GO is not uniform, due to its 
heterogeneous characteristic, as can be seen in the SEM images (Fig. 1 
(A)). 

3.2. Effect of mass 

The effect of adsorbent dosage on the adsorption and removal ca
pacity of CQN (A) and DIP (B) reported a similar behavior, since the 
0.02, 0.03 and 0.04 g GAC-GO masses resulted in adsorption capacities 
of 25.06, 20.95 and 15.91 mg g− 1 for CQN and 27.64, 20.01 and 15.09 
mg g− 1 for DIP, respectively. Concomitantly, there was an improvement 
in drug removal percentages by increasing the adsorbent mass, ranging 
from 78.76 to 100% and 86.63–94.61% for CQN and DIP, respectively. 
de Souza et al. (2021) reported that the adsorption capacity decreases in 
larger adsorbent masses due to the excess of unsaturated active sites, or 
the adsorbent material aggregation, which reduces the total surface area 
and increases the contaminant diffusion path. Thus, the subsequent tests 
were carried out using a mass of 0.03 g, as it obtained favorable con
ditions of adsorption and removal capacity (98.77 and 94.07% for CQN 
and DIP, respectively). 

3.3. pH effect 

The adsorption capacity of the drugs was evaluated at pH 4, 7, 10, 
and natural (i.e., 5.78 and 6.08 for CQN and DIP, respectively), as shown 
in Fig. 2. 

It was verified that between pH 4 and 7, the adsorption capacity of 
CQN did not show great changes (18.39–19.41 mg g− 1). However, at pH 
10 there was a drastic reduction in the adsorption capacity to 7.43 mg 
g− 1. This is due to the fact that CQN has a pKa of 8.76, which means that 
it is a weak acid and has a tendency to donate electrons (Poschet et al., 
2020). Thus, at pH < pKa (between pH 4 and 7), CQN is in its non-ionic 
form (protonated). Consequently, the adsorption process cannot be 
explained by electrostatic interactions. This fact suggests that hydrogen 
bonds and π-interactions are the main mechanism of CQN adsorption 
onto GAC-GO. CQN presented negative charges at pH 10, as it is 

deprotonated, providing electrostatic repulsion between the CQN anions 
and the negatively charged surface of GAC-GO, as verified in the zeta 
potential analysis (item 3.1.) (Quesada et al., 2019b). 

As regards the DIP, it was verified that the adsorptive capacity did 
not present great changes in the evaluated pH range (17.78–20.27 mg 
g− 1). According to Modesto et al. (2021), the DIP has a pKa of 3.77, in 
which it is deprotonated above this value. However, DIP removal cannot 
be explained by electrostatic repulsion between the adsorbent and 
adsorbate since the GAC-GO adsorptive capacity was satisfactory. In 
addition, no change was reported with pH variation. According to 
Fachina et al. (2020), the low pH dependence indicates that the 
adsorption process is governed by weak interactions, such as hydrogen 
bonds and π-interactions. de Andrade et al. (2019) studied the DIP 
adsorption onto GO functionalized with iron and zinc oxide nano
particles, wherein the adsorptive capacity was not influenced by the pH. 

Thus, the results demonstrated that there was no necessity of pH 
correction for the following experiments, given the satisfactory 
adsorption capacity at natural pH for both drugs. This ensures practi
cality for the process, as well as cost reduction with chemical reagents. 

3.4. Effect of ionic strength 

A comparative study regarding the adsorption capacity of pure drugs 
and with MgCl2, NaCl and KCl dissolved salts, at concentrations of 0.1 
and 0.3 M, was carried out (Figure S3). This study allows to simulate a 
real effluent, provided the aqueous matrices have several compounds 
diluted in cationic and anionic forms, such as Mg+2, Na+, K+ and Cl− . 
These compounds can change the adsorptive capacity and influence the 
hydrophobic and electrostatic interactions between the adsorbent and 
the drugs (Vidovix et al., 2019a; Zhang et al., 2019). 

It was verified that the presence of all salts studied did not pro
nounced alter the adsorption capacity of the drugs, regardless of the 
concentration used, as it ranged from 21.03 to 21.27 mg g− 1 for CQN 
(A), and 19.51–19.88 mg g− 1 for DIP (B). Thus, the results demonstrated 
that van der Waals forces and hydrogen bonds are the key mechanisms 
that govern the pharmaceuticals adsorption onto GAC-GO, once the 
adsorption capacity was not affected by the presence of ions in the so
lution (Januário et al., 2021b). Therefore, this behavior suggests that the 
application of GAC-GO is advantageous for drug removal from 
wastewater. 

3.5. Kinetic study 

The kinetic study of CQN and DIP are shown in Fig. 3. It aimed to 
determine the adsorption capacity of drugs over time. It was verified 
that the process did not present expressive variations in the adsorption 
capacity in 18 h (19.83–20.57 mg g− 1) for CQN and in 12 h 
(19.45–20.01 mg g− 1) for DIP. Thus, the equilibrium was achieved as 
both curves reached a plateau, indicating that the adsorption and 
desorption processes occur simultaneously (de Souza et al., 2021). Ki
netic data were fitted to the PFO and PSO models, whose parameters are 
shown in Table S2. 

The kinetic behavior of the drugs has similarities that can be 
confirmed by the good fit of the two mathematical models to the 
experimental data, given the satisfactory correlation coefficients (R2). 
However, the PSO model stands out for presenting a higher R2 for CQN 
(0.982) and DIP (0.990). Moreover, the calculated adsorption capacity is 
in accordance with the parameters obtained experimentally (21.40 mg 
g− 1 and 20.60 mg g− 1 for CQN and DIP, respectively). This model sug
gests that the drugs adsorptive capacity is directly associated with the 
number of available active sites (Tran et al., 2017). 

The Weber and Morris model (1963) was also fitted to kinetic data in 
order to understand the drug adsorption mechanisms. It can be seen in 
Fig. 3 (C) that intraparticle diffusion is not the only limiting step that 
controls the CQN and DIP adsorption, considering that the line does not 
reach the graph origin for both drugs, which indicates that the system 

Fig. 2. pH effect on the adsorption capacity of DIP and CQN onto GAC-GO (C0 
= 30 mg L− 1, GAC-GO mass = 0.03 g, T = 298 K, contact time = 24 h, stirring 
velocity = 150 rpm). 
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has several steps (i.e., water phase transport, film diffusion, intraparticle 
diffusion and surface reaction) (de Souza et al., 2021). It is noteworthy 
that the first and last stages occur slowly and can be disregarded (Lladó 
et al., 2016). 

Thus, zone I demonstrates that CQN and DIP are transported across 
the boundary layer of GAC-GO. Meanwhile, zone II refers to intraparticle 
diffusion, in which drug molecules are transported to the adsorbent 
pores (Quesada et al., 2019b). The values of C (Table S3), determined for 
zone I and II, are associated with the transfer resistance of the adsorbate 
to the adsorbent (Hiew et al., 2019). Thus, transport by film diffusion 
was faster when compared to transport by intraparticle diffusion, 
resulting in a higher diffusion constant (Kdif) in zone I. Finally, zone III is 
defined by the horizontal line, indicating that the equilibrium of the 
adsorptive process was achieved (Wu et al., 2009). Therefore, the 
presence of the three linear zones suggests that the adsorption process of 
CQN and DIP onto GAC-GO is driven by the described diffusion 
mechanisms. 

3.6. Adsorption isotherms 

Aware that the temperature is one of the factors that most influence 
the adsorption of contaminants, the CQN and DIP adsorption onto GAC- 
GO was investigated at 298, 308 and 318 K. The experimental data were 
adjusted to the Langmuir and Freundlich models (Table S3), and the 
evaluation of the best model was determined by comparing the corre
lation coefficients (R2). 

Fig. 4 demonstrate that both Langmuir and Freundlich isotherm 
models presented a well fit to the experimental data for the two con
taminants. However, in both cases, the R2 values for the Langmuir model 
were higher than those obtained by Freundlich at the three temperatures 

studied. It suggests that the adsorption of CQN and DIP onto GAC-GO 
occurs homogeneously and in a monolayer. Therefore, there is no 
interaction between the adsorbed molecules of the pharmaceuticals (Foo 
and Hameed, 2010; Langmuir, 1917). 

The maximum adsorption capacity calculated by the Langmuir 
model was 37.65 mg g− 1 for CQN and 62.43 mg g− 1 for DIP, at 318 K. 
Dada et al. (2021) found the maximum adsorption capacity at 313 K for 
CQN, and a better fit to the Langmuir model. This evidences that in the 
310–320 K range, the highest CQN adsorption in activated carbon-based 
adsorbent materials occurs. 

Springer et al. (2016) and de Andrade et al. (2019) also found 
maximum adsorption capacities for DIP in the 300–320 K range. In 
addition, the experimental data were better fitted to the Langmuir model 
in both studies, proving which, such as CQN, the adsorption of dipyrone 
occurs mostly in monolayer (i.e., with identical binding energies and 
without interaction between the adsorbed molecules). 

3.7. Thermodynamics parameters 

In order to better understand the adsorption mechanism, thermo
dynamic parameters such as Gibbs free energy (ΔG◦), enthalpy (ΔH◦) 
and entropy (ΔS◦) were investigated, in which their results are shown in 
Table 1. Both CQN and DIP adsorption occurred favorably and sponta
neously (ΔG◦<0) at all evaluated temperatures. The negative values of 
Gibbs free energy indicate that the system does not require external 
energy during the process (Cusioli et al., 2021). 

The positive value of ΔH◦ shows that the process occurs endo
thermically, which means that the increase in temperature positively 
influences the adsorption of CQN and DIP onto GAC-GO (Barbosa De 
Andrade et al., 2020). However, as can be seen in the isotherms (item 

Fig. 3. Adsorption kinetic study of CQN (A) and DIP (B) onto GAC-GO with adjustments to the PFO and PSO, and intraparticle diffusion (C) models (C0 = 30 mg L− 1, 
GAC-GO mass = 0.03 g, natural pH, T = 298 K, stirring velocity = 150 rpm). 

E.F.D. Januário et al.                                                                                                                                                                                                                          



Chemosphere 289 (2022) 133213

6

Fig. 4. Freundlich and Langmuir models fitted to the experimental data (GAC-GO mass = 0.03 g, T = 298 K, natural pH, stirring velocity = 150 rpm).  

Table 1 
Thermodynamic parameters of CQN and DIP adsorption onto GAC-GO.  

Thermodynamic parameters   

Chloroquine Dipyrone   

298 K 308 K 318 K 298 K 308 K 318 K 
ΔG◦ (KJ mol¡1) ΔG◦ = − R T lnKC  − 29.569 − 30.767 − 32.764 − 27.233 − 28.279 − 29.271 
ΔH◦ (KJ mol¡1) lnKC =

ΔS
R

−
ΔH
R.T  

17.90 3.14 
ΔS◦ (KJ mol¡1 K¡1) 0.159 0.102  
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3.6.), the adsorptive process was similar behavior even with tempera
ture variation since it did not cause pronounced changes in the 
adsorption capacity. The positive value of ΔS◦ indicates that the inter
action between contaminants and GAC-GO occurred randomly at the 
solid-liquid interface. 

3.8. Competitive adsorption in synthetic mixture 

Fig. 5 (A) shows the contaminants adsorption onto GAC-GO sepa
rately. It is possible to verify that the adsorbent material proved to be 
efficient for adsorption, once the removal rate was greater than 90% for 
all analyzed contaminants. Therefore, the adsorption of various pollut
ants in simple solutions is related to the ability of GAC-GO to act in water 
and sewage treatment. 

It is noteworthy that there was an interaction between the negatively 
charged surface of the adsorbent and the dye cations, suggesting that the 
adsorption of methylene blue occurred by electrostatic interactions 
(Vidovix et al., 2019b). This result may also be related to the GAC-GO 
surface area, given the porous characteristic of the adsorbent (Vidovix 
et al., 2019a). The removal rate of the methylene blue was 91.93%, 
while its adsorption capacity was 11.81 mg g− 1, being lower than the 
other contaminants due to dye initial concentration (20 mg g− 1). 

Triclosan adsorption is explained by π-interactions and hydrogen 
bonds, since it is a weak acid (pKa 7.9) and it is in its protonated form at 
natural pH (Ma et al., 2019). The 2,4-D adsorption process was also 
governed by weak interactions (e.g., π-interactions and hydrogen 
bonds). This is due to the fact that despite having a pKa of 2.98, it 
presented a high adsorption capacity (20.59 mg g− 1) (Han et al., 2010). 
In summary, adsorption of triclosan and 2,4-D showed the same 
behavior as CQN and DIP, respectively. 

However, in real effluents, there are several dissolved contaminants 
that can influence the adsorption mechanisms (Quesada et al., 2021). 
Thus, the adsorbent behavior in the treatment of the five contaminants 
altogether was investigated, so that this synthetic mixture simulates a 
real effluent. The UV–Vis spectrum of the mixture is shown in Fig. 5 (B), 
as well as the coloration before and after the adsorptive process. The 
process had 81.90% average removal of contaminants, proving the 
adsorbent effectiveness for the treatment of complex effluents. These 
results suggest that synergistic effects occurred in the synthetic mixture, 
demonstrating the necessity of evaluating the composition of real 
aqueous matrices. 

3.9. Interaction mechanisms 

The possible adsorption mechanisms were proposed in Fig. 6. Ac
cording to the study of the pH effect and ionic strength effect, it is 
possible to suggest that hydrogen bonds and π-interactions govern the 
adsorption process of both contaminants onto GAC-GO. Furthermore, 

the adsorbent has aromatic rings and functional groups in its structure, 
due to the GO functionalization (Januário et al., 2021c), which also 
shows a preference for hydrogen bonds and π-interactions between the 
adsorbent and the contaminants. 

In summary, the interactions between the oxygenated groups of GAC 
and the hydrogenated functional groups of CQN and DIP can be 
explained by hydrogen bonds. Meanwhile, the π-interactions are justi
fied by the presence of aromatic rings in CQN and DIP, which interact 
with the conjugated π domains of GAC-GO (Januário et al., 2021b). Both 
interactions can be considered weak, being controlled by physical forces 
(Ali et al., 2012). Enthalpy change values of 17.90 and 3.14 kJ mol− 1 for 
CQN and DIP, respectively, also confirm the physisorption process 
characteristic. 

4. Conclusion 

The presence of pharmaceuticals residues in wastewater is a global 
preoccupation since it can cause negative impacts on aquatic organisms 
and human health. The COVID-19 pandemic may have aggravated this 
problem even further due to the increased consumption of drugs 
worldwide. In addition, conventional water treatments do not effec
tively remove these compounds. Therefore, the present work proposed 
an alternative treatment for CQN and DIP removal by means of the new 
adsorbent material, obtained through the functionalization of GAC with 
GO. The synthesized adsorbent showed satisfactory characteristics for 
the adsorption of CQN and DIP from water, as its well-defined pores 
facilitate the adsorption of these contaminants. Equilibrium time was 
reached at 18 and 12 h, for CQN and DIP, respectively. The PSO and 
Langmuir models better fitted the kinetic and isothermal data for both 
contaminants. Thermodynamic parameters infer that the process is 
controlled by physical forces, suggesting that the adsorption is favor
able, spontaneous and endothermic. The simulation of a real effluent 
using dissociated ions did not reduce the efficiency of the adsorption 
process, evidencing the applicability of GAC-GO. In the synthetic 
mixture, the synergistic effect of the compounds reduced the adsorbent 
removal efficiency. However, it still showed a satisfactory outcome 
(81.90%), proving the adsorbent effectiveness in treating complex ef
fluents. Therefore, GAC-GO has the potential to remove several con
taminants in effluent and contaminated water treatment processes. 
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