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A B S T R A C T

Water pollution by antibiotic residues poses a potential threat to environmental and human 
health. Graphene-based materials are highly stable, recyclable and effective adsorbents for effi
ciently removing antibiotics from polluted water. In this study, the adsorption behavior of lev
ofloxacin onto sulfonated graphene oxide (SGO) was investigated by varying the contact period, 
solution pH, adsorbent quantity, levofloxacin concentration, inorganic ions, and solution tem
perature. Spectroscopic and microscopic techniques were employed to confirm the adsorptive 
interaction between levofloxacin and SGO. The adsorption process was most accurately charac
terized by the pseudo-second-order kinetic model and the Langmuir isotherm model, as indicated 
by their high correlation coefficients (R2) and low root-mean-square error (RMSE) values. The 
maximal quantity of levofloxacin that can be adsorbed onto SGO was determined to be 1250 
μmol/g at pH 4 and 25 ◦C using the Langmuir model. Thermodynamic studies reveal that the 
process of levofloxacin adsorption onto SGO is endothermic and spontaneous in nature. Taking 
into consideration the results of adsorption, desorption and regeneration studies, it is proposed 
that SGO can be applied as an economic viable agent for the adsorptive removal of levofloxacin 
from the aqueous environment.

1. Introduction

Contamination of water sources with antibiotics is one of the top environmental concerns around the world. Various classes of 
antibiotics have been found in water bodies, with concentrations ranging from less than 1 ng/L to 100 μg/L [1]. The entry pathways of 
antibiotics to the water bodies are excretions from humans [2–4], poor disposal of unused antibiotics [5], hospital effluents [6], animal 
farming [7,8], plant production [9], aquaculture [10], and pharmaceutical effluents [11–13]. Antibiotic contaminated water resources 
are considered as potential reservoirs of antibiotic resistant bacteria [14,15]. Therefore, it is essential to develop a simple and 
cost-effective method for removing antibiotic residues from the aquatic environment.

Levofloxacin (Fig. 1), a third generation antibiotic of fluoroquinolone group, is consumed by both humans [16] and farm animals 
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[17] for the treatment of bacterial infectious diseases. A pharmacokinetic study revealed that about 80 % of the ingested levofloxacin is 
excreted as parent molecule in the urine [18]. Levofloxacin residues were detected at concentrations ranging from 123 to 209 ng/L in 
drinking water treatment plants in Baghdad city [19], from 3600 to 6800 ng/L in influents at a sewage treatment plant in Kyoto, Japan 
[20], and from 34 to 438 ng/L in wastewater effluents from a wastewater treatment plant in Portugal [21]. It has been reported that 
levofloxacin at a concentration of 5 μg/L significantly altered the structure of the prokaryotic microbial community [22]. This is due to 
the fact that its residue can contribute to bacterial resistance and negatively impact aquatic ecosystems [23]. For example, levofloxacin 
can be fatal to fish embryos within 24 h of exposure. Furthermore, it can be biomagnified and bioaccumulated when exposed aquatic 
species enter the food chain, and it also inhibits algal growth in aquatic environments [24]. Orzoł and Piotrowicz-Cieślak [25] studied 
the effects of levofloxacin toxicity on yellow lupin plants. Lupin is a commonly used fodder crop, and biochemical contaminants that 
accumulate in it can enter food chains involving farm animals. The findings revealed that levofloxacin’s toxicity was primarily evident 
through alterations in the protein profile. Morphologically, levofloxacin soil contamination could lead to over a 50 % reduction in 
lupin root and shoot growth and a comparable decrease in seedling fresh mass.

Several methods have been employed to remove levofloxacin from aqueous solutions, including nano-filtration [21], photo
catalytic degradation [26,27], sonocatalytic degradation [28], advanced oxidation processes [29,30], electrochemical treatment [31], 
coagulation–flocculation [32], and adsorption [24,33]. Among these, adsorption is considered a very simple and cost-effective 
technique for treating aqueous solutions contaminated with various organic pollutants, including levofloxacin [24,33–35]. Various 
carbon-based adsorbents have been used for this purpose, such as graphene oxide [36], FXM hydrogel (Fe(III)-tartaric acid/xanthan 
gum/graphene oxide/polyacrylamide) [37], granular activated carbon [38], cellulose nanocrystals/graphene oxide [39], graphene 
nanoplatelets [40], rice husk biochar [41], and multi-walled carbon nanotubes [42].

Over the years, carbon-based materials have been widely used to effectively remove hazardous substances from wastewater, 
demonstrating their permanent importance in environmental remediation efforts. Recently, graphene oxide (GO) has attracted sig
nificant scientific attention in adsorption technology due to its modifiable surface functionalities and high specific surface area 
[43–50]. GO contains hydroxyl, epoxy, carbonyl, and carboxyl groups attached to its edges and surface [51]. It consists of both sp2 and 
sp3 hybridized domains. GO demonstrates excellent adsorption capacity for various water pollutants, mainly due to electrostatic and 
π-π stacking interactions [52,53]. It is highly stable and can be recycled with minimal loss in adsorption capacity [54]. Recent studies 
indicate that incorporating sulfonate groups into graphene oxide substantially improves its ability to adsorb antibiotics [55].

These findings led us to investigate the ability of sulfonated graphene oxide (SGO) to remove levofloxacin from aquatic envi
ronments. The study investigated the adsorption of levofloxacin onto SGO, focusing on the effects of contact time, solution pH, 
adsorbent dosage, levofloxacin concentration, inorganic ions, and solution temperature. The adsorptive interaction between levo
floxacin and SGO was confirmed using Fourier transform infrared (FTIR) analysis, scanning electron microscope (SEM) imaging, and 
energy dispersive X-ray spectroscopy (EDX) evaluation. The adsorption kinetics were examined using several models, including 
pseudo-first-order, pseudo-second-order, Elovich, film diffusion, and intraparticle diffusion models. To evaluate the adsorption 
equilibrium data, various isotherm models such as Freundlich, Temkin, Dubinin-Radushkevich, and Langmuir were utilized. Addi
tionally, thermodynamic and activation parameters were assessed. The study also investigated desorption of levofloxacin from 
antibiotic-loaded SGO and evaluated the recyclability of SGO as an adsorbent material to assess its economic feasibility for wastewater 
treatment applications.

2. Experimental

2.1. Chemicals

Graphite and levofloxacin were acquired from Sigma-Aldrich and used as received. Levofloxacin was dissolved in water to prepare 
a stock solution of 5 mmol/L. The entire investigation was conducted using deionized water. All other chemicals used in this study 
were analytical grade.

Fig. 1. Chemical structure of levofloxacin.
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2.2. Synthesis and characterization of sulfonated graphene oxide (SGO)

SGO was synthesized from graphite flakes using the Improved Hummers’ method with a slight modification [56]. In summary, 
graphite flake (3.0 g) was slowly combined with a mixture of sulfuric acid (18.4 mol/L, 360 mL) and phosphoric acid (14.6 mol/L, 40 
mL) after stirring for 30 min. Under continuous magnetic stirring at 30 ◦C, 18.0 g of solid KMnO4 was steadily introduced into the 
mixture. Ice water (400 mL) was introduced to the mixture after stirring for 24 h. Hydrogen peroxide (9.8 mol/L, 3 mL) were added to 
the mixture. A spontaneous sedimentation process was employed to separate the product from the mixture. The solid product un
derwent sequential washing with HCl (7.7 mol/L), water, ethanol, and ether. The obtained material was dried in an oven at 60 ◦C.

The FTIR spectrum of SGO and levofloxacin-loaded SGO was measured in KBr at wavenumbers between 400 and 4000 cm− 1 using a 
Shimadzu IRPrestige-21 FTIR Spectrophotometer. SEM imaging and EDX analysis of SGO before and after levofloxacin adsorption 
were conducted with an Oxford EDS/EBSD system integrated with a Thermo Fisher Helio G4 Xe plasma FIB/SEM system. The 
accelerating voltage used for acquiring SEM images and EDX data was 20 kV.

2.3. Adsorption and desorption experiments

Adsorption experiment was conducted in batch mood in a 125 mL stoppered bottle containing 10 mg of SGO in 50 mL of aqueous 
levofloxacin solution (50 μmol/L) [57]. The pH of the levofloxacin solution was adjusted to 4.0 using either 0.1 mol/L HCl or NaOH 
solution, with the assistance of a digital pH meter (HACH, HQ11D). A temperature-controlled mechanical shaker was used to agitate 
the mixtures at 150 rpm for 240 min at room temperature (25 ◦C) in order to achieve equilibrium. Each sample container was tightly 
sealed to prevent water evaporation at elevated temperatures. In order to separate the adsorbent material from the mixtures after a 
predetermined period, the samples were centrifuged at 9000 rpm for 1 min using a Flexpin Benchtop Centrifuge, LC 200, Japan. 
Levofloxacin concentration in the upper portion of the solution was determined utilizing a spectrophotometer (Shimadzu UV-1900i, 
Shimadzu, Japan) at λmax: 292 nm (pH 2–6) and 289 nm (pH 7–11). The levofloxacin exhibited an estimated molar absorptivity of 26.0 
× 103 L/mol.cm at 292 nm and 25.0 × 103 L/mol.cm at 289 nm in aqueous medium. The adsorption capacity of levofloxacin onto SGO 
at time t, qt (μmol/g) was estimated utilizing the following formula [57]: 

qt =
(C0 − Ct)

m
× V (1) 

where, C0 (μmol/L) denotes the initial concentration of levofloxacin at zero time and Ct (μmol/L) denotes the concentration of lev
ofloxacin at time t; V (L) represents the solution volume and m (g) represents the mass of SGO. The adsorption kinetics of levofloxacin 
onto SGO were also investigated varying solution pHs (2–11), dosages of SGO (0.003–0.02 g), levofloxacin concentrations (10–100 
μmol/L), cations (Na+, K+, Mg2+, and Ca2+), and temperatures (25, 30, 35, and 40 ◦C), respectively.

The equilibrium adsorption of levofloxacin onto SGO was performed in an aqueous solution with a pH of 4 at different temperatures 
(25, 30, 35, and 40 ◦C). The adsorption capacity of SGO, qe (μmol/g), and the percentage of antibiotic removal at equilibrium were 
determined using the following equations [57]: 

qe =
(C0 − Ce)

m
× V (2) 

Levofloxacin removal (%)=
(C0 − Ce)

C0
× 100 (3) 

where the variable Ce (μmol/L) represents the equilibrium concentration of levofloxacin; C0, V, and m have the identical significance as 
previously stated.

The desorption kinetics of levofloxacin from levofloxacin-loaded SGO were investigated in a solution containing 1 mol/L HCl in 
dimethylformamide (DMF). Initially, levofloxacin was loaded onto SGO under optimal adsorption conditions. The SGO loaded with 
levofloxacin was isolated from the adsorption medium by centrifugation at 9000 rpm and cleaned with water. After being thoroughly 
dried at 60 ◦C in an oven, the levofloxacin-loaded SGO was used for a desorption experiment. For the desorption study, 10 mg of 
levofloxacin-loaded SGO was dispersed in a 50 mL solution of acidic DMF, and the mixture was agitated on a mechanical shaker until 
equilibrium desorption was achieved. The quantity of desorbed levofloxacin in the acidic DMF solution was measured using a UV–Vis 
spectrophotometer. The regenerated SGO was carefully purified with deionized water until it reached a neutral pH. It was then dried at 
100 ◦C, weighed, and reused in subsequent adsorption experiments. This regeneration and reuse process was repeated up to five cycles. 
In this study, all experimental data are presented as the average of two measurements.

2.4. Error analysis

Root-mean-square error (RMSE) is a commonly used statistical technique for evaluating the disparity between the predicted values 
of experimental and model (kinetic and isotherm) data [58]. In the present investigation, the suitability of the implemented theoretical 
models was assessed utilizing the following formula, 

C.K. Shaha et al.                                                                                                                                                                                                       Heliyon 10 (2024) e40319 

3 



RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N − p

∑N

i=1

(
qexp− qcal

)2

√
√
√
√ (4) 

The variable qexp represents the experimental response value, while qcal represents the model predicted response value. The 
parameter of kinetic or isotherm models is denoted by p, while N represents the number of experimental trials.

3. Results and discussion

3.1. Implications of contact time

The effect of contact time on the adsorption kinetics of levofloxacin (50 μmol/L) onto SGO was examined in an aqueous envi
ronment at pH 4.0 and 25 ◦C. The results of varying contact time are shown in Fig. 2. Fig. 2a displays the typical UV–visible absorption 
spectra of levofloxacin during its adsorption onto SGO in an aqueous medium. As contact time increased, the absorbance value of 
levofloxacin at 292 nm steadily decreased. The adsorption process was rapid during the first 30 min (Fig. 2b) and then slowed down, 
eventually reaching equilibrium at 60 min. The initial rapid adsorption of levofloxacin onto SGO is presumably the result of elec
trostatic interactions between the two [55,59]. Once the surface of SGO became saturated with the antibiotic, levofloxacin molecules 
began to diffuse into the pores of SGO, causing the adsorption rate to gradually decrease. Similar observations were noted for the 
adsorption of sparfloxacin onto SGO [55] and cefixime onto chitosan [57] in aqueous solutions. For further studies, a contact period of 
240 min was chosen to ensure complete adsorption equilibrium.

3.2. Implications of solution pH

The uptake of levofloxacin by SGO is significantly influenced by the solution pH, as it governs both the surface charge of SGO and 
the ionization states of levofloxacin molecules in the aqueous solution. SGO exhibits a negative surface charge in aqueous solution 
when the pH exceeds its pHPZC value of 2.5 [55]. Levofloxacin possesses two distinct acid dissociation constants (pKa1 = 5.59 and pKa2 
= 7.94), allowing it to adopt various configurations—cationic (pH < pKa1), anionic (pH > pKa2), or neutral (pKa1 < pH < pKa2)— 
depending on the solution pH [60]. Thus, the ionization states of levofloxacin and SGO in an aqueous solution are markedly influenced 
by pH. Fig. 3 depicts the influence of solution pH, ranging from 2 to 11, on the adsorption of levofloxacin with SGO. The pH inves
tigation revealed that the qe value increased as the solution’s pH increased from 2 to 3, remained constant until reaching pH 6, and 
thereafter decreased significantly for pH values exceeding 6. The highest quantity of levofloxacin adsorbed onto SGO was measured to 
be 232.5 μmol/g at a solution pH of 4.0. The low adsorption capacity at pH 2 may be ascribed to an electrostatic repulsion between the 
positively charged SGO surface (pH < pHPZC) and the protonated levofloxacin molecules (pH < pKa1). In a strongly acidic adsorption 
medium, the competition between H+ ions and levofloxacin molecules for binding sites on the SGO surface may restrict the qe value of 
SGO [61]. The decrease in qe value at higher pH levels can be attributed to two main factors: firstly, the repulsion between depro
tonated levofloxacin molecules (pH > pKa2) and the negatively charged SGO surface (pH > pHPZC), and secondly, the competition 
between OH− ions and deprotonated levofloxacin molecules for surface binding sites on the SGO [55]. Similar results were noted when 
sparfloxacin was adsorbed onto SGO [55] and mGOCP [61], and when cefixime was adsorbed onto chitosan [57] in aqueous solutions. 
Consequently, the subsequent experiments were carried out in aqueous solution with a pH of 4.0.

Fig. 2. (a) Typical changes in UV–visible absorption spectra of levofloxacin at various time intervals during adsorption onto SGO in aqueous so
lution at 25 ◦C. The spectra were taken at 0, 2, 6, 10, 15, 30, 45, 60, 90, 120, 180, and 240 min, respectively ([Levofloxacin]0: 50 μmol/L; solution 
volume: 0.05 L; pH 4.0; SGO: 0.01 g). (b) The variations in the adsorption capacity (qt) of levofloxacin onto SGO as a function of contact time, t, in 
aqueous solution at 25 ◦C. The solid line represents the adsorption kinetic traces modeled using the pseudo-second-order equation (Eq. 7) and the 
corresponding qe(cal) and k2 values found in Table 1.
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3.3. The impact of dosage

To examine the impact of adsorbent dosage, the extent of levofloxacin adsorption was evaluated by varying the amount of SGO 
from 3 to 20 mg in an aqueous solution at pH 4.0. Fig. 4 shows that the proportion of levofloxacin removal increased from 69.88 % to 
93.23 % as the adsorbent dosage was increased from 3 to 20 mg, while keeping other adsorption parameters constant. This can be 
attributed to the increase in available adsorption sites and the subsequent expansion of the surface area of SGO. Conversely, there was a 
significant decrease in the adsorption capacity (qe) from 575.64 to 115.19 μmol/g as the amount of SGO increased (Fig. 4). As the 
adsorption capacity (qe) is inversely proportional to adsorbent mass (m), an increase in adsorbent mass leads to a decrease in qe values. 
Similar results were observed in comparable experiments where sparfloxacin was adsorbed onto SGO [55], and sawdust treated with 
hexadecylpyridinium bromide and the marine alga Porphyra yezoensis Ueda were used to extract the dyes allura red AC [62] and Congo 
red [63] from aqueous solutions, respectively.

3.4. Effects of concentration of levofloxacin

To explore the kinetics of adsorption, the adsorption capacity was evaluated by altering the antibiotic concentration in the solution, 
ranging from 10 to 100 μmol/L. Fig. 5 illustrates the relationship between the adsorption of levofloxacin onto SGO (qt, μmol/g) and the 
interaction time (t, min) at various concentrations of levofloxacin. With an increase in the concentration of levofloxacin, both the 
initial adsorption rate (h, μmol/g min) and the quantity of antibiotic adsorption onto SGO (qe, μmol/g) were increased. As depicted in 
Fig. 5, the qe value increased from 39.42 to 388.27 μmol/g when the concentration of levofloxacin increased from 10 to 100 μmol/L. 
The findings indicate that the antibiotic concentration in the adsorption medium serves as a critical driving force, overcoming any 
resistance to mass transfer between the adsorbate and the adsorbent, thus facilitating the adsorption process [64]. Similar results were 
also observed when sparfloxacin was adsorbed onto SGO [55], and when cefixime [57], remazol brilliant violet (RBV) [65], and 
reactive black 5 (RB5) [66] were removed from aqueous solutions using chitosan.

3.5. The impact of salts

The impact of inorganic salts on the adsorptive removal of levofloxacin was investigated by the addition of 0.1 mol/L of Na2SO4, 
K2SO4, CaSO4, and MgSO4 salts successively in adsorption medium. As illustrated in Fig. 6, the presence of inorganic ions in the 

Fig. 3. The impact of solution pH on levofloxacin uptake onto SGO ([Levofloxacin]0: 50 μmol/L; solution volume: 0.05 L; SGO: 0.010 g; pH: 2–11; 
temperature: 25 ◦C).

Fig. 4. The changes in the equilibrium adsorption capacity (qe: □) and the removal percentage (%: ) of levofloxacin onto SGO were investigated 
using different amounts of SGO in an aqueous medium ([Levofloxacin]0: 50 μmol/L; solution volume: 0.05 L; SGO: 0.003–0.020 g, pH: 4.0, tem
perature: 25 ◦C).
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levofloxacin solution (pH 4.0) hinders the absorption capacity of SGO [67]. The inhibition of levofloxacin adsorption onto SGO in 
aqueous solution by metal ions follows the order: Ca2+ > Mg2+ > K+ > Na+. This may be due to the aggregation of SGO in solution 
induced by the presence of inorganic ions in the solution. The metal ions induce the aggregation of GO in aqueous solution in the 
following order: Ca2+ > Mg2+ > K+ > Na + [68]. Given the significant impact of metal ions on the adsorption process, it is plausible 
that levofloxacin is adsorbed onto SGO through a mechanism involving electrostatic outer sphere adsorption. Similar results were 
observed with the adsorption of sparfloxacin onto SGO in an aqueous solution [55].

Fig. 5. The relationship between adsorption capacity (qt) of levofloxacin onto SGO and contact time (t) at various concentrations of levofloxacin in 
aqueous solution. (Solution volume: 0.05 L; SGO: 0.010 g; temperature: 25 ◦C; pH: 4.0; [Levofloxacin]0: Δ: 10 μmol/L; ▴: 25 μmol/L; □: 50 μmol/L; 
■: 75 μmol/L; ○: 100 μmol/L). Equation (7) was utilized to numerically simulate each line, with the values of qe(cal) and k2 being provided in Table 1.

Fig. 6. Variations in the equilibrium adsorption capacity (qe) of levofloxacin onto SGO in an aqueous solution containing different inorganic ions. 
([Levofloxacin]0: 50 μmol/L, solution volume: 0.05 L, SGO: 0.010 g, pH: 4.0, temperature: 25 ◦C).

Fig. 7. The variation in the adsorption capacity of levofloxacin (qt) onto SGO with contact time (t) in aqueous solution (pH 4.0) at distinct tem
perature conditions ([Levofloxacin]0: 50 μmol/L; solution volume: 0.05 L; SGO: 0.010 g; Temperature: □: 25 ◦C; ■: 30 ◦C; ○: 35 ◦C; ●: 40 ◦C, 
respectively). Equation (7) was employed to simulate each line, with the qe(cal) and k2 values listed in Table 1.
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3.6. The implications of temperature

Study of the temperature effect is essential for the design of all bulk experiments. Adsorption of levofloxacin onto SGO was con
ducted at varying temperatures. The effects of temperature are illustrated in Fig. 7. The initial adsorption rate of levofloxacin, h (μmol/ 
g min), increased from 38.02 μmol/g min to 71.43 μmol/g min with rising solution temperature from 25 ◦C to 40 ◦C (Table 1). This 
phenomenon may be attributed to the high dispersion of SGO in aqueous solutions at elevated temperatures. The equilibrium uptake 
capacity, qe (μmol/g), of levofloxacin increased from 225.96 to 243.08 μmol/g with rising temperature from 25 ◦C to 40 ◦C. This 
occurrence might be ascribed to either an increase in the number of active binding sites accessible on the SGO surface or an 
enhancement in the diffusion rate of levofloxacin [67]. It is well known that the diffusion rate of adsorbate molecules across the surface 
layer and into the inner cavities of the adsorbent accelerates with increasing solution temperature. Similar observations were pre
viously reported for the adsorption of sparfloxacin onto SGO [55], as well as for the adsorption of RB5 [66], VO(tpps) [69], and Zn 
(tpps) [70] molecules onto chitosan in aqueous solutions.

3.7. Kinetic simulation

The adsorption kinetics and mechanism of levofloxacin onto SGO were assessed employing the pseudo-first-order [71], 
pseudo-second-order [72], Elovich [73], film diffusion [74] and intraparticle diffusion [75] models, respectively. The linear equation 
representing the pseudo-first-order kinetic model can be expressed as follows: 

log (qe − qt)= log qe −
k1

2.0303
t (5) 

In this context, k1 (1/min) denotes the rate constant for the pseudo-first-order kinetic model, which can be determined by utilizing the 
slope of a linear plot of log(qe – qt) versus t.

The linear and nonlinear forms of pseudo-second-order kinetic model are represented by the subsequent formulas: 

t
qt
=

1
k2q2

e
+

1
qe

t (6) 

qt =
k2q2

e t
(1 + k2qet)

(7) 

In this context, k2 (g/μmol min) represents the adsorption rate constant for the pseudo-second-order kinetic model. Using the intercept 
and slope of a plot t

qt 
versus t, the values of k2 and qe were computed. The initial uptake rate, h (μmol/g min), was estimated by the 

following equation: 

Table 1 
Summary of kinetic parameters of adsorption process at various levofloxacin concentrations and solution temperatures.

Parameters [Levofloxacin]0 (μmol/L) Temperature (◦C)

10 25 50 75 100 25 30 35 40

qe(exp) (μmol/g) 39.42 112.50 225.96 312.89 388.27 225.96 232.31 236.54 243.08
Pseudo-First-Order Kinetic Model ​

k1 × 10 − 3 (1/min) 23.30 27.50 37.40 33.50 30.40 37.40 38.60 37.60 37.50
qe(cal) (μmol/g) 24.31 36.78 119.46 169.03 158.95 119.46 111.94 101.93 91.63
R2 ​ 0.9891 0.9233 0.9851 0.9832 0.9577 0.9851 0.9755 0.9753 0.9729
RMSE ​ 16.52 80.69 113.08 151.84 242.58 113.08 127.93 144.45 162.60

Pseudo-Second-Order Kinetic Model
k2 × 10 − 3 (g/μmol min) 2.24 2.06 0.70 0.46 0.50 0.70 0.84 0.98 1.14
h (μmol/g min) 3.80 27.25 38.02 47.62 80.65 38.02 47.85 58.48 71.43
qe(cal) (μmol/g) 41.15 114.94 232.56 322.58 400.00 232.56 238.10 243.90 250.00
R2 ​ 0.9996 0.9999 0.9997 0.9998 0.9999 0.9997 0.9999 0.9999 0.9999
RMSE ​ 1.07 4.02 6.82 8.66 10.02 6.82 5.54 4.58 5.28

Elovich Kinetic Model
α × 103 (μmol/g min) 0.013 0.162 0.132 0.168 0.482 0.13 0.23 0.45 0.98
β × 10 − 3 (g/μmol) 145.89 62.24 26.57 19.17 17.92 26.57 28.59 31.26 33.92
R2 ​ 0.9817 0.8320 0.9058 0.9385 0.9291 0.9058 0.9062 0.8982 0.8957
RMSE ​ 1.49 11.48 19.30 21.23 24.51 19.30 17.89 17.12 15.99

Activation Parameters
Ea (kJ/mol) ​ ​ ​ ​ ​ 24.98 ​ ​ ​
R2 ​ ​ ​ ​ ​ ​ 0.9988 ​ ​ ​
ΔG‡ (kJ/mol) ​ ​ ​ ​ ​ 56.72 57.30 57.87 58.45
ΔH‡ (kJ/mol) ​ ​ ​ ​ ​ 22.45
ΔS‡ (J/mol K) ​ ​ ​ ​ − 115.03
R2 ​ ​ ​ ​ ​ ​ 0.9985
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h= k2q2
e (8) 

The equation of Elovich kinetic model is represented as follows: 

qt =
1
β

ln(αβ) +
1
β

ln t (9) 

The variables α (mol/g min) and β (g/μmol) represent the initial rate of levofloxacin adsorption and the extent of surface coverage 
along with activation energy, respectively. The values of α and β were estimated using the plot of qt versus lnt.

Table 1 displays the adsorption parameter values obtained from the fitted kinetic models. The R2 values obtained from the pseudo- 
second-order kinetic model (≥0.9996) were markedly higher compared to those of the pseudo-first-order (≤0.9891) and Elovich 
(≤0.9817) kinetic models. The experimental qe(exp) values showed a high degree of agreement with the calculated qe(cal) values ob
tained from the pseudo-second-order kinetic model (Table 1). Furthermore, the RMSE values for the pseudo-second-order kinetic 
model (1.07–10.02) were significantly lower compared to those of the pseudo-first-order model (16.52–242.58) and the Elovich model 
(1.49–24.51). These results indicate that the kinetic data of levofloxacin adsorption onto SGO were accurately described by the pseudo- 
second-order kinetic model. Similar phenomena were observed in the adsorption of sparfloxacin onto SGO [55] and cefixime onto 
chitosan [57] in aqueous solutions.

The mathematical representation of the film diffusion model can be expressed by the following formula: 

ln(1 − F)= − kfdt (10) 

F=
qt

q∞
(11) 

where kfd (1/min) denotes the rate constant of the film diffusion model, F represents the degree of attainment towards equilibrium, and 
qꝏ (μmol/g) represents the amount of levofloxacin adsorbed after infinite time. The value of kfd was determined from the ln(1-F) vs. t 
plot. Detailed results are provided in Table 2.

The intraparticle diffusion model is often utilized to describe the process of solute transport within porous materials. The equation 
representing this model is typically expressed as: 

qt = kidt0.5 + I (12) 

where, kid (μmol/g min0.5) represents the rate at which solute molecules diffuse into the interior of the adsorbent particles and I (μmol/ 
g) is associated to the thickness of boundary layer. As depicted by the multilinearity observed in the qt versus t0.5 plots in Fig. 8, the 
adsorption of levofloxacin proceeds through three distinct phases. Initially, levofloxacin molecules are transported from the liquid 
phase to the surface of SGO via diffusion across a boundary layer. Subsequently, internal diffusion takes place in the second and third 
phases, where levofloxacin molecules penetrate into the capillaries of SGO from its external surface [76]. The diffusion rates (kid1, kid2, 
and kid3) were calculated based on the slopes of the respective lines in Fig. 8. The values for kid1 are higher than those for kid2 and kid3 
(Table 2), indicating that levofloxacin was rapidly adsorbed onto the external surface of SGO. These three linear segments collectively 
indicate that the sorption of levofloxacin onto SGO involves both surface sorption and intraparticle diffusion mechanisms. Addi
tionally, since the values of I are non-zero (Table 2), it can be assumed that intraparticle diffusion is not the sole rate-controlling step. 
Previously, it was noted that the adsorption of levofloxacin onto FXM [37], sparfloxacin onto SGO [55], and methylene blue dye onto 
reduced graphene oxide (rGO) [77] in aqueous media occurred through multiple stages with varying adsorption rates.

Table 2 
Estimated values of the diffusion parameters of levofloxacin adsorption onto SGO in aqueous solution.

Parameters [Levofloxacin]0 (μmol/L) Temperature (◦C)

10 25 50 75 100 25 30 35 40

Film Diffusion Model
kfd × 10 − 3 (min− 1) 23.50 27.50 37.40 37.10 30.40 37.40 38.60 37.60 37.50
R2 0.9900 0.9233 0.9851 0.9851 0.9577 0.9851 0.9755 0.9753 0.9729

Intraparticle Diffusion Model
kid1 (μmol/g min0.5) 7.80 33.46 55.58 55.19 69.46 55.58 52.57 53.18 49.35
I1 (μmol/g) − 3.34 − 19.45 − 32.72 2.28 33.36 − 32.72 − 9.77 4.11 28.07
R2 0.9855 0.9908 0.9950 0.9990 0.9988 0.9950 0.9933 0.9990 0.9991
kid2 (μmol/g min0.5) 2.44 3.71 11.85 21.32 22.00 11.85 11.28 9.93 8.69
I2 (μmol/g) 14.45 80.34 125.85 137.22 208.46 125.85 137.33 151.82 167.91
R2 0.9441 0.8460 0.9615 0.9330 0.9519 0.9615 0.9690 0.9750 0.9677
kid3 (μmol/g min0.5) 0.5 0.49 0.47 1.05 1.19 0.74 0.42 0.52 0.34
I3 (μmol/g) 32.06 105.17 219.10 297.39 370.54 219.10 226.25 229.01 238.13
R2 0.9064 0.8158 0.8736 0.8421 0.8705 0.8736 0.6859 0.6485 0.7299
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3.8. Activation parameters

Utilizing the k2 values presented in Table 1, the activation energy for levofloxacin absorption onto SGO was computed. The 
activation energy (Ea) was estimated utilizing the formula given below [55]: 

Fig. 8. Characteristic plots of qt versus t0.5 for the adsorption of levofloxacin onto SGO at different concentrations of levofloxacin (solution volume: 
0.05 L; SGO: 0.010 g; temperature: 25 ◦C; pH: 4.0; ([Levofloxacin]0: Δ: 10 μmol/L; ▴: 25 μmol/L; □: 50 μmol/L; ■: 75 μmol/L; ○: 100 μmol/L).

Fig. 9. Illustrates the equilibrium adsorption isotherm of levofloxacin onto SGO in aqueous solution (pH 4.0) at different temperatures (a) □: 25 ◦C; 
(b) ■: 30 ◦C; (c) ○: 35 ◦C; and (d) ●: 40 ◦C ([Levofloxacin]0: 50–1000 μmol/L; solution volume: 0.05 L; SGO: 0.010 g). The Freundlich (…), Tempkin 
(—), Dubinin-Radushkevich (.-.-), and Langmuir isotherm (‒‒) equations and the values of isotherm constants (Table 3) were employed to simulate 
all lines.
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ln k2 = −
Ea

RT
+ constant (13) 

In this context, R signifies the universal gas constant with a value of 8.314 J/mol K. The activation energy (Ea) was determined to be 
24.98 kJ/mol (Table 1) through calculation based on a plot of lnk2 versus 1/T, yielding a coefficient of determination (R2: 0.9988). The 
Ea value characterizes the relationship between the adsorbent and the adsorbate. The Ea values for physisorption and chemisorption 
are 5–40 kJ/mol and 40–800 kJ/mol, respectively. Therefore, the estimated Ea value (24.98 kJ/mol) suggests that the adsorption of 
levofloxacin onto SGO is predominantly a physisorption process, similar to the adsorption of sparfloxacin onto SGO in aqueous solution 
[55].

The changes in the enthalpy of activation (ΔH‡), entropy of activation (ΔS‡), and Gibbs free energy of activation (ΔG‡) for levo
floxacin absorption onto SGO were computed utilizing the following formulas [55]: 

ln
(

k2

T

)

= −
ΔH‡

RT
+ ln

kB

hP
+

ΔS‡

R
(14) 

ΔG‡ =ΔH‡ − TΔS‡ (15) 

In this context, k2 (g/mol min) represents a rate constant of pseudo-second-order kinetic model, R stands for the universal gas constant 
(8.314 J/mol K), T denotes temperature in kelvins. hP symbolizes the Planck constant (6.626 × 10− 34 Js), and kB represents the 
Boltzmann constant (1.381 × 10− 23 J/K). The values of ΔH‡ (22.45 kJ/mol; Table 1) and ΔS‡ (− 115.03 J/mol K; Table 1) were ob
tained by analyzing the slope and y-intercept of the graph plotting ln(k2/T) versus 1/T (R2 = 0.9985). The negative value of ΔS‡

(− 115.03 J/mol K) indicates that the levofloxacin molecules exhibited greater orderliness in the activated state and at the interface 
compared to the bulk solution phase [78]. Similar results were observed during the adsorptive removal of sparfloxacin by SGO and 
reactive red 239 dye by chitosan 8B in aqueous solutions [55,79]. The calculate ΔG‡ values at 25, 30, 35, and 40 ◦C were computed to 
be 56.72, 57.30, 57.87 and 58.45 kJ/mol (Table 1), respectively. The positive values of ΔG indicate the presence of an energy barrier 
throughout the adsorption process. Comparable results were noted when sparfloxacin was adsorbed onto SGO and when reactive 
yellow 145 was adsorbed onto chitosan in aqueous environments [55,74].

3.9. Adsorption isotherm

Isotherm studies provide insights into the adsorption capacity and affinity between the adsorbent and adsorbate. In order to 
elucidate the adsorption mechanism, the experimental isotherm data were assessed utilizing common isotherm equations. Fig. 9 il
lustrates the relationship between qe and Ce at various solution temperatures. The increase in the qe value with increasing solution 
temperature (Fig. 9a–d) indicates that the adsorption of levofloxacin is an endothermic process, similar to the findings observed in the 
adsorption of sparfloxacin onto SGO [55].

The experimental isotherm data acquired at various temperatures were interpreted using Freundlich [80], Temkin [81], Dubi
nin–Radushkevich [82] and Langmuir [83] isotherm equations. The linear and non-linear versions of the isotherm equations are listed 
below.

Freundlich model: 

Nonlinear form qe =KFC
1
n
e (16) 

Linear form ln qe =
1
n

ln Ce + ln KF (17) 

Temkin model: 

Nonlinear form qe =
RT
b

ln(KTCe) (18) 

Linear form qe =
RT
b

ln KT +
RT
b

ln Ce (19) 

Dubinin-Radushkevich model: 

Nonlinear form qe = qDR exp
(
− KDRε2) (20) 

Linear form lnqe = lnqDR − KDRε2 (21) 

ε=RT ln
(

1 −
1
Ce

)

(22) 

E=
1

(2KDR)
0.5 (23) 
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Langmuir model: 

Nonlinear form qe =
KLCe

(1 + aLCe)
(24) 

Linear form
Ce

qe
=

1
KL

+
aL

KL
Ce (25) 

where Ce (μmol/L) represents the equilibrium concentration of levofloxacin in solution, qe (μmol/g) represents the adsorbed quantity 
of levofloxacin per unit weight of SGO at equilibrium, KF ((μmol/g) (μmol/L)− 1/n) and n are Freundlich constants associated with 
adsorption capacity and adsorption intensity, respectively [76]. KT (μmol/L) denotes Temkin constant, b (J/mol) is a constant asso
ciated with heat of adsorption. ε denotes polanyi potential, E presents mean adsorption energy, KDR denotes Dubinin-Radushkevich 
constant and qDR is the maximum adsorption capacity. KL (L/g) and aL(L/μmol) are the Langmuir adsorption constants. The KL/aL 
ratio represents the capacity for maximal levofloxacin uptake, qm (μmol/g). T and R carry the identical significance as stated previ
ously. The isotherm constants were calculated using linear isotherm equations (figures not shown).

Table 3 presents the isotherm parameter values. The KF values showed a positive correlation with increasing temperatures from 25 
to 40 ◦C, indicating that levofloxacin uptake is an endothermic process. The n values were 3.27, 3.45, 3.72, and 3.80 at temperatures of 
25, 30, 35, and 40 ◦C, respectively, suggesting a favorable adsorption process [55]. The KT values (1.17 μmol/L, 1.33 μmol/L, 1.53 
μmol/L, and 1.66 μmol/L) and b values (12.79 J/mol, 13.22 J/mol, 13.66 J/mol, and 13.98 J/mol) were determined at 25, 30, 35, and 
40 ◦C, respectively, from the intercepts and slopes of the qe vs. lnCe plots (figure not provided). These b values confirmed that levo
floxacin adsorption onto SGO was endothermic [55]. According to the Dubinin-Radushkevich model, the calculated E values were 
0.71 kJ/mol, 1.12 kJ/mol, 2.89 kJ/mol, and 3.54 kJ/mol at 25, 30, 35, and 40 ◦C, respectively, indicating that levofloxacin adsorption 
onto SGO is primarily a physical adsorption process [55,62,65]. Comparing the RMSE and R2 values (Table 3) from the Freundlich, 
Temkin, Dubinin-Radushkevich, and Langmuir models, it was concluded that the experimental isotherm data fit well with the 
Langmuir model. Furthermore, the experimental adsorption equilibrium data were compared to the isotherm data calculated using the 
Freundlich, Tempkin, Dubinin-Radushkevich, and Langmuir models (Fig. 9a–d). The characteristics of the observed adsorption 
isotherm data were accurately replicated by the simulated data from the Langmuir model, as illustrated in Fig. 9a–d. This supports the 
conclusion that the Langmuir equation effectively describes all the isotherm data. As shown in Table 3, the values of aL and KL 
increased as the solution temperature rose from 25 to 40 ◦C. These results suggest that the interaction between SGO and levofloxacin is 
likely an endothermic process [55]. The maximum uptake capacity (qm) of levofloxacin on SGO was determined to be 1250 μmol/g at 
25 ◦C using the Langmuir equation. Similar findings were observed in the adsorptive removal of sparfloxacin using SGO [55], as well as 
in the removal of Allura Red AC from aqueous solutions using sawdust treated with hexadecylpyridinium bromide [62].

Table 3 
Isotherm and thermodynamic parameters for the adsorption of levofloxacin onto SGO at various temperatures.

Parameters Temperatures (K)

298 303 308 313

Freundlich Isotherm Model
KF ((μmol/g) (μmol/L)− 1/n) 199.70 220.77 250.81 261.91
n 3.27 3.45 3.72 3.80
R2 0.9144 0.9279 0.9441 0.9469
RMSE 175.07 166.01 153.38 152.23

Temkin Isotherm Model
KT (μmol/L) 1.17 1.33 1.53 1.66
b (J/mol) 12.79 13.22 13.66 13.98
R2 0.9567 0.9598 0.9616 0.9643
RMSE 88.67 85.66 83.93 81.30

Dubinin-Radushkevich Isotherm Model
qDR (μmol/g) 884.30 888.38 889.63 896.95

K × 10 − 6 (J2/mol2) 1.00 0.40 0.06 0.04
E (kJ/mol) 0.71 1.12 2.89 3.54
R2 0.6459 0.6457 0.6367 0.6456
RMSE 306.36 319.47 389.09 473.04

Langmuir Isotherm Model
KL (L/g) 62.89 68.03 72.46 75.76
aL × 10 − 3 (L/μmol) 50.31 54.42 57.97 60.61
qm (μmol/g) 1250.00 1250.00 1250.00 1250.00
R2 0.9996 0.9996 0.9996 0.9997
RMSE 58.49 57.43 58.96 56.61

Thermodynamic Study
ΔG (kJ/mol) − 26.82 − 27.47 − 28.09 − 28.66
ΔH (kJ/mol) 9.66
ΔS (J/mol K) 122.47
R2 0.9885
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Table 4 provides a comparative analysis of levofloxacin adsorption capacities between SGO and other adsorbents reported in the 
literature. SGO demonstrated a higher adsorption capacity than other adsorbents, including chitosan-walnut shells composite [24], 
magnetite (Fe3O4) nanoparticles [33], graphene oxide [36], FXM hydrogel [37], granular activated carbon [38], cellulose nano
crystals/graphene oxide [39], graphene nanoplatelets [40], rice husk biochar [41], and multi-walled carbon nanotubes [42]. Thus, it is 
recommended to use SGO for the economical and efficient removal of levofloxacin from aqueous environments.

3.10. Confirmation of levofloxacin adsorption onto SGO by FTIR, SEM and EDX

Fig. 10 shows the FTIR spectra of SGO before and after loading with levofloxacin. The broad peak at 3406 cm− 1 for O‒H stretching 
in SGO (Fig. 10a) shifted by 56 cm− 1 to 3462 cm− 1 after loading with levofloxacin (Fig. 10b), indicating an interaction between the O‒ 
H group of SGO and levofloxacin molecules. The peak at 1734 cm− 1, attributed to the carboxylic C=O group of SGO (Fig. 10a), shifted 
by 18 cm− 1 to 1752 cm− 1 in levofloxacin-loaded SGO (Fig. 10b). The sharp peak at 1624 cm− 1 for C=C vibration in SGO (Fig. 10a) 
shifted to 1622 cm− 1 in levofloxacin-loaded SGO (Fig. 10b). Additionally, two new bands appeared at 1446 and 1396 cm− 1 in the 
spectrum of levofloxacin-loaded SGO (Fig. 10b). The peaks for C‒O‒C (1221 cm− 1), C‒O (1053 cm− 1), and S‒O (840 cm− 1) stretching 
vibrations in SGO (Fig. 10a) shifted to 1080, 975, and 827 cm− 1, respectively, after adsorption of levofloxacin onto SGO (Fig. 10b). The 
intensity of the characteristic SGO bands (O‒H and C=O) decreased, while the C=C band intensity increased due to the interaction 
between SGO and levofloxacin (Fig. 10b). Similar observations were previously reported for norfloxacin adsorption onto GO [84]. 
These results confirm that levofloxacin effectively adsorbed onto SGO.

SEM was used to investigate the morphological features of SGO before and after adsorption of levofloxacin molecules. Fig. 11
illustrates the SEM images of untreated SGO and levofloxacin-loaded SGO. Before treatment with levofloxacin, the surface of SGO was 
irregular, rough, crumpled, and porous (Fig. 11a). In contrast, the relatively uniform and smooth surface of levofloxacin-loaded SGO 
(Fig. 11b) indicates effective adsorption of levofloxacin onto SGO.

Fig. 12 shows the EDX elemental compositions of SGO before and after adsorption of levofloxacin. Prior to the antibiotic 
adsorption, carbon, oxygen, and sulfur were present on the surface of SGO, while fluorine was not detected (Fig. 12a). After levo
floxacin adsorption, the mass percentage of carbon on the surface of SGO increased, and fluorine was detected in the EDX spectrum of 
levofloxacin-loaded SGO (Fig. 12b). These results confirm that levofloxacin successfully adsorbed onto the surfaces of SGO.

3.11. Thermodynamics

Thermodynamic parameters, including changes in Gibb’s free energy (ΔG, kJ/mol), enthalpy (ΔH, kJ/mol) and entropy (ΔS, J/mol 
K), were determined utilizing the subsequent equations [76]: 

ΔG= − RT ln aL (26) 

ln aL =
ΔS
R

−
ΔH
RT

(27) 

The variables aL, R, T, qe, and Ce retain the same definitions as mentioned earlier in this paper. Enthalpy (ΔH) and entropy (ΔS) 
changes during the adsorption process were calculated from the slope and intercept of the lnaL versus 1/T plot (R2 = 0.9885). The 
results of the thermodynamic studies are presented in Table 3. The positive ΔH value (9.66 kJ/mol) indicates that the adsorption 
process is endothermic. Conversely, the negative ΔG values (− 26.82 to − 28.66 kJ/mol) suggest that the process is feasible and 
spontaneous. The positive ΔS value (122.47 J/mol K) signifies that levofloxacin molecules have a strong affinity for the SGO surface 
and experience increased randomness during the adsorption process. Similar observations were noted for the adsorption of spar
floxacin onto SGO in aqueous solution [55].

3.12. Desorption and reuse of SGO

Desorption and reusability of an adsorbent are indispensable for the development of a batch adsorption process that is both cost- 

Table 4 
Comparison of the adsorption capacities of different adsorbents for removing levofloxacin from an aqueous environment.

Adsorbents pH Temperature (◦C) qm. (μmol/g) qm. (mg/g) References

Chitosan-walnut shells composite 7 25 20.56 7.43 [24]
Magnetite (Fe3O4) nanoparticles 7 25 62.18 22.47 [33]
Graphene Oxide (GO) 5.6 25 710.08 256.6 [36]
FXM hydrogel 6.5 25 522.12 188.68 [37]
Granular activated carbon 9 30 277.78 100.38 [38]
Cellulose nanocrystals/graphene oxide 4 20 137.59 49.72 [39]
Graphene nanoplatelets 5 25 29.44 10.64 [40]
Rice husk biochar 8 30 13.81 4.99 [41]
Multi-walled carbon nanotubes – – 1.70 0.613 [42]
SGO 4 25 1250.00 451.71 Present Study
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effective and efficient. To determine optimal conditions for desorbing levofloxacin from antibiotic-loaded SGO, several control 
desorption experiments were conducted: 

(i) levofloxacin-loaded SGO in deionized water (H2O);
(ii) levofloxacin-loaded SGO in methanol (MeOH);

(iii) levofloxacin-loaded SGO in ethanol (EtOH);

Fig. 10. FTIR spectra of SGO before (a) and after (b) adsorption of levofloxacin.

Fig. 11. SEM image of SGO before (a) and after (b) adsorption of levofloxacin.

Fig. 12. EDX elemental spectra of SGO before (a) and after (b) adsorption of levofloxacin.
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(iv) levofloxacin-loaded SGO in DMF;
(v) levofloxacin-loaded SGO in 1 mol/L HCl;

(vi) levofloxacin-loaded SGO in MeOH with 1 mol/L HCl;
(vii) levofloxacin-loaded SGO in EtOH with 1 mol/L HCl;

(viii) levofloxacin-loaded SGO in DMF with 1 mol/L HCl.

The progress of desorption was monitored using UV–vis spectroscopy by tracking the characteristic absorption peak of levofloxacin. 
The results, shown in Fig. 13, indicate the percentage of levofloxacin released from antibiotic-loaded SGO in various solvents over 240 
min: H2O (3.22 %), MeOH (2.38 %), EtOH (2.35 %), DMF (57.72 %), 1 mol/L HCl (39.32 %), 1 mol/L HCl in EtOH (36.63 %), 1 mol/L 
HCl in MeOH (58.55 %), and 1 mol/L HCl in DMF (99.82 %). These findings highlight that the most effective desorption occurred in 1 
mol/L HCl in DMF. Preliminary screening confirmed that both 1 mol/L HCl and DMF are necessary for complete levofloxacin release 
from antibiotic-loaded SGO.

Fig. 14 shows the typical adsorption-desorption kinetics and changes in the adsorption capacity of regenerated SGO. The adsorption 
experiment was conducted using a 50 μmol/L solution of levofloxacin at 25 ◦C and pH 4.0. Levofloxacin desorption from the 
levofloxacin-loaded SGO was studied in a DMF solution with 1 mol/L HCl. During the initial adsorption phase (Fig. 14a), the equi
librium adsorption capacity of levofloxacin was found to be 227.12 μmol/g. A rapid desorption rate was observed (Fig. 14a), with 
98.07 % of the loaded levofloxacin being released within 10 min. More than 99 % was released within 240 min. This could be due to 
the reduced electrostatic interaction between SGO and levofloxacin in the highly acidic DMF solution. Another reason might be the 
replacement of protonated levofloxacin molecules by hydronium ions (H3O+) in the acidic medium. Additionally, the methyl group 
(-CH3) of DMF has a strong affinity for the hydrophobic segment of SGO, while the carbonyl group (C=O) of DMF interacts with the 
hydrophilic segment, aiding the release of levofloxacin molecules [85,86]. After the desorption stage, levofloxacin was readsorbed, 
showing similar adsorption behavior as during the initial phase (Fig. 14a). Similar levels of levofloxacin adsorption were observed 
during subsequent adsorption phases. This indicates that the SGO adsorbent can be reused effectively for removing levofloxacin from 
aqueous solutions. In the initial, first, second, third, fourth, and fifth regeneration cycles, the qe values were 227.12, 226.26, 225.56, 
225.04, 220.94, and 216.88 μmol/g, respectively (Fig. 14b). The gradual decrease in adsorption capacity could be due to pore 
blockage, reduced availability of active sites, and adsorbent depletion after each cycle [87]. Similar results were seen in the adsorption 
of sparfloxacin onto SGO in aqueous solutions [55]. These findings suggest that SGO could be used as an effective adsorbent for 
removing levofloxacin from aquatic environments.

4. Conclusions

The aim of this study was to investigate the efficiency of SGO in adsorbing and removing levofloxacin from aqueous environments. 
The results indicate that the adsorption process is significantly affected by the solution pH. The quantity of levofloxacin adsorbed onto 
SGO increased as the contact time, levofloxacin concentration, and solution temperature increased. Kinetic and isotherm analyses 
suggest that the adsorption mechanism follows the pseudo-second-order kinetic model and the Langmuir isotherm model. The 
maximum adsorption capacity of levofloxacin onto SGO was found to be 1250 μmol/g in aqueous solutions at pH 4 and 25 ◦C. 
Thermodynamic studies (ΔH: 9.66 kJ/mol; ΔS: 122.47 J/mol.K; and ΔG: − 26.82 to − 28.66 kJ/mol) indicate that the adsorption of 
levofloxacin onto SGO is spontaneous and endothermic. The Ea value of 24.98 kJ/mol indicates that the adsorption process is char
acteristic of physisorption. The initial desorption rate was rapid, with 99.62 % of the loaded levofloxacin released from the antibiotic- 
loaded SGO in DMF containing 1 mol/L HCl within 240 min. Five to six adsorption-desorption cycles were conducted to evaluate the 
reusability of SGO. Based on the experimental and calculated results, it can be concluded that SGO has a promising adsorption capacity 
for removing levofloxacin from aquatic environments.

Fig. 13. Investigation of the desorption behavior of levofloxacin from levofloxacin-loaded SGO in different solvents.
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