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ARTICLE INFO ABSTRACT

Keywords: Pharmaceutical contamination poses a significant threat to global health. Due to their high sol-
Slﬂfonated‘ graphene oxide ubility in water, antibiotics are difficult to remove. This study produced and used sulfonated
S%arﬂo’fac‘“ graphene oxide (SGO) to adsorb sparfloxacin from aquatic environments. UV-Visible, Fourier
;j:;g:wn transform infrared (FTIR), X-ray diffraction (XRD), XPS, SEM, TEM, EDX, particle size, Ther-
Equilibrium mogravimetric analysis (TGA), and acid-base titration were used to characterize synthesized SGO
Thermodynamics particles. The BET technique determined SGO’s surface area (32.25 mz/g). The calculated pHpyzc

of SGO was 2.5. Sparfloxacin adsorption onto SGO was analyzed using adsorption duration,
medium pH, adsorbent dosages, antibiotic concentration, cations, and solution temperature. The
pseudo-second-order kinetic model better described experimental kinetic data than the pseudo-
first-order and Elovich models. Equilibrium isotherm data supported the Langmuir model,
revealing a peak absorption capacity of 1428.57 pmol/g at 25 °C. The kinetic and isotherm
models’ applicability was assessed using error analysis. A thermodynamic analysis revealed an
endothermic, spontaneous adsorption process with a change in entropy (AS) of 114.15 J/mol K
and enthalpy (AH) of 8.44 kJ/mol. A regeneration analysis showed that SGO adsorption effi-
ciency topped 86.4 % after five cycles.

1. Introduction

The investigation of bioactive contaminants in aquatic environments has gained significant attention owing to the potential
detrimental effects they may have on organisms. Antibiotics are a significant category of bioactive pollutants that infiltrate aquatic
environments through various pathways, including hospital effluents [1], pharmaceutical waste [2], therapeutic drug disposal [3], and
household waste [4]. Antibiotics are frequently detected in the following environments: surface water [5], groundwater [6], waste-
water treatment plants [7], soils [8], vegetation [9], crops [10], and animal-derived foods (including meat, eggs, milk, and fish)
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[11-14]. Antibiotic metabolites in aquatic environments have the potential to stimulate the development of antibiotic-resistant
bacteria, thereby diminishing the efficacy of treatments against pathogens that affect humans and animals [15]. Consequently, it is
essential to undertake the necessary measures to eliminate antibiotics from aquatic ecosystems.

The third largest class of antibiotics, fluoroquinolones, constituted 17 % of the antibiotic market in 2009 [16]. Approximately 70 %
of consumed fluoroquinolones are excreted from the organism in an unmetabolized state, where they enter aquatic environments [17].
These substances exhibit solubility in aqueous solutions across a broad pH spectrum because they contain multiple acidic or basic
functional groups (e.g., -COOH, -NH,, and ~OH) [18]. Sparfloxacin (Fig. 1), a prevalent broad-spectrum antibiotic belonging to the
fluoroquinolone group, is utilized extensively for antibacterial purposes in aquaculture, poultry, and livestock [19]. Sparfloxacin
molecules can persist for long periods in aquatic environments because of their stable structure [20]. A number of research studies have
documented the adsorptive elimination of sparfloxacin from an aqueous solution utilizing the following adsorbents: sodium dodecyl
sulfonate modified coordination polymer (CP/SDS) [21], calcium and cupric crosslinked alginate nanofibers (SA-Ca/Cu) [22],
Fe304/graphene oxide/citrus peel-derived bio-char-based nanocomposite (mGOCP) [23], and magnetic graphene oxide (GO@Fe304)
[24].

Activated carbon, carbon nanotubes, biochar, graphene, and graphene oxide, which are carbon-based adsorbents, have attracted
significant attention due to their modifiable surface functionality, increased specific surface area, and extensive pore volume. These
characteristics empower these materials to efficiently remove both organic and inorganic contaminants [25]. Graphene oxide (GO) is a
two-dimensional material consisting of carbon atoms arranged in a honeycomb lattice and oxygen functional groups attached to its
surface. GO exhibits high efficacy as an adsorbent for a wide range of contaminants, including antibiotics, owing to the multiplicity of
molecular bonds supported by its oxygen-rich functional groups (carboxyl, epoxy, hydroxyl, sulfonate) [26]. Additionally, GO com-
posites such as the FXM hydrogel (Fe(IIl)-tartaric acid/xanthan gum/graphene oxide/polyacrylamide), zinc oxide impregnated gra-
phene oxide/inulin (ZGI), and Zn(I)-impregnated chitosan/graphene oxide composite (Zn(II)-CS/GO) have demonstrated
considerable efficacy as adsorbents for the removal of a variety of fluoroquinolones, including levofloxacin, enrofloxacin, and cip-
rofloxacin, from aqueous solutions [27-29]. In recent years, sulfonated graphene oxide (SGO) has received considerable interest due to
its exceptional catalytic efficiency and considerable adsorption capacity [30-32]. SGO surfaces with charged functional groups can
interact electrostatically with oppositely charged molecules. SGO utilizes additional adsorption mechanisms, including hydrogen
bonding and 7n-m stacking interactions, in order to capture aromatic pollutants [30]. The ability to regenerate and reuse SGO for
numerous adsorption cycles makes it a financially viable and environmentally friendly substitute for antibiotic removal.

The objective of this study was to investigate the efficacy of SGO in the adsorptive removal of sparfloxacin from aqueous solution.
SGO was synthesized with a minor modification to Tour’s method [33]. It was characterized by using UV-Vis spectroscopy, Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Scanning electron micro-
scopy (SEM), Transmission electron microscopy (TEM), Energy dispersive X-ray (EDX), Particle size, Thermogravimetric analysis
(TGA), and acid-base titration techniques. The investigation of the adsorption behavior of sparfloxacin antibiotic onto SGO was
conducted using principles of kinetics, equilibrium isotherm, and thermodynamics. An experimental investigation was undertaken to
assess the impacts of different adsorption parameters, such as adsorption time, solution pH, adsorbent dose, sparfloxacin concen-
tration, and temperature of the solution. The equilibrium adsorption of sparfloxacin onto SGO was observed at various temperatures.
Several models were applied to analyze the kinetic data obtained from batch adsorption experiments; these models included
pseudo-first-order, pseudo-second-order, Elovich, film diffusion, and intra-particle diffusion. The Langmuir, Dubinin-Radushkevich,
Freundlich, and Temkin models were utilized to analyze the equilibrium adsorption isotherm data. Additionally, thermodynamic
and activation parameters were assessed. Desorption, regeneration, and reuse performances of SGO as an adsorbent were evaluated to
determine its economic viability.

OH

Fig. 1. Chemical structure of sparfloxacin.
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2. Experimental
2.1. Chemicals

Exclusively substances of analytical grade were utilized in this investigation. Sparfloxacin and graphite flake were both obtained
from Sigma-Aldrich and implemented in their original forms. A 5 mmol/L stock solution of sparfloxacin was formulated in dimethyl
formamide (DMF). In order to produce working sparfloxacin solutions, they were diluted with water. The entire investigation was
conducted using deionized water.

2.2. Sulfonated graphene oxide (SGO) synthesis

SGO was produced from graphite flake through a minor modification of the improved Hummers’ method [33]. Following this, a
solution consisting of 18.4 mol/L H2SO4 (360 mL) and 14.6 mol/L H3PO4 (40 mL) in a 9:1 (v/v) ratio was agitated for 30 min prior to
the gradual addition of graphite particle (3.0 g). At 30 °C, solid KMnO4 (18.0 g) was added to the solution gradually while agitating
continuously with a magnetic stirrer. Following 24 h of stirring, 400 mL of cold water was poured over the resulting mixture. A volume
of 3 mL of hydrogen peroxide (9.8 mol/L) was introduced into the mixture via dripping. The solid product was obtained through the
spontaneous sedimentation method from the mixture. The acquired solid product was systematically deionized using 7.7 mol/L HCI,
H50, ethanol, and ether. The solid product of SGO was desiccated in an oven at 60 °C for 12 h.

2.3. Characterization of SGO

The UV-Vis spectrum of SGO was obtained using a UV-1900i spectrophotometer manufactured by Shimadzu in Japan. The FTIR
spectrum of SGO was measured in KBr at wavenumbers between 400 and 4000 cm™! by utilizing a Shimadzu IRPrestige-21 FTIR
Spectrophotometer. To ascertain the designated surface area, the BET (Brunauer, Emmett, and Teller) method was implemented.

Utilizing a Thermo Scientific™ ARL™ EQUINOX 1000 X-ray Diffractometer, the XRD spectra of graphite particle and SGO were
acquired. At 30 mA, the CuK radiation source (A = 1.5418 A) was adjusted to 40 kV. The Debye-Scherrer equation (Eq. 1) was
employed to ascertain the mean quantity of graphene sheets [34].
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In this context, t indicates the graphene layer thickness, 0 represents the diffraction angle, f is the full width at half maximum (FWHM),
d indicates the interlayer distance, and n indicates the number of layers.

A Scienta Omicron ESCA 2SR X-ray Photoelectron Spectroscope System, which was outfitted with a deluge source charge
neutralizer, was employed to conduct the XPS measurements. For every analysis, a 300 W Mono Al K x-ray source (1486.6 eV) was
employed, while the pressure within the analytical chamber was maintained at or below 5 x 10~° mbar. As the calibration peak, C1s
284.8 eV was utilized in both high-resolution core level scans of each element and wide region survey scans. Utilizing the data pro-
cessing software Casa XPS, the chemical state information was extracted from the deconvoluted core level spectra.

Utilizing an Oxford EDS/EBSD system integrated with a Thermo Fisher Helio G4 Xe plasma FIB/SEM system, SEM imaging and EDX
analysis were conducted. The accelerating voltage utilized during the acquisition of SEM imaging and EDX data was 20 kV. In order to
obtain the TEM imaging data, a 120 kV JEOL JEM-1400 TEM was operated using LaB6 filament.

Deionized water was employed as the dispersant in the moist dispersion method, which was utilized to examine the particle size
distribution through the implementation of a particle size analyzer (Mastersizer 3000, Malvern Instruments Ltd., UK). TA instrument-
Waters LLC was utilized to acquire TGA data in an inert atmosphere of nitrogen and air, supplemented with 2.16 mg of SGO at a
heating rate of 10 °C/min. The data underwent analysis using the TRIOS 550 software.

2.4. Determination of pHpzc

The determination of the point of zero charge (pHpzc) of SGO was conducted using the pH drift method [35]. In a 125 mL stoppered
vial, 50 mL of aqueous KCl solution (0.05 mol/L) were placed. To adjust the initial pH (pH;) of the KCl solution from 2 to 12, a small
amount of 0.1 mol/L HCl and NaOH was added. After adding 10 mg of SGO to each sample vial, the solution was allowed to equilibrate
for a duration of 24 h. The final pH (pHg) of the equilibrated solution was documented. The values of ApH were calculated by summing
the variances of pH; and pHy. For the purpose of calculating pHpzc, the ApH versus pHi graph was employed. The pHpyc of SGO is
calculated at the intersection of the experimental curve and the zero line.

2.5. Assessment of the surface functionality of SGO

In a 125 mL stoppered bottle, 50 mg of SGO was diffused in 50 mL of a reaction base (0.01 mol/L NaOH, 0.005 mol/L NayCOs, or
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0.01 mol/L NaHCOs3) and agitated for 48 h. The reaction bases that underwent SGO reaction were classified as post-reaction bases,
whereas the bases that remained unreacted were classified as pre-reaction bases. Using methyl red as an indicator, aliquots (10 mL) of
each reaction base were titrated with 0.01 mol/L HCI. The following equation (3) was utilized to ascertain the quantity of acidic
functional groups per gram of SGO [31,36]:

n  Cuat (Vici_spre — Vici_Bpost)
p=

3

Msco

The concentration of the HCl titrant is denoted as Cyc;, while the volumes of the HCI for the pre-reaction and post-reaction bases are
represented by Vici_ppre and Viai_ppost, respectively. The mggo represents the effective mass of SGO, while ngr denotes the quantity of
surface functionality. The ngr, which is calculated using NaHCOs, represents the combined number of sulfonic and carboxylic func-
tional groups. Similarly, the ngr, which is calculated using NapCOs3, represents the sum of sulfonic, carboxylic, and phenolic groups.
Lastly, the ngr, which is calculated using NaOH, represents the sum of sulfonic, carboxylic, lactonic, and phenolic groups. The
determination of sulfonic group quantity was derived from EDX analysis of S content [37]. Carboxylic group quantity was ascertained
by subtracting the concentration of sulfonic groups from the titration results utilizing NaHCOs3. Phenolic group quantity was ascer-
tained by subtracting the concentrations of sulfonic and carboxylic groups from the titration results utilizing NapCOs. Lastly, lactonic
group quantity was ascertained by subtracting the concentrations of sulfonic, carboxylic, and phenolic groups from the titration
outcomes utilizing NaOH.

2.6. Adsorption and desorption experiments

A batch adsorption procedure was carried out in a stoppered 125 mL vial containing 10 mg of SGO in 50 mL of 50 pmol/L aqueous
sparfloxacin solution [38]. The pH of the sparfloxacin solution was adjusted to 5.5 using a digital pH meter (HACH, HQ11D) in
conjunction with 0.1 mol/L HCl or NaOH solution. To reach equilibrium, the mixtures were stirred at 150 rotations per minute (rpm)
for 240 min using a temperature-controlled mechanical shaker at room temperature (25 °C). To minimize water evaporation due to
high temperatures, a lid was placed on each sample container. Samples were taken out at set intervals and then centrifuged at 9000
rpm for 1 min using a Flexpin Benchtop Centrifuge, LC 200, Japan, to separate the adsorbent material from the mixtures. The con-
centration of sparfloxacin in the supernatant was determined by spectrophotometric method at two specific wavelengths (Amax: 298
nm, pH 2-6 and 290 nm, pH 7-11), utilizing a Shimadzu UV-1900i spectrophotometer (Shimadzu, Japan). It was determined that the
molar absorptivity of sparfloxacin in aqueous solution is 28.0 x 103 L/mol.cm at 298 nm and 27.0 x 10° L/mol.cm at 290 nm. The
amount of sparfloxacin adsorbed by SGO at time ¢, g; (pmol/g), was determined by Equation (4) [38],

Co—C
qt:—( Om t)x

% “@
where Cp (pmol/L) represents the initial concentration of sparfloxacin, C; (pmol/L) denotes the concentration of sparfloxacin at time ¢,
V (L) signifies the volume of solution, and m (g) implies the mass of SGO. The kinetics of sparfloxacin adsorption onto SGO were also
investigated changing solution pHs (2—12), dosages of adsorbent (0.003—0.02 g), antibiotic concentrations (10—100 pmol/L), cations
(Na™, K*, Mg?*, and Ca®"), and temperatures (25, 30, 35, and 40 °C), respectively.

Additionally, the equilibrium adsorption of sparfloxacin onto SGO was conducted at various temperatures (25, 30, 35, and 40 °C) in
aqueous solution at pH 5.5. At equilibrium time, the sparfloxacin adsorption per gram of SGO, g, (pmol/g), and % removal of spar-
floxacin were calculated as follows [38]:

(CO — Ce)

qe:TxV (5)

(CO — Ce)
C

0

Sparfloxacin removal (%) = x 100 ©6)

here C, (umol/L) represents the equilibrium concentration of sparfloxacin; Cy, V, and m have the same meaning as previously stated.

A study on desorption and regeneration of SGO was conducted in order to assess its economic viability. Desorption of sparfloxacin
from sparfloxacin-loaded SGO was investigated in a 1 mol/L HCl in DMF solution. To begin, sparfloxacin was introduced onto SGO
under ideal adsorption conditions. By employing centrifugation at 9000 rpm, the sparfloxacin-loaded SGO was isolated from the
adsorption medium and subsequently washed with deionized water. Following thorough drying in an oven set at 60 °C, the sample was
utilized in the desorption experiment. A solution containing 50 mL of acidic DMF was mixed with 10 mg of sparfloxacin-loaded SGO
and stirred with a mechanical agitator until equilibrium desorption was achieved. The concentration of desorbed sparfloxacin in the
acidic DMF solution was then measured using a UV-Vis spectrophotometer. Deionized water was used to completely purify regen-
erated SGO until the pH was neutral. Following the regeneration process, the adsorbent was desiccated at 100 °C, weighed, and reused
in the subsequent adsorption experiment. The SGO underwent a maximum of five cycles of regeneration. All empirical data presented
in this manuscript is calculated as the mean of two evaluations.
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2.7. Error analysis

The statistical technique root-mean-square error (RMSE) is commonly used to evaluate the difference between predicted values
from a model (both kinetic and isotherm) and the actual experimental values [39]. In this study, the appropriateness of the kinetic and
isotherm models was assessed using the following Equation (7):

1 & 2
RMSE = \j ﬂ IZZI (qexpf qcal) (7)

The experimental response values are represented as qexp, While the model-predicted response values are denoted as gc,. The
quantity of experimental runs is denoted as N, while the parameter of kinetic or isotherm models is p.

3. Results and discussion
3.1. Synthesis and characterization of SGO

SGO was synthesized using the modified Hummers’ method described by Marcano et al. [33], with minor adjustments as outlined
earlier. Various analytical techniques, including UV-Vis spectroscopy, Fourier transform infrared spectroscopy (FTIR), surface area
analysis, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), transmission electron

microscopy (TEM), energy dispersive X-ray (EDX), particle size analysis, thermogravimetric analysis (TGA), and acid-base titration,
were employed to characterize the newly synthesized SGO.

3.2. UV-Vis spectrum analysis

The UV-Vis spectrum of SGO (0.1 g/L) in an aqueous solution is depicted in Fig. 2a. SGO exhibits a prominent peak at 231 nm,
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Fig. 2. Typical UV-Vis spectrum of SGO (0.1 g/L) in aqueous medium (a); FTIR spectrum of SGO recorded in KBr (b); XRD spectra of graphite (c);
and SGO (d).
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attributed to the  to n* transitions of aromatic conjugated -C=C- bonds, as indicated by its absorbance spectrum. At 300 nm, the weak
absorption (shoulder) is a result of the n to n* transitions of carboxylic carbonyl and hydroxyl auxochromes [40]. These results indicate
that there are oxygen functional groups conjugated to aromatic domains on SGO [41,42]. From Fig. S1, it is noted that the direct band
gap of SGO was found to be 3.74 eV which is pretty much close to the direct band gap of GO reported by Gupta et al. [43].

3.3. FTIR spectrum analysis

Fig. 2b illustrates the FTIR spectrum of SGO. The wide and strong peak noted at around 3406 cm ! can be ascribed to the stretching
vibration of the O-H bond present in SGO. The O-H band is generated by intercalated H,O, sulfonic acid O-H, carboxylic acid O-H,
which is directly bonded to SGO [44-46]. Peak observed at 1734 cm ™ is attributable to the carboxylic C=0 group. The pronounced
peak observed at 1624 cm ™! can be attributed to the stretching and bending vibrations of O-H that occur within intercalated HyO
molecules [41]. The peaks observed at 1053 em 1, 1221 em ™}, and 1361 ecm ™! are due to the stretching vibrations of C-O, C-O-C, and
C-OH, respectively [41]. The peaks observed at 1082 cm™! and 1287 cm ™! are a result of the symmetric and asymmetric vibrations of
the 0=S=0 group [46-48]. The band observed at 840 cm™! corresponds to the stretching vibration of S-O bond of the sulfonic acid
groups in SGO [47].

3.4. XRD examination

Fig. 2 illustrates the diffractograms of graphite and SGO. The distinct diffraction peak of graphite is seen at an angle of 26 = 26.8°
(Fig. 2¢), indicating the presence of the (002) plane in the hexagonal graphite structure, with a layer spacing of 0.33 nm. The
diffraction peak detected at an angle of 10.3° (20) corresponds to the reflection of the (001) plane in the hexagonal crystal structure of
SGO, as shown in Fig. 2d. The distance between consecutive carbon basal planes, known as the d-spacing, is 0.86 nm [49-51]. A greater
distance between adjacent carbon basal planes indicates the presence of H;O and oxygen-containing functional groups within the
carbon layer structure. It was determined that the mean number of graphene layers for SGO was 8, while the mean layers number for
graphite was 61. Moreira et al. have reported similar findings for GO [34].

3.5. XPS examination

An XPS examination was performed to examine the valence states and elemental compositions of the SGO. Fig. 3 displays the high-
resolution wide range XPS spectra of SGO. The survey spectrum of SGO in Fig. 3a clearly shows a dominant C1s peak at about 284 eV, a
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Fig. 3. (a) The broad scan XPS spectrum of SGO; Spectra of Cls (b) and O1s (c) at the core level with high resolution; and (d) Spectra of S2p at the
core level with high resolution.
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prominent Ols peak at approximately 532 eV, and a very faint S2p peak at around 168 eV. The high resolution spectra at the C1s level
comprise four components, each of which corresponds to a distinct carbon functional group. The energy bands located at 284.08 eV,
284.80 eV, 286.75 eV, and 288.33 eV correspond to carbon atoms in the functional groups C=C (atom% 11.37), C-OH (atom% 22.06),
C=0 (atom% 56.22), and HO-C=0 (atom% 10.35) accordingly (Fig. 3b). Similarly, the high-resolution spectra of O1s reveal two O
components: C-OH (atom% 12.19) at 531.24 eV and C-O-C (atom% 87.81) at 532.60 eV (Fig. 3c) [52]. The existence of sulfonic acid
groups on SGO is verified by the distinct peaks (S2p) at 168.13 eV and 169.31 eV for S-O (atom% 50.01) and S-C (atom% 49.99),
respectively [46,53,54].

3.6. Surface morphology

The scanning electron microscopy (SEM) image of SGO (Fig. 4a) reveals that the SGO sheets have distinct edges and wrinkled
textures and are arbitrarily aggregated. The SEM has detected SGO sheets with lateral dimensions of up to 40 pm and particles
measuring a few microns in the same SGO samples [55]. The TEM image of SGO (Fig. 4b) displays a characteristic folded and wrinkled
morphology, consisting of single or extremely thin layers (higher transparency areas denote these layers), whereas dark patches
represent thick films composed of numerous SGO layers [56].

3.7. Composition and distributions of acidity

Utilizing energy dispersive X-ray (EDX), the elemental composition of SGO was quantified. Carbon, oxygen, sulfur, and other
element peaks corresponding to their respective binding energies are displayed in Fig. 4c of the EDX spectrum. Along with the primary
constituents C (56.41 %), O (40.38 %), and S (2.24 %), SGO also comprises impurities (0.97 %). From the basic materials, these minute
quantities of impurities may pass. SGO exhibited the greatest interlayer distance and a significant degree of oxidation, as indicated by
its C/O ratio of 1.86 [57]. According to Basak et al., SGO is predominantly composed of C (50.41 %), O (46.47 %), and S (3.12 %) [37].

Acid-base titration was utilized to ascertain the surface acidic functional groups of SGO [31,36]. Carboxylic groups (1.38 mmol/g)
were found to be the most abundant on the SGO surface, surpassing phenolic (0.71 mmol/g), sulfonic (0.72 mmol/g), and lactonic
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Fig. 4. (a) SEM image of SGO; (b) TEM image of SGO; (c) EDX analysis of SGO; and (d) Thermogravimetric analysis of SGO.
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groups (0.70 mmol/g). The total quantity of acidic groups on the SGO surface was approximated to be 3.9 mmol/g. Hou et al. [31]
reported values of 0.63 mmol/g for carboxylic groups, 0.75 mmol/g for phenolic groups, 0.8 mmol/g for sulfonic groups, and 0.24
mmol/g for lactonic groups in SGO, which are comparable to the observed results.

3.8. Thermogravimetric examination

As illustrated in Fig. 4d-a thermogravimetric analysis (TGA) was performed to assess the thermal stability of SGO. The Ther-
mogravimetric analysis (TGA) plot indicates a 10 % mass loss in SGO at temperatures below 150 °C, which may be ascribed to water
that has been adsorbed and intercalated [58]. A 32 % mass loss between 150 and 200 °C is attributed to oxygen-containing functional
groups, including CO, CO9, and others [47]. A further reduction in mass loss beyond 200 °C is ascribed to the sulfonic acid groups
liberated from the surface of the SGO [58].

3.9. Size of particles analysis

As determined by laser diffraction, the size distribution of SGO particles is illustrated in Fig. 5a. A diverse range of particle di-
ameters, between 0.87 pm and 110 pm, were identified. 10 % of the particles maintained a diameter of less than 4.61 pm, while 50 %
maintained a diameter of less than 22.3 pm. On the contrary, 90 % of the SGO particles had a size of less than 68.5 pm. There were

considerably fewer particulates exceeding 100 pm in size.

3.10. Area of surface analysis

The N adsorption-desorption isotherm for SGO is depicted in Fig. 5b. The presence of an H3 hysteresis loop in the relative pressure
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Fig. 5. (a) The particle size distribution pattern of SGO as determined by laser diffraction technique; (b) The isotherm of N adsorption—desorption
for SGO; and (c) The measurement of the point of zero charge (pHpzc) of SGO.
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range (P/Py) of 0.44-0.90 in the type IV isotherm curve indicates the porous nature of the substance [59], as depicted in the TEM image
of SGO in Fig. 4b. The specific surface area of the SGO sample was measured to be 32.25 m2/g using the BET method. The primary
reason for the relatively small surface area of SGO compared to activated carbon [60] was identified as the severe agglomeration of
SGO sheets during the drying process [59]. In contrast, the BET surface area value of GO was 20.93 m2/ g [59], indicating a
comparatively low value. This implies that the synthesized SGO has significant potential as an adsorbent material.

3.11. Point of zero charge (pHpzc) of SGO

The term “point of zero charge” (pHpyzc) describes the condition in which a surface does not have any electrical charge density. The
pH drift method was used to determine the pHpzc value of SGO [35]. The pHpzc value for SGO was estimated to be 2.5 based on the
relationship between ApH and initial pH, as depicted in Fig. S5c. Based on this result, the surfaces of SGO will function as positively
charged surfaces for pH values below 2.5 and negatively charged surfaces for pH values above 2.5. Conversely, Oluwasina et al.
documented that SGO possesses a pHpy value of 4.6 [61].

4. Implications of contact time

An experiment was conducted to examine the impact of contact duration on the adsorption of 50 pmol/L sparfloxacin onto SGO in
an aqueous solution with a pH of 5.5, at a temperature of 25 °C. The variations in contact time are depicted in Fig. 6. Fig. 6a shows the
time-dependent UV-visible absorption spectra of sparfloxacin during the adsorption onto SGO in an aqueous medium. As the inter-
action time increased, the absorbance of sparfloxacin at 298 nm consistently reduced, as depicted in Fig. 6a. Fig. 6b depicts the
correlation between q; and contact time, t. The adsorption of sparfloxacin onto SGO was shown to have a fast initial phase of 15 min,
followed by a slower phase with a reduced rate. Equilibrium was achieved within 60 min. The initial quick adsorption can be ascribed
to the electrostatic interaction between sparfloxacin and SGO [38,62]. Nevertheless, as the surface of SGO reached its maximum
capacity with sparfloxacin, the rate at which sparfloxacin molecules were being adsorbed gradually decreased, and they started to
penetrate into the pores of SGO. There was no significant increase in the amount of antibiotic adsorption with time after reaching
equilibrium at around 240 min. An analogous outcome was noted when cefixime was adsorbed onto chitosan in an aqueous solution
[38]. For the subsequent investigations, an interaction period of 240 min was established in order to achieve absolute adsorption
equilibrium.

4.1. Implications of solution pH

The pH of the solution greatly affects the adsorption of sparfloxacin onto SGO. This is because the pH regulates the ionization states
of sparfloxacin molecules and the surface charge of SGO in water. The pHpyc value of SGO was found to be 2.5, indicating that its
surface exhibited a negative charge at pH levels higher than 2.5. Sparfloxacin exhibits two distinct acid dissociation constants (pK,; =
6.3 and pK,2 = 8.8) and can exist in a cationic (pH < pKa1), anionic (pH > pKj,3), or neutral state (pK,; < pH < pKy2) configuration,
depending on the solution pH (Fig. 7) [23]. Consequently, the ionization states of sparfloxacin and SGO in aqueous solution are
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Fig. 6. (a) Typical changes in UV-visible absorption spectra of sparfloxacin 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 ([Sparfloxacin]o: 50 pmol/L; solution
volume: 0.05 L; pH 5.5; SGO: 0.01 g). (b) The variations in the adsorption capacity (q;) of sparfloxacin onto SGO as a function of contact time, ¢, in
aqueous solution at 25 °C. The solid line represents the adsorption kinetic traces modeled using the pseudo-second-order equation (Eq. 9) and the
corresponding ge(cay and ky values found in Table 1.
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Fig. 7. The impact of solution pH on sparfloxacin uptake onto SGO in aqueous solutions. ([Sparfloxacin]o: 50 pmol/L; Solution volume: 0.05 L; SGO:
0.010 g; pH: 2-12; temperature: 25 °C).

significantly pH dependent. Fig. 7 demonstrates the impact of solution pH, which varies from 2 to 12, on the adsorption of sparfloxacin
with SGO. It was observed that the g, value increased as the solution’s pH rose from 2 to 3.1, remained nearly constant until pH 7, and
then decreased considerably at pH > 7. The maximal adsorption capacity of sparfloxacin onto SGO was determined to be 234.22
pmol/g at a solution pH of 5.5. The observed low g, values between pH 2 and 2.4 can potentially be ascribed to an electrostatic
repulsion between the protonated sparfloxacin molecules (pH < pK,;) and the positively charged SGO surface (pH < pHpzc).
Furthermore, it is worth noting that sparfloxacin molecules may face competition for surface binding sites on the SGO due to the
presence of a significant number of H' ions in a highly acidic solution. This competition could potentially restrict the g, value of the
SGO [23]. The reduction in g. value at higher pH levels can be ascribed to both the repulsion between deprotonated sparfloxacin
molecules (pH > pKj2) and the negatively charged SGO surface (pH > pHpzc) and the competition between OH™ ions and deprotonated
sparfloxacin molecules for surface binding sites on the SGO. Comparable results were also noted when sparfloxacin was adsorbed onto
mGOCP [23] and cefixime was adsorbed onto chitosan [38] in aqueous solutions. Therefore, the subsequent investigations were
conducted in aqueous solution at pH 5.5.

4.2. The impact of dosage

A study was conducted to determine the influence of the amount of adsorbent on the adsorption of sparfloxacin using SGO at
various dosage levels ranging from 3 to 20 mg. Fig. 8 illustrates that when the dosage of SGO increased, the percentage of sparfloxacin
adsorption increased from 65.8 % to 96.5 %. In contrast, the volume (0.05 L) and concentration of the sparfloxacin solution (50 pmol/
L) remained unchanged. This is a result of the enlargement of accessible adsorption sites and the concomitant augmentation in surface
areas of SGO. In contrast, there was a significant decrease in the amount of sparfloxacin absorbed per gram of adsorbent (g¢) from
538.7 to 118.6 pmol/g as the mass of SGO increased (Fig. 8). Mathematically speaking, this result can be explained by combining
equations (5) and (6). Equation (5) demonstrates an inverse relationship between the quantity of sparfloxacin absorption (ge) and the
mass of adsorbent (m). Increasing the mass of the adsorbent leads to a decrease in the values of g, for a fixed percentage of antibiotic
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Fig. 8. The alterations in the equilibrium adsorption capacity (g.) and removal percentage (%) of sparfloxacin onto SGO were investigated using

various dosages of SGO in an aqueous medium ([Sparfloxacin]y: 50 pmol/L; solution volume: 0.05 L; SGO: 0.003-0.020 g, pH: 5.5, tempera-
ture: 25 °C).
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adsorption, as the volume (V) and initial concentrations of sparfloxacin (Cp) stay unchanged. Analogue results were also noted when
sawdust treated with hexadecylpyridinium bromide and the marine alga P. yezoensis Ueda were utilized to extract the dyes allura red
AC [63] and Congo red [64] from aqueous solutions, respectively.

4.3. Effects of concentration of sparfloxacin

To study the rate at which sparfloxacin is adsorbed, we measured the amount of sparfloxacin adsorbed onto SGO by changing the
concentration of the antibiotic in the solution from 10 to 100 pmol/L. This was done at a pH of 5.5, with a fixed amount of SGO (0.01
g), and at a temperature of 25 °C. Fig. 9 depicts the correlation between the adsorption of sparfloxacin onto SGO (g;, pmol/g) and the
interaction time (t, min) at various doses of sparfloxacin. As the concentration of sparfloxacin rose, both the initial rate (h, pmol/g min)
and the amount of antibiotic adsorption onto SGO (ge, pmol/g) increased (Table 1). As the antibiotic concentration grew from 10 to
100 pmol/L, the corresponding values of g, increased from 45.54 to 371.96 pmol/g (Fig. 9). The results suggest that the initial
concentration of the antibiotic in the solution is crucial for driving the adsorption process, effectively overcoming any barriers to the
mass transfer between the adsorbate and the adsorbent [65]. Analogous results were also observed when cefixime [38], remazol
brilliant violet (RBV) [66], and reactive black 5 (RB5) [67] were extracted from aqueous solution using chitosan.

4.4. The impact of salts

To investigate the influence of inorganic salts on the adsorption process, a variety of salts were added to sparfloxacin solution. The
impact of salts was assessed by systematically introducing 0.1 mol/L of NasSO4, K3SO4, CaSO4, and MgSO4 into the adsorption me-
dium. In Fig. 10, the antibiotic absorption capacity of SGO in aqueous solution (pH 5.5) containing added salts at 25 °C is illustrated.
Sparfloxacin adsorption onto SGO in aqueous solution is inhibited by all metal ions in the following order: Ca®* > Mg*" > K* > Na™.
The aforementioned phenomenon can be ascribed to the aggregation of SGO induced by the presence of inorganic ions in the solution.
The current sequence of sparfloxacin adsorption onto SGO is consistent with the order in which SGO aggregates in aqueous solution
due to metal ions is reportedly as follows: Ca®* > Mg?* > K™ > Na™ [68]. Due to the considerable impact of ions on the adsorption
process, sparfloxacin may be adsorbed onto SGO through a mechanism that involves electrostatic outer sphere adsorption.

4.5. The implications of temperature

At different temperatures, sparfloxacin adsorption onto SGO was observed in an aqueous medium (pH 5.5) while holding all other
experimental parameters constant. In Fig. 11, the impacts of temperature are illustrated. As indicated in Table 1, the initial uptake rate
(h) of sparfloxacin increased significantly from 72.46 to 126.58 pmol/g min as the solution temperature rose from 25 °C to 40 °C. This
may be attributed to the fact that elevated temperatures increase the dispersibility of SGO in aqueous solutions. It is observed that as
the temperature rose from 25 °C to 40 °C, the equilibrium absorption capacity (qe) of sparfloxacin marginally increased from 231.25 to
233.21 pmol/g. This phenomenon could be attributed to an increase in the quantity of active binding sites present on the surface of the
SGO or in the diffusion rate of sparfloxacin [69]. It has been established that as the temperature of the solution rises, the rate at which
adsorbate molecules spread across the surface layer and penetrate the inner cavities of the adsorbent also increases. Comparable results
were also noted when sawdust and sawdust treated with hexadecylpyridinium bromide were employed to extract Allura Red AC from
an aqueous solution, respectively [63].
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Fig. 9. The relationship between adsorption capacity (q;) of sparfloxacin onto SGO and contact time (t) at various concentrations of sparfloxacin in
aqueous solution. (Solution volume: 0.05 L; SGO: 0.010 g; temperature: 25 °C; pH: 5.5; [Sparfloxacin]o: A: 10 pmol/L; a: 25 pmol/L; [J: 50 pmol/L;
l: 75 pmol/L; o: 100 pmol/L). Equation (9) was utilized to numerically simulate each line, with the values of ge(cal) and k» being provided in Table 1.
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Fig. 10. Variations in the equilibrium adsorption capacity (g.) of sparfloxacin onto SGO in an aqueous solution containing different inorganic ions.
([Sparfloxacin]y: 50 pmol/L, solution volume: 0.05 L, SGO: 0.010 g, pH: 5.5, temperature: 25 °C).
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Fig. 11. The variation in the adsorption capacity of sparfloxacin (g) onto SGO with contact time (t) in aqueous solution (pH 5.5) at distinct
temperature conditions ([Sparfloxacin]o: 50 pmol/L; solution volume: 0.05 L; SGO: 0.010 g; Temperature: o: 25 °C; @: 30 °C; [J: 35 °C; and Il
40 °C, respectively). Equation (9) was employed to simulate each line, with the ge(cay and k, values listed in Table 1.

4.6. Kinetic simulation

Utilizing the pseudo-first-order [70], pseudo-second-order [71], Elovich [72], film diffusion [73], and intraparticle diffusion [74]
kinetic models, the kinetics and mechanisms of sparfloxacin adsorption onto SGO were analyzed, respectively. The pseudo-first-order
kinetic model can be represented by the following linear equation:

ky

log (g. — q:) =log g, — 3.0303" ()

where kj (1/min) represents the adsorption rate constant in the pseudo-first-order kinetic model. In order to determine the value of k;,
the slope of a linear plot log(ge — q¢) versus t was computed.

The following equations characterize the linear and nonlinear variations of the pseudo-second-order kinetic model:

t 1 1

q kaqZ g (€)]
_ kzqft

=1 T hoq) ©)

where k; (g/pmol min) represents the adsorption rate constant in the pseudo-second-order kinetic model. The values of k and g. were

estimated using the intercept and slope of a plot t/q; versus t. The subsequent equation is employed to determine the initial rate,
denoted as h (pmol/g min), of sparfloxacin adsorption:

12
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Table 1
Summary of kinetic parameters of adsorption process at various sparfloxacine concentrations and solution temperatures.
Parameters [Sparfloxacine]o (pmol/L) Temperature (°C)
10 25 50 75 100 25 30 35 40
Ge(exp) (HMoOl/g) 45.54 116.96 231.25 311.07 371.96 231.25 231.79 232.86 233.21
Pseudo-First-Order Kinetic Model
k1 x 10 3 (1/min) 19.40 20.30 34.50 28.0 28.60 34.50 33.40 31.70 32.60
Ge(can) (pmol/g) 14.17 20.93 80.02 108.79 109.80 80.02 65.87 61.43 24.31
R? 0.904 0.873 0.975 0.952 0.953 0.975 0.969 0.958 0.959
RMSE 34.40 104.45 162.49 217.17 282.88 162.49 179.03 186.06 217.0
Pseudo-Second-Order Kinetic Model
ky x 10 72 (g/pmol min) 4.52 3.82 1.34 0.81 0.90 1.34 1.71 1.85 2.34
h (pmol/g min) 9.60 52.91 72.46 78.74 123.46 72.46 92.59 100.0 126.58
e (can (4mol/g) 46.08 117.65 232.56 312.5 370.37 232.56 232.56 232.56 232.56
R? 0.999 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
RMSE 4.11 4.86 8.59 10.24 6.66 8.59 5.10 5.88 4.80
Elovich Kinetic Model
a x 10° (pmol/g min) 0.31 22.72 1.26 1.14 2.96 1.26 4.22 8.62 25.40
p x 10 -3 (g/pmol) 199.76 107.50 37.19 26.46 24.24 37.19 42.80 46.01 50.76
R? 0.749 0.725 0.895 0.917 0.867 0.895 0.886 0.861 0.843
RMSE 4.61 9.11 14.67 18.03 25.71 76.73 66.58 62.16 56.48
Activation Parameters
E, (kJ/mol) 27.16
R? 0.968
A G' (kJ/mol) 55.62 56.13 56.64 57.15
A H* (kJ/mol) 24.62
A St (J/mol K) -102.29
R? 0.961
_ 2
h=kq; (10)
The Elovich kinetic model is represented as follows:
q 1ln( ﬁ)+1lnt an
= —1n(q, -
p p

In this context, a (umol/g min) represents the initial rate at which antibiotics are adsorbed, while f§ (g/pmol) denotes the surface
coverage and sorption activation energy, respectively. By analyzing the relationship between g; and Int, the magnitudes of @ and p were
estimated.

Table 1 contains the values of the adsorption parameters derived from the fitted kinetic models. In contrast to the pseudo-second-
order kinetic model, which produced R? values of >0.999, the pseudo-first-order and Elovich kinetic models were unable to generate
statistically significant R? values (<0.975 and < 0.917, respectively). The experimental qe(exp) values and the calculated gecar values
derived from the pseudo-second-order kinetic model agreed exceptionally well (Table 1). Moreover, the pseudo-second-order kinetic
model demonstrated lower RMSE values (4.11-10.24) compared to the pseudo-first-order (34.40-282.88) and Elovich models
(4.61-76.73). The kinetic mechanism of sparfloxacin adsorption onto SGO is consistent with the pseudo-second-order kinetic model, as
demonstrated by these observations. Additionally, similar results were observed when activated carbon from mango seeds [75], a
Fe304@ZIF-8 nanocomposite [76], and graphene oxide decorated with silver nanoparticles (GO@AgNPs) [77] were employed to

Table 2
The diffusion parameters estimated for the adsorption of sparfloxacin onto SGO in aqueous solution.
Parameters [Sparfloxacin]o (pmol/L) Temperature (°C)
10 25 50 75 100 25 30 35 40
Film Diffusion Model
kg x 10 -3 (min’l) 19.4 20.30 34.50 28.0 28.60 34.50 33.40 31.70 32.60
R? 0.904 0.873 0.975 0.952 0.953 0.975 0.969 0.958 0.959
Intraparticle Diffusion Model
kig1 (pmol/g mino's) 13.98 26.74 35.79 54.17 80.68 35.79 39.47 42.03 39.98
I (pmol/g) 3.93 23.74 53.91 52.55 45.45 53.91 60.61 61.56 74.28
R? 0.901 0.959 0.970 0.990 0.974 0.970 0.999 0.999 0.999
kig2 (pmol/g mino's) 0.512 0.816 8.04 10.08 11.86 8.04 7.49 5.93 5.34
I, (pmol/g) 36.37 104.79 164.22 216.84 269.04 164.22 170.36 181.69 188.92
R? 0.997 0.977 0.925 0.987 0.933 0.925 0.911 0.828 0.915
kigsz (pmol/g min®®) 0.484 0.666 0.577 1.05 1.16 0.577 0.505 0.660 0.422
I3 (pmol/g) 38.32 107.05 222.79 295.43 354.62 222.79 224.35 223.15 227.03
R? 0.946 0.917 0.860 0.798 0.933 0.860 0.897 0.896 0.837
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remove doxorubicin and metformin from aqueous solutions, respectively.
The formula for the film diffusion model’s equation is

11'1(1 — F) = — ket 12)

= 13)
d
The rate constant k¢ (1/min) is utilized to represent the film diffusion model in the given context. F signifies the fractional
attainment of equilibrium. The quantities of sparfloxacin uptake onto SGO at time t and for an infinite amount of time are denoted as g;
(pmol/g) and g (pmol/g), respectively. The estimation of k¢g was derived from the linear relationship between In(1-F) and t. The
findings are presented in Table 2.
The following equation represents the intraparticle diffusion model:

q =kigt®® +1 a4

In this context, the term kiq (pmol/g min®®) refers to the rate constant of the intraparticle diffusion model, while I (umol/g) denotes the
thickness of the boundary layer. The presence of multi-linearity in the q; versus (>*> plot (Fig. 12) suggests that sparfloxacin is absorbed
in three distinct phases. The initial stage, characterized by its high velocity, occurs as a result of sparfloxacin molecules diffusing from
the liquid phase to the surface of the SGO via the boundary layer. Subsequently, sparfloxacin molecules enter the pores of the SGO via
interior diffusion from the external surface [78]. The terms kjq1, kiqo, and kjqs denote the diffusion rate constants at three distinct
phases, as determined by the slope of the corresponding lines in Fig. 12. The diffusion parameters estimated for the adsorption of
sparfloxacin onto SGO in aqueous solution are presented in Table 2. The values for kjq; are higher than those for kjq2 and kg3 (Table 2),
confirming that sparfloxacin was rapidly adsorbed onto the external surface of SGO. The second linear segment indicates the gradual
sorption of sparfloxacin, with intraparticle diffusion being the rate-controlling step. The third linear segment corresponds to the final
equilibrium, where intraparticle diffusion slows due to the very low concentration of the antibiotic remaining in the solution. These
three linear segments show that the sorption of sparfloxacin onto SGO involves both surface sorption and intraparticle diffusion.
Additionally, since the values of I are not zero (Table 2), it can be concluded that intraparticle diffusion is not the only rate-controlling
step. It was also noted that the adsorption of levofloxacin onto FXM [27] and methylene blue dye onto reduced graphene oxide (rGO)
[79] in aqueous solutions occurred in numerous stages at varying rates.

4.7. Activation parameters

The activation energy necessary for sparfloxacin uptake by SGO in an aqueous environment was computed using the ky values listed
in Table 1, which are associated with different temperatures. Utilizing the provided equation, the activation energy (E,) was computed
[80].

E,
Ink,= — RT + constant (15)

where R (8.314 J/mol K) denotes the universal gas constant. The calculation of E, (27.16 kJ/mol) was performed by analyzing a plot of
Ink; against 1/T (R% = 0.968). The interaction between the adsorbent and adsorbate can be characterized by the E, value. The Ea values
for chemisorption are 40-800 kJ/mol, while those for physisorption are 5-40 kJ/mol [81]. Therefore, the determined value of E,
(27.16 kJ/mol; Table 1) suggests that physisorption is the mechanism through which sparfloxacin is adsorbed onto SGO.

The equations below were utilized to compute the changes in enthalpy of activation (AHD), entropy of activation (ASi), and Gibbs
free energy of activation (AG") linked to the absorption of sparfloxacin by SGO [73]:
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Fig. 12. Characteristic plots of g, versus °-° for the adsorption of sparfloxacin onto SGO at different concentrations of sparfloxacin (solution volume:
0.05 L; SGO: 0.010 g; temperature: 25 °C; pH: 5.5; ([Sparfloxacin]y: A: 10 pmol/L;: 25 pmol/L; [J: 50 pmol/L; l: 75 pmol/L; o: 100 pmol/L).
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k)\  AH' ks  AS!

AG'=AH' — TAS a7
where k3 (g/mol min), R, and T have equal relevance as stated previously, hp (6.626 x 10734 Js) and kg (1.381 x 1072 J/K) represent
the Planck constant and Boltzman constant, respectively. The values of AH' and AS' were derived by determining the slope and y-
intercept of the plot In(ka/T) vs 1/T, with an R? value of 0.961. The estimated value of AH' is 24.62 kJ/mol (Table 1), which is
consistent with the properties of an endothermic diffusion process. The calculated value of AS', ~102.29 J/mol K (Table 1), suggests
that the internal structure of the adsorbent material remained largely unchanged during the adsorption process. The values of AG*
were found to be 55.62, 56.13, 56.64, and 57.15 kJ/mol (Table 1) at temperatures of 25, 30, 35, and 40 °C, respectively. A positive

value of AG indicates the presence of an energy barrier during the adsorption process [73]. Similar findings were recorded for the
adsorption of cefixime onto chitosan in an aqueous solution [38].

4.8. Adsorption isotherm

The isotherm analysis is used to characterize both the adsorption capacity and the attraction between the adsorbate and adsorbent.
The adsorption mechanism was elucidated by utilizing experimental isotherm data in conjunction with widely used isotherm equa-
tions. Fig. 13 illustrates the relationship between g, and C. at various solution temperatures. The observation was made that the degree
of equilibrium sparfloxacin adsorption onto SGO increased as the solution temperature increased (Fig. 13a—d). This indicates that the
adsorption of sparfloxacin is an endothermic process. To provide an explanation, experimental data collected at different temperatures

were analyzed utilizing the isotherm equations proposed by Freundlich [82], Temkin [83], Dubinin—Radushkevich [84], and Langmuir
[85]. The following are the linear and non-linear representations of the isotherm models:
Freundlich model:
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Fig. 13. Illustrates the equilibrium adsorption isotherm of sparfloxacin onto SGO in aqueous solution (pH 5.5) at different temperatures (a) [I:
25 °C; (b) I 30 °C; (c) o: 35 °C; and (d) @: 40 °C ([Sparfloxacin]o: 50-1000 pmol/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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In the given context, C. (pmol/L) represents the equilibrium concentration of sparfloxacin in solution, g. (pmol/g) represents the
quantity of sparfloxacin adsorbed per unit weight of SGO at equilibrium time, and Ky ((pmol/g) (pmol/L)"*™) and n are Freundlich

Table 3

Isotherm and thermodynamic parameters for the adsorption of sparfloxacin onto SGO at different temperatures.

Parameters Temperature (°C)
25 30 35 40
Freundlich Isotherm Model
Ky ((pmol/g) (pmol/L)~/™M) 165.47 172.05 178.07 186.51
n 2.87 291 2.94 3.00
R? 0.959 0.960 0.960 0.961
RMSE 191.89 191.29 195.29 196.95
Temkin Isotherm Model
Kr (pmol/L) 0.602 0.658 0.714 0.803
b (J/mol) 10.46 10.71 10.96 11.30
R? 0.947 0.946 0.946 0.945
RMSE 122.75 125.43 125.44 127.43
Dubinin-Radushkevich Isotherm Model
qpr (pmol/g) 976.53 983.48 990.89 997.55
K x 10 ~® (J%/mol®) 1.00 1.00 0.90 0.70
E (kJ/mol) 0.71 0.71 0.75 0.85
R? 0.595 0.592 0.595 0.596
RMSE 414.81 415.40 415.54 417.46
Langmuir Isotherm Model
Ky, (L/8) 43.86 45.45 48.31 51.55
a;, x 10 ~3 (L/pmol) 30.70 31.82 33.82 36.08
gm (pmol/g) 1428.57 1428.57 1428.57 1428.57
R? 0.998 0.998 0.999 0.999
RMSE 89.84 91.52 90.99 93.13
Thermodynamic Study
AG (kJ/mol) —25.60 —26.12 —26.70 -27.31
AH (kJ/mol) 8.44
AS (J/mol K) 114.15
R? 0.981
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constants that are associated with the capacity of adsorption and adsorption intensities, respectively [78]. The Temkin constant is
denoted by Kt (umol/L), while b (J/mol) is a constant associated with the heat of adsorption. ¢ represents the polanyi potential, E
(kJ/mol) denotes the mean adsorption energy, Kpg (J%/mol?) indicates the Dubinin-Radushkevich constant, and gpr (pmol/g) signifies
the maximum adsorption capacity. K, (L/g) and a;, (L/pmol) represent the Langmuir isotherm constants, where the ratio of Ki/ay,
indicates the maximum antibiotic adsorption capacity, g, (pmol/g). T and R have the identical meaning as stated previously.

A comparative analysis was conducted between the experimental and theoretical isotherm data obtained from the Freundlich,
Tempkin, Dubinin-Radushkevich, and Langmuir isotherm models for sparfloxacin adsorption onto SGO (Fig. 13a—d). The values of
isotherm constants were obtained from linearized isotherm models (figures not provided). The parameters of various isotherm models
are shown in Table 3. The values of Ky exhibited a positive correlation with increasing temperatures within the range of 25-40 °C,
suggesting that the uptake of sparfloxacin is characterized by an endothermic process. The values of n were determined to be 2.87,
2.91, 2.94, and 3.00 at temperatures of 25, 30, 35, and 40 °C, respectively. These values indicate that the adsorption process is
favorable. The Kt values (0.602 pmol/L, 0.658 pmol/L, 0.714 pmol/L, and 0.803 pmol/L) and b values (10.46 J/mol, 110.71 J/mol,
10.96 J/mol, and 11.30 J/mol) were determined at 25, 30, 35, and 40 °C, respectively, from the intercepts and slopes of the plots of g
vs. InC, (Figure not provided). The b values indicated that the adsorption of sparfloxacin onto SGO was an endothermic process [29].
According to the Dubinin-Radushkevich model, the calculated E values were 0.71 kJ/mol, 0.71 kJ/mol, 0.75 kJ/mol, and 0.85 kJ/mol
at 25, 30, 35, and 40 °C, respectively, suggesting that the antibiotic adsorption onto SGO predominantly involves physical adsorption
[29,63,66]. By comparing the RMSE and the R? values obtained from the Freundlich, Temkin, Dubinin-Radushkevich, and Langmuir
models, it can be concluded that the experimental isotherm data were well-fitted to the Langmuir model. As indicated in Table 3, the
values of g and K, increased with the rise in solution temperature from 25 to 40 °C. These findings also imply that the
SGO-sparfloxacin interaction is likely an endothermic process [66]. The maximum uptake capacity (qn) of sparfloxacin on SGO was
found to be 1428.57 pmol/g at 25 °C using the Langmuir equation. The similar results were observed when sawdust treated with
hexadecylpyridinium bromide was used to remove Allura Red AC from an aqueous solution [63].

The comparative analysis of the adsorption capacities of SGO and other adsorbents documented in the literature for sparfloxacin is
presented in Table 4. The results demonstrate that SGO has a higher capacity for sparfloxacin adsorption compared to alternative
adsorbents such as CP/SDS [21], SA-Ca/Cu [22], mGOCP [23], and GO@Fe304 [24]. Therefore, SGO is recommended as an efficient
and economical adsorbent for removing sparfloxacin from aqueous solutions.

4.9. Thermodynamics

It is imperative to conduct a thermodynamic analysis of the adsorption process to determine whether the system operates spon-
taneously. The calculations for thermodynamic variables, including changes in Gibb’s free energy (AG, kJ/mol), enthalpy (AH, kJ/
mol), and entropy (AS, J/mol K), were performed using the Langmuir isotherm constant (a;, L/mol) and the equations that followed
[671.

AG= —RTIlnaq (28)
AS AH
Ina, = R "RT (29)

where R (8.314 J/mol K) and T (K) remain the same as before. The estimation of AH and AS during the adsorption process was
conducted by analyzing the y-intercept and slope of the plot of Ina;, versus 1/T (R? = 0.981). Table 3 presents the thermodynamic
values that have been estimated. The negative values of AG: —25.60 to —27.31 kJ/mol indicate that the adsorption process is feasible
and spontaneous in nature. Conversely, the positive value of AH: 8.44 kJ/mol provides evidence that the adsorption process is
endothermic. The positive AS value 114.15 J/mol K indicates that sparfloxacin molecules exhibited a strong affinity for the SGO
surface. The existence of randomness at the solid-liquid interface during sparfloxacin adsorption onto SGO is demonstrated by the
positive AS values. This randomness results from the translational entropy generated by the water molecules being exchanged, which
is associated with the energy lost due to antibiotic adsorption [63].

4.10. Desorption and reuse of SGO

Regeneration, reusability, and stability of the adsorbent are essential qualities in the development of a cost-effective adsorption
process. Fig. 14 illustrates the customary adsorption-desorption-adsorption cycle of sparfoxacin onto SGO in aqueous solution. During
the adsorption process, a 50 pmol/L solution of sparfoxacin was utilized, which was maintained at a temperature of 25 °C and a
working solution pH of 5.5 (Fig. 14a). The release of sparfoxacin from the adsorbent containing the antibiotic was observed in a DMF
solution containing 1 mol/L HCI (Fig. 14a), also at a temperature of 25 °C. The intensity of equilibrium sparfloxacin adsorption during
the initial adsorption phase was calculated to be 231.96 pmol/g (Fig. 14a). The rapid desorption rate of the initial antibiotic was noted,
with 89.42 % of sparfloxacin being liberated within a 15-min time span. Within 240 min, 91 % of sparfloxacin was liberated from the
antibiotic-containing adsorbent. This is because the electrostatic interaction between the adsorbent and the sparfloxacin molecules
was considerably weakened in a highly acidic DMF solution. The observed phenomenon may also be ascribed to the replacement of
protonated sparfloxacin molecules adsorbed onto the SGO surface in the highly acidic medium with hydronium ions (H30"). In
addition, the methyl group (-CH3) of DMF is firmly deposited on the hydrophobic portion of SGO, while the carbonyl group (C=0) of
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Table 4

A comparative analysis of the absorption capacities of different adsorbents in an aqueous environment to remove sparfloxacin.
Adsorbent pH Temperature (°C) qm. (pmol/g) Reference
CP/SDS 5.0 25 24.21 21
SA-Ca/Cu 7.0 55 726.28 22
mGOCP 6.0 25 1280.22 23
GO@Fe304 7.0 25 163.09 24
SGO 5.5 25 1428.57 Present Study
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Fig. 14. (a) Kinetic graph of the cycle of sparfloxacin adsorption and desorption at 25 °C and 50 pmol/L sparfloxacin with three steps: adsorption
step 1 at initial pH 5.5, desorption step in a DMF solution containing 1 mol/L HCI, and adsorption step 2 at initial pH 5.5. (b) The impact of
regeneration cycles on the adsorption capacity of sparfloxacin at standard conditions (50 pmol/L sparfloxacin, 0.05 L solution volume, 0.01 g SGO,
25 °C temperature, pH 5.5).

DMF interacts with the hydrophilic portion of SGO. Potentially, these interactions facilitate the desorption of sparfloxacin molecules by
acting as a catalyst [86,87]. Subsequent to the antibiotic-releasing step, sparfloxacin was adsorbed, revealing adsorption phenomena
comparable to those observed in the initial adsorption phase. Similar levels of sparfloxacin adsorption were detected in the second
adsorption phase. The findings indicate that the current adsorbent SGO has the potential to be utilized again in the adsorption of
sparfloxacin. The g, values obtained from direct use analysis were as follows: 231.99, 225.95, 220.61, 213.53, 209.05, and 200.40
pmol/g for the initial, first, second, third, fourth, and fifth regenerations, respectively (Fig. 14b). The gradual decrease in adsorption
capacity after each adsorption-desorption cycle can be ascribed to various factors, including pore blockage of the adsorbent, reduction
in the number of active binding sites, and depletion of the adsorbent level [88]. According to the findings of this investigation, SGO
could potentially function as a feasible adsorbent substance in order to extract sparfloxacin from aquatic ecosystems.

5. Conclusions

The current investigation showcases the fabrication process of SGO and its practical implementation in the removal of sparfloxacin
from an aqueous solution. UV-Vis spectroscopy, FT-IR, XPS, SEM, TEM, EDX, particle size, and TGA were utilized to characterize SGO.
The pHyp. value of SGO was determined through the pH drift method to be 2.5. It was ascertained that the BET surface area of SGO is
32.25 m?/g. The experimental findings indicate that the affinity of sparfloxacin for SGO is pH-dependent. The enhancement of
sparfloxacin absorption capacity was observed as the interaction time, concentration, and temperature of the solution increased,
respectively. The adsorption process is characterized by the pseudo-second-order kinetic model and the Langmuir isotherm model,
according to the kinetic and isotherm results. The highest adsorption of sparfloxacin onto SGO was determined to be 1428.57 pmol/g
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in aqueous solutions (pH 5.5) at 25 °C. The thermodynamic variables (AH: 8.44 kJ/mol; AS: 114.15 J/mol.K; and AG: —25.60 to
—27.31 kJ/mol) provide evidence supporting the conclusion that the process of antibiotic uptake onto SGO is spontaneous and
endothermic. The E, value (27.16 kJ/mol) indicates that the adsorption process exhibits physisorption characteristics. In a DMF so-
lution containing 1 mol/L HCl, sparfloxacin desorption from sparfloxacin-loaded SGO was determined to be 91 %. In order to assess the
reusability and stability of SGO, five to six adsorption-desorption experiments were conducted. Drawing from the empirical and
theoretical calculations, it is possible to deduce that SGO possesses the capability to function as an effective adsorbent in the removal of
sparfloxacin from aquatic environments.
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