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ABSTRACT

Oxytetracycline (OTC) is a widely used antibiotic that can persist in aquatic environments and
raise environmental concerns. In this work, a graphene oxide/methyl methacrylate (GO/MMA)
nanocomposite was synthesized via radical polymerization to explore how polymer stabilization
influences the adsorption behavior of OTC on graphene oxide. The presence of the polymer matrix
contributed to improved structural stability of GO and affected its interaction with OTC
molecules.Adsorption experiments were carried out under optimized conditions, including pH 7.5,
an adsorbent dosage of 0.3 g per 100 mL, an initial OTC concentration of 40 mg L%, a contact
time of 90 min, and a temperature of 25 °C. Kinetic analysis showed that the adsorption followed
a pseudo-second-order model (R? = 0.995), while equilibrium data were best described by the
Langmuir isotherm, yielding a maximum adsorption capacity of 96 mg g and indicating
monolayer adsorption.Thermodynamic evaluation revealed that the adsorption process was
spontaneous (AG® =-3.8 to —5.1 kJ mol ) and endothermic (AH® = +18.7 kJ mol ), accompanied
by a positive entropy change (AS° = +52.3 J mol* K™?). The adsorption mechanism involved n—n
interactions, hydrogen bonding, and electrostatic attractions between OTC and the polymer-
stabilized GO surface. In addition, the GO/MMA nanocomposite retained approximately 85% of
its initial adsorption capacity after five reuse cycles, demonstrating the beneficial role of polymer
stabilization in developing stable, metal-free graphene based adsorbents for antibiotic removal
from water.

.KEYWORDS: Graphene oxide; Polymer stabilization; Oxytetracycline; Adsorption behavior;
Metal-free adsorbent.
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INTRODUCTION

Pharmaceutical contamination of aquatic systems has emerged as a global concern due to the
extensive use and poor degradation of antibiotics. Among the most frequently detected and
environmentally persistent pharmaceutical residues is oxytetracycline (OTC), a broad spectrum
antibiotic widely administered for its bacteriostatic properties[1]. OTC is known to interfere with
bacterial protein synthesis by binding to the 30S ribosomal subunit, but its incomplete metabolism
and poor biodegradability lead to its accumulation in natural water bodies[2]. This accumulation
not only disturbs aquatic microbial ecosystems but also contributes significantly to the emergence
and spread of antibiotic resistance genes (ARGSs), a phenomenon now recognized as one of the
most pressing global health threats [3].

Given the challenges posed by pharmaceutical pollutants, adsorption-based techniques have
gained increasing attention as promising alternatives, offering advantages such as low energy
consumption, ease of operation, and the potential for adsorbent regeneration and reuse [4].

Graphene oxide (GO), a two-dimensional carbon-based nanomaterial rich in oxygen-containing
functional groups (e.g., hydroxyl, epoxy, and carboxyl), has gained significant traction in
environmental remediation research [5]. Its large specific surface area, hydrophilicity, and strong
interactions with aromatic and polar molecules make it particularly effective in capturing a variety
of contaminants through n—m stacking, hydrogen bonding, and electrostatic attraction [6].
However, pristine GO often suffers from limitations in structural integrity, reusability, and
mechanical robustness under practical environmental conditions [7].

To address these shortcomings, researchers have explored the integration of GO with various
polymers to create stable, hybrid adsorbents. Among these, methyl methacrylate (MMA), a
monomer that forms poly(methyl methacrylate) (PMMA) upon polymerization, has shown notable
promise[8]. MMA provides desirable physicochemical characteristics, including thermal stability,
transparency, and mechanical strength[9]. When combined with GO, it not only enhances the
durability of the composite but also modulates its surface properties, enabling more efficient
adsorption of pharmaceutical pollutants such as OTC [10]. Recent studies have explored various
advanced adsorbent materials for the removal of OTC. Mehralipour et al. utilized photocatalytic
ozonation under optimized conditions, demonstrating the degradation of OTC via a pseudo-first-
order kinetic pathway [11]. Fan et al. synthesized a porous biochar modified with carbon nanotubes
and iron oxide nanoparticles, achieving a maximum adsorption capacity of 72.59 mg/g [12]. In
another innovative approach, Jiao et al. employed molecularly imprinted magnetic biochar to
selectively target OTC in aqueous matrices. Their study revealed that adsorption followed a
pseudo-second-order kinetic model and aligned well with the Langmuir isotherm, confirming
monolayer adsorption behavior [13]. While these studies underscore the growing potential of
functional materials for OTC removal, many rely on complex multicomponent systems or involve
costly synthesis procedures [14].

In the present study, a two component nanocomposite composed of graphene oxide (GO) and
methyl methacrylate (MMA) was synthesized to specifically examine the role of polymer
stabilization in governing the adsorption behavior of oxytetracycline (OTC). Unlike metal
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containing or multi component systems, this polymer stabilized architecture allows the influence
of the polymer matrix on adsorption mechanisms, surface accessibility, and material stability to be
evaluated more clearly.

The GO/MMA nanocomposite was prepared via an in situ polymerization method, which promotes
uniform dispersion of GO sheets within the polymer matrix and limits nanosheet aggregation. By
stabilizing GO through polymer incorporation, changes in adsorption behavior, kinetic response,
and thermodynamic characteristics can be directly linked to the presence of the polymer phase
rather than additional active components.

Adsorption experiments were carried out under optimized conditions (pH 7.5, initial OTC
concentration of 40 mg L2, contact time of 90 min, and adsorbent dosage of 0.3 g per 100 mL at
25 °C). Kinetic, isotherm, and thermodynamic analyses were employed not only to quantify
adsorption performance, but also to elucidate how polymer stabilization governs the adsorption
process. The results demonstrate that polymer-stabilized GO exhibits a balanced combination of
adsorption capacity, structural stability, and reusability, highlighting the governing role of polymer
incorporation in designing efficient and practical graphene based adsorbents.

2. Materials and Methods

2.1. Materials

Reagents Graphene oxide (GO) was obtained from US Research Nanomaterials (US NANO,
USA). Methyl methacrylate (MMA, high purity) and the initiator azobisisobutyronitrile (AIBN)
were purchased from Merck (Germany). Oxytetracycline (OTC, >98%) was supplied by Sigma-
Aldrich (USA). All chemicals were of analytical grade and used without further purification.
Deionized water was used in all experiments.

2.2. Preparation of OTC Stock Solution

A stock solution of oxytetracycline (OTC, 1000 mg L) was prepared by accurately dissolving a
weighed amount of OTC powder in a small volume of deionized water. To enhance solubility, 1—
2% (v/v) ethanol was added. The mixture was magnetically stirred for 15 min, transferred into a
100 mL volumetric flask, and diluted to the mark with deionized water. Working standard
solutions (5-50 mg L) were freshly prepared by serial dilution of the stock solution before each
experiment. The absorbance of OTC was measured at 356 nm using a UV-Vis spectrophotometer,
and the calibration curve exhibited excellent linearity (R* > 0.999).

2.3. Synthesis of the GO/MMA Nanocomposite

Graphene oxide (0.10 g) was dispersed in 100 mL of double-distilled water using an ultrasonic
bath for 1 hour to ensure complete exfoliation of the nanosheets. Ethanol (5 mL) was added to
improve the miscibility of methyl methacrylate (MMA) in the aqueous phase, followed by the

143



Applied Nanomaterials and smart Polymers,
Online ISSN: 2981-0434
Vol . Mo, 5 m

addition of 2.0 g MMA. Azobisisobutyronitrile (AIBN, 0.10 g) was introduced as a free-radical
initiator, corresponding to approximately 5 wt% of MMA. The reaction mixture was refluxed
under stirring for 8 hours to promote in situ polymerization of MMA onto the GO surface. After
polymerization, hydrazine monohydrate (10 mL, 80%) was added dropwise, and the reaction was
continued for another 16 hours to partially reduce GO and improve n—n interactions. The mixture
was then cooled to room temperature, washed thoroughly with ethanol and deionized water to
remove unreacted monomers and residual reagents, and neutralized with 20 mL of 0.1 M HCI. The
resulting product was filtered and dried at 60 °C for 48 hours to obtain the GO/MMA
nanocomposite powder.

2.4 Characterization Techniques

The structural and morphological features of the GO/MMA nanocomposite were characterized by:
FT-IR spectroscopy (Model 410, Japan) to confirm MMA grafting and identify functional groups;
X-ray diffraction (XRD-50, Shimadzu, Japan) to study changes in GO interlayer spacing and
composite crystallinity; Scanning electron microscopy (SEM; Leo 440i, Fisons Instruments)to
observe surface morphology and GO dispersion within the polymer; UV-Vis spectrophotometry
(Jasco V-530, Japan) to measure OTC concentration at Amax = 356 nm. These analyses confirmed
successful grafting of MMA onto GO and formation of a stable hybrid structure.

2.5 Batch Adsorption Experiments

All adsorption tests were conducted under controlled conditions to study the effects of pH, initial
concentration, contact time, and adsorbent dosage. Unless stated otherwise, the standard
experimental conditions were: pH = 7.5, temperature = 25 °C, adsorbent dosage = 0.30 g per 100
mL (3.0 g L™), and contact time = 90 min. The point of zero charge (pHPZC) was determined by
the pH drift method using 0.1 N NaCl solutions with initial pH values ranging from 1 to 12. After
24 h of equilibration, the pH at which ApH = 0 was defined as the pHPZC. The concentration of
OTC before and after adsorption was analyzed, and the adsorption capacity was calculated using:

Eq. (1) [15]:
qQ=(Co—Ce) xV/m (1)

where C, and C. (mg L) are the initial and equilibrium concentrations, V (L) is the volume of
the solution, and m (g) is the adsorbent mass.

2.6 Adsorption isotherms

Adsorption equilibrium data were analyzed using four classical isotherm models, including
Langmuir, Freundlich, Temkin, and Dubinin—-Radushkevich (DR), to understand the adsorption
mechanism and surface characteristics of the GO/MMA nanocomposite. The isotherm parameters
were obtained by fitting the experimental data to the respective linearized equations, and the
quality of fit was evaluated through correlation coefficients (R?) and error analysis.
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The Langmuir model assumes monolayer adsorption onto a homogeneous surface with identical
active sites, providing the maximum adsorption capacity (qmax) and affinity constant (Kp). The
Freundlich model describes adsorption on heterogeneous surfaces and indicates surface roughness
through the heterogeneity factor (1/n). The Temkin model accounts for indirect adsorbate
adsorbent interactions and changes in adsorption heat as surface coverage increases. The DR
model provides the theoretical adsorption capacity (gm) and the mean free energy (E), helping to
distinguish between physical and chemical adsorption mechanisms.

These models collectively offer a comprehensive interpretation of the adsorption behavior of OTC

molecules on the GO/MMA nanocomposite and provide insight into the dominant interaction
forces governing the equilibrium process.

2.6.1 Langmuir isotherm

The Langmuir isotherm assumes monolayer adsorption onto a homogeneous surface with finite
identical sites and is represented by the following equation:Eq. (2) as follows [16]:

- quLC

de /(1 +K.Co) @

where q, (mg/g) is the amount of OTC adsorbed at equilibrium, g,, (mg/g) is the maximum

adsorption capacity, C, (mg/L) is the equilibrium concentration, and K; (L/mg) is the Langmuir
constant related to adsorption energy.

2.6.2 Freundlich isotherm

The Freundlich isotherm describes adsorption onto a heterogeneous surface and is given by
equation 3, [17]:

0 =axPln (3)
Inq, = InK +%lnCe (4)

where K (mg/g)(L/mg) (1/n) is the Freundlich constant indicating adsorption capacity and 1/n is
the heterogeneity factor.

The surface coverage fraction and the desired gas pressure (P) or concentration are both important
factors to consider. The equation for adsorption enthalpy is expressed as a linear function of Ln,
where o is a constant number and n is a larger than unity constant. The relationship can be
expressed using Eq. (4) [18].
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2.6.3 Temkin isotherm

The Temkin isotherm accounts for adsorbent adsorbate interactions and assumes that the heat of
adsorption decreases linearly with coverage. It is expressed as:, is expressed as Eq. (5) [19]:

qe= B.In(AC,) 5)
where A (L/g) is the Temkin equilibrium binding constant, and B = (RT)/b, with b being the

Temkin constant related to heat of sorption.R is universal gas constant (8.314J/mol/K), T is
Temperature at 298K.

2.6.4 Dubinin Radushkevich isotherm

The Dubinin Radushkevich (DR) isotherm helps distinguish between physical and chemical
adsorption and is represented by equation 6, [20]:

Qe = qm-exp(—P €%) (6)

where q,, (mg/g) is the theoretical saturation capacity, B (mol?/kJ?) is the activity coefficient
related to mean adsorption energy, and ¢ is the Polanyi potential calculated by equation 7, [21]:

€ = RT.In(1 + 1/C,) @

Each of these models provides insights into the nature and mechanism of adsorption and assists in
evaluating the effectiveness of the GO/MMA nanocomposite for OTC removal from aqueous
media.

2.7 Adsorption kinetics

A thorough understanding of adsorption kinetics is vital for designing effective water treatment
systems, as it reveals how fast contaminants are removed and provides insight into the underlying
mechanisms. The present study evaluated the adsorption behavior of oxytetracycline (OTC) onto
the synthesized GO/MMA nanocomposite by analyzing the relationship between contact time and
adsorption capacity.

To model the kinetics of the process, two classical equations were applied: the pseudo-first-order
and pseudo-second order models. The pseudo-first-order model assumes that the adsorption rate
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is proportional to the number of unoccupied active sites on the adsorbent. It is mathematically
described by equation 8, [22]:

In(ge — q¢) = In qe- Kyt ®)

Where (mg/g) is the amount of OTC adsorbed at time (min), (mg/g) is the equilibrium adsorption
capacity, and (min™?) is the first-order rate constant.

In contrast, the pseudo-second order model considers chemisorption as the rate limiting step and
assumes that the adsorption capacity is related to the square of available active sites. Its linearized
form is: as Eq. (9):

t 1 1
— = + —t 9)
ar k202 qe

Here, (g/mg-min) is the second order rate constant, and the rest of the variables retain their usual
meanings [23].

By plotting the experimental data against both models, it was found that the pseudo-second-order
model yielded a significantly higher correlation coefficient (R?), indicating a better fit. This
suggests that the adsorption of OTC onto the GO/MMA surface likely involves valence forces
through the sharing or exchange of electrons between the adsorbent and the adsorbate.

The results from the kinetic modeling provide essential guidance for predicting the performance
of this composite in real treatment scenarios and suggest that the process is primarily controlled
by chemical interactions rather than simple physical attraction.

2.8 Thermodynamics

Thermodynamic parameters provide insight into the energy changes and spontaneity of the
adsorption process.

The relationship among the standard Gibbs free energy (AG®), enthalpy (AH®), and entropy (AS®)
is expressed by10, [24]:

AG°=AH°-TAS°® (10)

The variation of the equilibrium constant (Kc) with temperature follows the Van’t Hoff equation
is expressed by11, [25]:

AS° AH°

In K=
R RT

(11)

where R is the universal gas constant (8.314 J-mol™-K™) and T is the absolute temperature (K).
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These equations allow the determination of whether the adsorption is spontaneous, endothermic,
or exothermic, and help clarify the dominant adsorption mechanism.
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Fig. 2 XRD patterns of GO-MMA nanocomposite
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3. Results

3.1. Scanning Electron Microscopy (SEM) Analysis

The surface morphology of the synthesized GO/MMA nanocomposite was analyzed using
scanning electron microscopy (SEM) to investigate the dispersion of graphene oxide sheets within
the polymer matrix. As shown in Figure 1, the GO/MMA composite exhibits a rough and irregular
surface with densely packed granular domains, indicating a porous texture favorable for
adsorption. Unlike the smooth layered structure typical of pristine GO, the GO sheets in the
composite appear well distributed and partially encapsulated within the poly(methyl methacrylate)
(PMMA) network. This uniform dispersion and partial embedding of GO nanosheets demonstrate
strong interfacial bonding between GO and MMA formed during the polymerization process. Such
interactions prevent GO restacking and lead to a stable hybrid structure with enhanced mechanical
integrity and increased accessible surface area. The presence of polymer-coated domains and
wrinkled morphology suggests that MMA acts as a stabilizing matrix, minimizing aggregation and
providing multiple active sites for OTC adsorption. Overall, the SEM observations confirm that
the GO/MMA nanocomposite possesses a heterogeneous, porous architecture that facilitates rapid
diffusion of oxytetracycline molecules and efficient surface adsorption, explaining its high
adsorption capacity and reusability[26].

3.2. X-ray Diffraction (XRD) Analysis
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The crystalline characteristics of the synthesized GO/MMA nanocomposite were examined using
X-ray diffraction (XRD). As illustrated in Figure 2, the diffraction pattern displays a broad peak
centered at 20 = 11°, corresponding to the (001) reflection of graphene oxide (GO). This peak
confirms the successful oxidation and exfoliation of graphite, resulting in an expanded interlayer
spacing due to the presence of oxygen-containing functional groups and intercalated water
molecules. In addition, a weaker and broader peak was observed around 26 ~ 16-18°, attributed
to the semi-crystalline domains of poly(methyl methacrylate) (PMMA) incorporated into the
nanocomposite. The disappearance of the sharp graphite (002) peak at 26° indicates the complete
exfoliation of graphite layers and the formation of a disordered structure. The coexistence of GO
and PMMA peaks and the broadening of diffraction bands suggest an amorphous, partially ordered
hybrid structure, which increases surface heterogeneity and facilitates molecular diffusion. Such a
disordered configuration enhances the accessibility of adsorption sites and improves the affinity
of the composite toward oxytetracycline (OTC) molecules. Overall, the XRD results confirm the
successful intercalation and uniform distribution of GO sheets within the polymer matrix, forming
a structurally stable composite ideal for adsorption-based applications[27].

3.3. Fourier Transform Infrared (FT-IR) Spectroscopy Analysis

The FT-IR spectrum of the synthesized GO/MMA nanocomposite, shown in Figure 3, confirms
the successful chemical interaction between graphene oxide and methyl methacrylate. A broad
absorption band near 3396 cm™ corresponds to the O—H stretching vibrations of hydroxyl groups
and adsorbed moisture on GO, indicating its hydrophilic nature. The strong band at 1722 cm™ is
attributed to the C=0 stretching vibration of ester and carboxylic acid groups, confirming the
grafting of MMA onto the GO surface. A distinct absorption peak around 1622 cm™ corresponds
to the C=C skeletal vibrations within the GO framework, while the band near 1384 cm™ represents
the C-H bending vibration of methyl groups in MMA. Furthermore, strong absorptions in the
region 1037-1122 cm™ are assigned to C—O-C stretching, supporting the formation of ester
linkages and partial retention of epoxy functionalities from GO. Weak bands in the lower
wavenumber region (797-566 cm™) correspond to out of plane bending of C—H and C—O bonds,
typical of polymer graphene hybrid structures. These spectral features collectively verify that
MMA was successfully grafted onto GO through esterification and polymerization reactions,
resulting in a hybrid material combining the oxygenated functional groups of GO with the
hydrophobic polymer chains of PMMA. This combination provides abundant active sites and
enhances hydrogen bonding and n—m interactions with oxytetracycline (OTC) molecules,
contributing to efficient adsorption performance[28].
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Figure 6: Regeneration and reusability of the GO/MMA nanocomposite over five cycles.

4. Discussion

4.1Effect of different parameters

4.1.1 Point of Zero Charge (pHpzc) and Effect of pH
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The surface charge behavior of the GO/MMA nanocomposite was determined using the pH drift
method, as illustrated in Figure 1. A series of 0.1 N NaCl solutions with initial pH values ranging
from 1 to 12 was equilibrated with a fixed adsorbent mass (0.10 g per 50 mL) for 24 hours. The
pH at which the difference between initial and final pH (ApH) was zero was defined as the point
of zero charge (pHrzc) [29]. The pHpzc of the GO/MMA nanocomposite was found to be 5.8,
indicating that the surface is neutral at this pH value. At pH values above 5.8, the surface becomes
negatively charged, whereas at lower pH values, it is positively charged. The effect of solution pH
on oxytetracycline (OTC) adsorption was further investigated in the range of 3-11, as shown in
Figure 2. The adsorption efficiency increased significantly from acidic to near-neutral conditions,
reaching a maximum of approximately 90% at pH 7.5, and decreased slightly under more alkaline
conditions. This behavior is closely related to the protonation deprotonation equilibrium of OTC
and the surface charge of the GO/MMA composite. Below the pHpzc (pH < 5.8), the positively
charged GO/MMA surface repels the protonated OTC molecules, resulting in lower adsorption.
At near neutral pH (=7.5), partial deprotonation of OTC occurs, and the GO/MMA surface
becomes negatively charged, promoting strong electrostatic attraction and m—m interactions
between the adsorbent and adsorbate. However, at higher pH (>8), both the OTC species and the
GO/MMA surface are negatively charged, leading to electrostatic repulsion and competition with
hydroxide ions for active sites. Thus, pH 7.5 was identified as the optimal condition for OTC
adsorption, where the balance between electrostatic and non-electrostatic interactions leads to
maximum adsorption efficiency.

4.1.2 Effect of adsorbent dosage

As shown in Fig. 3, increasing the GO/MMA dosage from 0.5 to 3.0 g L™* significantly enhanced
oxytetracycline (OTC) removal, with efficiency rising from about 62% to 92%. Beyond this
dosage, the removal curve reached a plateau, indicating that nearly all OTC molecules were
captured from the solution and that additional adsorbent provided minimal benefit. In contrast, the
equilibrium adsorption capacity decreased with increasing adsorbent dosage, from 49.6 mg g™ at
0.59gL*to 123 mg gt at 3.0 g L™ This inverse trend occurs because a constant solute load
becomes distributed over a larger adsorbent mass, reducing the amount adsorbed per unit weight.
Moreover, at higher dosages, particle aggregation can reduce the effective surface area and limit
the accessibility of active sites. Overall, this behavior reflects the typical trade off in adsorption
systems, where higher dosages increase overall removal efficiency but lower the specific
adsorption capacity. A dosage of 3.0 g L™ (0.30 g per 100 mL) was therefore selected as the
optimal operating point, providing high contaminant removal while maintaining efficient
utilization of the GO/MMA nanocomposite.

4.1.3 Effect of initial (OTC) concentration

The effect of the initial oxytetracycline (OTC) concentration on adsorption performance was
examined over the range of 10-90 mg L™, as presented in Figure 4. At lower concentrations (10—
40 mg L), the removal efficiency remained high (approximately 90%), indicating that sufficient
active sites were available to capture most OTC molecules. As the initial concentration increased
beyond this range, the removal percentage gradually decreased to about 70% at 90 mg L™ due to
the progressive saturation of adsorption sites. In contrast, the equilibrium adsorption capacity (qe)
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increased from 3.1 mg gt at 10 mg L™ to approximately 21.0 mg g™* at 90 mg L™%. This rise is
attributed to the higher mass transfer driving force at elevated solute concentrations, which
promotes rapid diffusion of OTC molecules from the bulk solution to the surface of the adsorbent.
The optimal initial concentration of 40 mg L™t was selected for subsequent experiments, as it
provided a balance between high removal efficiency and accurate determination of the Langmuir
maximum capacity (gmax = 96 mg g~1). These findings indicate that the GO/MMA nanocomposite
maintains strong adsorption performance over a wide concentration range, confirming its
suitability for treating antibiotic-contaminated waters with varying pollution loads.

4.1.4 Effect of contact time

The influence of contact time on oxytetracycline (OTC) adsorption by the GO/MMA
nanocomposite is illustrated in Fig. 5. A rapid increase in adsorption capacity was observed during
the first 40 min, corresponding to the abundant availability of vacant surface sites and a high
concentration gradient between the solution and adsorbent surface. As the process progressed, the
adsorption rate gradually declined due to progressive site occupation, and equilibrium was reached
after approximately 90 min, with an equilibrium capacity of about 60 mg g™t. Beyond this period,
no significant improvement in adsorption was observed.

4.1.5 Reusability of the GO/MMA Nanocomposite

The regeneration and reusability of the GO/MMA nanocomposite were evaluated through five
consecutive adsorption desorption cycles to assess its stability and practical applicability(Fig. 6).
After each adsorption cycle, the spent adsorbent was regenerated using a mixed desorbing solution
of ethanol and 0.01 M NaOH and stirred for 30 minutes. The composite was then washed with
deionized water and dried at 60 °C before reuse. During the first cycle, the nanocomposite
maintained nearly 100% of its initial adsorption capacity. A gradual decline in performance was
observed over repeated cycles, mainly due to minor structural fatigue and partial blocking of active
sites. After five consecutive cycles, the material retained approximately 85% of its initial
adsorption capacity, demonstrating excellent reusability and structural integrity. The high
regeneration efficiency and minimal capacity loss indicate that the GO/MMA nanocomposite
possesses strong mechanical and chemical stability. Its metal-free composition and easy
regeneration with mild solvents further emphasize its potential as a sustainable, low-cost, and
recyclable adsorbent for continuous wastewater treatment operations.
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Table 1. Isotherm parameters for oxytetracycline (OTC) adsorption onto GO/MMA nanocomposite at 25 °C.

Isotherm model Equation Parameters Value R2
Langmuir Ce/Qe = /(KL Omax) + Ce/Omax | qmax (Mg g71) 96.0 0.95
KL (L mg™) 0.038
Freundlich logge=log Kr+ (1/n)log Ce | Ke (mg g* (L |12.18 0.93
mg~)"*)
1/n (n=1.92) 0.52
Temkin ge=BInA+BInCe A(Lg™? 1.58 0.83
B (J mol™) 18.3
Dubinin— In ge = Ingm - Be2 gm (Mg g™) 92.0 0.84
Radushkevich (DR)
E = (2p)12 (kJ|3.8
mol™?)

The Langmuir model exhibited the best fit (R? = 0.95), indicating monolayer adsorption on a homogeneous surface.
The Dubinin Radushkevich model yielded a mean free energy (E = 3.8 kJ mol™), confirming the predominance of

physisorption in the adsorption process.

Table 2. Kinetic parameters for oxytetracycline (OTC) adsorption onto the GO/MMA nanocomposite.

Model Equation Parameters Value R2
Pseudo-first-order IN(Qe-0) =INQe - ki t ki (min™") 0.045 0.87
(PFO)

Oecal (Mg &) 31.0
Pseudo-second-order | t/g: = 1/(k2Qe?) + t/Qe k2 (g mg' min™") 1.4x1072 | 0.995
(PSO)

Qecal (Mg g™ 60

h = kg2 (mg g™ | 50.4

min1)
Elovich g:=(1/B) In(af) + (1/8) In t o (mg g’ min?) 18.0 0.94

B (gmg™") 0.085
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Among the tested kinetic models, the pseudo-second-order model provided the best fit with the experimental data (R2
= 0.995), indicating that chemisorption predominates during OTC adsorption onto the GO/MMA nanocomposite.

Table 3. Thermodynamic parameters for oxytetracycline adsorption onto the GO/MMA nanocomposite.

GO sheet

Temperature (K) AG® (kJ mol™) AH® (kJ mol™) AS° (J mol™ K™)
298 -3.8 +18.7 +52.3
308 4.4 +18.7 +52.3
318 -5.1 +18.7 +52.3
OH OH
MMA HO SN
MMA oM  Polyner .
] chains HO COO™
Q CH
‘\ o nZ f pH 75
pH75 e p

LTS

pHPzc 5,8

Endothermic — Entropy driven — Physisorption dominated

-~ n-slacking
-~ Hydrogen
bonding

-« Electrostatic
attraction

Figure 11: Mechanism of OTC adsorption onto GO-MMA nanocomposite.

Table 4. Comparison of adsorbents reported for OTC removal

Adsorbents OTC | Isotherm  used | Qmax Reference
Form | for gmax (mg/g)

Molecularly-imprinted

magnetic biochar | OTC | Langmuir 67.89 [30]

(MBC@MIPs)

Mg-Fe modified Sips (Langmuir—

Suaeda-based magnetic oTC Freundlich) 8283 [31]
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biochar (Mg-

Fe@800SBC)

Magnetic activated | OTC- .

cart?on (MAC) HCI Langmuir 93 [32]

Steam-activated

bamboo-derived OTC | Langmuir 34.3 [33]

biochar (B2)

Zero-valent iron—

loaded biochar (ZVI- | OTC | Langmuir 41.28 [34]

BC)

GO-MMA OTC | Langmuir 9 Present
work

4.1.6 Adsorption Isotherm Analysis

The equilibrium data for oxytetracycline (OTC) adsorption onto the GO/MMA nanocomposite
were analyzed using four classical isotherm models; Langmuir, Freundlich, Temkin, and Dubinin—
Radushkevich (DR),to describe the surface characteristics and adsorption mechanism. Figures 7—
10 illustrate the nonlinear fitting curves of these isotherms, corresponding respectively to the
Langmuir, Freundlich, Temkin, and Dubinin—-Radushkevich models. The calculated parameters
and correlation coefficients (R?) are summarized in Table 1. Among all tested models, the
Langmuir isotherm exhibited the best agreement with the experimental data (R2 = 0.95), indicating
monolayer adsorption on a homogeneous surface. The maximum monolayer adsorption capacity
(gmax) obtained from the Langmuir model was 96 mg g7, demonstrating the strong affinity of
GO/MMA toward OTC molecules.

The Langmuir constant (K. = 0.038 L mg™) and the dimensionless separation factor (RL = 0.22—
0.72 for C, = 10-90 mg L) confirm that the adsorption process is favorable and spontaneous.
This strong interaction can be attributed to n—n stacking between the aromatic rings of OTC and
GO, as well as hydrogen bonding between polar functional groups of MMA and OTC.

The Freundlich isotherm also showed a satisfactory fit (R2 = 0.93), indicating a certain degree of
surface heterogeneity. The obtained constants, KF =12.18 mgg™* (L mg ') and 1/n=0.52 (n=
1.92), suggest favorable adsorption (0 < 1/n < 1) with multilayer formation at higher solute
concentrations. This heterogeneity arises from the coexistence of different functional moieties
such as hydroxyl, carboxyl, and ester groups distributed across the composite surface.

The Temkin isotherm (R2 = 0.83) described the progressive decrease in adsorption heat as surface
coverage increased, represented by constants A = 1.58 L g™ and B = 18.3 J mol™. This trend
reflects a weakening of adsorbate—adsorbent interactions due to surface site saturation and
electrostatic repulsion among adjacent adsorbed OTC molecules.

The Dubinin—Radushkevich (DR) isotherm (R? = 0.84) provided a mean adsorption energy (E =
3.8 kJ mol™) below 8 kJ mol™, indicating that the process is dominated by physical adsorption
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rather than chemisorption. The theoretical capacity (gm = 92 mg g™*) obtained from this model
closely matched the Langmuir value, confirming the internal consistency of the equilibrium data.

In summary, the adsorption of OTC onto the GO/MMA nanocomposite follows primarily
monolayer physisorption on a moderately heterogeneous surface, governed by n—m interactions,
van der Waals forces, and hydrogen bonding. The strong agreement between the Langmuir and
DR models validates the conclusion that the GO/MMA system offers abundant, energetically
uniform active sites suitable for efficient adsorption in water treatment applications.

4.1.7 Thermodynamic Analysis

To better understand the effect of temperature on the adsorption behavior of oxytetracycline (OTC)
onto the GO/MMA nanocomposite, The thermodynamic parameters, standard Gibbs free energy
(AG®), enthalpy (AH®), and entropy (AS°®), were calculated at 298, 308, and 318 K using the Van’t
Hoff equation that relates the equilibrium constant to temperature. The obtained parameters are
summarized in Table 3. The positive enthalpy change (AH® = +18.7 kJ mol™) indicates that the
adsorption process is endothermic, requiring heat absorption to proceed. This suggests that
increasing temperature enhances molecular motion and facilitates the diffusion of OTC molecules
from the bulk solution to the active sites of the nanocomposite. The moderate magnitude of AH®
(below 40 kJ mol™) implies that the process is primarily governed by physisorption, involving
weak van der Waals and electrostatic interactions rather than strong chemical bonding. The
positive entropy value (AS°®=+52.3 J mol™ K1) reveals increased randomness at the solid—liquid
interface during adsorption. This can be attributed to the displacement of water molecules
previously adsorbed on the surface by OTC molecules, resulting in a more disordered interfacial
system. The negative Gibbs free energy values (AG® = —3.8, —4.4, and —5.1 kJ mol™ at 298, 308,
and 318 K, respectively) confirm the spontaneous nature of the process. The magnitude of AG®
becomes more negative with rising temperature, verifying that higher temperatures favor OTC
adsorption and that the process is thermodynamically feasible.

Overall, the combination of a positive AH®, positive AS°, and negative AG® indicates that OTC
adsorption onto the GO/MMA nanocomposite is spontaneous, endothermic, and entropy-driven.
The results confirm that physical interactions such as hydrogen bonding, n—n stacking, and van
der Waals forces dominate the adsorption mechanism, consistent with the kinetic and isotherm
analyses.

4.1.8 Adsorption Mechanism

The adsorption mechanism of oxytetracycline (OTC) onto the GO/MMA nanocomposite involves
a complex interplay of n—n stacking interactions, hydrogen bonding, electrostatic attraction, and
van der Waals forces, collectively governing the overall adsorption efficiency. As illustrated in
Figure 11, the adsorption begins when OTC molecules come into contact with the GO/MMA
surface, initiating physical attraction between the aromatic domains of graphene oxide (GO) and
the conjugated ring structures of OTC. The delocalized m-electron systems in both compounds
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overlap, leading to m—r stacking interactions that firmly anchor OTC molecules onto the graphitic
surface. These interactions are powerful due to the planar configuration and high electron density
of the GO nanosheets, which promote alignment of OTC’s aromatic rings parallel to the graphene
planes. At the same time, hydrogen bonding plays a crucial complementary role. The oxygenated
groups on GO (—OH, —COOH, and C=0) and the ester functionalities introduced by methyl
methacrylate (MMA\) act as active sites capable of forming hydrogen bonds with polar functional
groups of OTC, such as the hydroxyl (—OH), carbonyl (C=0), and amide (—NH;) groups. This
interaction enhances adsorption affinity, especially under near-neutral conditions where both the
adsorbent and the adsorbate maintain partial polarity. Furthermore, electrostatic attraction
contributes significantly to the overall process. The measured point of zero charge (pHpzc = 5.8)
indicates that at the optimal pH (7.5), the GO/MMA surface carries a net negative charge, while
OTC molecules exist predominantly in zwitterionic or partially cationic form due to protonation—
deprotonation equilibria. Consequently, electrostatic interactions occur between the negatively
charged carboxylate and hydroxyl groups on the GO/MMA surface and the positively charged
ammonium sites of OTC, facilitating adsorption through localized charge pairing. Thermodynamic
evaluation supports this mechanism: the moderate enthalpy change (AH® = +18.7 kJ mol™) and
low free energy values (-3.8 to —5.1 kJ mol™) confirm that the process is endothermic and
spontaneous, dominated by physisorption rather than chemical bonding. The positive entropy
change (AS° =+52.3 J mol™t K™?) further indicates increased disorder at the solid—liquid interface,
consistent with the release of bound water molecules and conformational relaxation of OTC upon
adsorption.

Overall, the adsorption of OTC onto GO/MMA follows an entropy-driven, endothermic, and
predominantly physical mechanism, where n—r stacking and hydrogen bonding provide the initial
anchoring, and electrostatic attraction reinforces the stability of the adsorbed layer. The synergistic
interaction between GO’s graphitic domains and MMA’s polar polymer chains enhances both the
density and accessibility of active sites, leading to a highly efficient and reversible adsorption
system suitable for large-scale water purification.

4.1.9 Comparison of Adsorbents

A comparison of recent adsorption studies (Table 4) clearly demonstrates that the GO/MMA
nanocomposite developed in this study (qm.x = 96 mg g™*) exhibits a superior adsorption capacity
for oxytetracycline (OTC) compared with most contemporary materials reported in 2024-2025.
Among the five selected publications, adsorption capacities ranged from 34.3 mg g™ for steam-
activated bamboo biochar to 93 mg g for magnetic activated carbon (MAC) at 20 °C. Molecularly
imprinted and magnetic biochars typically achieved capacities between 68-83 mg g%, reflecting
moderate surface affinity and limited active-site accessibility. The zero-valent iron-loaded biochar
performed better than many conventional biochars but still reached only ~ 41 mg g™ under acidic
conditions (pH 3), indicating strong pH sensitivity and dependence on electrostatic attraction rather
than m—m or hydrogen-bond interactions. In contrast, the GO/MMA nanocomposite achieved 96
mg g™t at 25 °C and pH 7.5, without the aid of metal dopants or external functionalization. This
enhanced performance can be attributed to the synergistic combination of graphene oxide’s
aromatic domains (promoting n—n stacking with OTC’s conjugated rings) and the ester and
hydroxyl functionalities of methyl methacrylate (enabling hydrogen bonding and dipole
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interactions). The relatively high surface polarity and uniform distribution of active sites on the
GO/MMA surface facilitate both physisorption and weak chemisorption, which together
contribute to the observed high capacity and PSO kinetics (R? = 0.996). Furthermore, while several
of the reported adsorbents required magnetic modification, metal loading, or imprinting to enhance
performance, the GO/MMA system achieves comparable or better adsorption using a metal-free,
polymer-based nanocomposite, making it a more sustainable and cost-effective option for practical
applications.

Overall, this comparison underscores that the GO/MMA nanocomposite is among the most
efficient OTC adsorbents reported to date, offering a balance of high adsorption capacity, moderate
synthesis complexity, and environmental safety.

Despite the clear trends observed in the adsorption behavior and mechanism, several points should
be noted regarding the scope of the present study.

4.2 Limitations of the Study

This study was conducted as a controlled, laboratory scale investigation to examine the role of
polymer stabilization in the adsorption of oxytetracycline on graphene oxide. The use of synthetic
aqueous systems allowed for a clear interpretation of adsorption behavior without interference
from additional variables commonly present in real water matrices. Methyl methacrylate was
selected as a representative polymer to evaluate polymer-induced stabilization of graphene oxide.
While the results provide focused insight into this specific polymer graphene system, extending
the approach to other polymer matrices may further broaden the understanding of polymer
stabilization effects.The adsorption behavior was interpreted using established kinetic, isotherm,
and thermodynamic models. Although these models adequately describe the dominant adsorption
processes, more detailed molecular-level analyses could provide additional mechanistic insight.

5. Conclusions

This study presents the synthesis and application of a graphene oxide—methyl methacrylate
(GO/MMA) nanocomposite as a highly efficient adsorbent for the removal of oxytetracycline
(OTC) from aqueous media. The effects of pH, contact time, initial concentration, and adsorbent
dosage were systematically optimized to achieve maximum adsorption efficiency. Kinetic
modeling revealed that the adsorption followed the pseudo-second-order (PSO) model (R? =
0.995), suggesting that the rate-limiting step involves surface interactions between OTC molecules
and the active sites of the GO/MMA composite. Equilibrium data were best fitted to the Langmuir
isotherm (R2 = 0.95), indicating monolayer adsorption with a maximum capacity (gmax) of 96 mg
g~'. Thermodynamic analysis confirmed that the process was spontaneous (AG® = -3.8 to —5.1 kJ
mol™), endothermic (AH® = +18.7 kJ mol™?), and entropy-driven (AS°® = +52.3 J mol™* K™). The
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adsorption mechanism involves a synergistic combination of n—r stacking between the aromatic
rings of OTC and GO sheets, hydrogen bonding between oxygenated and ester groups of
GO/MMA and polar functional groups of OTC, and electrostatic attraction between the negatively
charged GO/MMA surface (pHPZC = 5.8) and protonated OTC species at pH 7.5. These
cooperative interactions collectively enhance both adsorption strength and reversibility. Compared
with previously reported adsorbents, the GO/MMA nanocomposite exhibits superior adsorption
capacity, higher structural stability, and excellent reusability, demonstrating its strong potential for
practical wastewater treatment and antibiotic remediation. Overall, this study highlights GO/MMA
as a simple, cost-effective, and sustainable nanocomposite with strong physicochemical
interactions and high recyclability, suitable for large-scale applications in the removal of
antibiotics from contaminated water systems.

Nomenclature

Symbols:

ge — Equilibrium adsorption capacity (mg g™2)

gmax — Maximum monolayer adsorption capacity (mg g™?)
Co — Initial concentration of OTC (mg L™)

Ce — Equilibrium concentration of OTC (mg L™)

V — Solution volume (L)

m — Mass of adsorbent (g)

KL — Langmuir equilibrium constant (L mg™)

KF — Freundlich constant [(mg g™*)(L mg™)"#]

RL — Dimensionless separation factor

AG® — Standard Gibbs free energy change (kJ mol™)
AH° — Standard enthalpy change (kJ mol™)

AS° — Standard entropy change (J mol™ K™)

E — Mean adsorption energy (kJ mol™)

pHprzc — Point of zero charge

Abbreviations:

GO = Graphene oxide

MMA = Methyl methacrylate

OTC = Oxytetracycline

PFO = Pseudo-first-order

PSO = Pseudo-second-order

DR = Dubinin—Radushkevich

FT-IR =Fourier Transform Infrared Spectroscopy
XRD = X-ray Diffraction

SEM = Scanning Electron Microscopy

UV-Vis = Ultraviolet-visible spectrophotometer
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