
256

INTRODUCTION

Antibiotic residues in aquatic environments 
are a global environmental and public health is-
sue. The widespread use of antibiotics in human, 
veterinary, animal, and aquaculture causes leak-
age into surface, groundwater, and wastewater 
systems (Bansal, 2022; Barathe et al., 2024; Beri-
sha et al., 2024). Ciprofloxacin (CIP), a fluoroqui-
nolone antibiotic used to treat bacterial infections, 
is one of the most regularly discovered chemicals 
in traditional wastewater treatment plants due to 
its high chemical stability, poor metabolization, 
and low removal efficiency (Imam et al., 2023; 

Yakamercan et al., 2024). Continuous CIP pollu-
tion has been shown to cause antimicrobial-resis-
tant bacteria, impair aquatic endocrine regulation, 
and cause long-term ecological imbalance, threat-
ening environmental sustainability and public 
health (Sharma, 2025; Wang et al., 2023). Thus, 
accurate and sensitive trace-level CIP measure-
ment in aquatic settings is essential for environ-
mental monitoring and risk assessment.

Due to its low concentration and the com-
plexity of aqueous matrices containing organic 
and inorganic interferents, CIP identification in 
environmental samples is difficult (David et al., 
2019). Sample preparation is crucial for detection 
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sensitivity and analytical reliability in these cases. 
Based on its operational simplicity, quick extrac-
tion kinetics, reduced solvent consumption, and 
green analytical chemistry principles, dispersive 
solid-phase extraction (DSPE) has gained popu-
larity as a sample preparation method (Ścigalski 
and Kosobucki, 2020; Silveira et al., 2019; Shukri 
et al., 2023). DSPE improves mass transfer be-
tween the analyte and adsorbent over solid-phase 
extraction, increasing extraction efficiency and 
reducing processing time (Hagarová and Nemček, 
2024; Taghvimi et al., 2020). The physicochemi-
cal parameters of the adsorbent material greatly 
affect DSPE performance.

Graphene oxide (GO) has emerged as a prom-
ising adsorbent for antibiotic extraction due to its 
extensive specific surface area, hydrophilicity, 
and the presence of numerous oxygen-containing 
functional groups, including hydroxyl, epoxy, and 
carboxyl moieties Salihi et al., 2021; Ahmmed and 
Mohiuddin, 2024. These functional groups engage 
with fluoroquinolone antibiotics via hydrogen 
bonding, electrostatic attraction, and π-π interac-
tions, allowing for effective CIP adsorption from 
aqueous solutions (Li et al., 2018; Umeh et al., 
2025; Yadav et al., 2018). Such characteristics are 
essential for an effective solid adsorbent phase in 
DSPE, thereby supporting its application in analyt-
ical sample preparation. However, GO is still not 
commonly employed because existing methods of 
production use nonrenewable graphite precursors 
and require expensive, chemically intense, and 
environmentally destructive processes (Edward 
et al., 2023; Silva et al., 2024). These limits have 
prompted increased research into the production 
of GO derived from renewable, cost-effective, and 
environmentally friendly biomass materials (Bu-
hani et al., 2017; Rinawati et al., 2023).

Recent studies show that graphene-based or 
graphene-like materials can be effectively gen-
erated from diverse agricultural wastes, such as 
cassava peels, corn cobs, and coconut shells, and 
subsequently utilized as antibiotic adsorbents (Su-
jiono et al., 2020; Rinawati et al., 2024). These 
results endorse the utilization of agricultural by-
products as an alternative carbon source for gra-
phene-based goods. Mostearlier study, however, 
have focused on batch adsorption techniques for 
pollution removal rather than analytical extraction 
at trace levels. Moreover, researchers have inad-
equately investigated the application of biomass-
derived graphene materials in DSPE systems and 
the systematic adjustment of extraction parameters 

for analytical determination. Consequently, the 
amalgamation of regionally abundant agricultural 
byproducts with sustainable analytical methodolo-
gies represents a crucial yet underexplored domain 
of research (Cardoso et al., 2024; Li et al., 2024).

Sugarcane bagasse, the primary product of the 
sugar industry, is a good source of carbon because 
it is fibrous, has around 50% carbon content, and 
is easy to find (Torgbo et al., 2021; Mubarak et 
al., 2024). Lampung Province in Indonesia is one 
of the biggest sugar-producing locations in the 
country. Each year, it makes a lot of sugarcane ba-
gasse. This biomass waste is underutilized and of-
ten discarded in low-value applications or burned 
in the open, harming the environment. Transform-
ing sugarcane bagasse into GO is a sustainable 
way to make use of agricultural waste. It fits with 
the ideas of the circular economy and encourages 
environmentally friendly material development 
(Somanathan et al., 2015; Thangaraj et al., 2023). 
The utilization of GO produced from sugarcane 
bagasse as an adsorbent for DSPE-based antibi-
otic analysis remains insufficiently investigated 
in the literature, despite its significant potential.

Building on this identified research gap, the 
performance of DSPE is influenced by several 
key operational parameters, including solution 
pH, adsorbent dose, extraction time, and desorp-
tion conditions (Socas-Rodríguez et al., 2015; 
Oner et al., 2023). Conventional one-factor-at-a-
time approaches are inefficient and fail to capture 
interactions between variables. Therefore, re-
sponse surface methodology (RSM), particularly 
Box–Behnken design (BBD), is widely applied as 
a statistically efficient tool to optimize multiple 
parameters simultaneously with a reduced num-
ber of experiments

MATERIALS AND METHODS

Materials

The materials used in this study included sug-
arcane bagasse from PT. Gunung Madu Planta-
tions in Indonesia, which served as the primary 
biomass precursor for GO synthesis; ferrocene 
purchased from Supelco Sigma Aldrich; cipro-
floxacin analytical standard supplied by Hex-
pharm Jaya; hydrochloric acid (37%) and glacial 
acetic acid obtained from Smart Lab; sodium hy-
droxide purchased from Merck; and distilled wa-
ter, which was used throughout all experiments.
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Single-step synthesis of GO

The sugarcane bagasse utilized in this study 
was sourced from local producers in Bandar Lam-
pung, Lampung Province, Indonesia, and collect-
ed during a single harvest season to maintain con-
sistency in its physicochemical properties. Sugar-
cane bagasse was initially subjected to a thorough 
cleaning with distilled water to remove surface 
impurities and residual contaminants. The ma-
terial was air-dried in sunlight for 2–3 days and 
then oven-dried at 80 °C for 5 hours to ensure the 
complete removal of residual moisture. The dried 
bagasse was finely ground into a homogeneous 
powder, placed in a ceramic crucible, and carbon-
ized in a muffle furnace at temperatures of 400, 
500, and 600 °C for 1 hour under air atmosphere, 
with an estimated heating rate of approximately 
20 °C/min, yielding carbonized bagasse.

In the synthesis of GO, 5 g of carbonized 
bagasse was uniformly mixed with ferrocene at 
mass ratios of 0.5, 1.0, and 1.5. The mixtures 
were placed in ceramic crucibles and subjected 
to thermal treatment in a furnace at 300 °C for 
10 minutes under air atmosphere. This controlled 
thermal process facilitated the formation of GO 
via a single-step synthesis route, producing bio-
mass-derived GO appropriate for subsequent 
analytical applications. No additional washing or 
purification steps were applied after synthesis.

Characterization methods of GO

The surface functional groups of the pro-
duced GO were carefully examined with Fourier 
transform infrared spectroscopy (FTIR) to detect 
the presence of oxygen-containing functional-
ities. Scanning electron microscopy coupled with 
energy dispersive x-ray analysis (SEM-EDX) 
was used to thoroughly evaluate the material’s 
morphological features and elemental makeup. 
Furthermore, the crystalline structure and phase 
characteristics of the produced GO were assessed 
using x-ray diffraction (XRD) to determine struc-
tural ordering and phase composition.

CIP adsorption test

The adsorption process was directly optimized 
RSM, where pH, contact time, and adsorbent mass 
were treated as independent variables. In an ad-
sorption experiment, GO was added to a beaker 
holding 20 mL of a CIP standard solution at a con-
centration of 4 ppm selected as a representative 

concentration for the adsorption study, while the 
pH was adjusted according to the RSM design. 
The mixture was stirred for the contact time speci-
fied by the RSM matrix to ensure adequate inter-
action between the adsorbent and the analyte.

After the adsorption process, the GO was 
separated by centrifugation at 10.000 rpm for 15 
minutes. The supernatant was then filtered to re-
move any remaining particles, and the filtrate was 
analyzed using a UV–Vis spectrophotometer at 
the maximum absorption wavelength of CIP.

Optimization of DSPE using RSM

The DSPE technique was optimized utilizing 
RSM with a BBD. Four independent variables 
were selected: GO mass, solution pH, and contact 
time. Table 1 summarizes the evaluation of each 
factor at three coded levels: low (-1), medium (0), 
and high (+1). The experimental design matrix 
was created with Design Expert software version 
13.0, yielding a total of 29 experimental runs.

The percentage of c CIP adsorption was set as 
the response variable for each experimental run. 
To determine the relevance of individual factors 
and their interactions, the experimental data were 
statistically evaluated using analysis of variance 
(ANOVA). The fitted response surface models 
were then utilized to create three-dimensional 
response surface plots, allowing for the visual-
ization of interaction effects and the discovery 
of optimal DSPE settings for CIP adsorption em-
ploying GO as an adsorbent (Gupta et al., 2017).

The BBD experimental matrix dictated that 
all trials be carried out sequentially. In each run, a 
CIP solution of a specific concentration was com-
bined with a predetermined amount of GO under 
pH and contact time controls. After the adsorp-
tion process was completed, the adsorbent was re-
moved from the solution using centrifugation and 
then filtration. A UV-Vis spectrophotometer with 
a wavelength of 278 nm was used to quantify the 
residual CIP content in the filtrate. Equation 1 and 
2 was used to computse the yield percentage and 
adsorption efficiency:

	 %𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ𝑖𝑖𝑖𝑖𝑖𝑖  ×  100% (1) 

 
Adsorption (%) = 𝐶𝐶𝐶𝐶−𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶  × 100 (2) 
 
% 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =  |1 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉|  ×  100% (3) 

	(1)

	

%𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ𝑖𝑖𝑖𝑖𝑖𝑖  ×  100% (1) 

 
Adsorption (%) = 𝐶𝐶𝐶𝐶−𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶  × 100 (2) 
 
% 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =  |1 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉|  ×  100% (3) 

	 (2)

where:	C₀ denotes the starting concentration of 
CIP (µg mL⁻¹) and Cx indicates the ulti-
mate concentration following adsorption 
(µg mL⁻¹).
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The established RSM model’s predictive abil-
ity was evaluated by computing the percentage 
error between experimentally observed values 
and model-predicted values using Equation 3.

%𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ𝑖𝑖𝑖𝑖𝑖𝑖  ×  100% (1) 

 
Adsorption (%) = 𝐶𝐶𝐶𝐶−𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶  × 100 (2) 
 
% 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =  |1 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉|  ×  100% (3) (3)

The experimental design for DSPE optimi-
zation was formulated using a BBD featuring 
three coded levels for each variable: low (−1), 
middle (0), and high (+1). Three independent 
variables were evaluated: GO adsorbent mass, 
solution pH and contact duration, as detailed 
in Table 1. The CIP concentration was fixed 
at a representative level to simplify the model 
and focus on key operational variables, con-
sistent with common RSM-based adsorption 
studies (Zhao et al., 2023). The experimental 
matrix was created with Design Expert soft-
ware version 13.0, yielding a total of 17 ex-
perimental runs, as shown in Table 2. The per-
centage of CIP adsorption derived from the 
DSPE studies was designated as the response 
variable and later assessed using ANOVA. 
The response data were further analyzed by 
RSM to determine the best DSPE settings for 
CIP adsorption utilizing GO as the adsorbent 
(Gupta et al., 2017). 

All tests were conducted progressively 
following the BBD experimental matrix. In 
each experiment, a CIP solution of a designat-
ed concentration was combined with a given 
quantity of GO under regulated pH and contact 
time parameters. Subsequent to the adsorption 
process, the adsorbent was isolated from the 
solution using centrifugation and subsequent 
filtration. The residual concentration of CIP 
in the filtrate was measured using a UV–Vis 
spectrophotometer at a wavelength of 278 nm, 
and the adsorption efficiency was determined 
as the response variable in accordance with 
Equation 1.

RESULTS AND DISCUSSION

Single-step synthesis of GO

The synthesis of GO from sugarcane bagasse 
waste encompassed four sequential preparation 
phases: washing, drying, grinding, and carbon-
ization. Each phase is essential for evaluating the 
quality of the resulting carbon precursor. Figure 1 
illustrates the visual progression of these stages. 
Figure 1a illustrates that the raw sugarcane bagasse 
underwent an initial washing process to eliminate 
adhering soil, residual sugars, and other surface im-
purities that could affect subsequent heat treatment. 
This cleaning step is crucial for reducing inorganic 
contaminants and facilitating a more consistent car-
bonization process. After the effective washing, the 
bagasse was dried, as seen in Figure 1b, to elimi-
nate moisture content, avert adverse reactions dur-
ing heating, improve grinding efficiency, and pro-
mote uniform thermal decomposition.

Table 1. Independent variable levels in the BBD design

Factor −1 (Low) 0 (Center) +1 (High)

GO adsorbent mass (mg) 10 30 50

Solution pH 2 5 8

Contact time (min) 10 35 60

Table 2. Box–Behnken experimental design for DSPE 
optimization

Run pH GO adsorbent 
mass (mg)

Contact time 
(min)

1 5 50 60

2 5 30 35

3 2 30 10

4 5 30 35

5 8 10 35

6 5 10 10

7 5 10 60

8 2 50 35

9 8 30 60

10 5 30 35

11 2 10 35

12 2 30 60

13 5 50 10

14 5 30 35

15 8 30 10

16 8 50 35

17 5 30 35
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The dried bagasse was milled into a fine pow-
der (Figure 1c), augmenting the surface area and 
enhancing particle size homogeneity; hence, it 
promoted constant heat transmission during car-
bonization. The carbonization process produced a 
black carbonaceous solid (Figure 1d), signifying 
substantial structural and compositional altera-
tions in the lignocellulosic biomass. The noted 
color change and textural modification indicate 
effective thermal degradation and the formation 
of a carbon-rich matrix, thus validating the ma-
terial’s appropriateness as a precursor for further 
transformation into GO.

After carbonization, the bagasse was carefully 
pulverized and sieved through a 100-mesh screen 
to achieve a uniform particle size. This proce-
dure facilitated the incorporation of ferrocene and 
ensured consistent heat transfer throughout the 
thermal process. Five grams of carbonized mate-
rial were methodically mixed with one gram of 
ferrocene (Fe(C₅H₅)₂), acting simultaneously as a 
catalyst and a functionalizing agent. The mixture 
was subsequently heated to 300 °C for 15 minutes 
to promote surface modification and enhance the 
yield of GO. Under these conditions, ferrocene de-
composes into iron-based active species that pro-
mote the activation and oxidation of the surface, 
especially at defect sites and margins of the carbon 
matrix. This leads to the development of functional 
groups containing oxygen, such as hydroxyl, car-
bonyl, and epoxide groups (Tamilselvi et al., 2020). 

Furthermore, Figure 1d demonstrates the effi-
cacy of the ferrocene-assisted heating procedure. 
The result is a consistent, black substance that vi-
sually distinguishes itself from the original mate-
rial employed in its synthesis. The uniform color-
ation and granular consistency suggest successful 
modification of the carbon surface and structural 
disintegration, in line with the development of an 
oxidized carbon material appropriate for adsorp-
tion. The 83.22% yield demonstrates efficient 

conversion at low temperatures with minimal ma-
terial loss, thereby confirming the technique as an 
effective method for producing GO from biomass.

Characterization of the prepared GO

Figure 2 shows the FTIR spectra of graph-
ite derived from sugarcane bagasse, GO derived 
from sugarcane bagasse, and GO derived from 
commercial graphite, highlighting the chemical 
changes during oxidation.The graphite derived 
from sugarcane bagasse (Figure 2a) displays a 
broad band at 3200–3250 cm⁻¹ attributed to O–H 
stretching from residual hydroxyl groups and ad-
sorbed moisture, along with a weak band near 
~1700 cm⁻¹ corresponding to limited carbonyl 
(C=O) functionalities (Darmawan et al., 2024; 
Supriyanto et al., 2018). These features indicate 
slight surface oxidation despite the predominant-
ly aromatic carbon structure. Unlike pristine min-
eral graphite, biomass-derived carbon typically 
retains oxygen-containing groups due to partial 
oxidation and incomplete removal of oxygenated 
components during carbonization, explaining the 
presence of O–H and C=O bands (Sayfo et al., 
2023; Yang et al., 2022).

Conversely, GO derived from sugarcane ba-
gasse (Figure 2b) shows a heightened quantity of 
oxygen-containing functional groups. The O–H 
stretching band at approximately 3250 cm⁻¹ is 
more pronounced and broader, signifying an in-
creased abundance of hydroxyl groups on the car-
bon surface (Thangaraj et al., 2023). The absorp-
tion band at about 1700 cm⁻¹ is associated with 
the stretching vibrations of C=O bonds in carbon-
yl and carboxyl groups (Darmawan et al., 2024; 
Poonpat et al., 2025). Supplementary bands in 
the 1200–1100 cm⁻¹ range result from the stretch-
ing vibrations of C–O and C–O–C bonds, signi-
fying the presence of epoxy and alkoxy groups. 
Meanwhile, Figure 2c illustrates that the FTIR 

Figure 1. Sequential preparation steps of sugarcane bagasse for GO synthesis: (a) cleaned bagasse,
 (b) dried bagasse, (c) milled bagasse powder, and (d) carbonized bagasse
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spectrum of GO commercially graphite exhib-
its prominent O–H, C=O, and C–O absorption 
bands indicative of GO. Although synthesized via 
several techniques and from distinct sources, the 
spectrum of GO obtained from sugarcane bagasse 
roughly mimics that of GO-commercial graphite 
(Challa et al., 2022).

Figure 3 shows images taken with SEM that 
show the different shapes of GO made from sug-
arcane bagasse and commercial GO. Both materi-
als have sheet-like structures that are typical of 
GO, but there are clear changes in the texture of 
the surface and the way the structures are orga-
nized. Figure 3a shows that sugarcane bagasse 
GO is made up of sheets that are not straight, 
have wrinkles, and are only partially folded. The 
surface is also rather rough. The overlapping lay-
ers and deep wrinkles show that the structure is 
heterogeneous and has many defects. This type of 
structure is characteristic for biomass-derived GO 
made by mild thermal oxidation. These kinds of 
morphological features make the surface rougher 
and show more edge sites, which is advantageous 
for applications that rely on adsorption (Zhu et 

al., 2015). The summary of functional groups on 
each sorbent is presented in Table 3.

In Figure 3b, commercial GO shows sheets 
that are thinner and more even, with smoother sur-
faces and a well-defined platelet-like shape. The 
better layer uniformity indicates a higher level of 
exfoliation and structural ordering, which usually 
happens when chemical oxidation is done in a reg-
ulated way. This shape makes the structure more 
stable, but the smoother surface suggests that there 
are fewer active spots connected to defects than in 
sugarcane bagasse GO (Nishina, 2024).

The elemental composition of GO produced 
from sugarcane bagasse and commercial GO was 
determined using Energy Dispersive X-ray (EDX) 
analysis, as seen in Figure 4. Figure 4a shows that 
the GO produced from sugarcane bagasse has 
62.92 wt% C and 37.04 wt% O. The presence of 
considerable oxygen content shows that oxygen-
containing functions were successfully integrated 
during ferrocene-assisted thermal treatment. The 
wrinkled and defect-rich appearance observed in 
SEM lends support to the theory that oxidation 
occurs largely at edge sites and structurally dis-
ordered portions of the carbon framework. The 

Table 3. FTIR result

Sorbent
Functional group (cm⁻¹)

-OH C=O C=C C-O-C C-O

Graphite-derived sugarcane bagasse 3204 1700 1570 - -

GO- derived sugarcane bagasse 3253 1700 1579 1095 1216

GO-Flake 3175 1722 1610 1058 1237

Figure 2. FTIR spectra of (a) graphite-derived sugarcane bagasse, (b) GO-derived sugarcane bagasse, 
and (c) GO-derived commercial graphite
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resulting surface chemistry contains polar func-
tional groups that facilitate interactions with target 
molecules during adsorption processes (Ariyanti 
et al., 2021). Commercial GO (Figure 4b) has an 
elemental makeup of 59.85 wt% C and 40.59 wt% 
O, indicating a slightly higher level of oxidation. 
The higher oxygen concentration is consistent with 

the uniform and exfoliated sheet shape observed in 
SEM, indicating a synthesis approach that allows 
for more uniform surface functionalization across 
the GO sheets (Laçin et al., 2022).

The XRD patterns in Figure 5 reveal the 
structural alteration of sugarcane bagasse-derived 
carbon throughout oxidation and allow for direct 

Figure 3. SEM images of (a) GO-derived sugarcane bagasse and (b) GO- derived commercial graphite

Figure 4. EDX spectra of (a) sugarcane bagasse-derived GO and (b) commercial GO

Figure 5. XRD patterns of (a) sugarcane bagasse-derived graphite, (b) sugarcane bagasse-derived GO, 
and (c) commercial GO
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comparison with commercial GO. The diffrac-
tion pattern of sugarcane bagasse graphite (Fig-
ure 5a) is characterized by a large peak centered 
at 2θ = 27.0°, representing the (002) reflection 
of graphitic carbon. The strong peak broadening 
implies a turbostratic and disordered structure, 
which is typical of biomass-derived graphite gen-
erated during carbonization. A faint reflection at 
44.2° along the (100) plane supports the presence 
of disordered graphitic domains rather than well-
developed crystalline graphite. Besides, the XRD 
pattern of sugarcane bagasse GO changes signifi-
cantly when oxidized (Figure 5b). A new diffrac-
tion characteristic occurs at lower angles around 
2θ = 10.1°, indicating a widening of interlayer 
space due to the inclusion of oxygen-containing 
functional groups and intercalated species be-
tween carbon layers. At the same time, a weak and 
widened peak remains at about 26–27°, showing 
that some of the original graphitic structure is still 
there (Somanathan et al., 2015; Mohamed et al., 
2024). The presence of enlarged GO layers and 
remnant graphitic domains indicates a heteroge-
neous layered structure, which is prevalent in GO 
created by mild or single-step oxidation methods. 

The XRD pattern of commercial GO (Figure 
5c) shows a strong and powerful diffraction peak 
at roughly 2θ = 11.1°, indicating well-oxidized 
GO and uniformly increased interlayer spacing. 
The lack of a discernible peak near 26° indicates 

significant disruption of the original graph-
ite stacking and a more homogenous oxidation 
process. This structural consistency reflects the 
stronger and more regulated oxidation conditions 
commonly used in conventional GO production.

Optimization of DSPE using RSM

Statistical analysis

Table 4 shows that CIP adsorption by GO var-
ies greatly, ranging between 58.9% and 90.3%, 
demonstrating a substantial dependency on op-
erating circumstances. The highest adsorption is 
attained at pH 2 with 50 mg GO and 35 minutes 
of contact time (Run 8, 90.31%), whereas the low-
est adsorption occurs at pH 5 with 10 mg GO and 
10 minutes (Run 6, 58.86%). Among the tested 
factors, GO mass has the greatest influence on 
adsorption efficiency. Increasing adsorbent mass 
from 10 mg to 50 mg reliably improves CIP re-
moval, regardless of pH or contact time, due to 
the increased availability of active adsorption sites 
and effective surface area (Ahmmed et al., 2024). 
When the GO mass is minimal, adsorption is lim-
ited even under favorable pH conditions, showing 
that site availability is the primary limiting factor.

Once a substantial amount of GO mass is 
present, the effects of pH and contact duration be-
come apparent. Higher adsorption at acidic pH, 

Table 4. Ciprofloxacin (CIP) adsorption efficiency using GO as adsorbent under different DSPE conditions

Run pH GO mass (mg) Contact time (min) CIP adsorption (%)

1 5 50 60 79.77

2 5 30 35 84.09

3 2 30 10 85.11

4 5 30 35 82.83

5 8 10 35 60.26

6 5 10 10 58.86

7 5 10 60 61.65

8 2 50 35 90.31

9 8 30 60 80.18

10 5 30 35 89.52

11 2 10 35 59.01

12 2 30 60 81.15

13 5 50 10 85.48

14 5 30 35 88.13

15 8 30 10 82.69

16 8 50 35 85.48

17 5 30 35 83.67
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at pH 2, indicates favorable interactions between 
CIP and oxygen-containing functional groups on 
the GO surface, which are supported by both elec-
trostatic and non-electrostatic interactions. Con-
tact time exhibits a non-monotonic effect, with 
intermediate durations consistently outperform-
ing the shortest and longest timeframes, showing 
that fast adsorption is followed by surface rear-
rangement or partial re-equilibration. Replicated 
center-point experiments at pH 5, 30 mg GO, and 
35 minutes produce adsorption values with low 
variability, indicating good experimental repro-
ducibility and giving a solid foundation for fur-
ther RSM modelling (Bruckmann et al., 2024). 
The results indicate that optimal CIP adsorption 
is achieved through the combination of a suitable 
adsorbent mass, an adequate pH, and a moderate 
contact duration, aligning with the criteria for a 
successful DSPE process.

The statistical summary in Table 5 demon-
strates that the quadratic model best represents the 
DSPE adsorption system. The highly significant 
sequential p-value (p = 0.0004) demonstrates that 
including second-order factors enhances the model 
beyond basic linear correlations. At the same time, 
the non-significant lack-of-fit value (p = 0.5932) 
demonstrates that the quadratic model accurately 
represents the observed variability, with no sys-
tematic deviations. In contrast, the linear and two-
factor interaction (2FI) models show substantial 
lack-of-fit, showing that they cannot represent the 
non-linear nature of the adsorption process.

The quadratic model’s high adjusted R² 
(0.9373) and anticipated R² (0.8190) show signifi-
cant agreement between experimental and predict-
ed responses, indicating reliable predictive perfor-
mance in the analyzed design space. The relative-
ly modest discrepancy between these two values 
indicates high model stability with minimal over-
fitting. The linear and 2FI models have lesser ex-
planatory power, with the Two-Factor Interaction 
(2FI) model predicting a negative R², indicating 
poor predictive dependability. The cubic model is 
aliased due to experimental design constraints and 

so cannot be comprehended. These findings dem-
onstrate that CIP adsorption onto GO is regulated 
by nonlinear effects, making the quadratic model 
the best framework for response surface optimiza-
tion and analysis (Fernandi et al., 2015).

The quadratic model’s adequacy was evalu-
ated using diagnostic plots, as shown in Figure 6, 
to ensure that the statistical assumptions required 
for reliable prediction were met. Figure 6a dem-
onstrates that the residuals are distributed closely 
along the diagonal line, indicating that they have 
an approximately normal distribution. This pat-
tern demonstrates that the differences between 
experimental and predicted values are random 
and that the model fits the data perfectly, which 
is consistent with prior RSM-based investigations 
(Anggraini et al., 2023).

The predicted versus actual plot (Figure 6b) 
indicates the model’s high predictive perfor-
mance. The majority of data points are near to the 
diagonal line, indicating a high degree of agree-
ment between experimental results and model 
predictions. This close match confirms the qua-
dratic model’s high coefficient of determination 
and demonstrates that the model successfully 
reflects the variability of the CIP adsorption re-
sponse. Similar diagnostic patterns have been 
observed in comparable adsorption experiments, 
where significant congruence between predicted 
and experimental values indicates accurate model 
performance (Anggraini et al., 2023). 

The residuals vs. run plot (Figure 6c) reveals 
a random distribution of residuals around the zero 
line, with all points remaining within the control 
limits and no discernible trends between experi-
mental runs. This trend demonstrates the absence of 
systematic error, time-dependent effects, or experi-
mental bias, as well as the dataset’s constant vari-
ance. Together, these diagnostic results show that 
the quadratic model is statistically valid and suitable 
for forecasting CIP adsorption within the experi-
mental range investigated (Fernandi et al., 2015). 
This validated model yielded a quadratic polyno-
mial equation characterizing the CIP adsorption 

Table 5. Statistical summary of model fitting for DSPE optimization using RSM

Model Sequential p-value Lack-of-Fit p-value Adjusted R² Predicted R² Model status

Linear 0.0025 0.0294 0.5757 0.4124 Not adequate

2FI 0.9328 0.0163 0.4709 -0.1417 Not adequate

Quadratic 0.0004 0.5932 0.9373 0.8190 Selected

Cubic 0.5923 - 0.9285 - Aliased
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response (Equation 4). The indications of the re-
gression coefficients provide information about the 
role of each variable and their interactions, with 
positive coefficients indicating factors that improve 
adsorption and negative values indicating factors 
that inhibit responsiveness (Salari, 2022). The addi-
tion of quadratic factors emphasizes the nonlinear 
nature of the adsorption process, enabling the em-
ployment of a quadratic response surface model for 
optimization (Kalebić et al., 2023).

	
% Adsorption = 85.65 – 0.8013A +  

+ 12.80B – 1.17C – 1.81AB + 0.3483AC – 
– 2.13BC – 0.5888A2 – 11.35B2 – 2.85C2 

	 (4)

The ANOVA results in Table 6 show that the 
established quadratic model gives a statistically 
robust description of CIP adsorption on GO. The 
model has a high F-value of 27.56 and a matching 
p-value of 0.0001, indicating that the regression 
is highly significant and accounts for a substantial 
portion of the response variability. The relative-
ly low residual contribution and non-significant 

lack-of-fit value (p = 0.5932) show that the model 
accurately represents the experimental behavior 
without systematic deviation, confirming its ap-
plicability for response surface analysis and pre-
diction in the studied domain (Aman et al., 2023).

The adsorption process is dominated by GO 
mass (B) with an F-value of 164.94 and a p-value 
< 0.0001. This substantial statistical weight dem-
onstrates that adsorbent availability is the key de-
termining factor for CIP removal, as predicted by 
adsorption theory, which states that the number of 
available active sites directly influences absorp-
tion capacity. In contrast, the linear contributions 
of pH (A) and contact duration (C) are statistically 
negligible (p = 0.4060 and 0.2721, respectively), 
showing that within the studied ranges, these vari-
ables do not independently drive adsorption to the 
same extent as adsorbent mass. As a result, their 
influence is subtler, modulating rather than deter-
mining adsorption behavior (Wang et al., 2021).

The interaction terms (AB, AC, and BC) are 
not statistically significant (p > 0.05), indicating 

Figure 6. Diagnostic plots of the quadratic RSM model: (a) normal probability plot of residuals, 
(b) predicted versus experimental values, and (c) residuals versus run order
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that pairwise coupling between variables does 
not play a major role under the conditions inves-
tigated. The quadratic term for GO mass (B²) is 
extremely significant (F = 69.99, p < 0.0001), 
indicating considerable curvature effects caused 
by non-linear adsorption behavior. This discov-
ery demonstrates the saturation phenomenon, in 
which increasing adsorbent mass above a par-
ticular threshold results in declining advances in 
adsorption efficiency. The quadratic terms for pH 
(A²) and contact time (C²) have less influence, but 
C² makes a substantial contribution (F = 4.38, p 
= 0.0747), showing the onset of non-linearity at 
extended contact times (Gadre and Ritter, 2002). 
Overall, these findings demonstrate that CIP ad-
sorption onto GO is primarily regulated by ad-
sorbent mass, which has significant non-linear 
properties, with pH and contact time serving as 
secondary tuning parameters that refine perfor-
mance rather than completely control it.

Table 7 summarizes statistical indications 
that support the quadratic model’s robustness and 

reliability in describing CIP adsorption. The low 
standard deviation (2.79) relative to the mean 
answer (78.72) suggests that the experimental 
results are densely packed, whereas the coeffi-
cient of variation (3.54%) implies great precision 
and consistency across experimental runs. These 
metrics are consistent with the ANOVA results, 
which show a statistically significant model with 
a non-significant lack-of-fit, indicating that the 
observed variability is effectively described by 
the regression (Gadre and Ritter, 2002).

The model accurately explains and predicts 
CIP adsorption, with a high R² value of 0.9726. It 
accounts for nearly 97% of the change. Adjusted 
R² (0.9373) and projected R² (0.8190) are well 
aligned, indicating model stability and predict-
ability without overfitting. Furthermore, the pre-
cision value of 14.49, significantly higher than the 
suggested threshold of 4, indicates a high signal-
to-noise ratio and verifies that the model provides 
adequate resolution for successful design space 
navigation and CIP adsorption performance opti-
mization (Ahmed et al., 2024).

Interaction effects in process variables and 
their influence on CIP % adsorption

Figures 7 (a,b) show the interaction between 
pH and GO mass at a given contact duration of 
35 minutes, demonstrating a strong nonlinear 
response surface. The center point at pH 5 and 
30 mg GO has an adsorption efficiency of about 
88%, indicating near-optimal circumstances. 
Adsorption declines dramatically to 58% under 
very acidic circumstances (pH 2) with a low GO 

Table 6. Analysis of variance (ANOVA) results for the quadratic RSM model of CIP adsorption

Source Sum of squares Df Mean square F-value p-value

Model 1927.60 9 214.18 27.56 0.0001*

A – pH 6.07 1 6.07 0.78 0.4060

B – GO mass 1281.61 1 1281.61 164.94 < 0.0001*

C – Contact time 11.04 1 11.04 1.42 0.2721

AB 9.24 1 9.24 1.19 0.3117

AC 0.53 1 0.53 0.07 0.8016

BC 18.06 1 18.06 2.32 0.1712

A² 1.13 1 1.13 0.15 0.7139

B² 543.82 1 543.82 69.99 < 0.0001*

C² 34.02 1 34.02 4.38 0.0747

Residual 54.39 3 18.13 — —

Lack of fit 18.96 4 4.74 0.71 0.5932

Note: * significant.

Table 7. Statistical performance indicators of the 
quadratic RSM model for CIP adsorption

Statistic Value

Standard deviation 2.79

Mean response 78.72

Coefficient of variation (C.V., %) 3.54

R² 0.9726

Adjusted R² 0.9373

Predicted R² 0.8190

Adequate precision 14.49
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mass of 10 mg, demonstrating that CIP uptake is 
limited by insufficient adsorbent availability. At 
the same pH, adding 50 mg of GO increases ad-
sorption to around 90%, indicating that adsorbent 
dose has a bigger influence than pH. This trend 
demonstrates the dominant importance of GO 
mass in supplying accessible active sites, even 
under less favorable pH circumstances, and it is 
consistent with the ANOVA analysis’s finding of 
a large quadratic effect.

Figures 7 (c,d) show the pH-contact time in-
teraction, which has a rather uniform response 
surface when compared to other interactions. The 
center point at pH 5 and 35 min corresponds to an 
adsorption efficiency of about 88%, although the 
strong yellow-orange regions in the contour plot 
indicate a very homogenous adsorption response 
across a wide range of circumstances. Adsorption 

is reduced to around 59% under extreme condi-
tions (pH 2 and 10 min contact duration), demon-
strating that very acidic surroundings combined 
with short contact times are detrimental for CIP 
adsorption. The comparatively moderate surface 
curvature implies that pH and contact duration 
are secondary characteristics that affect adsorp-
tion rather than directly controlling it.

The interaction between GO mass and con-
tact time (Figure 7 (e,f)) shows a more significant 
curved response surface, indicating saturation 
effects at larger adsorbent dosages. Adsorption 
reaches roughly 88% at the central point (30 mg 
GO, 35 min). Increasing the GO mass to 30-50 
mg yields consistently high adsorption efficien-
cies, but smaller masses (10-20 mg) result in sig-
nificantly lower adsorption rates. For 10 mg GO, 
extending the contact time from 10 to 60 minutes 

Figure 7. Contour (2D) and response surface (3D) plots illustrating the interactive effects of GO mass–pH (a, b), 
pH–contact time (c, d), and contact time–GO mass (e, f) on CIP adsorption performance
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only marginally increases adsorption from 58% 
to 61%, indicating that longer contact times can-
not make up for a low adsorbent mass. At 50 mg 
GO, adsorption reduces from ≈85% at 10 min to 
≈79% at 60 min, indicating saturation and poten-
tial aggregation effects that limit surface usage. 
This tendency is consistent with previous findings 
published by Sikri et al. (Sikri et al., 2025), who 
found decreasing efficiency beyond the optimal 
GO dosage due to active site obstruction.

Validation of experiment using RSM 
confirmation test on % CIP adsorption

A confirmation test was conducted to validate 
the reliability of achieving the optimal conditions 
forecasted by the RSM model in practice. This 
step is very important to confirm that the statis-
tically optimized parameters lead to consistent 
experimental results and that the model’s pre-
dictions are within an acceptable range of error 
(Zewide et al., 2025). This atudy utilized the de-
sirability function methodology for optimization, 
wherein the desirability value (D) signifies the 
model’s comprehensive capacity to concurrently 
fulfill all specified optimization criteria. A desir-
ability value near one indicates the attainment of 
the optimization objective (Fernandi et al., 2015). 

The ramp desirability plot in Figure 8 shows 
that a desirability value of 1.000 was reached. This 
means that the answer was the best and most fair. 
Design Expert 13.0 came up with 100 possible an-
swers, and number 3 was chosen as the best one. 
The ideal situation has a pH of 3.16, a GO mass 
of 43.00 mg, and a contact time of 29.94 minutes. 

Around 90.46% of the time, CIP adsorption is ex-
pected to work. This ideal point is vital because it 
is in the center of the experimental area. The result 
means that the answer is strong and stable enough 
to use in real life (Cho, et al., 2006). 

The improved conditions are consistent with 
the previously stated adsorption mechanisms. A 
slightly acidic pH promotes the adhesion of CIP 
molecules to the oxygen-containing functional 
groups on the GO surface. The GO mass is also 
high enough to ensure that molecules have ad-
equate locations to stick. The moderate contact 
time also demonstrates that adsorption equilib-
rium can be achieved rapidly, implying that the 
extraction procedure does not have to take longer 
than necessary. The confirmation test and desir-
ability analysis demonstrate that the RSM model 
is statistically valid and useful in the real world. 
This implies that employing GO in DSPE appli-
cations to improve CIP adsorption is a beneficial 
idea (Thorisingam and Mustafa, 2022).

Table 8 shows the results of the confirmation 
test that was done to check how accurate and reli-
able the RSM model’s anticipated conditions for 
CIP adsorption were. The model projected an ad-
sorption effectiveness of 90.46% under the best 
operating conditions; however, the actual average 
adsorption was only 88.39%. The experimental 
value is very close to the 95% prediction interval 
(85.77–95.15%). This shows that the model pre-
diction is statistically compatible with the actual 
experimental response (Hashemi et al., 2025).

The relatively small percentage error of 
2.34%, which is far lower than the usual 5% crite-
rion, shows that the anticipated and experimental 

Figure 8. Ramp desirability plot for CIP adsorption optimization using GO
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findings are quite close to each other. This small 
difference shows that the quadratic model not 
only shows the general trend of adsorption, but it 
also makes accurate point predictions when con-
ditions are right (Roy, 2022). The RSM model is 
strong, and the small error margin shows that the 
assumptions made during its construction were 
correct, such as the factors chosen and how they 
relate to each other. 

Slight variation exists between anticipated 
and observed adsorption values because experi-
ments are imperfect. For example, small changes 
in the parameters of the solution or the dispersion 
of the adsorbent are unavoidable in adsorption 
studies. The prediction and confirmation are so 
close that the optimized conditions are statistical-
ly accurate and can be repeated in the lab (Bbum-
ba et al., 2024). The confirmation test shows that 
the RSM model that was made is good for guid-
ing optimization and scale-up decisions on CIP 
adsorption utilizing GO in DSPE applications.

CONCLUSIONS

Graphene oxide derived from sugarcane ba-
gasse was successfully synthesized using a sim-
ple and ecologically friendly method, indicating 
that agricultural waste may be converted into a 
valuable functional material for analytical ap-
plications. Structural and surface investigations 
showed the existence of numerous oxygen-con-
taining functional groups, increased interlayer 
spacing, and a defect-rich morphology, all of 
which contribute to the high adsorption affinity 
for CIP molecules.

The DSPE process was optimized using 
RSM, which demonstrated that adsorbent mass is 
the most important element in determining CIP 
adsorption, while solution pH and contact dura-
tion act as complementary factors in modulating 
adsorption efficiency. The quadratic model dem-
onstrated great statistical validity, as evidenced 
by high explanatory power, consistent predictive 
performance, and well-behaved residual diagnos-
tics. Response surface analysis revealed nonlin-
ear behavior and adsorption saturation effects at 

greater GO loadings, underlining the need for bal-
anced operating conditions.

The adjusted DSPE conditions resulted in 
high adsorption efficiency with great agreement 
between predicted and experimental findings, 
with a low prediction error of 2.34%, demonstrat-
ing the model’s robustness and practical reliabili-
ty. This study shows that biomass-derived GO can 
be used as an efficient, low-cost, and long-lasting 
adsorbent for DSPE-based antibiotic analysis. 
The proposed approach offers a viable foundation 
for ecologically responsible analytical extraction 
and can be applied to the detection of additional 
developing pollutants in aquatic settings.
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