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ABSTRACT

Antibiotics are recognized as emerging environmental contaminants due to their persistence and adverse eco-
logical impacts. Metronidazole (MMZ), a widely used nitroimidazole antibiotic, is of particular concern because
of its extensive use and resistance to biodegradation. Its accumulation in the environment highlights the urgent
need for effective removal strategies. The aim of current study was to synthesize economical cellulose-iron oxide
nanocomposite (CI-NC) catalyst from an indigenous sugar mill waste bagasse as source for cellulose via co-
precipitation process for the sequestration of MMZ antibiotics from hospital waste water. CI-NC was character-
ized by energy-dispersive X-ray EDX, scanning electron microscopy (SEM), UV-visible spectroscopy and Fourier
transform spectroscopy (FTIR). The hospitals wastewater was analyzed using HPLC for presence of MMZ. Ex-
periments were designed by faced centered central composite design (FCCCD) in deign expert 13 and response
surface modeling (RSM) was employed for optimization of experimental variables used to analyze the main and
interaction effects. The design variables were nanocomposite dose, pH, MNZ, temperature, hydrogen peroxide,
and contact time. It was raveled that 98.00% degradation achieved at composite dose of 10 mg and MMZ 30 ppm,
pH of 6, time of 30 min, temperature of 313 K, H,0, and 0.6 mmol/L. A high degree of fit was achieved with the
cubic model. The kinetic study revealed that the experimental data were best described by the pseudo-second-order
kinetic model, with R? 0f 0.99. The present findings demonstrate the potential of CI-NC as sustainable and efficient
material for the sequestration of MMZ antibiotics form hospital waste and pharmaceutical industries.

Keywords: metronidazole, response surface methodology, nanocomposite, water and water treatment, antibiotics.

INTRODUCTION

Antibiotics are newly identified pollutants
that are used to cure and prevent infections in hu-
mans as well as animals (Zaidi et al 2025; Eapen,
2024; Eskandari et al., 2023). The thirty to ninety
percent of antibiotics do not digest in bodies of
humans or animals and are discharged into the
environment via stool and urine (Guo et al.,
2021; Wang et al., 2021). Antibiotics are a class
of contaminants. They enter into the environment
through the hospital effluent wastewater and the

438

excretion of drug metabolites due to inadequate
metabolism (Guo et al., 2021). The metronida-
zole (MMZ) antibiotic belongs to the class of ni-
troimidazole, which is used to treat amoebiasis,
trichomoniasis, and giardiasis diseases (Carrales-
Alvarado et al., 2020; Ighalo et al., 2020). MMZ
are usually released untreated in water bodies
like in drinking water sources, wastewaters, and
surface waters (Davarnejad et al., 2022; Santana
et al., 2017). Since MMZ is non-biodegradable
as well as carcinogenic, it has detrimental effects
on both people as well as environment; thus, its
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effective removal techniques must be developed.
These techniques must be technological, envi-
ronmental, and economical (Grenni et al., 2018).
The natural polymer cellulose suitable for the
breakdown of MMZ is found abundantly in sug-
arcane bagasse (SCB), about 32—45% (Al-Hazmi
et al., 2024; Kumar et al., 2021; Olatunji, 2016;
Rehm, 2010). The extracted cellulose (EC) is re-
active, non-toxic, readily available, eco-friendly,
biocompatible, biodegradable and can be readily
modified by incorporating metal nanoparticles
to synthesis a suitable catalyst (Al-Hazmi et al.,
2024; Wang et al., 2016). The cellulose based
nanocomposite materials easily integrate with
metals to provide well-developed surface area
for functionalized the degradation reaction (Fisz-
ka Borzyszkowska et al., 2022). Carbon nano-
tubes (CNT), aluminum oxide (ALOQO,), titanium
oxide (TiO,) and Iron Oxide (Fe,0O,) nanoparticle
(IONPs) can easily be integrated in cellulose to
generate a suitable catalyst. The cellulose based
-Fe, O, nanocomposite has been widely used, as
it is preferred for degradation of MMZ antibi-
otic drugs (Yadav et al., 2015). Because IONP
is inexpensive, it can be easily oxidized to gen-
erate free radicals, as well as quickly separated
by an external magnet (Rajabi and Nasiri, 2021).
Antibiotics have been effectively extracted from
aqueous solutions using oxidation techniques
like photo-Fenton reactions. Common disinfec-
tion methods, including ozonation (O,), ultravio-
let light (UV), and chlorination raise the potential
for the production of carcinogenic disinfection
by-products (DBP), but highly resistant water-
borne bacteria are less amenable to these meth-
ods (Gahrouei et al. 2024; Zhang et al. (2024).
Moving bed biofilm reactor (MBBR) removes
27.4% in 24-hour retention period, the polypyr-
role was removed via adsorption, which is capa-
ble of removing 38.9% of MMZ. The processes
above produce secondary pollutants as well as
consume high levels of energy and chemicals
(Eskandari et al., 2023). Compared to other ap-
proaches, photo-Fenton-processes are efficient,
economical as well as time-efficient (Asgari et
al., 2019). The photo-Fenton process does not
produce secondary pollutants by using hetero-
geneous catalysts (Mansoori et al., 2021; Wang
et al., 2020). IONPs are heterogeneous catalysts
responsible for generation of hydroxyl radicals to
initiate the photo-Fenton process (Pastrana-Mar-
tinez et al., 2015). IONPs increase the surface
area of the composite and increase the number

of reacting sites, which accelerates the reaction
(Wang et al., 2018).The breakdown of hydrocar-
bon is aided by auxiliary catalyst to the photo
Fenton process, which increases the oxidation
and reduction cycle by generating the hydroxyl
radicals (Sun et al., 2019). One practical statisti-
cal technique that may be used to plan the ex-
periment and examine the variables is response
surface methodology (RSM) (Davarnejad et al.,
2022). The detailed analysis of literature revealed
there is no concrete study available on utilization
of indigenous source biomass in cellulose-iron
oxide nanocomposite (CI-NC) synthesis and its
utilization for local hospital waste. At the same
time, RSM analysis of experimental results has
not been conducted.

This study aimed to synthesize CI-NC, an eco-
nomical and green nanocomposite using locally
available bagasse biomass, and to evaluate its ef-
ficiency for the removal of carcinogenic antibiotic
MMZ from hospital wastewater. For the further
investigation into removal mechanism, the kinetic
modeling was performed. For this purpose, the
composite was synthesized, characterized using
physical and chemical analyses, and its degrada-
tion performance was optimized via RSM using
Design Expert 13.0. The significant contribution
of this work emerges from the use of locally avail-
able sugarcane bagasse as a renewable, low-cost,
and abundant resource. Moreover, CI-NC exhibits
multifunctionality, combining adsorption, photo-
catalytic degradation, and magnetic separability
making it a sustainable, cost-effective, and easily
retrievable solution for treating persistent pharma-
ceutical pollutants in wastewater, particularly in
resource-limited treatment options.

MATERIAL AND CHEMICALS

Reagents

All chemicals used in this study, including
ferric chloride hexahydrate (FeCl,»6H20) 99%,
ferrous chloride tetrahydrate (FeCl, +4H,0)
99.9%, ammonium hydroxide (NH,OH) 99.9%,
sodium hydroxide (NaOH) 80%, urea (CH,N,O)
99.5%, and hydrogen peroxide (H,0,) 35% were
of analytical grade. These were purchased from
Sigma Aldrich Chemicals. Sterilized distilled
water with a conductivity of 1 uS/cm, obtained
from laboratory distilled water plant was used in
experiments. The Matiari Sugar Mills Limited,
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Matiari Sindh, provided the Sugar cane bagasse.
Deionized and double-distilled water purchased
from Al-baruni scientific store in Hyderabad
was used to prepare all the solutions required in
experiments.

Sample collection, preservation and analysis

Hospital wastewater samples were collected
from Liaquat University of Medical and Health
Sciences Jamshoro, during peak operational
hours in pre-cleaned, high-density polyethylene
containers. The containers were immediately
sealed, labeled, and transported to the labora-
tory under cooled conditions (4 °C) to prevent
microbial degradation. The sample analysis was
performed using a high pressure liquid chroma-
tography (HPLC) model C-300.

Preparation of iron oxide nanoparticle

IONPs was synthesized by employing the
method used by Mehta et al. (1997). The Fe**and
Fe** were precipitated by ammonium hydroxide
(NH,OH) and treated hydrothermally at mo-
lar ratio of 2:1, the ferric and ferrous chlorides
were dissolved in 0.3 M water. The addition of
NH,OH 15.6 M at 25 °C with vigorous stirring
produced chemical precipitation. In the course of
the reaction, the pH was kept at roughly 10. After
heating at 80 °C for 30 minutes, the precipitates
were repeatedly washed with ethanol and water
followed by dehydration at 70 °C in furnace to
obtain IONPs.

Extraction of cellulose from
sugar cane bagasse

Sugarcane bagasse (SCB) was sourced from
a local sugar production facility from Matiari
Sugar Mills Limited, Matiari Sindh. The col-
lected bagasse was manually stripped and sun-
dried for three days. After drying, the material
was crushed into smaller fragments and further
dried in an oven at 100 °C for twenty-four hours.
The dried bagasse was then ground into a fine
powder using an electric grinder, washed thor-
oughly with double-distilled deionized water,
and oven-dried again for twenty-four hours. For
the bleaching process, the powdered bagasse was
treated with 0.12 M hydrogen peroxide (H202)
solution at a fiber-to-liquid ratio of 1:70, with
the pH adjusted to 4 using a few drops of 8 M
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acetic acid (CHsCOOH). The mixture was boiled
for five hours to remove lignin. After boiling,
the suspension was centrifuged and repeatedly
washed with double-distilled deionized water
until a neutral pH 7 was achieved. Subsequently,
the residue was boiled in 0.4 M sodium sulfite
(Na2S0s) solution for 5 hours and rinsed thor-
oughly with deionized water to ensure the com-
plete removal of lignin and partial elimination
of hemicellulose. The treated residue was then
subjected to further boiling in 4.0 M sodium hy-
droxide (NaOH) solution for five hours to elimi-
nate the remaining hemicellulose content. The
resulting cellulose was filtered, centrifuged, and
washed with double-distilled deionized water.
To enhance purity, the cellulose was dispersed
in 50 mL of 0.7 M dimethyl sulfoxide (DMSO)
and maintained in a water bath at 80 °C for three
hours. Following this treatment, the sample was
centrifuged, washed extensively with double-
distilled deionized water, then it was dried. The
final EC was stored in an airtight container for
degradation of MMZ.

Synthesis of cellulose-iron oxide
nanocomposite

Cellulose-iron oxide nanocomposite synthe-
sized by 0.2 grams of IONPs was suspended in-
side 20 milliliters of EC. Obtained solution was
agitated at 35 °C +/- 2°C for two hours at 130
rpm. The detailed schematic diagram of syn-
thesized resultant solution of CI-NC material
shown in Figure 1.

Characterization of CI-NC

The prepared materials were characterized
by various analytical techniques, including UV-
visible spectrophotometry, Fourier transform
infrared (FTIR) was performed to recognize
the presence of association of functional group
attachment, XRD analysis was used to confirm
the presence of crystalline structure of iron ox-
ide characteristics in synthesized IONPs and
to prove the existence of amorphous and semi
crystalline lignocellulose presence of bagasse in
CI-NC material. UV-visible spectrophotometry
and SEM was conducted to observe the morphol-
ogy used for verifying the EC and CI-NC mate-
rial (DineshKumar and Purushothaman, 2016).
The energy dispersive X-ray EDX was used to
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Figure 1. Schematic diagram of synthesis scheme of CI-NC

identify and quantify the elemental composition
of CI-NC (Lalegiil-Ulker and Elgin, 2021).

Experimental design response
surface methodology

In the current study, RSM was used to exam-
ine the interconnection results of six independent
variables including A: pH, B: dose of composite,
C: drug conc. D: temperature, E: time, F: H,O,,
on Y: by CI-NC degradation of MMZ drug. Faced
Centered Central composite design (FCCCD),
was applied to create a three-level, six -factor
design (Bala et al., 2017). The low, middle, and
high levels of the design factors were denoted by
the standard codes -1, 0, and 1, respectively. The
table gives the precise values for every degree of
every design factor (Table 1).

The analysis of the response was conducted
in Design Expert 13 using a regression equation.
The primary effects of the independent variables,
or design factors, are labeled A, B, C, D, E, F
whereas AB, AC, AD, AE, AF, BC, BD, BE, BF,
CD, CE, CF, DE, DF, and EF stand for the inter-
action effects of these components.

Following each run, the UV-vis spectropho-
tometer used the following equation to analyze

the beginning and final concentrations of MMZ
effluent at a maximum wavelength of 320 nm.

Co—Ct 100 (1)

Removal% =

where: C and C, denote the initial and equilibri-
um concentrations of MMZ respectively.

RESULTS AND DISCUSSION

The results of synthesized material CI-NC
through UV, XRF, FTIR and SEM is presented
below. Removal of MMZ from hospital waste-
water is also presented along with the analysis
of experimental results data using RSM is given.

Characterization of cellulose
iron oxide nanocomposite

UV analysis

Synthesized IONPs were sonicated for 30
minutes in deionized water to provide a transpar-
ent colloid solution for UV examination.

The absorbance spectrum in Figure 2 (a)
showed IONPs peak at 286 nm, in Figure 2 (b)
absorption peak at 280 nm and 307 nm for EC,
while the values of EC polymer values decreases
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Table 1. Level of parameters for Faced Centered Central Composite Design (FCCCD)

Levels
Variables Symbol i
y Low level (-1) '”termef’(;")’“e level | igher level (1)

pH A 2 6 10
Dose of composite (mg) B 5 10 15
Drug conc. (mg/L) C 30 40 50
Temperature (K) D 313 318 323
Time (min) E 10 20 30
H,O, (mM) F 0.2 0.7 1.2

(¢) CI-NC

Absorbance (au)

250

———
300 350

400

Wavelength (cm™)
Figure 2. UV-Visible analysis of a: IONPs, b: EC c¢: CI-NC

from 280 nm to 248, while other increases from
307 to 332 nm, which proves complete entering
of IONPs inside pores of EC polymer material in
Figure 2 (c) (Mun et al. 2015)

Fourier Transform Infrared
Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy
(FTIR) was employed to identify the functional
groups and chemical bonds in material by mea-
suring its infrared absorption spectrum.

Figure 3 illustrates the FTIR spectrum of (a)
IONPs, (b) EC (c) CI-NC. The overall % of absor-
bance transmitted for CI-NC was higher than EC
due to the interaction that occurred between CI-NC
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and the OH groups. The bands at 1628 cm™': Short
band that indicates H-O-H bending of absorbed
water, 577-631 cm! indicate the presence of iron-
oxygen (Fe-O) in IONPs. The carbonyl group of
EC and some hemicelluloses are linked to the band
3381 cm’!, which is associated with OH stretching,
and the 2917 cm™ CH stretching and deformation
vibration at 1740 cm™'. CH, bending, CH bending,
OH bending, and CH, rocking vibration are the re-
spective causes of the band at about 1443 cm™, in-
dicating the EC. The tensile vibrations of the O-H
and C-H groups, the flexural and modified vibra-
tions of the C-H group, and the flexural vibrations
for the CI-NC were linked to the absorption bands
that were evident at wavelengths of 2917, 3432,
1444, and 1049 cm™. The peak at wavelength of
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Figure 3. FTIR Spectroscopic analysis of a: EC, b: CI-NC, c: IONPs

582 cm! shows the IONPs in EC polymer. The de-
velopment of the interaction between the O-H and
the Fe,O, group is responsible for the broadness of
the absorption bands of hydroxyl group and its mi-
gration to the lower wavelength in the synthesized
CI-NC (Azizi, 2020).

Scanning electron microscopy (SEM)

SEM is a powerful imaging technique used
to analyze the surface morphology, particle
size, and structural properties of materials at a
high resolution.

Figure 4 illustrates the SEM analysis of EC
and CI-NC. In Figure 4 (a), EC exhibits a semi-
spherical shape, with notably uniform and narrow

@ 12kv  xt00 10opmpc N B

size distribution. The semi-spherical shape maxi-
mizes light capture and increases charge carri-
ers under the visible or ultraviolet light, thereby
promoting the effective degradation of organic
material. [ONPs were found to accumulate on
the surface and within EC. Additionally, the large
flake-like shape was seen, indicating the local ag-
glomeration and accumulation consistent with
the findings of (Azizi, 2020). Contrastingly, the
SEM image of CI-NC in Figure 4b demonstrates
a porous structure with several voids, decreased
particle agglomeration, and improved dispersion

of IONPs throughout the nanocomposite

Figure 4. SEM of a: EC and b: CI-NC

443



Journal of Ecological Engineering 2025, 26(11), 438-453

Energy dispersive X-ray spectroscopy (EDX)

EDX was performed to confirm the presence
of carbon, nitrogen, sulfur, sodium and other ele-
ments in MMZ specimen.

In Figure 5, the EDX spectrum of (a) EC (b)
CI-NC demonstrated the compositional changes
resulted by impregnation of EC with iron oxide.
EDX images present the C, O and Fe on the of CI-
NC confirmed the iron nanoparticle had formed
on the layer of EC (Xiong et al., 2014). EDX re-
sult also evidenced that EC contains 100% of car-
bon while in CI-NC presence of carbon 13.78%,
oxygen 47.66% and iron 38.55%.

Investigation of critical experimental
parameters

A comprehensive parametric investigation
was conducted to analyze the factors influencing
the degradation of the MMZ antibiotic using a
CI-NC. The removal efficiency was investigated
under varying experimental conditions, including
pH (2-6), nanocomposite dosage (5-15 mg/L),
initial drug concentration (20—50 mg/L), tempera-
ture (313-323 K), reaction time (10—30 min), and
H20: concentration (0.2—1.2 mg/L). Experimental
results revealed that a maximum degradation ef-
ficiency of 97.87% was achieved under optimal
conditions; pH 6, nanocomposite dose 10 mg/L,
initial drug concentration 20 mg/L, temperature
313, reaction time 20 min, and H2O: concentra-
tion 0.7 mg/L. A similar trend was reported by
(Davarnejad et al., 2022), which is consistent
with the expected enhancement in degradation ef-
ficiency due to the incorporation IONPs into the

@
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cellulose matrix. This results into increased avail-
ability of active binding sites, thereby facilitating
an enhanced degradation performance (Wang et
al., 2018).

Adsorption study of metronidazole
(MMZ) in CI-NC

The adsorption behavior of MMZ onto the
synthesized cellulose-based iron oxide nanocom-
posite was systematically investigated. Batch ex-
periments were conducted to evaluate the effects
of key parameters, such as pH, drug concentration,
time, dose of composite and H,O, concentration.

RSM results

To optimize the adsorption conditions and
model the interaction effects, response surface
methodology (RSM) was used providing insight
into the significance and interaction of variables
towards adsorption efficiency. Table 2 presents
the experimental design and response values.

ANOVA and regression model results

To develop the regression model and deter-
mine the best-fitting equation, an analysis was
conducted to predict degradation of MMZ. The
influencing elements that were taken into consid-
eration were A, B, C, D, and E. Table 3 summariz-
es the interaction effects of these components as
follows: AB, AC, AD, AE, AF, BC, BD, BE, BF,
CD, CE, CF, DE, DF, and EF. The resulting equa-
tion illustrates the main and interaction effects of
all design variables, where a positive sign indi-
cates a synergistic effect, enhancing the response,

(b)

Figure 5. EDX Analyses of (a) EC (b) CI-NC
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Table 2. Experimental design for degradation of MMZ

Run ;)AH ccigg;?eo(;) C: D(r;%/lc)onc. D: Tenz&?rature E: Time (min) F: H,0, mM, MMZ ?E%&;dation
1 6 10 40 318 20 0.2 81
2 6 10 40 323 20 0.7 60
3 10 15 30 323 10 1.2 32
4 10 40 318 20 0.7 98
5 5 30 323 30 0.2 10
6 15 50 313 10 0.2 10
7 2 10 40 318 20 0.7 93
8 10 15 30 313 30 1.2 35
9 2 15 30 313 10 1.2 28
10 2 15 30 323 30 1.2 20
1 6 10 40 318 20 0.7 98
12 2 15 50 323 30 0.2 24
13 6 10 40 318 10 0.7 69
14 10 50 323 10 1.2 20
15 2 50 313 10 1.2 15
16 30 313 10 0.2 27
17 10 40 318 20 0.7 87
18 50 323 30 1.2 35
19 10 30 323 10 0.2 20
20 10 10 40 318 20 0.7 53
21 6 40 318 20 0.7 60
22 10 50 313 30 1.2 32
23 10 30 313 30 0.2 18
24 10 40 318 30 0.7 89
25 10 40 318 20 0.7 98
26 10 15 50 323 10 0.2 32
27 10 30 318 20 0.7 88
28 10 50 318 20 0.7 75
29 10 40 313 20 0.7 98
30 10 15 50 313 30 0.2 35
31 10 40 318 20 0.7 98
32 15 40 318 20 0.7 90
33 10 40 318 20 1.2 94

while a negative sign represents an antagonistic
effect, reducing the response. A detailed exami-
nation for these effects was carried out to assess
their impact on the model parameters.

The F-value of 50.01 for the model suggests that
the model is important. The likelihood that an F-val-
ue this large may be caused by noise is only 0.08%.
Model terms are considered significant when the P-
value is less than 0.0500. A, B, D, E, AE, CE, CF,
DE, A2, B2, C?, D?, and E? are important model terms
in this instance (Eskandari et al., 2023).

In Table 4, the high coefficient of deter-
mination R? 0.99 and the adjusted R* 0.97 for

MMZ degradation demonstrate a reasonable
correlation between experimental and predicted
results(Mosavi et al., 2021).

Response contour plots

Figure 6 represents the contour plots illus-
trating the interaction effects of six variables
on MMZ degradation (%) from RSM analysis.
Each plot depicts the combined influence of two
factors while keeping the others constant, re-
vealing how different parameter combinations
affect degradation efficiency. The color gradient
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Table 3. ANOVA for cubic model (Response: MMZ degradation (%)

Source Sum of squire Df Mean Squire F-Value P-Value
Model 33886.72 28 1210.24 50.01 0.0008 Significant
A-pH 800.00 1 800.00 33.06 0.0045

f{;ragso‘;?; 450.00 1 450.00 18.60 0.0125
C-Drug Conc 84.50 1 84.50 3.49 0.1350
D-Temperature 722.00 1 722.00 29.83 0.0055
E-Time 200.00 1 200.00 8.26 0.0452
F-H202 84.50 1 84.50 3.49 0.1350
AB 150.06 1 150.06 6.20 0.0675
AC 14.06 1 14.06 0.5811 0.4884
AD 126.56 1 126.56 5.23 0.0841
AE 612.56 1 612.56 25.31 0.0073
AF 10.56 1 10.56 0.4365 0.5449
BC 27.56 1 27.56 1.14 0.3460
BD 3.06 1 3.06 0.1265 0.7400
BE 0.0625 1 0.0625 0.0026 0.9619
BF 95.06 1 95.06 3.93 0.1185
CD 126.56 1 126.56 5.23 0.0841
CE 333.06 1 333.06 13.76 0.0207
CF 280.56 1 280.56 11.59 0.0272
DE 976.56 1 976.56 40.35 0.0031
DF 0.0625 1 0.0625 0.0026 0.9619
EF 52.56 1 52.56 217 0.2145
A2 742.63 1 742.63 30.69 0.0052
B2 618.06 1 618.06 25.54 0.0072
Ccz 292.13 1 292.13 12.07 0.0255
D2 403.20 1 403.20 16.66 0.0151
E? 403.20 1 403.20 16.66 0.0151
F2 98.41 1 98.41 4.07 0.1139
Table 4. Regression model equation for response against the different factors and their interaction
Regression model equation R? Adjusted R?
MMZ degradation (%)=
+95.80-20.00 A+15.00 B-6.50 C19.00D+10.00 E+6.50 F+3.06 AB+0.9375 AC+8.44 AD- 0.9972 0.9772
18.56 AE-0.8125 AF+3.94 BC+0.4375 BD-0.0625 BE-7.31 BF+2.81 CD+4.56 CE-23.44
DE+0.0625 DF+1.81 EF-22.80 A2-20.80 B2-14.30 C*-16.80 D?-16.80 E2-8.30 F2

from blue to red indicates increasing degrada-
tion levels, with red representing the highest
efficiency. Contour lines labeled with percent-
ages (e.g., 0, 20, 40, 60, 80) mark specific deg-
radation levels, showing how sensitive MMZ
degradation is to changes in the interacting pa-
rameters. The individual plots reveal critical in-
sights into the degradation process. For higher
composite doses and lower pH values generally
enhance degradation efficiency. This increased
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trend could be the result of more active sites,
which raises the amount of MMZ adsorption on
the CI-NC surface. Furthermore, increasing the
quantity of active sites can boost the generation
of reactive species *OH and improve light ad-
sorption (Bashiri et al., 2020). Increasing drug
concentration tends to reduce efficiency, while
temperature variations have a moderate influ-

ence. The interaction between pH and H:O:
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Figure 6. Contour plots of a: dose of composite and pH, b: drug Conc: and pH, c: temperature and pH,
d: time and pH, e: H,O, and pH, f: drug conc: and dose of composite, g: temperature and dose of composite,
h: time and dose of composite, i: H,0, and dose of composite, j: temperature drug conc, k: time and drug conc:, I:
H,0, and drug conc:, m: time and temperature, n: H,O, and temperature, o: H,O, and time shows
interaction effects of CI-NC on MMZ degradation
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Figure 7. Optimization ramp

concentration suggested that higher oxidant lev-
els improve degradation.

Optimization of parameter

Figure 7 illustrates the optimization of param-
eters by RSM for MMZ degradation.

It was revealed from the above optimiza-
tion ramp that six independent variables show
the maximum degradation of MMZ at: pH (6),
dose of composite (10 mg/L), drug concentration
(40 mg/L), temperature (313 K), time (20 min-
utes), and H20: concentration (0.7 mg/L). The
above optimization ramp indicates the optimal
values for each parameter, suggesting that these
conditions are ideal for achieving the maximum
possible degradation of MMZ. The response vari-
able MMZ was 98% degraded with above opti-
mized variables values. Additionally, the desirabil-
ity score of 1.000 confirms that these conditions
yield the most favorable outcome, as a desirability
value of 1 represents the best possible solution.

Prediction profiler

Figure 8 represents a prediction profiler from
a statistical analysis, likely from response surface
methodology (RSM). The profiler visually depicts
how different independent variables influence the
response variable, in term of MMZ degradation
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(%). Each plot represents the effect of a single
factor on MMZ degradation while keeping other
factors constant (Betiku et al., 2021).

Performance evaluation by RSM

Figure 9 illustrates the performance of the
model using a Predicted vs. Actual plot, which
visually demonstrates the correlation between ex-
perimental and model-predicted values

The data points in this plot closely align with
the diagonal line, indicating that the model has
high accuracy and reliability in predicting MMZ
degradation (Malika and Sonawane, 2021). The
smooth color gradient suggests a well-fitted
model without significant fluctuations or incon-
sistencies. Overall, this graph confirms that the
model provides strong predictive performance
for MMZ degradation.

Kinetic study of antibiotic degradation

The kinetics of MMZ degradation was as-
sessed by using the pseudo-first-order and
pseudo-second-order models. The obtained out-
comes of rate constant for theoretical and calcu-
lated values do not come in match for first-order
model where values of theoretical and calculated
measured was 3.92 and -0.445662298 mg/g re-
spectively. In the case of pseudo-second order
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model, the obtained results of rate constant for
theoretical and calculated values are satisfied
for second-order model where the measured val-
ues for theoretical and calculated was found as
3.93 and 4.12 mg/g, respectively. The obtained
results confirm the experimental data with the
pseudo-second-order kinetics model for MMZ
degradation process for other researchers as
well (Zhou et al., 2018). Fitting of pseudo sec-
ond order kinetic model confirm the mechanism

of chemisorption for removal of MMZ from
hospital waste. The adsorption capacity of syn-
thesized SI-NC related to the availability of ac-
tive sites rather than just the concentration of
MMZ in solution. The model assumes that the
adsorption rate is proportional to the square of
the number of unoccupied sites, reflecting stron-
ger and possibly irreversible interactions. It cor-
relates high adsorption efficiency and selectiv-
ity, especially due to the presence of functional

449



Journal of Ecological Engineering 2025, 26(11), 438-453

y = 0.2425x + 0.5376
R? = 0.9993

10 15 20
Time (minutes)

N

Figure 10. Pseudo-second-order model kinetics model of MMZ degradation

0.2 -

In (ge-qt)

1
=
=2

1

-1.3 -

Time (minutes)

S
(V5]
1

5 . 10 15 20
. y=-0.1179x + 0.6404
K R%=0.999
“

Figure 11. Pseudo-first -order model kinetics model of MMZ degradation

Table 5. Comparison of current study with literature

Optimal condition Removal
efficiency
Process - Reference
H [MMZ], | Catalystdose | [H.O:]o Time o
P mg/L, (mg/L) (mmol/L) Mint °
Fe304/CeII}JIose nanocompgsne 6 10 40 07 30 08 This study
for metronidazole degradation
Alglnatg-bgsed hydrogel with . 35 10 33.17 85 5 (Davarnejad et
bimetallic iron-copper composite al., 2022)
Photo-Fenton process with
magnetic Fe,0,@PBC 3 300 0.4 60 - 95 (Cai et al., 2020)
composite
Heterogeneous Fenton process 10 10 50 ) ) 04 (Titouhi and
with modified alginate beads Belgaied, 2016)
Nano-ZnO/UV photocatalytic 3 80 1500 ) 180 96.55 (Farzadkia et al.,
process 2014)
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groups on cellulose or iron oxide in composite.
First- and second-order kinetic models plots for
antibiotics MMZ are listed in Figures 10 and 11.

The experimental findings were compared
with the previously reported studies to validate
the adsorption performance of the cellulose-based
iron oxide nanocomposite (Table 5). Parameters
such as pH, nanocomposite dose, initial drug con-
centration, temperature, reaction time, and H202
concentration against existing literature on simi-
lar adsorbents.

CONCLUSIONS

Alkaline pretreatment successfully re-
moved the EC from SCB and the co-precipi-
tation method of synthesizing I[ONPs and CI-
NC was confirmed by FTIR flourier transform
spectroscopy, UV-visible spectroscopy. X-ray
dispersive diffraction (EDX) with SEM. The
statistical analysis confirmed the accuracy of
the predicted models of MMZ degradation.
RSM results based on FCCCD showed that in-
creasing CI-NC concentration and decreasing
the pH concentration positively influence on
the response. The increasing the pH and MMZ
concentration have negative effect on degrada-
tion. Hydroxyl radicals, were found to be the
reactive agents for the decomposition of MMZ.
The rate constant studies showed the degrada-
tion of MMZ by CI-NC is second order reac-
tion. The regression model’s ability to predict
the MMZ degradation was demonstrated by
ANOVA. The catalyst CI-NC quantity of 40.0
mg/L, beginning pH of 6.0, MMZ concentra-
tion of 10 mg/L, H,O, concentration of 0.6
mmol/L, temperature of 313 kelvin, and reac-
tion time of 20 minutes were found to be the
ideal conditions for 95.8% based on mode and
98.0% based on tests. Consequently, there was
good agreement between the model’s results
and the experimental ones.
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