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Abstract: The adsorption of NSAIDs on activated carbon/ Fe.O3 nanocomposite prepared by simple coprecipita-
tion method was investigated by batch technique. The composition of the composite was investigated by different
characterization techniques, including XRD, SEM, FTIR and TGA. Subsequently, the composite was utilized to
remove painkillers, namely diclofenac potassium, piroxicam-beta-cyclodextrin and paracetamol from aqueous
solutions. Numerous factors affecting the adsorption process were investigated including contact time, pH, ad-
sorbate concentration, temperature, and adsorbent dosage were systematically optimized. The optimal adsorption
for piroxicam-beta-cyclodextrin (94.2%), diclofenac potassium (96.2%), and paracetamol (94.9%) were achieved
atpH 2, 4 and 7 respectively. Adsorption data were analyzed, by using different adsorption isotherms. Diclofenac
potassium and paracetamol obeyed more closely the Freundlich isotherm model, as compared to other models,
while piroxicam-beta-cyclodextrin exhibited conformity with the Temkin isotherm model across the entire con-
centration spectrum. The kinetic analysis indicates that the adsorption of all three adsorbates obey pseudo-second-
order kinetics. The thermodynamic analysis yielded the following parameters: AH = -63.04 kJ/mol, AS = -167.79
Jmol! K for diclofenac potassium, AH = -10.89 kJ/mol, AS = -35.11 J mol-! K- for piroxicam-beta-cyclodextrin
and AH = -68.83 kJ mol* AS = -217.22 for paracetamol. These findings suggest that the adsorption process is not
only spontaneous but also exothermic, resulting in the release of heat. The DFT calculations unveiled significant
interactions between the active sites of all painkillers and the AC/Fe,O3 composite, as confirmed by their negative
binding energies.
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1. Introduction

The contaminants released by pharmaceutical industries, have harmful effects on both the environment and human
health, when accumulate in the surface of water through various pathways, such as improper disposal of unused
medicine, aquaculture treatment, and wastewater treatment [1]. Approximately, 2 million metric tons of pollu-
tants are released into fresh water daily [2]. These pollutants, originated from sources like pharmaceutical indus-
tries, hospital effluents and treatment plant waste etc. has become one of the top environmental concerns. When
purification systems can’t get rid of them, these pollutants make their way into lakes, rivers, and even fresh
water networks [3, 4]. According to the UN Annual Report, about 1500 km? of wastewater is produced each year,
which is roughly six times the volume of current river water [5]. Pharmaceuticals are chemical compounds devel-
oped to cure human diseases [6]. These pharmaceuticals fall into the seven major categories, including analgesics,
antibiotics, antiepileptics, stimulants, opioids, dopamine agents, and antiseptics, contributing to a pressing con-
cern, because of their dual influence on both the environment and human health. [1, 7]. The occurrence of phar-
maceuticals in municipal wastewater and effluents is the main source of its occurrence in drinking water. In this
vein, non-steroidal anti-inflammatory drugs (NSAIDs) are among the most commonly detected pharmaceuticals
in wastewater since they are abundantly used as analgesics, antipyretics, and anti-inflammatories. Thus, they have
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been recognized as emerging contaminants with long-lasting harmful impacts on the living components in the
environmental system as well as on human health. Therefore, there is a continuing demand for efficient, green,
and sustainable techniques for the removal of NSAIDs from wastewater. [8, 9]. Due to their availability as over-
the-counter drugs and their comfort of purchase from the market without a specific prescription, NSAIDs are the
type of drugs, which are extensively utilized [8]. The paracetamol, acetylsalicylic acid, diclofenac, ibuprofen and
naproxen are among the more popular drugs in this class. The white crystalline substance, paracetamol, (4-hy-
droxyacetanilide) is used for the treatment of negligeable pain and to reduce body temperature in cases of fever
[8, 10]. Additionally, many pharmaceuticals in healthcare contain paracetamol as a primary ingredient and
comes in various formulation and are generally regarded as safe, with exception of excessive dose [8, 11]. In
the recent years, advanced analytical methods have raised awareness of the existence of drugs, pharmaceuticals,
pesticides, food, personal care products, additives and various contaminant residues in the water [3]. Environmen-
tal problems have reached a critical point, necessitating immediate action to safeguard public health by decrease
pollutants [12]. Available remediation methods for achieving this protection encompass a wide range of tech-
niques, including aerobic/anaerobic and biological digestion [13], germicidal UV treatment, hydrodynamic cavi-
tation, chemical processes like ozonation, photocatalysis, Fenton, photo-Fenton, electrochemical methods, elec-
tro-Fenton, electrocatalysis, [13, 14], oxidative processes, as well as physical procedures such as adsorption,
coagulation, sedimentation, flocculation, magnetic separation and membrane [15]. Adsorption stands out as the
preferred method for removing a broad range of pharmaceuticals pollutants from water-based solutions, because
of its simplicity, convenience of use, and wide spectrum of adsorbents.[16]. Numerous studies have investigated
pharmaceutical compound adsorption onto various adsorbents, including agricultural activated carbon from agri-
cultural sources, metal oxide nanoparticles, polymer composites, and metal hydroxides, among other things, un-
treated agricultural wastes [17]. Choosing a cost-effective adsorbent with ample adsorption sites and effective
intermolecular interactions with pharmaceutical waste in wastewater is of utmost importance. Activated carbons
(Ac), isolated biopolymers, agricultural wastes and their composites are suitable series of adsorbents, meeting
these criteria. These materials are deemed highly promising adsorbents because of their cost-effectiveness, abun-
dance, and versatile surface functional groups that readily interact with pharmaceutical molecules. These adsor-
bents have a track record of effectively removing synthetic dyes [18, 19]. These intricate dyes have interacting
functional groups and an aromatic ring structure, which are comparable to those of common pharmaceuticals,
making it possible to use the same techniques. The adsorption of STM (streptomycin), IBU (ibuprofen), and RIF
(rifampicin) at high capacities onto various adsorbents, such as sodium thiosulphate-modified thalia dealbata ac-
tivated carbon [20], activated bamboo waste and chitosan/Fe30a4, according to reports [21, 22], pectin and Chi-
tosan, derived from agricultural wastes and food, are shown superior adsorbents for removing fluoride ions and
synthetic dyes [18], [23]. Building on this understanding, our study explores Fe,Os grafted graphene oxide as an
adsorbent for common NSAIDs (non-steroidal anti-inflammatory drugs). The computational methods employed
in this research encompass a range of theories, including Post Hartree Fock (PHF), MP2, and Hartree Fock (HF)
[24, 25]. However, Density Functional Theory (DFT) has garnered significant attention recently due to its cor-
rectness and practicality [26]. Introduced in 1964 by Pierre Honenberg and Walter Kohn, DFT utilizes electronic
probability density to compute ground state energy and electronic characteristics [27, 28]. The Kohn-Sham mod-
ification played a pivotal role in shaping DFT, leading to the development of the Density Functional Version
(DFV) comprising distinct equations for energy determination related to Kohn-Sham orbitals [29, 30]. DFT is
gaining prominence across various systematic domins including chemistry, materials science, biology and physics
and can be represented as E =T + U + V + W, where T stands for Kohn-Sham orbital energy, U for Hartree
energy, V for electron-nucleus attraction, and W for exchange correlation functional energy [31, 32]. Moreover,
DFT serves as the fundamental method for modelling atomic orbitals and molecular structures, utilizing functions
like Slater and functions, with Gaussian applications extending to material research and pharmaceutical synthesis
via tools like DMole3 [33, 34].

This motivated us to design a greener method for the synthesis of a nanocomposite of iron oxides (Fe20s) and
activated carbon to be applied as an adsorbent for NSAIDs. Activated carbon is a two-dimensional nanostructure
composed of stacks of carbon sheets that appear as platelets and feature a large surface area that offers a great
adsorption capacity and a typical host platform to generate diverse nanocomposites. The impact of the entire
process on the environment and operator safety was also explored.

2. Reagents

The chemicals, including sodium hydroxide (NaOH), zinc chloride (ZnCl,), ferrous sulphate (FeSO.) and ferric
chloride (FeCls) were of analytical grade, sourced from Sigma-Aldrich, and used without further purification.
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2.1. Apparatus

A pH meter with a pH range of 1 to 10 was used in this study, along with other instruments i.e. (Perkinelmer,
L1600300 Spectrum Two) FTIR spectrometer, UV-VIS. spectrophotometer (Labomed, Inc. UVD-2960), (Model-
75) wrist action shaker, scanning electron microscope (SEM, JSM-5910 model), X-ray diffraction (XRD, JDX-
3532 model), and thermogravimetric analyser (Pyris Diamond Series TG/DTA and TGA).

2.2. Adsorbent material
2.2.1. The method of making activated carbon

Utilizing banana peels, activated carbon was made [35, 36]. The peels came from a local market in Timergara
City, Pakistan. The banana peel was washed with distilled water to remove the remaining dust materials. The size
of the peel was reduced from 1 to 2 cm to accelerate the drying process. After all the dripping water was sun-
dried, the peel was placed in an oven for 24 h at 105 °C to remove the moisture content. The dried peel was
powdered using an attrition mill. The powdered banana peel was sieved (IC-205/EV) and the particle size below
125 um was retained. It was then weighed and packed in an air-tight plastic bag. Then the sample was subjected
to 350 °C at a rate of 10 °C/min for 3 h in a furnace under an N2 environment, based on the method adopted by
Zamora-Ledezma et al. (2021). After being cooled and size reduced to 125 pm, the sample was further activated
chemically at different operating conditions. The acid activation with variation in acid concentration, temperature
and activation time. Acid activation is one of the most common chemical treatments and has been used to increase
the specific surface area and the number of acidic centres, modify the surface functional group and obtain solids
with high porosity [37].

2.3. The composite of activated carbon and iron oxide (AC/Fe;0s3)

The synthesis of the AC/Fe;O3; composite involved the co-precipitation method. [38]. A mixture of freshly pre-
pared ferrous sulphate (10 ml) and iron chloride (10 ml) solutions were stirred for 30 minutes at 60°C. Then, 2 g
activated carbon was added to these solutions, and it was stirred for an additional 40 minutes at 30°C. Subse-
quently, 2M NaOH solution was incrementally (1 ml at time) introduced until the pH reached a range of approx-
imately 10 to 11. After another hour of mixing, the solution was maintained at an ambient room temperature for
a period of 24 hours. The collected sample was meticulously rinsed with distilled water, followed by ethanol, and
subsequently subjected to drying at 80°C.

2.4. Adsorbates

Three different types of pain relievers served as adsorbates in this investigation, namely paracetamol, Formula:
CgHgNO>

Boiling point: 420 °C

Density: 1.29 g/cm3

Melting point: 169 °C

IUPAC ID: N-(4-hydroxyphenyl) acetamide, N-(4-hydroxyphenyl) ethanamide, piroxicam-beta-cyclodextrin
Chemical formula: Cs7HgsN3O30S

Melting point: 501 °C

Molar mass: 1134.987 g-mol

Solubility in water: 18.5 g/L
IUPAC name: 4-Hydroxy-2-methyl-N-(2-pyridinyl)-2H-1,2-benzothiazine-3-carboxamide 1,1-dioxide

and diclofenac potassium. Chemical formula: Ci14H10C12KNO;

Melting point: 302-310°C

Molar mass: 334.237 g-mol—1

IUPAC name: 2-[2-(2,6-dichloroanilino) phenyl] acetic acid.

The chemical structures of these compounds are depicted in (Figures 1a, b, ¢) corresponding to diclofenac potas-
sium, piroxicam-beta-cyclodextrin and paracetamol individually.
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Figure 1. (a) Paracetamol, (b) Diclofenac potassium and (c) Piroxicam-beta-cyclodextrin.
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2.5. Experimental Methodologies
2.5.1. Stocks Solution

For each painkiller, a stock solution (500 ppm) was prepared by placing 0.1 g of the respective painkiller in a
volumetric flask with a 500 ml capacity, and then topping it up with distilled water to the marked line. These
solutions were subsequently employed as needed.

2.5.2. Maximum wavelength determination (Amax)

To determine the maximum wavelength possible (Amax), solutions with varying concentrations of pain relievers
were meticulously prepared and subjected to UV-Vis scanning within its range from 200-800 nm using UV-Vis
spectrophotometer. The observed maximum wavelengths (Amax) for paracetamol, piroxicam-beta-cyclodextrin,
and diclofenac potassium were recorded as 243 nm, 352 nm and 270 nm respectively.

2.5.3. Calibration Curves

Calibration curves were generated by plotting the absorbance against the concentration (ppm) of various adsorbate
solutions. Fig. S 1 (), the calibration curves for paracetamol, diclofenac potassium, and piroxicam-beta-cyclodex-
trin show the R? values of 1 or nearly 1.

2.5.4. pH solutions preparation

Solutions with different pH values, between pH 1 and 10, were carefully prepared for this study. Hydrochloric
acid solutions were diluted to produce pH values between 1 and 6, while pH levels of 8 to 10 were attained by
diluting sodium hydroxide. All pH solutions were meticulously adjusted and verified using both a pH paper and
pH meter.

2.5.5. Adsorption studies

In the batch-mode experiment, a specific amount of the adsorbate and the AC/Fe,O3 composite were combined in
culture tubes and agitated using a wrist action shaker for a specific duration. After mixing, the specimens were
filtered and underwent spectrophotometric examination to assess the adsorbate's concentration. This experimental
procedure was conducted in triplicate. The percentage removal (% removal) and the adsorption equilibrium (qe)
of the painkillers were ascertained using the following equations [39].

% Adsorption = (CC;C) x100 (1)
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\%
qe=C0—Ce><; (2

In this context, V represents the volume of the solution in dm?, Co stands for the initial adsorbate concentration,
Ce denotes the equilibrium or final concentration, and 'm' represents the mass of the adsorbent.

2.6. Computational specification

The equilibrium geometries were computed using the Perdew-Burke-Ernzerhof (PBE) correction within the
framework of the generalized gradient approximation (GGA) [40]. Van der Waals forces were considered in the
calculations using the DFT-D method, following Grimme's approach [41]. For this calculation, the choice of the
double numerical polarization (DNP) atomic orbital basis set included a real-space global cutoff radius of 4.6. In
the computational process, a Fermi smearing parameter of 0.005 HA was employed [42]. The maximum force,
maximum displacement, and maximum energy convergence requirements were established at 1 x 10 Ha, 0.005,
and 0.001 Ha -1 individually. The DMOI3 method was used for all of the DFT calculations. [43].

This is how the adsorption energies (Ead) were determined. [44]:

Eqq = Ec — (Es + Ey) 3)

In this case, Ec signifies the overall energy of the complicated system, encompassing the adsorption of painkillers
onto composite surfaces. Escorresponds to the total energy of isolated monomer surfaces, while E a represents the
complete energy of the adsorbate molecules. An evaluation of the charge transfer was performed using Hirshfeld
charge density analysis [45].

3. Experimental section
3.1. Characterization
The characterization of the composite involved the use of SEM, XRD and FTIR.

3.1.1. Scanning Electron Microscopy (SEM)

The examination of particle morphology was conducted using a scanning electron microscope (SEM). To get
good image of SEM the necessary conditions are, accelerating voltage, working distance, spot size, and scan
speed. The SEM images of AC/Iron oxide nanoparticle revealed the nanoparticles have spherical and nano disc
like morphology with agglomeration, The agglomeration in the nanoparticles is due to the interaction of van der
Waals interaction between the iron oxide nanoparticles [46] shown in (Fig. 2a, b).

X155, Baa 10 CRL UOP

Figure 2. a, b. SEM micrograph of composite AC/Fe,O3 and activated carbon.
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3.1.2. X-Rays Radiation Diffraction

The Fig. 3 illustrates the X-ray diffraction patterns of activated carbon and the AC/Fe,O3 composite. In the design
of activated carbon, several prominent peak are observed at 20 values of 25.0°, 36.25°, and 47.5°. These strong
diffraction peaks indicate the creation of zinc oxide (ZnQO) through carbonization. Impurities may be responsible
for additional peaks in the pattern. A crystalline structure is confirmed by the XRD pattern's existence of sharp
peaks. Furthermore the diffraction patterns of the AC/Fe>O3; composite closely resemble the conventional data for

rhombohedral crystal hematite with diffraction peaks at 26 values of 49.45° (024), 24.25°(012) and 35.65° (110)
[47, 48].
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Figure 3. Activated Carbon and AC/Fe;O3; Composite XRD pattern.

3.1.3. Fourier Transform Infrared (FTIR) spectroscopy

The dipole change is required for Infra-red radiations absorption. The stretching of the C=CH. bond is shown by
a unigue peak in the spectra of activated carbon at 900 cm™ [49] . Additionally, the bending of the aromatic C-C
bond, =C-H bond, C=C bond and of alkene is responsible for the additional peaks at 868 cm, 980 cm™ and 1539
cmrespectively [50, 51] . The AC/Fe,O3 composite's spectra show there is a noticeable reduction in the intensity
of bands between 500-1000 cm?, potentially indicating interaction between Fe,Os and activated carbon [52]. No-
tably, the vibrational mode associated with the Fe-O bond is indicated by the peak observed at 521 cm™ in the
composite spectra of AC and Fe,03[53, 54].
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Figure 4. (A) Activated Carbon (B) AC/Fe,O; Composite FTIR spectra.
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3.1.4. Analysis Using Thermogravimetric

A thermogravimetric investigation was conducted to assess the stability of the AC/Fe,O3; composite, extending up
to 700°C (Fig. 5). The degradation of Fe203/AC occurred in four distinct stages as indicated by the TGA peaks.
The first weight loss (below 175 °C) was mainly due to the loss of moisture. A second peak at around 276 °C with
very low weight loss (within 175-387 °C) was found due to the thermal degradation of cellulose and hemicellulose
[55]. Between 387 and 700 °C, a third peak with a loss of 8.4% was due to the devolatilization of more thermally
stable heavy volatiles present in Fe203/AC [46] .
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Figure 5. Composite AC/Fe;O3 TGA curve.

3.2. Batch adsorption studies

Batch mode tests were conducted by placing a defined quantity of adsorbate and sorbent in a culture tube and
subjecting it to agitation, using a wrist-hand shaker. The study examined at how piroxicam-beta-cyclodextrin,
paracetamol and diclofenac potassium adsorb to the AC/Fe2Os; composite and the effects of pH, contact time,
temperature, adsorbent dosage and adsorbate concentration.

3.2.1. pH dependent studies

The pH of the solution plays a vital role in influencing the surface charges of the adsorbent and the protonation or
deprotonation of functional groups present in pharmaceuticals. It is a critical factor in determining the interactions
between the adsorbent and adsorbate [56]. To investigate this influence, we employed 0.1 g of adsorbent, 50 ppm
of adsorbate, and maintained a contact duration of 60 minutes for each of the three painkillers. As shown in Fig.
6 (b) the highest adsorption for paracetamol occurred at pH 7, for diclofenac potassium at pH 4, and for piroxicam-
beta-cyclodextrin at pH 2.

Adsorption of paracetamol showed an upward trend with rising pH, peaking at pH 7. At lower pH levels, both the
carbonyl group in paracetamol and the activated carbon surface acquired a positive charge, while at elevated pH
levels, the oxygen within the phenol group of paracetamols and the activated carbon surface exhibited negative
charges. This led to electrostatic repulsion between similarly charged species at both low and high pH values,
thereby reducing adsorption [57, 58]. Conversely, due to the heightened water solubility of diclofenac potassium,
elevating the pH above 4.0 led to a declining trend in the adsorption of diclofenac potassium [59]. Conversely,
piroxicam-beta-cyclodextrin exhibited high solubility in neutral and high-pH conditions, thereby enhancing ad-
sorption at low pH levels, such as pH 2 [60, 61].
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3.2.3. Effect of adsorbent dosage

We investigated the impact of varying the adsorbent dose on the adsorption of diclofenac potassium, piroxicam-
beta-cyclodextrin, and paracetamol within the dosage range of 0.02-0.14 g/10mL for diclofenac potassium and
paracetamol. although for piroxicam-beta-cyclodextrin, it was investigated within the range of 0.001-0.2 g/10mL,
all under optimized pH and contact time conditions [55]. The findings show that for paracetamol, diclofenac
potassium, and piroxicam-beta-cyclodextrin, respectively, adsorption increased up to 0.1g, 0.06g, and 0.05g,
achieving maximum adsorption rates of 95%, 96%, and 87% respectively, and thereafter remained largely con-
stant. The rise in the quantity of adsorbent led to a rise in active sites on the adsorbent surface, resulting in in-
creased painkiller adsorption [62].

3.2.4. Adsorbate concentration's influence

Under optimal circumstances, the impact of adsorbate concentration (Diclofenac potassium, Piroxicam-beta-cy-
clodextrin, and Paracetamol) was investigated over concentration ranges spanning from 25 ppm to 200 ppm. Due
to the limited number of available adsorption sites on the adsorbent, the outcomes illustrate a reduction in the
percentage of adsorption. [63]. Interestingly, for all painkillers, a maximum percent adsorption of 25 ppm was
noted Fig. 6 (a)

Various isotherm models were employed to scrutinize the experimental findings and gain insights into the adsorp-
tion mechanism.

Adsorption can manifest in multiple locations, as indicated by the Freundlich isotherm model [64] revealing the
heterogeneity of the adsorbent surface [64]. This model assumes an infinite surface coverage, as it does not con-
sider the adsorbate's potential to entirely envelop the adsorbent's surface. The linear representation of the Freun-
dlich isotherm model was applied:

logge = %logCe + logKp (@)

In this examination, KF signifies the utmost adsorption capacity, whereas 1/n reflects the adsorption strength.
Equilibrium adsorbate concentration is denoted as Ce, and the quantity of adsorbate adsorbed per gram is repre-
sented as ge [140,141]. The experimental data were subjected to scrutiny using the Freundlich isotherm model,
and the outcomes are show cased in Figure 6 (e). It is discernible that the Freundlich model offers the most
optimal fit for diclofenac potassium and paracetamol, boasting R? values of 0.9983 and 0.995, respectively. By
calculating the slope of the graph, we were able to ascertain the Freundlich constant. Freundlich adsorption model
assumes that adsorbents have a heterogeneous surface having sites with different adsorption potential. It also
assumes that stronger binding sites are occupied first and the binding strength decreases with the increasing degree
of occupation.

We employed the Langmuir isotherm model to elucidate the formation of a monolayer adsorbate on the adsorbent
surface [65]. According to this model, the adsorbent's surface comprises uniform active sites that establish chem-
ical bonds with the adsorbate. The isotherm was expressed linearly as follows:

fe=_taL* )
qe KL KL

In this context, ge signifies the adsorbate quantity adsorbed (in mg g*), Ce represents the equilibrium adsorbate
amount (in mg L-1), and aL and KL denote the Langmuir constants, signifying the strength of bonds and the
utmost adsorption capacity, respectively.

For each of the three painkillers, a Ce versus Ce/ge plot was created; the outcomes are shown in Fig. 6 (d). The
criterion for favorable adsorption was chosen on the basis of RL values. If RL values are greater than 1.0, adsorp-
tion is unfavorable, if RL values are equal to 1.0, adsorption is linear, if RL values are between 0 and 1, adsorption
is favorable and if RL values are equal to 0, adsorption is irreversible. For the present system, the RL values were
between 0 and 1 (0.01-0.919) for all the adsorbates to the nanoparticles indicating favorable adsorption process
(Table 1).

Using the Temkin isotherm [100], which proposes that the decrease in the heat of adsorption follows a linear
pattern rather than a logarithmic one as a function of coverage, we conducted further analysis. This analysis re-
vealed a linear reduction in the heat of adsorption due to interactions between the adsorbent and adsorbate [66].
The linear form of this model is expressed as follows:

qe. = BlnQr + BInC, (6)
where B = RT/bT @)

In this equation, the symbols are described as follows:
bT denotes the Temkin isotherm constant.
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R represents the Ideal Gas Constant (8.314 J/mol/K).

K signifies the Equilibrium Binding Constant (L/g).

B is a constant linked to the heat of adsorption (J/mol).

Fig. 6 (c) display the graphs of ge versus InCe for the painkillers. Concurrently, Table 1 provide the respective
constants bT and KT, along with the correlation coefficients for the Temkin isotherm concerning diclofenac po-
tassium, piroxicam-beta-cyclodextrin, and paracetamol.

Despite fluctuations in temperature, we employed the Dubinin-Radushkevich isotherm model [67] to assess the
surface energy heterogeneity [68]. It is said to be expressed like follows:

Inge = InQm - ke? 8)

In this equation, the Polanyi potential is denoted as &, Qm signifies the maximum adsorption capacity (mg g2),
Qe represents the equilibrium adsorption, and k is the Dubinin-Radushkevich constant [69]. One way to express
the Polanyi potential (¢) is as follows:

£ = RTIn (1 + Cl) 9)

In the provided equation, R stands for the ideal gas constant (8.314 J mol-1 K-1), T represents the absolute tem-
perature (K), and Ce denotes the equilibrium concentration (mg L-1). This model utilizes the free energy of ad-
sorption to differentiate between physisorption and chemisorption, and it can be computed using the following
equation:
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Figure 6. (a) Effect of Concentration, (b) pH, (c) Temkin model, (d) Langmuir Isotherm, (e) Freundlich Isotherm
and (f) D-R Model for the adsorption of adsorbates on the adsorbent.

Table 1. The isotherm models, parameters for the adsorption of paracetamol, diclofenac potassium and piroxicam-
beta-cyclodextrin on the AC/Fe-O3; composite.

piroxicam-beta-cyclodex-

Model Parameters Paracetamol Diclofenac Potassium trin
Qmax(mg g-1) 1.9896538 8.474576 72.9927
Ku (mg g-1) 77.72085 327.2037 71.7232
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R (dm’mol ) 0388 0.1636 0.3583
Langmuir R? 0.9805 0.9564 0.9705
1/n 0.7796 0.7479 20.3382
Ki(mg g-1) 2.139439 6.635903 8308067
Freun- )
aen . R 0.995 0.9983 0.9136
bT 8.4549 9.1357 9.4672
Ki(Lg") 0.490464 1.822554 0256319
Temkin ., 0.9868 0.9953 0.9938
On(mg g-1) 1.046300932 1.094437 1.054521
Dubnin- E(kJmol") 353.5533906 1000 223.6067977
llfa‘!“Sh' 2 0.9016 0.9555 0.9449
evich
Table 2

Capacities of NSAIDs adsorption onto ACs from various wastes

Precursor Adsorbate Co (mg/l) | qr (mg/g) Ref.
Cork waste IBP 20e120 416.7 [70]
Olive stones IBP 5e100 160.9 [71]
Olive stones IBP 5e100 282.6 [71]
Waste apricot NPX 100e500 106.4 [72]
Banana peels Paracetamol 75 mg/L | 160 Present
Banana peels Diclofenac po- | 50 mg /L. | 165 Present
tassium
Banana peels Piroxicam- 70 mg/L 170 Present
beta-cyclodex-
trin

3.2.2. Time dependent study.

Over a time, span ranging from 10 to 90 minutes, we investigated the impact of contact time on the adsorption of
painkillers onto AC/Fe;O3, while maintaining consistent quantities of adsorbent (0.1g), adsorbate concentration
(50 ppm), and the pH conditions that were previously optimized. All of painkillers that were studied, the percent-
age of adsorption increased with extended contact time, a phenomenon attributable to the porous structures and
active sites present within the AC/Fe;O3; composite [73, 74].

Equilibrium, signifying the point at which adsorption remained constant, was reached at different time intervals
for each painkiller. Specifically, equilibrium was attained at 30 minutes for diclofenac potassium, 40 minutes for
paracetamol, and 50 minutes for piroxicam-beta-cyclodextrin, as illustrated in Figure 7 (a). These optimal dura-
tions were deemed optimal for follow-up experiments.

Kinetic models, which are models describing motion, serve as pivotal tools in elucidating the adsorption mecha-
nism. They provide insights into mass transfer and the step that determines the rate involved in the process [75].
In the present investigation, we explored and examined the adsorption mechanisms of painkillers onto the
AC/Fe,03 composite. To accomplish this, we employed a range of kinetic models, which encompassed the Reich-
enberg, Webber-Morris, as well as the pseudo-first-order and pseudo-second-order models [76, 77]

The Lagergren pseudo-first-order model can be represented by the following linear equation. [92].
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K
loch_Qtzloch__t

2.303

Within this model, Qt represents the adsorbate quantity adsorbed at time t, K is the rate constant, and Qe signifies
the adsorbate quantity adsorbed at equilibrium. The pseudo-first-order kinetic model assumes that the rate of
occupation of adsorption sites is proportional to the number of unoccupied sites [78]. For diclofenac potassium,
piroxicam-beta-cyclodextrin, and paracetamol, the adsorption data did not exhibit a favorable match with the
pseudo-first-order model when assessing the plot of log(Qe - Qt) against time t. The linear form presented below
was utilized to employ the pseudo-2nd-order model [79]:

t t 1
—=— 12
Q Qe + K2Qq2 (12)

In this context, Qt signifies the adsorption at a given time t, while Qe represents the adsorption at equilibrium, and
K3 stands for the rate constant of the pseudo-second-order model. The adsorption of paracetamol, diclofenac po-
tassium, and piroxicam-beta-cyclodextrin onto the AC/Fe,O3 composite adhered to the pseudo-second-order
model, as evident from the t/Qt vs. t graphs Fig. 7 (c).

The adsorption information was subjected to analysis using the Webber-Morris kinetic model[80] to discern
whether the rate-controlling step was attributed to film or intraparticle diffusion.

The following is how the Webber-Morris kinetic model is expressed:

Qt=Ryt'/z  (13)

Within this equation, Qt represents the quantity of adsorbate adsorbed at a specific time interval, while Rd signifies
the rate of intraparticle diffusion, derivable from the slope [80]. When intraparticle diffusion plays a role in the
adsorption process, the plots of Qt against the square root of time (t%2) should result in linear graphs. These graph-
ical representations are showcased in Figure S1 (c). Interestingly, it can be inferred that intraparticle diffusion is
not the limiting step for diclofenac potassium and paracetamol, as the linear plots do not intersect the origin. On
the contrary, the variance observed for piroxicam-beta-cyclodextrin indicates that intraparticle diffusion is indeed
the rate-controlling step in this case. The constants are listed in Table S1 and were determined from the charts.
A simple equation was developed by Reichenberg [95] to clarify the mechanics underlying the adsorption process
[81]. This model can identify whether intraparticle diffusion or film diffusion contributes to the adsorption pro-
cess. The utilization of this model is articulated as follows:

6e~ Bt

2 (14)

Q=1-

s

In this context, Qt represents the quantity of adsorbate adsorbed at a specific time t, and Qe represents the maxi-
mum adsorption capacity. It can be expressed as Q = Qt/Qe. Following is how Bt is calculated:

Bt = —0.4977 —In(1—Q)  (15)

Fig. 7 (b) displays the outcomes, and it's evident from the linear plots that they do not meet at the origin, which
suggests the formation of a thin adsorbate layer on the surface of the AC/Fe,O3 composite.
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Figure 7. (a) Contact Time Influence, (b) Reichenberg Model (c) Pseudo-second-order model.

3.2.5. Temperature Effect

In an ideal setting, we investigated the influence of temperature on the adsorption of diclofenac potassium, pirox-
icam-beta-cyclodextrin, and paracetamol onto the AC/Fe;O3; composite within the temperature range of 283K to
333K. The outcomes reveal that with rising temperature, the adsorption capacity experiences a reduction. This
decline in adsorption at elevated temperatures could be attributed to the increased solubility of the adsorbate,
which promotes stronger interactions between the adsorbate and the solvent, potentially outweighing interactions
with the adsorbent [82, 83]. Fig. 8 (a)

3.2.5 Thermodynamic principles

The experimental results were run through the following thermodynamic equations to determine various parame-
ters, such as entropy, enthalpy, and free energy [84, 85].

AG®° = —RTInKc (16)

AG® = AH — TAS (17)
Inkc =222 (18)
R RT

Within the presented equations, AG® stands for Gibbs free energy (kJ mol 1), AH represents the enthalpy change
(kJ mol?), AS denotes the entropy change (J K2), the ideal gas constant (R) is 8.314 J mol-1 K-1, and temperature
is indicated as T (K). The following equation can be used to calculate the equilibrium constant (Kc).
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Figure 8. (a) Temperature-dependent, (b) Vant Hoff Equation.

Ke=-1 (19)

1-F

Where F is the amount of adsorbate adsorbed on the adsorbent of the solution at equilibrium (mol dm™2), while 1-F, the equi-
librium concentration of the adsorbate in the solution (mol dm™2) [86].

For each painkiller, plots of Kc against 1/T were created. Fig. 8 (b) shows these results graphically. The deduction
that the process is both spontaneous and exothermic is substantiated by the values of Gibbs free energy (AG®) and
enthalpy (AH).

Table 3. The thermodynamic factor affecting the adsorption of piroxicam-beta-cyclodextrin, diclofenac potas-
sium, and paracetamol onto AC/F¢203; composite.

Adsorbate AH (KJ mol 1) AG® (KJ mol 1) AS (J K

Paracetamol -68.825786 -6.85768122 -217.219878
Diclofenac potassium -63.0359166 -1.06892571 -167.793148
Piroxicam-beta-cyclodextrin -10.8863516 -0.92771421 -35.1075278

Table 4. Thermodynamic parameters of NSAIDs adsorption onto ACs from different wastes.

Precursor Adsorbate AH°® AS°® AG® (J/mol) | Adsorption Ref.
(J/mol) (I/mol.K) nature
303 K 313 K
323 K
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Magwort IBP 57.45 108.16 1.745 3.297 | Endothermic | [87]
leaves ' 5.728
Mung bean | IBP —42.13 104.7 11.64 Exothermic [88]
husk S 9.59
Parthenium IBP —50.81 2.198 3.735 Exothermic [88]
—158.2 4.4
weed 459
Bone char IBP —50.45 —146.08 5.65 3.28 2.97 Exothermic [89]
Cyclamen DCF —17.45 Exothermic [90]
—50.08 2.55 1.97 1.55
tubers
Banana peels Paracetamol | -68.825786 | - Exothermic Present
-6.85768122
217.219878
Banana peels Diclofenac - - Exothermic Present
. -1.06892571
potassium 63.0359166 | 167.793148
Banana peels Piroxicam- - Exothermic Present
beta- 10.8863516 | -0.92771421
) 35.1075278
cyclodextrin

3.3. DFT Conclusions
3.3.1. Composite of AC and Fe;O3

In addition to the experimental results, computer simulations were used to investigate several painkiller adsorption
configurations on the AC/Fe,O3 composite. Figs S 2 and S 3 show the optimal geometries of the Fe,Os3 cluster,
and activated carbon. Alcoholic and CH- groups, as well as aromatic rings, were found on activated carbon, ac-
cording to the FTIR results. Consequently, a graphitic structure of activated carbon with functional groups, re-
semble to OH and COOH on its surface was modelled.

Fe2Oswas built into a compact cluster-like structure, per the experimental characterization. At first, the geometries
of the Fe,O; monomers and activated carbon were individually optimized. These monomers were then combined
to create a composite, which was then optimized. After optimization, it was clear that Fe,O3 solidly attached to
the surface of the activated carbon by forming strong intermolecular connections with it. At a distance of 1.82 A
between the atoms, the oxygen atom in Fe,O3 established a robust intermolecular hydrogen bond with the OH
functional group situated on the surface of the activated carbon.

Furthermore, a robust chemical bonding occurred between the oxygen atom of the activated carbon and the iron
(Fe) atom of Fe,Os, leading to an increased binding energy of -2.34 eV. This reduced binding energy illustrates
the energetically favorable nature of AC/Fe,O3; composite formation. Additionally, there was a transfer of 0.18
electron charges from the Fe atom to the O atom within the functional group, along with a transfer of 0.089
electron charges from the hydrogen atom of the OH functional group to the oxygen atom of Fe,Os.

3.3.2. Adsorption of painkillers onto the composite AC/Fe;O3

To gain a comprehensive insight into the interactions between the painkillers and the diverse active sites within
the composite material, multiple adsorption configurations were individually examined for each of the painkillers.

3.3.2.1. Adsorption of paracetamol onto the AC/Fe,O3; composite

For the investigation of paracetamol adsorption, three distinct adsorption modes were employed. In Complex-1
(CMP-1), a robust intermolecular hydrogen bond (OH---O) with a bond length of 1.82 A was established between
the OH group of paracetamol and the oxygen (O) atom of Fe,Os, facilitating their interaction within the Fe,Os
composite [91]. This configuration's predicted adsorption energy of -18.92 kcal/mol suggests the creation of a
stable compound. In addition, 0.11 electrons were transferred from the paracetamol hydrogen atom to the Fe;O3
oxygen atom [92].
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Paracetamol interacted with the composite in Complex-2 (CMP-2) at two different sites: the NH site and the CH
site of the aromatic ring. Paracetamol and the composite had weak van der Waals interactions, with bond lengths
of 2.73 A and 2.86A, according to geometry optimization [93]. This complex's computed adsorption energy of -
6.34 kcal/mol points to physisorption. An examination of charge transfer revealed that there was little electron
transfer between the adsorbent and adsorbate.

Paracetamol engaged with Complex-3 (CMP-3) through its C=0 site, where the oxygen (O) atom within the C=0
bond established a potent connection with the iron (Fe) atom of Fe,Os. A 2.00A bond length robust bond was
formed as a result of geometry optimization. In comparison to CMP-1 and CMP-2, this combination formed with
the lowest adsorption energy, at -24.33 kcal/mol. Charge transfer analysis revealed a significant transfer of 0.23
electrons from the iron (Fe) atom of Fe,Os to the oxygen (O) atom within the C=0 group of paracetamol [94].

Figure 9. Paracetamol adsorption over an AC/Fe,O3 composite has been optimized using multiple adsorption
configuration geometries. Bond radii are displayed in A.

3.3.2.2. Adsorption of Diclofenac Potassium on an AC/Fe,O3; Composite

For the examination of diclofenac potassium adsorption, three distinct adsorption modes were explored. In Com-
plex-1 (CMP-1), the two oxygen (O) atoms of Fe,O3 formed connections with the two CH groups of the aromatic
ring of diclofenac [95]. Diclofenac and the Fe,O3 composite had modest intermolecular interactions, as revealed
by geometry relaxation, with bond lengths of 2.83 A and 2.60 A [95]. The physisorption character of this config-
uration was shown by the predicted adsorption energy of -8.43 kcal/mol. According to charge transfer studies,
0.02 and 0.04 electrons were transferred from the diclofenac H atom to the Fe;O3, O atoms [96].

Diclofenac interacts with the composite in Complex-2 (CMP-2) via the Cl atom of its aromatic ring, with a bond
distance of 2.75 A, geometry optimization revealed weak van der Waals interactions between diclofenac and the
composite. This complex's computed adsorption energy was -5.64 kcal/mol, which denotes poorer adsorption. An
examination of charge transfer found that there was little electron transfer between the adsorbent and adsorbate
[97].

Diclofenac engaged in interactions with Complex-3 (CMP-3) through its C=0, NH, and Cl sites. At a bond length
of 2.60 A, the oxygen (O) atom within diclofenac's C=0 linkage and the iron (Fe) atom of Fe,O; established a
relatively weak bond. The chlorine (CI) atoms interacted via van der Waals interactions with the Fe and O atoms
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of Fe,03, with bond lengths of 2.68 A and 2.90 A, respectively. Additionally, the hydrogen atom of the NH group
formed a connection of 2.61 A with the oxygen atom of Fe,O3. The adsorption energy value for this complex was
-8.72 kcal/mol, indicative of physisorption. Charge transfer studies revealed a substantial transfer of 0.01 to 0.03
electrons between the adsorbent and the adsorbate [97].

Figure 10. Diclofenac adsorption over an AC/Fe;O3 composite has been optimized for various adsorption config-
uration geometries. The symbol for a bond distance is A.

3.3.2.3 Adsorption of Piroxicam-Beta-Cyclodextrin on the AC/Fe203 Composite.

As shown in Fig. 11, the compound in the instance of piroxicam-beta-cyclodextrin is made up of two groups:
piroxicam and beta-cyclodextrin. Separate adsorption simulations were run for these two groups in order to reduce
computing time and guarantee precise interaction modelling [98]. Four different adsorption arrangements, desig-
nated CMP-1 to CMP-4, were looked at for piroxicam.

Piroxicam engaged with the Fe,Oj3 site of the composite in CMP-1 through its OH site. The hydrogen atom of the
OH group in piroxicam formed a hydrogen bond with the oxygen atom of Fe,Os, as indicated by geometry opti-
mization, with a bond distance of 1.85 A. This complex's adsorption energy, which was -15.34 kcal/mol, suggested
a robust interaction. According to a charge transfer investigation, the H atom of piroxicam transferred 0.10 elec-
trons to the oxygen atom of Fe203 [gq).

Piroxicam's NH group and the H-atoms in its methyl group established interactions with Fe;Oz in CMP-2. Geom-
etry optimization revealed that the H atoms of the methyl group formed bonds with an average length of 3.47 A,
while the H atom of the NH group established a bond with a length of 3.65 A. The adsorption energy for this
compound was estimated to be -4.31 kcal/mol, and there was minimal charge transfer during complexation. Pirox-
icam interacted with the composite in CMP-3 and CMP-4 through the SO group and the oxygen (O) atom of the
C=0 bond. Geometry optimization demonstrated that the O atom formed strong chemical connections with the
composite in both complexes, with bond distances of 2.12 A and 2.00 A for C=0—Fe and SO—Fe, respectively.
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This is evidenced by the substantial chemisorption indicated by adsorption energies of -21.41 kcal/mol for CMP-
4 and -23.51 kcal/mol for CMP-3. According to a Hirshfeld charge transfer analysis, CMP-3 and CMP-4 trans-
ferred 0.21 and 0.19 electrons, respectively.

There was just one adsorption mode, CMP-5, taken into account for the beta-cyclodextrin group. In this arrange-
ment, the beta-cyclodextrin's two OH groups interacted with the composite's Fe,O3 site's two oxygen atoms. With
bond distances of 2.65 A and 2.81 A, respectively, geometry optimization showed reduced intermolecular inter-
actions between beta-cyclodextrin sites and the composite [100]. This complex's adsorption energy of -6.14
kcal/mol points to physisorption. These simulations showed that, in contrast to the beta-cyclodextrin site, the
piroxicam-beta-cyclodextrin site strongly interacted during the removal process.

Figure 11. Piroxicam and beta cyclodextrin adsorption on AC/Fe;O3; composite optimized geometries of varied
adsorption configuration. Bond radii are displayed in A.

4, Conclusion

In this study, a stable magnetic AC/Fe.O3 nanocomposite was synthesised without using highly toxic chemicals.
This technique is also suitable for preparing similar carbon-metal oxide nanocomposite using transition and inner-
transition metal salts. The AC/Fe203 nanocomposite possesses excellent magnetic properties and Fe203 in
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carbon matrix is in nano-size with uniform morphology. Moreover, they are attracted by permanent magnet in
water which makes easy way to separate water from carbon adsorbed with NSAIDs. Hence this magnetic compo-
site would be a promising material in adsorption technology, and SEM, XRD and FTIR investigations were used
to establish its chemical composition. Diclofenac potassium, piroxicam-beta-cyclodextrin, and paracetamol were
all removed from water using this composite. The comprehensive optimization of various adsorption-related fac-
tors, encompassing contact time, pH, adsorbent dosage, temperature, and adsorbate concentration. Notably, the
greatest adsorption capabilities for paracetamol were attained at pH 7 (92.9%), diclofenac potassium at pH 4
(96.2%), and piroxicam-beta-cyclodextrin at pH 2 (94.2%). Various models, including Langmuir, Freundlich,
Dubinin-Radushkevich (D-R), and Temkin isotherm, were meticulously employed to delve into the adsorption
mechanism. The Freundlich isotherm model, which had high linear regression coefficients of 0.995 and 0.9983,
respectively, produced notable fits for paracetamol and diclofenac potassium. On the other hand, the adsorption
equilibrium results for piroxicam-beta-cyclodextrin were more clearly explained by the Temkin isotherm model.
The pseudo-second-order model, notably, yielded the most optimal fit for the kinetic data of all painkillers. Inter-
estingly, temperature-dependent adsorption studies allowed for the determination of thermodynamic parameters,
including AH (enthalpy change), AS (entropy change), and AG (Gibbs free energy change). The results demon-
strated that all of the analgesics adsorb exothermically and spontaneously onto the AC/Fe;O3; composite. Moreo-
ver, density functional theory (DFT) calculations were conducted to examine the adsorption of painkillers on the
AC/Fe;03; composite. These simulations revealed substantial interactions with the Fe,O3 site of the composite
across various adsorption configurations. With an adsorption energy of -24.33 kcal/mol, CMP-3 was found to be
the most stable adsorption configuration for paracetamol. Diclofenac exhibited robust interactions in both the
CMP-1 and CMP-3 adsorption configurations. In contrast, piroxicam-beta-cyclodextrin displayed strong intermo-
lecular bonds and higher adsorption energies of -23.51 and -21.47 kcal/mol, respectively, with Fe,Os3 at its C=0
and SO; sites.

Conflicts of Interests: The authors declare no conflict of interests.
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