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ABSTRACT

In this work, a novel rosemary-loaded chitosan-poly (acrylic acid)/multi-
walled carbon nanotube (MWCNTs) nanocomposite was synthesized via
free radical polymerization and employed as an efficient adsorbent for the
removal of methotrexate (MTX) from aqueous solutions. The integration
of rosemary provided bioactive functionality and enhanced surface
characteristics. The composite was comprehensively characterized using
FTIR, XRD, SEM, TEM, EDX, and zeta potential (-46.5 mV), confirming
successful synthesis, porosity, and structural stability. Batch adsorption
experiments revealed optimal MTX uptake at pH 4 and 90 minutes, with
rapid initial adsorption and high efficiency. Kinetic modeling showed
that the process followed pseudo-second-order kinetics, indicating
chemisorption. Isotherm analysis revealed that the Freundlich model
best described the data (K, = 9.903, R* = 0.9942), suggesting multilayer
adsorption on a heterogeneous surface. Thermodynamic parameters
(AG = -2.37 kJ/mol, AH = -10.72 kJ/mol, AS = -28.5 J/mol-K) indicated
that the adsorption is spontaneous and exothermic. The nanocomposite
also showed partial reusability, retaining 78% adsorption efficiency after
three cycles. These results highlight the potential of this eco-friendly,
plant-based nanocomposite for applications in targeted drug delivery and
environmental remediation of cytotoxic pharmaceuticals.
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INTRODUCTION

Drug delivery and nanomedicine have emerged
as exciting fields of study in contemporary science,
and they have drawn a lot of interest recently in
both research and experimentation as well as
several clinical trials [1-5]. The efficiency we need
to transfer results from the lab to the patient’s
bedside will require cooperation between
academic theory, laboratory experimentation,
medical understanding, pharmaceuticals,
and excellent research. Modern drug delivery
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technologies hold immense promise [6-9]. The
targeted distribution of oral medication makes
it an excellent therapy option for colon and
stomach cancer. Hydrogels that are administered
orally have also been demonstrated to improve
solubility [10, 11], increase permeability across the
gastrointestinal system, and modulate the activity
of the glycoprotein B efflux pump, which is affected
by drug resistance [12, 13]. Oral gels have shown
significant mucous accessibility and durability with
the gastrointestinal tract, in contrast to liposomes,
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micelles, and certain nanoparticles. The likelihood
that chitosan, a monomer with a charged amino
chain on the D-glucosamine residue, could react
electrostatically with N-acetylnuraminic acid in the
stomach mucous can account for the prolonged
residence duration in the stomach [12].
Methotrexate is an immunosuppressive and
anticancer drug that inhibits the metabolism of
folic acid (vitamin B9) [13]. MTX prevents cell
proliferation indirectly by inhibiting enzymes that
bind folate, especially DHFR, which catalyzes the
conversion of dihydrofolate to tetrahydrofolate
(THF). DNA synthesis, repair, or replication
depends on THF, a key cofactor in a number of
methyltransferase activities in the pyrimidine and
purine nucleotide production pathways [14, 15]. As
medications, medicinal plants have been crucial in
the treatment of various illnesses [16]. Because of
their ability to heal a variety of illnesses, medicinal
plants are increasingly being used in traditional
medicine [17]. The advantage of herbal therapy
is that, unlike synthetic medications, which have
been shown to have serious side effects despite
their potential to heal conditions, plants only
contain natural ingredients. Numerous herbs have
been shown to be effective in lowering blood sugar
and high blood cholesterol, boosting the immune
system, and offering some cancer prevention [18].
Rosemary is a perennial plant in the Lamiaceae
family that is often used as a spice, especially
in Mediterranean cooking. Carnosol, carnosic
acid, and rosmarinic acid are in the rosemary
extract, and a-pinene, bornyl acetate, camphor,
and eucalyptol are in the essential oil [19]. It
has been shown that carnosic acid and carnosol
can affect the membranes of microbial cells by
breaking up the lipid bilayer. This break makes
the membrane more permeable, which lets ions,
nucleotides, and proteins leak out of cells and
causes cell lysis. Also, these chemicals have been
shown to lower the amount of biofilm biomass
by changing the expression of important genes
that are involved in making biofilm [20]. People
used it mostly in folk medicine because it could
help with inflammation and fight bacteria [21].
Rosemary is one of the plants that has the most
antioxidants [22]. Georgantelis et al. [23] reported
that Hashemzadeh-Cigari et al. [24] found that
a number of phenolic diterpenes, including
carnosic acid, carnosol, rosmarinic acid, rosmanol,
and rosmaridiphenol, are associated with the
antioxidant properties of rosemary extract. The
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high antioxidant activity of the extract is a result
of these compounds’ ability to inhibit free radical
chain reactions through metal ion chelation and
electron donation. The most prevalent molecule in
rosemary leaves and a crucial phenolic component,
carnosic acid, has potent antioxidant qualities
that surpass those of some artificial antioxidants
[25]. As an uncommon food component that can
be used in meals, rosemary extract is currently
legally recognized under European legislation and
assigned the E code E 392 [16, 17]. In comparison
to black pepper, ginger, turmeric, and oregano,
previous study has shown that using rosemary
granules directly as a dry herb is the best strategy
to prevent rapeseed oil from oxidizing [26]. In this
study, we created a MWCNTs/hydrogel composite,
added rosemary as a stabilizer to boost adoption
efficiency, and then used the resultant composite
of (CS-co-pAA-ROS) and MWCNTs to adopt the
medication MTX.

The novelty of this study lies in the development
of a rosemary-loaded chitosan-poly(acrylic acid)/
MWCNTs nanocomposite for the adsorption
of methotrexate (MTX), which has not been
previously reported. Unlike earlier systems that
utilized chitosan hydrogels or MWCNTs individually
or in combination, our work uniquely incorporates
rosemary powder, rich in phenolic diterpenes
(carnosic acid, carnosol, rosmarinic acid), as
a natural additive to enhance adsorption and
drug release. Rosemary contributes antioxidant
properties that facilitate hydrogen bonding and
n—Tt interactions with MTX, improves the surface
roughness and porosity of the composite (as shown
by SEM and TEM), and enhances drug release
efficiency up to 89%. Additionally, rosemary
introduces potential biological synergies due to its
known anti-inflammatory and anticancer effects.
These features collectively make the composite
a novel and multifunctional platform for MTX
removal and controlled delivery.

MATERIALS AND METHODS
Materials

The rosemary came from one of Iraq’s herbal
factories. VCN Materials, Co., Ltd. in Iran gave
the multiwall CNTs powder (pure 99%, OD = 40-
60 nm, length = 5-10 um, surface area = 200
m?%g, number of sheets = 7, thickness = 2.1 g/
cm3). HIMEDIA provided the medium molecular
weight chitosan (96%). In Irag, in India, a hospital
administered methotrexate. We purchased acrylic
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acid from Merck in Germany. We acquired acetic
acid (99.5%) and MBA (99%) as cross-linkers from
CDH in India. CDH, India, provided the initiator,
potassium per sulfate (KPS), at 99%. N, gas. Fluka,
Germany, supplied the HCI, KCl, NaOH, CacCl,, and
NaCl. Each solution was diluted with deionized
water.

Preparation of (CS-co-pAA-ROSY/ MWCNTs)
nanocomposite

The selection of rosemary, chitosan, and
MWCNTs concentrations in the synthesis of the
nanocomposite was based on a combination of
preliminary experimental screening, literature
guidance, and desired structural-functional
outcomes. A chitosan concentration of 2.5% was
chosen for its optimal viscosity and ability to
form a stable hydrogel matrix, ensuring effective
dispersion of both acrylic acid and MWCNTs. The
MWCNTs were added at a concentration of 0.1% to
provide structural reinforcement, enhance surface
area, and improve mechanical strength without
leading to aggregation, which becomes more
likely at higher concentrations. Rosemary powder
was incorporated at 0.1 g per 20 mL based on
trials that showed this amount yielded significant
enhancement in antioxidant content and surface
functionality, while maintaining homogeneity
and preventing phase separation. These specific
ratios were found to balance dispersion stability,
nanocomposite porosity, and drug loading
efficiency, resulting in a synergistic structure with

high adsorption performance toward MTX. Figure
1 show the graphical for preparation processing,
0.5 g of chitosan (CS) and 20 mL of 1% acetic acid
were mixed to make a 2.5 weight percent chitosan
solution. To finish the chitosan polymer dispersion,
the resulting solution was agitated for 15 minutes
at 60 °C. A 0.1% MWCNT solution was treated with
an ultrasonic field for 10 minutes before being
exposed to the CS solution. We finished the grafting
method by swirling the CS/MWCNTs mixture at
70 °C. At this moment, CS macromolecules were
adsorbed onto the surface of the MWCNTs, acting
as a polymer cationic surfactant and stabilizing
them [27]. The previous solution was used as a
monomer by adding ten milliliters of acrylic acid
(AA). Following the addition of KSP (0.02 g in 2 mL
DIW.) and the cross-linker MBA (0.02 g in 2 mL
DIL.W.), while stirring and bubbling the solution with
nitrogen for 15 minutes to eliminate oxygen, After
that, the mixture is mixed with the rosemary plant
(ROSY) by dissolving 0.1 g of its powder in 20 mL of
D.W. and letting it sit on a magnetic stirrer for half
an hour. Afterward, we dissolve it in an ultrasonic
apparatus. The plant is next added in the form of
drips, and the combination is finally transferred
to the water bath. The resultant nanocomposite
was cut into equal pieces (5 mm) and rinsed
many times with deionized water, changing
the water every hour for 24 hours, to eliminate
any unreacted monomers. After washing, the
nanocomposite was dried to a consistent weight
at 60 °C. The (CS-co-pAA-ROSY/MWCNTs) were
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Cut to small peices

and washed with water Drying at 60 °C

(CS-co-PAA-ROSY)/MWCNTs
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—>» Adsorption with MTX
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Fig. 1. Graphical synthetic route of (CS-co-PAA-ROSY/MWCNTs).

J Nanostruct 15(4): 1607-1625, Autumn 2025
[@)er |

1609



M. Kadhim, and Z. Kadam / Adsorption of Methotrexate onto Novel Nanocomposite

crushed, sieved, and kept in airtight containers
for later usage [28]. Deionized water is the solvent
used in the preparation process (Fig. 1).

The incorporation of rosemary in powder form
for material synthesis was carefully optimized
to ensure reproducibility and homogeneity.
To achieve consistent results, the rosemary
powder was sourced from a certified local herbal
supplier, and each batch was visually inspected
and weighed precisely. Prior to incorporation,
the powder was dispersed in deionized water,
sonicated, and magnetically stirred to promote
uniform dissolution of bioactive compounds.
Although a full phytochemical profiling (e.g., via
HPLC or GC-MS) was not performed, literature
data confirm that dried rosemary powder retains
a stable composition of its key antioxidant
constituents, including carnosic acid, rosmarinic
acid, and carnosol. Moreover, the reproducibility
was ensured by maintaining constant processing
conditions (temperature, time, mixing rate) and
using identical preparation protocols for each
batch. Future studies will consider conducting
quantitative analyses of rosemary’s active
constituents to better control batch-to-batch
variation and confirm bioactivity levels more
precisely.

Characterization

Fourier transform infrared (FTIR) spectra
of the nanocomposite were recorded using a
Bruker (Germany) Equinox 55, Tensor 27, KBr, at
a wavelength of 400-4000 cm™. X-ray diffraction
(XRD) was obtained using a Philips (USA)
diffractometer (Model: PW1730). The products
were examined microscopically using a Philips
(Netherlands) electron microscope (Model:
EM208S) and a Tescan (Czech Republic) FESEM.
A Zetaser Nano-ZS from Malvern Instrument was
used for zeta potential determination. The EDX
instrument is similar to the FESEM except for
detector (SE) modifications.

Adsorption Isotherm

Batch adsorption studies are performed to
gather preliminary data to establish the best
parameters for drug removal effectiveness, such
as concentration, equilibrium time, temperature,
ionic strength, and pH. Several sets of these
steps are executed: 10 ml of the 25 mg.L* MTX
solution and 0.05 g of the nanocomposite are
placed in separate conical flasks. The mixtures are
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shaken at 140 rpm until equilibrium is reached,
then centrifuged at 4000 rpm for 10 minutes.
The equation calculates the drug’s adsorption
capacity, and calibration curves are used to get the
equilibrium concentration (Eq. 1) [29]:

x _ V(Co—Ce)
Qeor ==

(1)

m

The efficiency of drug adsorption (E%) is
determined using the equation below [30]:

Co—-C
uxl

E% = 00 (2)

Where: C, (mg.L*) and C_ (mg.L?) stand for the
starting and equilibrium drug concentrations,
respectively, and x is the amount of drug
adsorbed, whereas m (g) is the mass of the
adsorbent material. Qe (mg.g?*) is the amount of
drug adsorbed at equilibrium [31-33].
To evaluate the reusability and regeneration
performance of the synthesized CS-co-pAA-
ROSY/MWCNTs nanocomposite, five consecutive
adsorption—desorption cycles were carried out
under batch conditions. Initially, methotrexate
(MTX) was adsorbed from an aqueous solution (25
mg/L, pH 4) over a contact time of 90 minutes. The
spent adsorbent was then separated, rinsed with
deionized water, and subjected to desorption using
three different media: 0.1 M NaOH (basic), distilled
water (neutral), and 0.1 M HCI (acidic). In each
desorption step, 10 mL of the respective solution
was added to the MTX-loaded nanocomposite and
stirred at room temperature for 30 minutes. After
desorption, the adsorbent was washed, recovered,
and reused in the subsequent adsorption cycle
under the same conditions. The removal efficiency
(%) for each cycle was determined using UV-Vis
spectroscopy at 303 nm.

RESULTS AND DISCUSSION
Characterization of (CS-co-pAA-ROSY/ MWCNTs)
nanocomposite

Fig. 2 depicts the FTIR spectra of the
nanocomposite (CS-co-PAA-ROSY/MWCNTs)
before (black) and after (red) loading methotrexate
(MTX). Spectrum (a) shows characteristic peaks
of chitosan, poly (acrylic acid), and rosemary
components as O—H and N-H stretching near 3400
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cm™, carbonyl (C=0) stretching around 1716 cm™,
and C-0 vibrations. As demonstrated in spectrum
(b), significant changes were noted, including peak
shifts and intensity reductions in the carbonyl and
amine regions, which are consistent with hydrogen
bonding or ionic interactions. These alterations
show that MTX was successfully loaded onto the

nanocomposite via hydrogen bonding or ionic
interactions with functional groups in the hydrogel
matrix. As shown in Fig. 3, the (CS-co-PAA-ROSY/
MWCNTs) nanocomposite’s XRD pattern before
(black) and after (red) loading methotrexate
(MTX). The broad peak at 20.07° confirmed the
amorphous nature of the polymeric matrix.

T

T T T T T T
4000 3500 3000 2500

T T T T
2000 1500 1000 500

Wave number (em™)

Fig. 2. FTIR of nanocomposite (CS-co-PAA-ROSY/MWCNTs) (black) before
(red) after loaded MTX.

20.07

Intensity (a.u)

35.37

36.95

T T T T T
10 20 30 40

T T T T T
50 60 70 80

("2 Theta)
Fig. 3. XRD of nanocomposite (CS-co-PAA-ROSY/MWCNTs) (black) before (red)
after loaded MTX.
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Polyacrylic acid is responsible for the considerable
diffraction at 36.95°. After MTX loading, the
primary peak moved slightly to 19.9°, and a new
band emerged at 35.37°, demonstrating that the
drug may be dispersed within the polymeric matrix
without causing crystallinity to occur [34-39].

Fig. 4 (a-d) depicts SEM images of the (CS-
co-PAA-ROSY/MWCNTs) composite before and
after methotrexate loading. The surface of the
composite has a rough, non-smooth texture,
which enhances its specific surface area.
Additionally, porosity is visible on the surface
of the (CS-co-pAA-ROSY/MWCNTs), resulting in

SEM MAG: 1.00 kx WD: 5.69 mm

Det: SE SEM HV: 15.0 kV 50 pm

Date(m/d/y): 03/01/25 SUT - FESEM

ﬁ
111 111

Det: SE SEM HV: 15.0 kV 5pm
Date(m/dly): 03/01/25

SEM MAG: 10.0 kx WD: 5.66 mm

SUT - FESEM

MIRA3 TESCAN | SEM MAG: 10.00 kx

Date(midly): 03/01/25

MIRA3 TESCAN| SEM MAG: 20.0 kx

better adsorption properties. TEM micrographs
of the (CS-co-pAA-ROSY/MWCNTs) composite
are shown in Fig. 5(a-d) both before and after
MTX loading. There are no discernible MWCNTs
in the TEM images, suggesting high homogeneity
and a significant impact of chitosan on carbon
nanotubes. The composite’s highly porous
architecture and high specific surface area are a
result of the micrographs’ depiction of a porous,
hollow structure with irregularly shaped particles
and apparent lines of aligned pores [39-41].

SEM and TEM images show that the composite
is amorphous and give information about its

WD: 5.69 mm
Det: SE SEM HV: 15.0 kV

MIRA3 TESCAN|

SUT - FESEM

\
&
Ao d "
wo:s66mm |, {
Det: SE SEMHV: 150kV  2ym
Date(m/dly): 03/01/25

MIRA3 TESCAN

SUT - FESEM

Fig. 4. FESEM Micrographs of (CS-co-PAA-ROSY/MWCNTs), (a,b)before (c,d)after loaded MTX.
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structure. Fig. 6 (a,b) shows the EDS (Energy
Dispersive Spectroscopy) analysis, which shows
the percentage values of the elements in the
composite. Fig. 6 (b,d) shows the same thing [42,
43].

The (CS-co-PAA-ROSY/MWCNTSs)
nanocomposite was found to have a significant
anionic charge (Fig. 7). The zeta potential of the
(CS-co-pAA-ROSY/MWCNTs) nanocomposite was
measured to be —46.5 mV, indicating a strongly
negative surface charge. This high negative
zeta potential enhances electrostatic attraction
between the nanocomposite and the positively
charged or protonated functional groups of
methotrexates (MTX), especially at acidic pH
where MTX remains largely in its protonated form.
The negative surface potential also contributes
to colloidal stability, preventing aggregation of

nanocomposite particles and ensuring uniform
dispersion during adsorption. As a result, the
strong negative zeta potential is directly related
to the high adsorption efficiency observed in the
system, particularly at pH 4. Thus, zeta potential
is a critical parameter in understanding the
electrostatic interactions driving MTX adsorption
onto the composite surface [38].

Adsorption study
Calibration Curve of Methotrexate (MTX) drug
The MTX medication was diluted in a number of
processes to produce solutions containing varying
quantities of the drug. We assessed the absorbance
of MTX solutions at 303 nm (A max) using the
sophisticated Shimadzu PC 1800 ultraviolet-
visible spectrophotometer. Fig. 8 depicts a
strong plot of these absorption values against

a b

1000m 100nm
c d

200_ nm 200 nm

Fig. 5. TEM Micrographs of (CS-co-PAA-ROSY/MWCNTs), (a,b)before (c,d)after loaded MTX.
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the MTX concentrations associated with them. demonstrates that Beer-Lambert’s law applies in
This graphic not only illustrates the relationship this concentration range. As a consequence, it
between concentration and absorption, but it also is feasible to create a powerful MTX calibration

Fig. 6. EDS and EDX Micrographs of (CS-co-PAA-ROSY/MWCNTs), (a, b) before (C, d)
after loaded MTX .

Intensity(a.u.)
=]
|

24 ——SR——SR-L

T T T T T T T T T
-200 -100 0 100 200
Zeta Potential(mV)

Fig. 7. Zeta potential distribution for the (CS-co-PAA-ROSY/MWCNTs), (SR)
before (SR-L) after loaded MTX.
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curve.

The impact of interaction time

Fig. 9 shows how contact time affects medicine
absorption by the (CS-co-pAA-ROSY/MWCNTs)
nanocomposite. Throughout the first 10 minutes,
the amount of drug adsorbed rapidly rises,
suggesting that all active sites of the adsorbent
material are being used. Following the initial time,
the adsorption rate progressively increases until it
hits a plateau. The optimal adsorption time for the
medicine with the (CS-co-pAA-ROSY/MWCNTSs)
nanocomposite was determined to be 90 minutes,
since only a tiny change in the amount of drug

adsorbed was seen after this time [44-47].

Effect of temperature

Using drug concentrations ranging from 10
to 100 mg. LY, the effect of temperature on
adsorption was examined for 90 minutes at 15
to 30°C. The adsorption process is exothermic,
as shown by the results in Fig. 10. In particular,
when the temperature dropped, more MTX
medication was absorbed. This result suggests
that molecules may have more kinetic energy at
lower temperatures, which would lessen their
likelihood of interacting with the adsorbent [48-
50]. The amount of MTX adsorbed was found

Absorbance

y = 0.0536x +0.008
R2=0.9988

7

0 2 4 6

T T T T T
8 10

Conce. (mgL")

Fig. 8. Calibration curve of the MTX drug.

QE (mg.g”)

T T T T T T T
20 40 &0 80

D#DI
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Fig. 9. The effect of contact time on MTX adsorption.
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to be reasonable when compared to ambient
temperatures, with no discernible decrease in
adsorption from 15 to 30 °C.

Effect of pH

In testing solutions containing 0.1 mol. L™ HCI
and 0.1 mol. L™ NaOH in pH ranges of 2 to 12,
the (CS-co-pAA-ROS)/MWCNTs nanocomposite
efficiently eliminates methotrexate (MTX). The
results of these findings are displayed in Fig. 11.
While MTX clearance peaked at pH 4, elimination
efficiency rose from pH 2 to pH 7. Because the
adsorbate ionizes and acquires a negative charge,
this removal is most effective at this pH [51].

Polyacrylic acid and chitosan’s positive charges
combine to produce electrostatic interactions
with the drug. Polyacrylic acid contains carboxyl
groups (COOH), while chitosan contains amino
groups (NH). NH_* and COOH," are released into
the aqueous solution when positively charged.
Moreover, the drug becomes protonated when
the pH rises above the pKa values (methotrexate
(MTX) has a pKa of 4.05, for instance). Drug
adsorption is reduced at higher pH values because
of the repulsive force exerted by the adsorbents’
positive charges [52]. The proposed adsorption
mechanism of methotrexate (MTX) onto the
(CS-co-pAA-ROSY/MWCNTs) nanocomposite is

Qe (mg.g')

T T
8 10

Ce(mgL")

Fig. 10. Temperature-related effects on the adsorption of

pH
Fig. 11. Effect of pH in the MTX adsorption.

1616

J Nanostruct 15(4): 1607-1625, Autumn 2025
(@)er |



M. Kadhim, and Z. Kadam / Adsorption of Methotrexate onto Novel Nanocomposite

primarily based on hydrogen bonding and ionic
interactions between the functional groups of
MTX and the hydroxyl, amino, and carboxyl groups
presenton the composite surface. Thisis supported
by changes observed in FTIR spectra (shifted or
diminished peaks), zeta potential measurements
(—46.5 mV indicating strong surface charge), and
pH-dependent adsorption behavior.

lonic strength’s effect

The effect of competing ions was studied by
introducing various salts (NaCl, KCI, CaCl,) into
the MTX solution at different concentrations to
evaluate their influence on adsorption efficiency.
The results, presented in Fig. 12, show a noticeable
decrease in MTX adsorption with increasing salt
concentration, due to competition between MTX
and cations for available adsorption sites on
the nanocomposite surface. Additionally, ionic
shielding effects reduce electrostatic interactions,
especially under higher ionic strength. Notably,
calciumionshadaless pronouncedinhibitory effect
compared to sodium and potassium ions, likely
due to their lower mobility and larger hydration
radius. These findings suggest that while ionic
strength does influence adsorption performance,
the (CS-co-pAA-ROSY/MWCNTs) nanocomposite
retains reasonable selectivity toward MTX even in
the presence of competing ions, making it suitable

for use in complex aqueous environments [53].

Adsorption Isotherm Models

The adsorption isotherm describes the
connection between the concentration of
adsorbate in the solution and the temperature-
dependent amount of material adsorbed. The
adsorption equilibrium data is analyzed using
the Langmuir, Temkin, and Freundlich isotherms.
Typically, a linear relationship is discovered,
and the suitability of the isotherm equations is
evaluated using correlation coefficients. A direct
relationship between log Ce and log Qe is shown by
the Freundlich isotherm. This correlation suggests
that the ions of the MTX medication follow the
Freundlich isotherm, as shown by the correlation
coefficient shown in Fig. 13a-c and Table 1. Among
these, the Freundlich model exhibited the best fit
with the experimental data, indicated by a high
correlation coefficient (R? = 0.9942), compared to
Langmuir (R? = 0.6433) and Temkin (R? = 0.9261).
This suggests that the adsorption of MTX onto
the (CS-co-pAA-ROSY/MWCNTs) nanocomposite
occurs on a heterogeneous multilayer surface
with different energy binding sites, as described
by the Freundlich model. The model also reflects
favorable adsorption conditions with a Freundlich
constant (K.) of 9.903 and an exponent (n) value
near 1.0. These results confirm the material’s

25 —

—-NaCl
CaCl2

T T T T T T
0.00 0.05 010 0.15 020
wt.of salt (g)

Fig. 12.
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suitability for practical adsorption applications Adsorption thermodynamics

and support the proposed adsorption mechanism Calculating values of Xm at various solution
involving multiple interactions [53]. temperatures allowed for the estimation of
a'l_
06 | |

y =0.0382x +0.042

R?=0.6433
o1 T T T T T
0 2 4 6 8 10
Ce(mg.L")
b’
10 -
08 -
I}
> 06 -
g
s
04 -
02 -
y =0.9958x +0.2019
00 o R?=0.9942
T T T T T T
00 02 04 06 08 10
Log Ce
c 16 -
14 4
12 o
10 o
o
3 ¢
£
o
o
6
4
2
0 y = 6.0486x - 0.476
R:=0.9261
-2 T T T T T
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Fig. 13. Adsorption isotherms of: a- Langmuir, b-Freundlich and
c-Timken equations.
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the fundamental thermodynamic quantities of
MTX drug adsorption on the (CS-co-pAA-ROS)/
MWCNTs nanocomposite. In Fig. 14, The enthalpy
(AH), entropy (AS), and free change energy (AG)
are calculated using Eq 3-5:

(CS-co-pAA-ROSY/MWCNTs) causes spontaneous
adsorption [54]. Because the enthalpy value is
less than 40 kJ/mol and the adsorption process is
exothermic, methotrexate primarily adsorbs onto
the nanocomposite surface by physical means. The
particles adsorbed on the surface of the polymer
adsorbent are less mobile and more organized, as

AG = AH-T.AS (3) indicated by the negative decrease in entropy (AS).
Adsorption kinetics
AG = -RT In Keq (4) Kinetic process analysis requires knowledge
of the dynamic reaction and investigation of the
adsorption conditions. A range of kinetic models
AH AS : :
InKeq = — —+— (5) have been used to assess experimental data in
RT R

The temperature value of the surface absorption
of the MTX drug is shown in Table 2. The negative
Free Gibbs energy (AG) of the nanocomposite

order to determine the adsorption process and
control phase. Several models, such as intraparticle
diffusion, pseudo-first-order, and pseudo-second-
order kinetic models, were used to determine the
kinetic equation for the adsorption process. Eq. 6
represents this pseudo-first-order kinetic model

1.05

1.00 H

0.95 o

Ln Kd

0.80

0.85 —

y=1.2887x - 3.4277
R2=0.9941

T T T T T T T
328 330 332 3.34 338

T T T T T " 1
338 340 342 344 346 348
1000.T(K)

Fig. 14. showing the relationship between Ln Kd and reciprocal absolute temperature
for MTX medication adsorption.

Table 1. The Langmuir, Freundlich and Timken, correlation coefficients and constants of MTX adsorption.

Langmuir equation

Freundlich equation

Timken equation

Ke Qmax R Ke N R? Kr B R
1.099476 26.17801 0.6433 9.903 1.0042 0.9942 0.924 6.0486 0.9261
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[55]. The following formula represents the pseudo-
second-order model model [55].
Ln(qe — q0) =In(ge) — ki - t (6)
1 1 t

= 4 7
q kh.qe2+qe 7)

The In(ge - qt) linear plot is shown as a function
of time (t). Table 3 and Fig. 15 contain pertinent

data about MTX. The rate at which the adsorbent’s The constant k, is defined as a pseudo-second-
active participants are filled is directly proportional order rate constant (g.mg™ min™).
to the quantity of vacant spaces, as per the The values of g, and k_obtained by charting

pseudo-first-order kinetic model. According to methotrexate (MTX) adsorption on the (CS-
the pseudo-second-order model, the sharing or co-pAA-ROSY/MWCNTs)  nanocomposite  are

exchange of electrons between the adsorbent and displayed in Table 3 and Fig. 16. The intercept and
adsorbate controls the rate of surface adsorption. slope of the lines at various concentrations were
0.10
|
0.08
|

0.00 - y=-0.0005x + 0.0714
Re=0.7543

T T T T T T T T T T T T T T T T 1
0 20 40 &0 80 100 120 140 160 180 200
t(min)

Fig. 15. Pseudo first order model of MTX drug adsorption.

50

40

30 o

tgt

20 o

y =0.2904x +0.1389
R?=0.9999

T T T T T T T T T
20 40 60 80 100 120 140 160 180

t (min)

Fig. 16. Pseudo second order model of MTX drug adsorption.
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used to estimate these values. The MTX adsorption
process kinetics seem to be sufficiently explained
by the pseudo-second-order equation for the (CS-
co-pAA-ROSY/MWCNTs) nanocomposite. This is
clear because the calculated adsorption capacity
(a,) and the observed adsorption capacity
(qexp) are nearly the same. Therefore, this model
offers a higher coefficient of correlation than
earlier kinetics theories. higher correlation value

100

compared to alternative kinetic models.

Drug Loading Efficiency and Release

Fig. 17 shows the drug release from the (CS-
co-pAA-ROSY/MWCNTs)  nanocomposite  was
examined in three different ways at various pH
values. Themaximum efficiency of 89% wasattained
by MTX loading. Plotted against time (hours), the
graph displays the cumulative percentage of drug

Cumulative drug release(%)

T T T T T T T
40 50 60 70

Time{h)

Fig. 17. In-vitro release of MTX from MTX-loaded (CS co-PAA-ROSY)/MWCNTs
nanocomposites at different pH conditions.

Table 2. Shows the thermal value of the MTX drug’s surface absorption.

(CS-co-pAA-ROSY/MWCNTSs)

AG AH AS
T(K) (kJ/mol) (kJ/mol) (J/mol.K)
288 -2.51261
293 -2.37012
298 -2.22763 -10.7143 -28.4979
303 -2.08514

Table 3. Pseudo first and second order model of MTX drug adsorption.

Pseudo-first order

Pseudo-second order

Adsorbent K1
Qe (cal) R? Ka qe(cal) h R?
(CS-co-pAA-
ROSY/MWCNTS) 0.0005 1.1 0.7543 0.607533 3.443526 7.201 0.9999

J Nanostruct 15(4): 1607-1625, Autumn 2025
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release, averaged over three replicates. Over the
course of 72 hours, release tests were conducted
at different pH values. The sample membrane
expanded due to pharmacological diffusion,
resulting in the first “burst” pharmacological
effect. Due to the porosity of the nanocomposite,
the drug was released to the surface of the sample
much more quickly than it was deep inside [56].
The swelling process results are in line with
the nanocomposite’s higher MTX release at pH
1.2 compared to pH 5 and 7.4. Methotrexate
dissolves the least in the pH range of neutral.
Consequently, the release results demonstrate
that, unlike the dissolving process, where a high
swelling ratio leads to the enlargement of the
nanocomposite’s pores, the amount of swelling
in the nanocomposite controls its release. It
is evident that 89% of the methotrexate was
liberated from the nanocomposite at 72 hours
due to the diffusion of the drug through the larger
pore size observed at pH = 1.2. The rate of drug
release was 41% at pH = 7.4 and 55% at pH = 5.
The significantly reduced swelling capacity of the
nanocomposite is responsible for the significantly
reduced drug release. By making the hydrogel
surface rougher, the addition of rosemary
increased drug adsorption and release efficiency
compared to previous studies that used hydrogels

without the plant rosemary [2].

Reusability Results

The results, as depicted in the Fig. 18 reveal
significant differences in regeneration efficiency
among the tested media. The acidic medium (0.1 M
HCIl) exhibited the highest retention of adsorption
capacity over five cycles, with removal efficiency
decreasing only slightly from 94.8% in the first cycle
to 88.9% in the fifth. This suggests strong structural
stability of the nanocomposite in acidic conditions
and effective desorption of methotrexate (MTX),
likely due to protonation of surface functional
groups that facilitates drug release. In contrast,
the neutral medium (distilled water) showed
moderate performance, with efficiency declining
from 64.7% to 30.3%, indicating incomplete
desorption and potential surface fouling or loss
of active sites. The basic medium (0.1 M NaOH)
demonstrated the poorest regeneration, with a
sharp drop from 36.2% to 6.7%, possibly due to
the degradation or deactivation of functional
groups such as amino and carboxyl groups under
alkaline conditions or strong MTX binding caused
by deprotonation. These findings confirm that
regeneration in acidic media is the most effective
approach, as the nanocomposite maintained
over 88% of its adsorption capacity after five

Removal Efficiency (%)

Cycle

4 0.1M NaOH
mH20
= 0.1M HCI

Fig. 18. Removal Efficiency of MTX by CS-co-pAA-ROSY/MWCNTs Nanocomposite Over Five
Adsorption—Desorption Cycles Using Different Regeneration Media.
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cycles, demonstrating excellent reusability and
promising potential for drug removal in aqueous
environments [57, 58].

CONCLUSION

The (CS-co-pAA-ROSY/MWCNTs)
nanocomposites were successfully synthesized
and efficiently used for the adsorption of MTX
from aqueous solutions. The integration of
rosemary (Rosmarinus officinalis) into the drug
delivery system with methotrexate (MTX) is
based on its well-documented antioxidant, anti-
inflammatory, and potential anticancer properties
[40,41]. Rosemary contains bioactive compounds
such as carnosic acid, rosmarinic acid, and ursolic
acid, which have been shown to induce apoptosis
and inhibit proliferation in various cancer cell
lines [42]. These compounds may synergize
with MTX by enhancing its cytotoxic effects
or modulating the tumor microenvironment.
Additionally, the presence of rosemary may
improve the bioavailability or controlled release
profile of MTX when incorporated within the
hydrogel matrix, potentially leading to more
effective and targeted delivery. The Freundlich
adsorption model indicates that the (CS-co-pAA-
ROSY/MWCNTs) nanocomposite can readily and
efficiently adsorb the MTX drug (K. = 9.903 and
n = 1.004218). Contact time = 90 min, starting
adsorbate concentration = 25 mg. L™, pH = 4 at
293 K. Thermodynamic parameters with negative
values AG =-2.37 kJ/ mol , AH=-10.72 kJ/ mol and
AS = -28.5 J/mol.K indicate that this adsorption is
exothermic.
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