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Abstract

Pharmaceutical contaminants such as tetracycline pose an increasing threat to aquatic
ecosystems and human health as a result of their persistence in water sources and their
contribution to antibiotic resistance. This study developed chitosan nanocomposites by
incorporating functionalised and nitrogen-doped multi-walled carbon nanotubes (FMWC-
NTs and NMWCNTs) for the removal of tetracycline pharmaceutical contaminants from
water. The composites were characterised with FTIR, SEM, XRD, BET, UV–Vis, and TGA
under various conditions (pH, adsorbent dosage, concentration, contact time, and tem-
perature). Optimal tetracycline removal (85%) was achieved with pH 6, 2 g/L adsorbent
dose, 10 ppm concentration, and 30 min contact time. The FMWCNT–chitosan composite
could be recycled five times with an adsorption loss of only 2%. The FMWCNT–chitosan
composite showed the good adsorption efficiency of 82% in the presence of counter ions
and 70% in a binary system. The adsorption process followed the Langmuir isotherm
(263 mg/g), indicative of monolayer adsorption and pseudo-second-order kinetics. Among
the nanocomposites prepared, the FMWCNT–chitosan composite showed the highest
performance, removing more than 85% of tetracycline from water samples.

Keywords: FMWCNTs; NMWCNTs; chitosan; adsorption; tetracycline

1. Introduction
Water resources and supply systems are under increasing pressure due to increasing

demand and the deterioration of quality in many water sources [1]. Most often, the water
source is raw water from rivers and lakes. Unfortunately, untreated wastewater and
industrial effluents are exposed to these water sources [2]. Pharmaceutical contaminants
are increasingly recognised as a significant threat to water quality due to their widespread
use and persistence in the environment [3,4]. These substances, including antibiotics,
painkillers, and hormones, frequently enter aquatic systems through wastewater release,
agricultural runoff, and inadequate disposal methods [2]. Pharmaceuticals may have
detrimental effects on aquatic ecosystems and human health even at low levels, leading to
problems such as antibiotic resistance and bioaccumulation within the food chain [5,6].

Between 2004 and 2009, a study conducted by the United States Geological Survey
(USGS) revealed that pharmaceutical manufacturing facilities can contribute significantly
to environmental pharmaceutical contamination [7]. An analysis of effluents from two
wastewater treatment plants that processed discharges from pharmaceutical manufacturing
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facilities revealed that the pharmaceutical concentrations were significantly higher, ranging
from 10 to 1000 times, compared to the effluents from twenty-four other wastewater
treatment plants nationwide that did not handle such discharges [7]. Tetracycline, a
broad-spectrum antibiotic, inhibits protein synthesis and is widely used in medicine and
agriculture [8]. Its persistence in water and soil makes it a significant environmental
contaminant that contributes to antibiotic resistance and disrupts ecosystems. It enters
these ecosystems through wastewater, agricultural runoff, and improper disposal [9]. When
present in drinking water, it poses serious public health risks by promoting the growth of
resistant bacteria and potentially disturbing the intestinal microbiota [10,11]. This highlights
the need for better water treatment and stricter regulations to mitigate its impact on human
health and the environment.

Various techniques have been developed to improve wastewater quality including
nanofiltration, electrolysis, reverse osmosis, photocatalysis, biodegradation, and adsorp-
tion [3,12,13]. However, these approaches often come with drawbacks, such as high
operational costs and environmental risks posed by hazardous chemicals [14]. Researchers
have placed great emphasis on adsorption due to its high effectiveness, low cost, and
simplicity of use, as well as the variety of available adsorbents, such as inorganic, organic,
and biosorbent materials [15,16]. Chitosan, a biodegradable biopolymer derived from
chitin, is a promising material for water purification due to its eco-friendliness, non-toxicity,
and the ability to form effective interactions with various pollutants [17–19]. Dey et al. [20]
evaluated the performance of chitosan as an adsorbent for Remazol Red. The study focused
on evaluating the ability of chitosan to remove Remazol Red, a synthetic dye, from aqueous
solutions, which is crucial in wastewater treatment. The findings showed that, under ideal
conditions, chitosan had excellent adsorption characteristics and demonstrated substantial
potential as an environmentally acceptable and efficient adsorbent for the elimination of
pollutants from aqueous solutions [20].

The adsorption efficiency of chitosan can be significantly enhanced by integrating
it with nanomaterials such as multi-walled carbon nanotubes (MWCNTs) due to their
high surface area, excellent electrical and thermal conductivity, high mechanical strength,
and the capability to be functionalised for specific water contaminant removal [19,21,22].
Furthermore, doping multi-walled carbon nanotubes with nitrogen offers numerous ben-
efits in water treatment, mainly due to their improved adsorption capacity and catalytic
activity [23]. By combining the natural adsorptive qualities of chitosan with the large
surface area and stability of the nanoparticles, the chitosan-based nanocomposites are more
efficient in removing pharmaceutical pollutants from aqueous environments [15,24].

A study of adsorption isotherms for the removal of tetracycline from water using
carbon mineral compounds determined by inverse liquid chromatography has shown that
the highest amount of adsorbed tetracycline is 19.1 mg/g [25]. Yu et al. [26], in a study on
the enhanced removal of tetracycline from water using a MgO-modified g-C3N4 composite,
achieved 85% tetracycline removal within 90 min, and the composite maintained a removal
efficiency above 70% after six cycles. These studies, among others, highlight the potential
of advanced nanocomposite materials to mitigate tetracycline contamination in aquatic
systems. Table 1 presents additional materials that have been developed for this purpose.
However, a composite offers a low-cost, biodegradable, and easily recoverable alternative
with high adsorption efficiency and excellent recyclability across multiple cycles.
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Table 1. Various adsorbent materials are used in the adsorption of tetracycline from water samples.

Adsorbent Adsorption Capacity Contact Time References

Activated carbon 17.88 mg/g 400 min [27]
MWCNTs doped with
polypyrrole 34.50 mg/g 60 min [28]

Raw shrimp shell waste (SSW) 229.98 mg/g 36 h [29]
Geo-Material 12.58 mg/g 30 min [30]
CS·Fe3O4 211.21 mg/g 180 min [31]
Natural Iraqi bentonite 23.69 mg/g 120 min [32]
Fe/Cu–GO 201.9 mg/g 15 min [33]
Fe–HAP 45.39 mg/g 45 min [34]
Z–HAP–AA 244.63 mg/g 600 min [35]

This study investigates the synthesis of chitosan nanocomposites, particularly those
that incorporate MWCNTs, to evaluate their potential for removing tetracycline as a pharma-
ceutical pollutant from drinking water. The objective is to evaluate their adsorption capacity
and effectiveness, with a focus on their applicability for pharmaceutical water treatment.

2. Materials and Methods
2.1. Materials

Analytical-grade materials and chemicals were used without further purification. The
primary material for the study was tetracycline, a commonly used antibiotic. Glutaralde-
hyde served as a cross-linking agent. Additional chemicals, including sodium hydroxide
(NaOH), sulfuric acid (H2SO4), acetic acid (CH3COOH), MWCNTs, and chitosan flakes,
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Nitrogen-doped multi-walled
carbon nanotubes (NMWCNTs) were purchased from SabiNano (PTY) Ltd. (Randburg,
South Africa). Deionised water was used to prepare all the solutions.

2.2. Functionalisation of MWCNTs

To functionalise MWCNTs, the process was carried out in a 250 mL beaker using a
solution of 10 mL of nitric acid and 30 mL of sulfuric acid following a method described
previously [22]. After adding a gram of MWCNTs, the mixture was sonicated for three
hours. Following sonication, deionised water was used to dilute the solution followed by
filtration and washing until the pH reached 7. Subsequently, the MWCNTs were dried for
24 h in an oven (EcoTherm Economy Oven, Labotec (Pty) Ltd., Midrand, South Africa)
from at 80 ◦C and weighed.

2.3. Preparation of Chitosan Beads

In order to produce chitosan beads, the chitosan flakes were dissolved in 150 mL of
5% CH3COOH solution as previously described [4]. The solution was added dropwise to
a beaker with 500 mL of 0.50 M NaOH after being agitated overnight. A magnetic stirrer
(Model E-MS3-H2D, EINS SCI Co., Ltd., Seoul, South Korea) was used for continuous
stirring at 200 rpm during dropwise addition, ensuring that the acetic acid in the chitosan
gel was neutralised, which caused the gel to coagulate into uniform spherical chitosan
beads. The chitosan beads were then filtered and washed with 200 mL of distilled water,
after which they were left overnight in 110 mL of 0.025% glutaraldehyde solution at room
temperature. The beads were then filtered and washed with an additional 200 mL of
deionised water. Finally, the chitosan beads were dried for 24 h at 40 ◦C and ground
to powder.
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2.4. Preparation of 1% Functionalised MWCNT–Chitosan Composite

In a 250 mL beaker, 2 g of chitosan flakes was dissolved in 120 mL of 5% acetic acid
solution to produce functionalised MWCNT–chitosan composites. Next, 0.02 g of MWCNTs
was added to 30 mL of the 5% acetic acid, and the mixture was sonicated for 25 min. The
two solutions were then combined and stirred overnight before being added dropwise
to a beaker containing 500 mL of 0.50 M. Acetic acid in the chitosan gel was neutralised
using a magnetic stirrer at 200 rpm to continuously swirl the mixture during dropwise
addition. This resulted in the gel coagulating into homogeneous spherical chitosan beads.
After filtering, 200 mL of distilled water was used to wash the chitosan beads. At room
temperature, they were left overnight in 110 mL of a 0.025% glutaraldehyde solution. The
beads were washed with 200 mL of deionised water and filtered again. Finally, the chitosan
beads were dried for 24 h at 40 ◦C and ground into a powder.

Nitrogen-doped MWCNTs were prepared in the same manner as described above.

2.5. Characterisation

Fourier transform infrared (FTIR) spectroscopy was performed using a PerkinElmer
Spectrum 100 spectrometer (PerkinElmer Inc., Shelton, CT, USA) to identify the formation of
the samples and functional groups within the range of 4000–500 cm−1. The morphological
structure of the synthesised nanoparticles was examined using a sigma 500 VP Scanning
Electron Microscopy (SEM) from (Carl Zeiss Microscopy GmbH, Köln, Germany). The
images were provided at a resolution of 1024 × 768 pixels, with varying magnifications
applied to each composite sample to facilitate a clearer identification. X-ray diffraction
patterns to assess the phases, crystallinity, and crystallite sizes were recorded using a Cu
Kα radiation source (λ1 = 1.540598 Å, λ2 = 1.544426 Å; Kα2/Kα1 intensity ratio = 0.5). The
instrument was operated at 30 kV and 10 mA, without the use of a monochromator. Data
were collected over a 2θ range of 5.01◦ to 89.99. The TGA was carried out using TGA
Q500 (version 20.13, build 39) from (TA Instruments, New Castle, DE, USA), operated
in ramp mode up to 900 ◦C at a heating rate of 10 ◦C/min. The analysis was conducted
under a mixed-gas atmosphere using an EGA-type furnace. Nitrogen served as the balance
purge gas at a flow rate of 10.0 mL/min, while air was used as the sample/reactive gas
at 90.0 mL/min. BET analysis was performed on a Micromeritics ASAP 2020 instrument
(Micromeritics Instrument Corp., Norcross, GA, USA), and the samples were degassed at
40 ◦C for 16 h to investigate the surface properties of the nanocomposite membranes.

2.6. Batch Adsorption Studies of Tetracycline

The removal of tetracycline using a chitosan nanocomposite was investigated by
altering various experimental parameters, such as the pH (3 to 8, adjusting the pH with
0.1 M NaOH and 0.1 HCl), adsorbent dosage (1 to 5 g/L), contact time (5 to 120 min and
after 1440 and 2880 min), and concentration (10 to 50 ppm). The samples were rapidly
examined using Nanocolor UV/Vis II Spectrophotometer (Macherey-Nagel GmbH & Co.
KG, Düren, Germany) after each trial, followed by filtering using filter paper to eliminate
suspended solids. All adsorption experiments were conducted in duplicate. The mean and
standard deviation were calculated from the two measurements, and error bars representing
the standard deviation were included in the graphs to reflect the experimental variability.

Equation (1) is the formula for calculating the percentage of tetracycline removal.

Removal % =
Co − Ce

Co
× 100 (1)
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Equation (2) yields the adsorption capacity, qe (mg/g) of the adsorbent.

qe =
(C o − Ce )V

W
(2)

• Co (mg/L) is the initial concentration of the tetracycline concentration.
• W (g/L) is the concentration of the adsorbent.
• C (e) (mg/L) is the equilibrium concentration of tetracycline.
• V (L) is the volume of tetracycline solution.

Adsorption Mechanism

The adsorption of tetracycline by chitosan nanocomposite works through a combina-
tion of π–π interactions, hydrogen bonding, and electrostatic forces. Once the adsorbent is
added to the contaminated water, tetracycline molecules interact with the surface of the
adsorbent through multiple pathways. As shown in Figure 1 on, π–π stacking interactions
arise from the alignment of tetracycline’s aromatic rings with the extended π–electron
networks present on the carbon-based components of the nanocomposite, such as function-
alized multi-walled carbon nanotubes. Functional groups on the chitosan, like -OH and
-NH2, engage with the polar functional groups of tetracycline to allow hydrogen bonding.
At pH 6, the amino groups in chitosan become protonated, giving the surface a positive
charge, while tetracycline predominantly exists in a neutral or mildly negative state. This
charge difference facilitates electrostatic attraction.

Figure 1. Adsorption mechanism of adsorption of pharmaceuticals by chitosan nanocomposite.

2.7. Reusability

To investigate the efficiency of the synthesised material and its cost-effectiveness,
reusability studies were conducted under the acquired optimum adsorption parameters.
These were carried out by performing five cycles of tetracycline adsorption–desorption
tests for 30 min at 25 ◦C; 0.2 g/L of each adsorbent was contacted with 20 mL of tetracycline
solution (10 ppm). Following adsorption, the adsorbents were regenerated by submerging
each separately in 50 mL of 0.1 M NaOH solution for 2 h at 25 ◦C to desorb tetracycline.
After that, deionised water was used to properly wash the adsorbents to remove NaOH.

2.8. Ionic Strength

The effect of ionic strength on the adsorption performance of the best-performing
composite, FMWCNT–chitosan, was investigated under conditions designed to simulate
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real water matrices. The experiment was carried out at pH 6, with an adsorbent dosage of
2 g/L, a contact time of 30 min, and a temperature of 25 ◦C, using a 10 ppm tetracycline
solution containing sulphate (50 mg/L), nitrate (5 mg/L), and chloride (60 mg/L).

2.9. Binary System

To investigate the interference effect of one drug on another, a binary solution con-
taining 10 ppm of tetracycline and tylosin was prepared. The adsorption experiment was
conducted at pH 6, using 2 g/L of the FMWCNT–chitosan composite (the best-performing
adsorbent), with a contact time of 30 min at 25 ◦C.

2.10. Kinetic Modeling of Adsorption

The pseudo-first-order kinetics are as follows:

In(qe − qt) = Inqe − K1t (3)

where

• qt is the adsorbed adsorbate at time (t) (mg/g);
• qe represents the equilibrium adsorption amount (mg/g);
• K1 is the rate constant of adsorption (min−1), which is found by plotting ln (qe − qt)

versus time (t).

Pseudo-second-order kinetics are as follows:

t
qt

=
1

K2q2
e
+

t
qe

(4)

where

• K2 is the rate constant for pseudo-second-order sorption (g/mg·min);
• qt represents the amount of adsorbed adsorbate at time t (mg/g);
• qe represents the equilibrium amount of adsorption (mg/g).

2.11. Adsorption Isotherm Modeling

(a) Langmuir
This is an empirical model derived from kinetic principles, indicating that at equilib-

rium, the adsorption and desorption rates are equal, resulting in no net accumulation [36].
It is expressed as

1
qe

=
1

qmax
+

1
bqmaxCe

(5)

where

• qe (mg/g) represents the amount of adsorption at equilibrium;
• Ce (mg/L) denotes the equilibrium concentration of tetracycline remaining in

the solution;
• qmax (mg/g) refers to the theoretical maximum adsorption capacity or monolayer

saturation capacity;
• b (L/mg) is the Langmuir constant associated with adsorption equilibrium.

(b) Freundlich
This is a model that assumes that the distribution of the adsorption heat and the

affinities for the heterogeneous surface are heterogeneous [36]. It is expressed as

lnqe = lnK f +
1
n

lnCe (6)

where
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• qe (mg/g) indicates the amount of adsorption at equilibrium;
• Ce mg/L) represents the equilibrium concentration of tetracycline remaining in the

solution. (mg/L);
• Kf (mg·g−1) is the Freundlich constant that represents the adsorption capacity;
• n is a dimensionless Freundlich constant that describes the desorption intensity.

2.12. Evaluation of Thermodynamic Parameters

The thermodynamic parameters were evaluated using these equations.

∆Go = −RT InKc (7)

InKc =
∆So

R
− ∆Ho

RT
(8)

Kc =
Cad
Ce

(9)

where

• Ce (mg/L) represents the equilibrium concentration of the tetracycline remaining in
the solution;

• Cad is the concentration of the metal in the adsorbent at equilibrium (mg/L);
• ∆G◦ is the Gibbs free energy (kJ/mol);
• ∆H◦ represents the standard enthalpy (kJ/mol);
• ∆S◦ is the standard entropy (J/mol/K).

The values of ∆G◦, ∆H◦, and ∆S◦ were determined using the plot of InKc vs. 1/T(K).

3. Results
3.1. Characterisation of Composite Membrane
3.1.1. UV–Visible Spectroscopy

Figure 2 shows the full scan of tetracycline by a UV–Vis spectrophotometer. A UV–
Vis scan of tetracycline was performed in the range of 300 to 800 nm at a scan rate of
3600 nm/min to determine the optimal wavelength for its maximum absorbance. We
found 358 nm to be the best wavelength for the analysis of tetracyclines using a UV–Vis
spectrophotometer, and it was used for the rest of the study. This peak (Figure 2) arises
from the molecular structure of tetracycline, which includes conjugated systems, such
as aromatic rings and double bonds, that absorb ultraviolet (UV) light. At this specific
wavelength, the compound experiences electronic transitions, enabling accurate detection
by spectrophotometry [37].

Figure 2. Full scan of tetracycline by UV–Vis spectrophotometer.
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3.1.2. Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of chitosan, FMWCNT–chitosan, and NMWCNT–chitosan nanocom-
posites are provided in Figure 3. All samples show broad and intense absorption bands
in the 3200–3600 cm−1 range, attributed to overlapping stretching vibrations of -OH and
-NH2, which are characteristic of chitosan and consistent with its hydrophilic nature [38].
In the FMWCNT–chitosan and NMWCNT–chitosan spectra, these peaks are further broad-
ened, indicating the incorporation of functionalised MWCNTs rich in hydroxyl group [39].
Distinct C–H stretching vibrations are observed in the region of 2923–2928 cm−1 (asym-
metric) and 2840 cm−1 (symmetric), confirming the presence of alkyl groups in the core of
chitosan composite. Peaks at 1650 cm−1 and 1554 cm−1 correspond to the C=O stretching
of the amide groups (–CONH2) and the bending of -NH2, respectively, and are present
in all spectra. Notably, the intensity of the peak at 1650 cm−1 in the FMWCNT–chitosan
and NMWCNT–chitosan nanocomposites indicates a significant formation of new amide
links. This phenomenon is attributed to the reaction between the COOH groups present
in the MWCNTs and the -NH2 groups of chitosan. Consequently, this interaction leads to
the establishment of covalent bonds (-CONH-), which strengthen the composite structure.
Furthermore, the bands in the 1430–1380 cm−1 region are attributed to C–N stretching vi-
brations, further supporting the presence of amide functionalities and effective integration
of MWCNTs into the chitosan matrix [40].

Figure 3. FTIR spectra of chitosan, NMWCNT–chitosan, and FMWCNT–chitosan.
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3.1.3. Scanning Electron Microscopy and Energy-Dispersive Spectroscopy

Figure 4 shows SEM images of chitosan, FMWCNT–chitosan, and NMWCNT–chitosan
nanocomposite materials. The surface of chitosan shows a rough and dense texture with a
compact arrangement. Small granular formations are evident, suggesting a spongy surface.
This morphology is advantageous for adsorption because it offers a greater number of
sites for interactions with contaminants. The image in Figure 4b reveals fibrous structures,
indicating the presence of carbon nanotube materials. These fibres appear to be more open
and less tight, implying increased porosity. This fibrous network can improve the efficiency
of adsorption by allowing tetracycline to penetrate the material’s structure more effectively.
The image in Figure 4c indicates that the surface exhibits rough and fibrous morphologies.
The fibrous network contributes to mechanical stability and improved porosity, while the
granular structure increases the available surface area. Together, these features enhance
tetracycline adsorption through greater contact opportunities and molecular accessibility,
as noted in the literature [20,41]. Additionally, the introduction of NMWCNTs to chitosan
improved the surface of the chitosan structure, although not as highly as FMWCNTs.

a b

c

Figure 4. SEM images of (a) chitosan, (b) FMWCNT–chitosan, and (c) NMWCNT–chitosan nanocom-
posite materials.

3.1.4. X-Ray Diffraction (XRD)

Figure 5 shows the XRD patterns of chitosan, FMWCNT–chitosan, and NMWCNT–
chitosan nanocomposite materials. The broad diffraction of chitosan with 2θ values of 20.0◦
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indicates the amorphous state of chitosan. Since only 1% of FMWCNTs and NMWCNTs
were introduced to chitosan, the peaks of these composites only slightly broadened with
few visible changes in structure. These chitosan nanocomposites exhibited a peak around
20◦, associated with the (110) plane, suggesting that the crystalline properties are retained
within the composite materials [20]. In the FMWCNT–chitosan composite, this peak
becomes significantly broadened and reduced in intensity, suggesting that the incorporation
of FMWCNTs disrupts the ordered crystalline structure of chitosan and increases the
amorphous character of the material, potentially increasing the surface area [42]. This
reduced crystal system likely facilitates improved adsorption by enhancing molecular
diffusion and exposing more active sites.

10 20 30 40 50 60 70 80 90

In
te

ns
ity

 (a
.u

)

2 Theta (degree)

 FMWCNT–Chitosan
 NMWCNT–Chitosan
 Chitosan

(110)

(110)

(110)

Figure 5. XRD patterns of chitosan, FMWCNT–chitosan, and NMWCNT–chitosan nanocomposite
materials, showing the morphology of the structures.

Subsequently, the framework of MWCNTs on chitosan exhibits a strong impact on
the properties of the chitosan composite. Although a lower percentage of MWCNTs were
doped, MWCNT–chitosan grafting slightly affected the intensity and peak position of the
carbon nanotube phase [43].

3.1.5. Thermogravimetric Analysis (TGA)

Figure 6 illustrates the thermal stability of the synthesised nanocomposites (chitosan,
FMWCNT–chitosan, and NMWCNT–chitosan). All three materials exhibit similar thermal
behaviour in the initial thermal analysis stages (0◦ to 300 ◦C). The nanocomposites under-
went significant weight loss beginning around 200 ◦C, with a steep decline up to 400 ◦C,
indicating their relatively low thermal stability and nearly complete decomposition by
approximately 600 ◦C. This behaviour aligns with the known thermal degradation pattern
of chitosan, which occurs in two stages: dehydration below 200 ◦C, followed by depolymeri-
sation between 200 and 400 ◦C [44]. The NMWCNT–chitosan nanocomposite demonstrates
enhanced thermal resistance, retaining more weight beyond 600 ◦C due to the stabilising
effect of nitrogen doping, which strengthens interfacial interactions between chitosan and
the nanotubes [45]. However, degradation continues beyond 600 ◦C, with maximum de-
composition occurring at approximately 800 ◦C. In contrast, FMWCNT–chitosan exhibits
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the highest thermal stability, maintaining significant residual weight even beyond 600 ◦C,
with degradation extending up to 900 ◦C. This superior stability is attributed to the rein-
forcing effect of FMWCNTs, which form a robust network within the chitosan matrix [46].
The interfacial adhesion between the nanotubes and the polymer matrix is improved when
the functional groups on FMWCNTs, such as -COOH and -OH, form hydrogen bonds
with the hydroxyl (-OH) and amine (-NH2) groups in chitosan. This improved interaction
strengthens the composite structure, thereby increasing thermal resistance and reducing
degradation [44]. Although nitrogen doping enhances π–π interactions, nitrogen groups
like pyridinic N and graphitic N lack the strong hydrogen bonding and covalent linkages
seen with oxygen-containing groups in FMWCNTs [47]. This difference likely contributes
to the slightly lower adsorption performance.

0 100 200 300 400 500 600 700 800 900 1000
0
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t l
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 Chitosan
 FMWCNT–Chitosan
 NMWCNT–Chitosan

Figure 6. TGA curves of chitosan, FMWCNT–chitosan, and NMWCNT–chitosan
nanocomposite materials.

3.1.6. BET Studies

The BET data for chitosan, FMWCNT–chitosan, and NMWCNT–chitosan nanocom-
posite materials are presented in Table 2. The BET data show that the chitosan had a
lower surface area and pore volume; however, upon modification with either FMWCNTs
or NMWCNTs, the surface area increased. Chitosan blending with FMWCNTs showed
a greater increase in surface area (2.3882 m2/g) compared to chitosan blending with N–
doped MWCNTs (1.6836 m2/g). It is suggested that the observed increase in the surface
area of FMWCNT–chitosan resulted from improved interfacial interactions between the
FMWCNTs and the surface of chitosan. The change in BET surface area is as follows:
FMWCNT–chitosan > NMWCNT–chitosan > chitosan. The increase in surface area can
be attributed to the formation of pores due to the incorporation of NMWCNTs, which is
further enhanced by the addition of FMWCNTs to the chitosan compound as noted in the
literature. The BET results correlate with the adsorption studies reported in Section 3.2
wherein the nanocomposite with the highest surface showed the highest adsorption of
tetracycline in water samples.
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Table 2. BET surface area and average pore volume of chitosan, FMWCNT–chitosan, and NMWCNT–
chitosan nanocomposite materials.

Membrane BET Surface Area (m2/g) Pore Volume (cm3/g)

Chitosan 1.2823 0.00109
FMWCNT–chitosan 2.3882 0.004136
NMWCNT–chitosan 1.6836 0.00178

The adsorption capacities of the nanocomposites were evaluated using N2 adsorption–
desorption measurements. Figure 7 presents the nitrogen adsorption–desorption isotherms
of chitosan, FMWCNT–chitosan, and NMWCNT–chitosan. Among these, FMWCNT–
chitosan exhibited a distinctly higher nitrogen uptake, indicating enhanced porosity. Ac-
cording to the IUPAC classification, all the isotherms corresponded to Type IV profiles with
H3 hysteresis loops, characteristic of mesoporous materials with slit-shaped pores and
diameters ranging from 2 to 50 nm [48].

Figure 7. Nitrogen adsorption and desorption isotherms and BJH pore size distribution of chitosan,
FMWCNT–chitosan, and NMWCNT–chitosan.

Also, Figure 7 (insert) includes pore size distribution curves obtained using the Barrett–
Joyner–Halenda (BJH) method [49]. The mean pore diameters were found to be 20.19 nm for
chitosan, 12.69 nm for FMWCNT–chitosan, and 22.66 nm for NMWCNT–chitosan. The re-
sults indicated that the addition of FMWCNTs showed the highest increase in pore volume,
as the amount of N2 adsorbed significantly increased. These results support the observed
superior adsorption performance of FMWCNT–chitosan in tetracycline removal, which can
be attributed to the increased surface area and improved accessibility of mesoporous sites.
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3.2. Adsorption Studies

Several recent studies have demonstrated the importance of optimising process pa-
rameters to enhance the adsorption efficiency of multi-walled carbon nanotube (MWCNT)-
based adsorbents for the removal of tetracycline. For example, Khazaie et al. [28] syn-
thesised MWCNTs doped with aspartic acid (Asp) and polypyrrole (PPy), achieving a
maximum adsorption capacity of 34.50 mg/g under optimised conditions: a dosage of
0.005 g adsorbent, pH 5, contact time 60 min, and 25 ◦C. The composite also retained a
removal efficiency of more than 70% after seven reuse cycles, highlighting its operational
stability. These findings reinforce the need for systematic optimisation when designing
MWCNT-based adsorbents for practical applications.

3.2.1. Effect of pH

The effect of pH on tetracycline adsorption in chitosan, FMWCNT–chitosan, and
NMWCNT–chitosan is depicted in Figure 8. pH plays a crucial role in determining how
tetracycline interacts with adsorbents by affecting the ionisation state of antibiotics, the
surface charge of the adsorbents, and the various mechanisms involved in adsorption [50].
As shown in Figure 8, the percentage removal of tetracycline increases with rising pH; this
is because, at higher pH levels, tetracycline becomes less protonated, reducing its positive
charge and enhancing its interaction with the adsorbent. The highest adsorption efficiency
was observed at pH 6, which lies near the neutral region where tetracycline predominantly
exists in a neutral or slightly anionic form. Under these conditions, adsorption is maximised
due to minimal electrostatic repulsion between the adsorbate and the adsorbent [51,52].
Furthermore, at pH 6, chitosan becomes more hydrophobic, and the hydrophobicity of
incorporated FMWCNTs and NMWCNTs further enhances their interaction with tetracy-
cline through hydrophobic forces. As pH increases beyond 6, tetracycline becomes more
negatively charged due to deprotonation of its functional groups [53,54]. Simultaneously,
the surface of the adsorbents also becomes deprotonated and becomes negatively charged
due to deprotonation of –OH and –COOH groups, as supported by FTIR shifts, resulting in
a negatively charged surface. This leads to electrostatic repulsion between the negatively
charged adsorbate and the adsorbent, which contributes to the observed decrease in the
adsorption efficiency at higher pH values.
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Figure 8. Effect of pH on the adsorption of tetracycline in chitosan, FMWCNT–chitosan, and
NMWCNT–chitosan.
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3.2.2. Effect of Dosage

A crucial element in creating an effective adsorption system is the amount of adsorbent
that is used, and this plays a crucial role in optimising the adsorption process. As shown in
Figure 9, the percentage of adsorption increased significantly when the dose increased from
1 g/L to 2 g/L, due to the greater surface area and availability of active sites. However, an
additional increase in dose led to a gradual decline in adsorption efficiency, likely due to
particle agglomeration and overlap of adsorption sites [55]. Since the initial concentration
of tetracycline in the simulated wastewater was consistent in all adsorption experiments,
an excessive amount of tetracycline remained in the solution when the dosage of the
adsorbent was lower [37]. With these lower dosages, the free adsorption sites on the
surface of the chitosan nanocomposite were able to interact quickly with tetracycline,
rapidly reaching saturation and resulting in a high adsorption capacity as reported in the
literature [10,56]. Therefore, the adsorbent dosage for the rest of the study was 2 g/L.
The figure clearly demonstrates the superior performance of FMWCNT–chitosan, which
exhibited the highest removal efficiency despite all composites being tested at the same
dosage. This enhanced adsorption can be attributed to its larger surface area, as confirmed
by BET analysis. FMWCNT–chitosan exhibited a surface area of 2.3882 m2/g, followed by
NMWCNT–chitosan (1.6836 m2/g) and chitosan (1.2823 m2/g).
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Figure 9. Effect of dosage on the adsorption of tetracycline by chitosan, FMWCNT–chitosan, and
NMWCNT–chitosan.

3.2.3. Effect of Concentration

The level of tetracycline in a solution can greatly influence multiple aspects of the
adsorption process and the effectiveness of treatment. Figure 10 shows the effect of con-
centration studied during the adsorption of tetracycline by chitosan, FMWCNT–chitosan,
and NMWCNT–chitosan nanocomposites. As shown in Figure 10, an increase in the initial
concentration of tetracycline led to a reduction in its removal efficiency. At lower concen-
trations, there are often many available adsorption sites, resulting in higher removal rates.
However, once saturation occurs, further increases in concentration may not substantially
improve adsorption. These results indicate that optimal adsorption occurs at lower con-
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centrations of tetracycline, in agreement with previous studies [57]. The chosen optimum
concentration was 10 ppm.
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Figure 10. Effect of concentration on the adsorption of tetracycline by chitosan, FMWCNT–chitosan,
and NMWCNT–chitosan.

3.2.4. Effect of Contact Time

Contact time plays a critical role in the adsorption process, influencing both the
efficiency and kinetics of tetracycline removal. Figure 11 shows the effect of time studied
during the adsorption of tetracycline by chitosan, FMWCNT–chitosan, and NMWCNT–
chitosan nanocomposites. As shown in Figure 11, a rapid adsorption phase occurred within
the first 20 min, followed by a gradual plateau, with equilibrium reached at approximately
30 min. This initial rapid uptake is attributed to the large number of available active sites on
the nanocomposite surface, particularly in the FMWCNT–chitosan sample, which possesses
a higher surface area, as revealed by BET analysis. The porous, semi-crystalline structure
observed in SEM and XRD further facilitates fast diffusion and interaction of tetracycline
molecules with the adsorbent. After 30 min, the adsorption rate slowed significantly due
to site saturation, consistent with previous findings [11,58]. Equilibrium adsorption was
reached at 30 min.

3.3. Reusability Studies

Reusable adsorbents reduce the need for frequent replacement, thereby reducing
operational costs, especially in large-scale applications. This is particularly beneficial in
large-scale applications where the upfront investment in high-quality adsorbents can be
considerable. Figure 12 shows the adsorption–desorption results (five cycles) of chitosan,
FMWCNT–chitosan and NMWCNT–chitosan. The adsorption capacity decreased from
73% to 70% for chitosan, from 80% to 77% for NMWCNT–chitosan, and from 87% to 85%
for FMWCNT–chitosan between the first and fifth cycles, as noted in the literature [43].
The highest efficiency and stability in degradation across multiple cycles are demonstrated,
and NMWCNT–chitosan closely follows. In comparison, pure chitosan shows satisfactory
performance, although its efficiency is lower.
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Figure 11. Effect of contact time on the adsorption of tetracycline by chitosan, FMWCNT–chitosan,
and NMWCNT–chitosan.
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Figure 12. Reusability of chitosan, FMWCNT–chitosan, and NMWCNT–chitosan in the adsorption of
tetracycline.

3.4. Effect of Ionic Strength

Figure 13 shows the effect of ionic strength studied during the adsorption of tetra-
cycline by FMWCNT–chitosan nanocomposites. The results showed that the FMWCNT–
chitosan nanocomposite retained a high removal efficiency of 82%, even in the presence of
these common background ions. This represents a slight decrease of only 3% compared
to the ion-free solution, as represented in Figure 13. The minor reduction in performance
is probably due to limited competition between the coexisting anions and tetracycline
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molecules for adsorption sites, indicating that the composite is effective under realistic
water treatment conditions [59].
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Figure 13. Effect of ionic strength on the adsorption of tetracycline by a FMWCNT–chitosan nanocom-
posite at pH 6, 25 ◦C, and an adsorbent dose of 2 g/L. The solution contained 10 ppm tetracycline
and background ions (SO4

2− 50 mg/L, NO3
− 5 mg/L, Cl− 60 mg/L).

3.5. Effect of a Binary System

In real water samples, multiple pharmaceuticals and contaminants often coexist,
potentially affecting the removal of each other. Figure 14 shows the effect of ionic strength
studied during the adsorption of tetracycline by FMWCNT–chitosan nanocomposites. The
results showed that in the binary system, the removal efficiency of tetracycline decreased to
70%, representing a notable reduction of 15% compared to the single component system, as
represented in Figure 14. This decline is attributed to the competitive adsorption between
tetracycline and tylosin, where both pharmaceuticals compete for available active sites
on the FMWCNT–chitosan surface, thereby reducing the number of sites accessible for
tetracycline uptake as noted in the literature [60,61].

3.6. Adsorption Kinetics

The adsorbent’s kinetic behaviour was investigated using pseudo-first- and pseudo-
second-order models to help identify the type of sorption occurring. Figure 15a,b show
the linearised equations and graphs for the pseudo-first-order and pseudo-second-order
adsorption models for tetracycline, respectively. Table 3 shows the kinetic parameters for the
adsorption of tetracycline by chitosan, FMWCNT–chitosan and NMWCNT–chitosan. The
data indicate that the adsorption kinetics align more closely with a pseudo-second-order
reaction, as evidenced by the higher R2 values (0.9992, 0.9455, and 0.9844) compared to the
pseudo-first-order model (0.9733, 0.7823, and 0.9285). The experimental qe values were in
good agreement with those predicted by the pseudo-second-order model, particularly for
NMWCNT–chitosan. The pseudo-first-order model, on the contrary, showed poor R2 values
and substantial discrepancies between the predicted and experimental qe values, suggesting
that it does not adequately describe the system. The superior performance of FMWCNT–
chitosan is also reflected in the relatively high rate constant (k2 = 0.132 g/mg·min) and
strong fit (R2 = 0.9844), although its modelled qe slightly underestimated the experimental
value, possibly due to additional adsorption contributions not captured by the model. The
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higher performance of FMWCNT–chitosan is attributed to its numerous surface functional
groups, as verified by FTIR analysis, and a highly porous structure, as seen in SEM images.
A decreased crystallinity was indicated by XRD patterns, along with the large surface area
measured by BET. This suggests that chemisorption, characterised by stronger interactions
between the adsorbate and the adsorbent, probably drives the process [62,63], rather than
the weaker physisorption interactions typically linked with pseudo-first-order kinetics.
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Figure 14. Effect of a binary pharmaceutical system on the adsorption efficiency of tetracycline using
a FMWCNT–chitosan nanocomposite. Adsorption conditions: pH 6, adsorbent dosage 2 g/L, contact
time 30 min, and temperature 25 ◦C. In the binary solution (10 ppm).

Figure 15. Kinetic behaviour of chitosan, FMWCNT–chitosan, and NMWCNT–chitosan using
(a) pseudo-first-order and (b) pseudo-second-order kinetics.
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Table 3. Kinetic parameters for the adsorption of tetracycline by chitosan, FMWCNT–chitosan, and
NMWCNT–chitosan.

Membrane
Experimental Qe
(mg·g−1)

Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model

K1
Qe
(mg·g−1) R2 K2

Qe
(mg·g−1) R2

Chitosan 2.46 0.0205 0.324 0.9733 1.04 1.29 0.9992
FMWCNT–chitosan 3.46 0.0671 2.04 0.9285 0.132 2.48 0.9844
NMWCNT–chitosan 3.03 0.0185 1.92 0.7823 0.603 3.12 0.9455

3.7. Adsorption Isotherm

The linearised data from the Langmuir and Freundlich isotherms used to adsorb the
tetracycline composite membranes are shown in Figure 16. The adsorption isotherm offers
valuable insights into the mechanisms underlying the adsorption process. Table 4 lists the
simulation parameters of the model for each model. R2 values indicate that the adsorption
processes of all composite membranes closely follow the Langmuir model. This suggests
that adsorption likely occurs on a homogeneous surface, with a finite number of identical
sites, and is limited to monolayer coverage on membrane surfaces [64]. The maximum
tetracycline adsorption capacity of the chitosan nanomaterial, determined by fitting the
nonlinear curve, was 263.16, 86.96, and 149.25 mg·g−1 of adsorbent for chitosan NMWCNT–
chitosan, and FMWCNT–chitosan, respectively. The value of RL for all adsorbents falls in
this range of 0 < RL < 1. The adsorption process is considered favourable, which means that
the adsorbent has a strong attraction for the adsorbate, so as the adsorbate concentration
increases, the quantity of adsorbed also increases, as noted elsewhere [65,66].

Table 4. Parameters of Langmuir and Freundlich isotherms for tetracycline adsorption by chitosan,
FMWCNT–chitosan, and NMWCNT–chitosan.

Membrane Langmuir Model Freundlich Model

RL
qm
(mg/g) b (L/mg) R2 Kf

(mg/g) n R2

Chitosan 0.9812 86.96 0.001879 0.9991 0.5731 1.066 0.9918
FMWCNT–chitosan 0.9683 263.16 0.003278 0.9978 0.6701 1.514 0.9726
NMWCNT–chitosan 0.947 149.25 0.005581 0.9963 0.6384 1.378 0.9779

3.8. Thermodynamic Analysis

Thermodynamic analysis is used to examine the spontaneity, ability, and heat of
tetracycline adsorption and the values of the thermodynamic parameters are key indicators
of process applicability [67]. Thermodynamic characteristics under ideal circumstances
were determined using the amounts of tetracycline adsorbed onto the adsorbent surface at
various temperatures (25, 30, 35, and 40 ◦C) and plotted in Figure 17. Based on the slopes
and intercept of the Van’t Hoff plot, as illustrated in Figure 17, the Gibbs free energy (∆G◦),
standard enthalpy (∆H◦), and standard entropy (∆S◦) for chitosan, FMWCNT–chitosan,
and NMWCNT–chitosan composite membranes were calculated and are summarised
in Table 5.
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(i) Langmuir (ii) Freundlich

Figure 16. (i) Langmuir isotherm adsorption and (ii) Freundlich isotherm of (a) chitosan,
(b) NMWCNT–chitosan, and (c) FMWCNT–chitosan on the adsorption of tetracycline.

The negative ∆G◦ values observed for FMWCNT–chitosan indicate that adsorption is a
spontaneous and favourable process, as reported elsewhere [68,69]. However, NMWCNT–
chitosan was favourable only at room temperature (25 ◦C). More negative ∆G◦ values
indicate a stronger driving force for adsorption. Conversely, increasing ∆G◦ with rising
temperature suggests reduced adsorption efficiency at elevated temperature; a comparable
effect was observed by Uzun & Güzel, 2004 [64]. Negative ∆H◦ values confirm the exother-
mic nature of the adsorption process while the negative ∆S◦ value suggests a decrease in
randomness at the solid–solution interface during the adsorption of tetracycline [70]. More-
over, the negative ∆H◦ and ∆S◦ values imply that enthalpy has a greater contribution than
entropy in generating the negative ∆G◦ values, and a similar behaviour of thermodynamic
parameter values was reported in the literature [69,70].



Colloids Interfaces 2025, 9, 69 21 of 25

Figure 17. Van’t Hoff plot for the adsorption of tetracycline by chitosan for tetracycline adsorption by
chitosan, FMWCNT–chitosan, and NMWCNT–chitosan.

Table 5. Value of thermodynamic parameters for the tetracycline adsorption by chitosan for tetracy-
cline adsorption by chitosan, FMWCNT–chitosan, and NMWCNT–chitosan.

Membrane Thermodynamic Parameters
Temperature
(K)

∆G◦

(kJ·mol−1) H (kJ·mol−1) S (J·mol·K−1)

Chitosan

298
303
308
313

0.203
0.564
0.720
0.996

−0.0149 −50.83

FMWCNT–chitosan

298
303
308
313

−1.996
−0.941
−0.882
1.582

−0.0660 −214.04

NMWCNT–chitosan

298
303
308
313

−1.072
0.206
0.646
0.920

−0.0394 −129.67

4. Conclusions
This study successfully explored the synthesis and application of chitosan-based

nanocomposites for the efficient removal of tetracycline from aqueous solutions. Incor-
porating functionalised and nitrogen-doped multi-walled carbon nanotubes (FMWCNTs
and NMWCNTs) significantly enhanced the structural and functional characteristics of chi-
tosan. Characterisation using FTIR, SEM, XRD, BET, and TGA successfully confirmed the
synthesises of the nanocomposites, while BET analysis showed the surface characteristics
of the nanocomposites. The resulting nanocomposites demonstrated notable improve-
ments in adsorption efficiency, thermal stability, mechanical strength, and reusability. The
FMWCNT–chitosan composite exhibited excellent adsorption properties in the presence
of counter ions (82%) and in a binary system (70%). Among the materials tested, the
FMWCNT–chitosan composite exhibited the best performance, achieving a rapid adsorp-
tion rate, a maximum adsorption capacity of 263.16 mg/g, and a removal efficiency of
85%. This was achieved with a pH of 6, 2 g/L adsorbent dosage, 10 ppm concentration,
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30 min contact time, and 25 ◦C. Kinetic studies indicated that the adsorption process
followed a pseudo-second-order model for all nanocomposites, while isotherm analysis
showed good agreement with the Langmuir model, suggesting monolayer adsorption on
a homogeneous surface. Thermodynamic evaluations further confirmed that adsorption
was spontaneous and exothermic, and FMWCNT–chitosan showed the most favourable
thermodynamic behaviour.

The adsorption experiments in this study were conducted under controlled labora-
tory conditions using synthetic tetracycline solutions, which presents a key limitation.
The effectiveness of the chitosan-based nanocomposites in treating complex real-world
wastewater containing a wide array of organic and inorganic co-contaminants remains to
be evaluated. Future research should focus on assessing the performance of these materials
in actual wastewater matrices to better simulate practical applications. Additionally, in-
tegrating photocatalytic components into the nanocomposites may offer a dual-function
approach, combining adsorption with photodegradation. This could significantly enhance
the removal efficiency of pharmaceutical pollutants while reducing the risk of secondary
contamination due to adsorbent saturation or desorption.
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