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Abstract: This study aimed to compare the effectiveness of adsorption and photocatalysis techniques
at removing the herbicide clomazone (CLO) and the antidepressant known as amitriptyline (AMI)
from water. This study employed kinetic models to analyze the removal processes and assess
the potential toxicity of the treated water. The structure and morphology of the prepared multi-
walled carbon nanotubes were characterized as adsorbents by transmission electron microscopy,
X-ray diffraction, Fourier transform infrared techniques, and Raman spectroscopy. The adsorption
kinetics of CLO and AMI were studied on the pristine and functionalized multi-walled carbon
nanotubes. Kinetic studies were performed by modeling the obtained experimental data using three
kinetic models: pseudo-first-order, pseudo-second-order, and Elovich kinetic models. On the other
hand, the efficiency of CLO and AMI photodegradation was examined as a function of the type
of irradiation (UV and simulated solar irradiation) and type of TiO2 photocatalyst (Aeroxide and
Kronos). Under the experimental conditions employed, the reaction followed pseudo-first-order
kinetics. Additionally, in order to assess the toxicity of water containing CLO, AMI, and their
intermediates, toxicity assessments were conducted using human fetal lung fibroblast cells. The
results obtained indicate the effectiveness of both methods and provide valuable insights into their
removal mechanisms, contributing to the advancement of sustainable water treatment strategies.

Keywords: clomazone; amitriptyline; carbon nanotubes; TiO2; kinetics; toxicity assessment

1. Introduction

The complex relationship between industrial growth and an expanding population is
pervasively linked to the emission of numerous hazardous pollutants. These pollutants pose
significant threats to both the ecosystem and human health. Notably, the contamination of
freshwater resources has emerged as a substantial and widespread issue. The presence of
dissolved pollutants, including polycyclic aromatic hydrocarbons, organic dyes, antibiotics,
pesticides, heavy metals, and pharmaceutically active compounds, presents formidable
challenges in terms of effectively purifying water resources [1–8].
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The widespread use of pesticides, particularly herbicides, has been instrumental in
inducing a significant increase in crop yields over the last few decades. This has had
a direct and positive impact on food security by ensuring a consistent and abundant
supply of food to meet the growing global demand [9]. However, continued reliance on
these chemicals leads to ongoing damage, affecting soil quality, biodiversity, and overall
ecosystem balance [10,11]. Namely, pesticides migrate through soil in different ways, and
sediment and enter aquatic ecosystems through surface runoff and leaching processes,
contaminating surface and groundwater [12].

Clomazone (CLO), a broad-spectrum herbicide employed to control annual grasses
and broadleaf weeds in the cultivation of various crops, such as soybean, rice, tobacco,
cotton, pea, maize, oilseed rape, sugar cane, cassava, and pumpkin, adds to these environ-
mental concerns. Its physicochemical characteristics, including relatively high solubility
in water (1.1 g/L), moderate mobility (KOC = 150–562 L/kg), and persistence in soil
(DT50 = 30–135 days), coupled with its potential adverse effects on cultivated plants during
crop rotation, underscore clomazone’s potential as an agricultural environmental contam-
inant. Specifically, the intensive use of CLO positions this herbicide as a pollutant that
may potentially affect deeper soil layers, as well as surface and groundwater, and have
detrimental effects on microorganisms, plants, animals, and human beings [13,14].

As the production and use of pharmaceuticals continue to grow, their release into the
environment is also on the rise. This has led to a significant increase in pharmaceutical
contamination in water resources, presenting a major global environmental challenge. The
aim is therefore to remove pharmaceutical contaminants from the environment, where they
are even harmful at trace concentrations [15–18].

The pharmaceutical contaminant amitriptyline (AMI) is a widely utilized tricyclic
antidepressant that has been on the market for an extended period of time. This phar-
maceutically active compound is most commonly used in the treatment of depression,
migraines, chronic pain, fibromyalgia, neurological pain, etc. Despite its higher toxicity,
particularly at lower doses, than selective serotonin reuptake inhibitors, AMI continues to
be widely prescribed, largely owing to its cost-effectiveness [19]. The widespread utilization
of AMI has led to its frequent identification in wastewater, surface runoff, and effluent from
sewage treatment plants. Consequently, there exists the potential for these contaminated
waters to reach agricultural land through the utilization of municipal biosolids or reclaimed
water [20].

It is becoming increasingly difficult to remove harmful pollutants from water without
causing damage to the environment. This could have important implications for water
treatment and environmental protection efforts [21,22]. To tackle the problem effectively, it
is crucial to prioritize environmentally friendly nanomaterials that offer various benefits
such as high efficiency and selectivity, low-cost production, good recyclability, and achiev-
able stability [23–26]. Hence, numerous methods have been investigated for the removal
of contaminants from aqueous media, such as adsorption [23,27,28], advanced oxidation
processes [29], membrane bioreactors [24] and distillation membranes [25].

Adsorption finds diverse applications in the removal of toxic substances from water
sources. This technique stands out as a cost-effective, universally applicable, and user-
friendly technology for use in biological systems and wastewater treatment. Its versatility
extends to the removal of both soluble and insoluble organic pollutants from diverse
sources [27]. Notably, the reversible nature of the adsorption process enables the regen-
eration of the adsorbent, contributing to favorable operational economics [26]. Various
materials, including activated carbon, chitosan, cellulose, silicates, and phyllosilicates,
among others, serve as effective adsorbents [30].

Carbonaceous nanomaterials, especially activated carbon, multi-walled carbon nan-
otubes, single-walled carbon nanotubes, and carbon quantum dots, have been extensively
researched and developed for use in various applications, particularly in wastewater treat-
ment [22]. Since their discovery, carbon nanotubes (CNTs) have attracted considerable
attention due to their distinctive properties. These properties have paved the way for poten-
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tial applications across diverse domains, such as conductive and high-strength composites,
nanometer-sized semiconductor devices, hydrogen storage media, and energy conversion
devices [31,32]. Leveraging their large specific surface areas, hollow and layered structures,
and high adsorption capacities, CNTs emerge as promising adsorbents in the realm of water
treatment [33]. Thus, CNTs can be used as a promising material in environmental cleaning.

Advanced oxidation processes present innovative possibilities for transforming pollu-
tants into non-toxic substances by generating highly oxidizing reactive oxygen species [34].
Among the various available treatment methods, photocatalysis has emerged as a prag-
matic and effective solution, showcasing proven potential in the environmental cleanup
of a diverse array of pollutants [7,35]. Nanostructured semiconductors, activated under
solar or UV light for photocatalytic oxidation, hold great potential for use in environmental
remediation [36,37].

Titanium dioxide (TiO2), a widely studied nanomaterial employed in environmental
and energy photocatalysis, is particularly notable for its cost-effectiveness and exceptional
photocatalytic activity. Different types of TiO2 are employed for the photodegradation of
organic compounds, exhibiting distinctions in crystal composition, specific surface area,
and particle size. These differences play crucial roles in determining the efficiency of TiO2
in the photocatalytic process [38–42].

Despite the potentially harmful effects of CLO and AMI on the environment, there
is a lack of comprehensive scientific data regarding their efficient removal from aquatic
environments. This study aimed to assess and compare the effectiveness of removing
CLO and AMI from aqueous media using user-friendly techniques: adsorption in the
presence of carbon nanotubes and photocatalysis performed by utilizing the commercial
photocatalyst TiO2. The multi-walled carbon nanotubes (MWCNTs) were synthesized and
characterized via transmission electron microscopy (TEM), X-ray diffraction (XRD), the
Fourier Transform Infrared (FTIR) method, and Raman spectroscopy. This paper represents
the first attempt at examining the adsorption kinetics of CLO and AMI utilizing the pristine
(pMWCNTs) and functionalized (fMWCNTs) carbon nanotubes. The experimental data for
the adsorption process were described using the Elovich, pseudo-first-order, and pseudo-
second-order kinetic models. On the other hand, the photocatalytic degradation of CLO and
AMI under UV light and simulated solar irradiation were investigated using two different
variants of commercial TiO2: TiO2 Aeroxide (89% anatase and 11% rutile forms) and TiO2
Kronos (100% anatase form). In addition, the transformation products released during the
photodegradation of these pollutants may be more persistent and have higher ecological or
health risks than the parent substances. Thus, in order to evaluate the environmental impact
of CLO, AMI and their intermediates generated during photocatalytic degradation, an
in vitro toxicity assessment was performed using a human fetal lung (MRC-5) mammalian
cell line. Lastly, the results achieved regarding the removal efficiency of CLO and AMI
through adsorption and photodegradation were also compared.

2. Materials and Methods
2.1. Synthesis and Functionalization of MWCNTs

The synthesis of MWCNTs was conducted through the catalytic chemical vapor de-
position method. This process involved a flow of ethylene/nitrogen mixture (1:1) for 1 h
at 700 ◦C, utilizing an in situ-reduced 5% Fe-Co/Al2O3 catalyst [43] within a hand-made
reactor setup, as previously outlined [44]. The resulting carbon yield was notably high,
standing at 285%, and the selectivity was confirmed by the absence of amorphous carbon
and other C-containing species. In order to remove the catalyst support (Al2O3), the raw
material was treated in 6 mol/L NaOH under reflux at the boiling point. After washing
and drying, the sample was boiled under reflux in cc. HCl for 8 h (sample marked as
pMWCNTs—pristine). A part of the obtained sample was then subjected to additional acid
treatment in cc. HNO3 for 12 h under reflux at the boiling point. This was performed to
attach oxygen-containing functional groups to the sample and achieve a high degree of
MWCNTs surface modification (sample marked as fMWCNTs—functionalized).
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2.2. Characterization Methods for MWCNTs

The structure and morphology of the prepared MWCNT samples were characterized
via TEM, XRD, Raman, and FTIR spectroscopy [45]. Textural characteristics were deter-
mined by employing the low-temperature N2 adsorption/desorption method. The specific
surface area was calculated using the BET equation, while the mean pore diameter and
pore volume were determined from the adsorption part of the N2 isotherm and calculated
via the Barrett–Joyner–Halenda (BJH) method [46]. Additionally, pores were classified
according to the Brunauer–Deming–Deming–Teller method [47]. The detailed procedures
can be found in the Supplementary Materials.

2.3. Adsorption Experiments

All adsorption experiments were performed at room temperature. The kinetic ex-
periments were carried out using 25 mL of emerging pollutant solution (CLO and AMI),
with an initial concentration of 0.3 mmol/L. MWCNTs were added to solutions in the
following masses: 10, 20, 30, 40, and 50 mg. During adsorption, the suspension was stirred
at a constant rate. Samples were taken at defined time intervals over a period of 60 min.
The obtained suspensions were filtered through Millipore (Millex-GV, 0.22 µm) PVDF
membrane filters. The adsorbates were analyzed via ultrafast liquid chromatography with
a diode array detector (UFLC−DAD). All the experiments were performed in duplicate.

2.4. Measurements of Photocatalytic Activity

The textural properties of TiO2 Aeroxide and TiO2 Kronos are presented in Table S1
(Supplementary Materials), while the major properties of investigated pollutants, which
is to say herbicide CLO (CAS No 81777-89-1, 98.8%, Sigma-Aldrich, St. Louis, MO, USA)
and antidepressant AMI (CAS No. 549-18-8, ≥98%, Sigma-Aldrich), are summarized
in Table S2 (Supplementary Materials)). Photocatalytic experiments were performed
as previously described by our group [48]. A detailed procedure can be found in the
Supplementary Materials.

2.5. Analytical Methods

Experimental conditions for UFLC−DAD, UV energy fluxes, and pH measurements
can be found in the Supplementary Materials.

2.6. Cytotoxic Activity

Detailed information about the cell line used in this study and growth inhibition can
be found in the Supplementary Materials.

3. Results and Discussion
3.1. Characterization of Multi-Walled Carbon Nanotubes

The TEM images of pristine MWCNTs (Figure 1a) testified to a very high aspect ratio
and the highly warped and interwoven tube structures that formed a dense network,
which is typical for such a material [49]. Many of the nanotubes (90%) had external
diameters, which mostly ranged within 5–30 nm. We detected that no traces of catalyst
remained in the formed tubes. Also, the presence of amorphous carbon and other non-
selective carbon species instead of MWCNTs was not identified via TEM analysis. After the
applied oxidation treatment in cc. HNO3, most of the nanotubes were opened at their ends
(Figure 1b). Structural alterations and the extent of functionalization have frequently been
observed to correlate with the concentration of the acid utilized during liquid oxidation
and with the duration of the treatment [50].
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As can be seen from Figure 2, both patterns exhibit characteristic Bragg’s reflections,
indicative of crystalline graphite. The most prominent peak appears sharply at 2θ = 26◦

(002), and a broader peak around 2θ = 43◦ is formed by the overlapping signals of (010)
and (011) (COD database code: 1011060, reference code 96-101-1061). Prior to performing
XRD parameter analysis, the profiles of the (002) peak were fitted using the pseudo-Voigt
function. The resulting values for inter-layer distance (d002) (Bragg’s law) were remarkably
similar for both samples, hovering around 0.34 nm, while the mean diameters of crystallites
along the nanotube diameter (Debye-Scherrer’s equation) were 2.9 nm and 1.8 nm for
pMWCNTs and fMWCNTs, respectively, revealing their reduction to some extent following
oxidation treatment. Additionally, the decrease in the (002) peak intensity for the fMWCNTs
sample might be an indication of the deterioration of the tube graphitization degree (order
of crystallinity) due to the introduction of functional groups.
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As a well-known tool used to characterize sp2 and sp3 hybridized carbon atoms,
Raman spectroscopy was used to differentiate the structure of the examined MWCNT
samples. Figure 3 shows two prominent Raman features observed in the spectra of both
samples. Their peaks are situated around 1340 cm−1 and 1580 cm−1, corresponding to
the D and G bands, respectively [51]. The conventional interpretations of these bands are
linked to the structural defects present in the graphitic tube walls (D band) and the high
symmetry of ordered multi-walled carbon nanotubes (G band).
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In order to compare the structural quality of the MWCNTs in terms of the density
of the present defects, the Raman quality indicator, the ID/IG ratio, was calculated as the
ratio of the integrated areas of these bands [52]. The significantly higher ID/IG ratio (1.76)
obtained for the fMWCNTs compared to the pMWCNTs (1.03) indicates increased defect
density after oxidation treatment. Additionally, the crystalline quality deterioration of the
fMWCNTs, designated by the broadening of the D and G peaks, fits into the same picture
produced by XRD analysis.

The extent of the surface modification of the synthesized carbon nanotubes upon liquid
oxidation treatment was examined using FTIR spectroscopy (Figure 4). Both samples could
be characterized by broad and intensive vibrational bands at ~3400 cm−1, which could
be attributed to the stretching vibrations of –OH groups. These groups could be directly
attached to the surface of the tubes and/or originated from carboxylic groups and adsorbed
water molecules (moisture) [53]. The stretching vibrations of –CH2 groups at ~2920 cm−1

(asymmetric –C–H stretching vibrations—aliphatic), as well as the stretching vibrations
of –CH3 groups at ~2850 cm−1 (symmetric –C–H stretching vibrations—aliphatic), were
also present in both samples, while the band at ~1630 cm−1, observable in pMWCNTs,
originated mainly from the water adsorbed onto the KBr and MWCNTs [54]. The band
at ~1580 cm−1, displaying emphasized intensity in the case of fMWCNTs, was associated
with the vibrations of –C=O groups [55]. Additionally, the presence of carboxylic and/or
carbonyl groups in the structure of fMWCNTs was indicated by the peak at ~1705 cm−1,
corresponding to the stretching vibrations of –C=O groups [56]. The absorption band at
~1400 cm−1, characteristic of MWCNT samples, signified the deformation of the –C–H
bond and acted as proof of the presence of –CH3 groups [57]. The functionalized sample
was also characterized by a broad band at ~1200 cm−1, which could be assigned to –C–O–
stretching and –OH bending from carboxylic groups, while the two bands at 1086 cm−1

and 1048 cm−1 in the spectra of pMWCNTs were the consequence of –C–O– stretching in
alcoholic compounds [58]. The presented results of FTIR analysis indicated that a very
small amount of oxygenated functional groups was present in the structure of pMWCNTs,
while the surface of fMWCNTs was enriched with –OH, –C=O, –COOH groups. Boehm
titration was used to quantify acidic and basic groups on the surfaces of both samples.
According to the results of Boehm titration (Table 1), the fMWCNTs contained a much higher
amount of oxygenated acidic functional groups compared to their pristine counterpart,
with dominating phenolic groups contributing to the total acidity of the sample, at 79.7%.
The portion of carboxylic groups was much lower (19.4%), while lactone groups only had
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a 0.9% presence. The presence of basic functional groups was not detected in any of the
examined MWCNTs.
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Table 1. The results of Boehm titration.

Sample Functional Groups

Acidic Sites
(mmol/g)

Basic Sites
(mmol/g)

Carboxylic Lactonic Phenolic Total acidity
pMWCNTs 0.03 0.01 0.81 0.85 -
fMWCNTs 0.45 0.02 1.85 2.32 -

The N2 adsorption–desorption isotherms and BJH pore–size distributions for the
MWCNT samples are illustrated in Figure 5 and detailed in Table 2. The isotherms
(Figure 5a) for both samples exhibit H3-type hysteresis loops, indicative of the pres-
ence of slit-shaped mesopores [47]. The pMWCNTs possess a high specific surface area
(272.5 m2/g) and total pore volume (1.4 mL/g), while the obtained parameters for the
fMWCNTs indicate the changes in textural properties caused by surface modification.
Namely, all the parameters show decreases after oxidation treatment. pMWCNTs are
characterized by a highly developed mesoporosity (bimodal pore–size distribution pro-
file), with most pores measuring approximately 30 nm in diameter (Figure 5b). They
are predominately formed within the confined spaces among isolated nanotubes. After
functionalization, the proportion of these pores decreases significantly, which might be
the consequence of the emphasized attractive interactions between oxygen-containing
functional groups attached to the surface of the tubes, causing their structural reorgani-
zation. The mesopores in a lower diameter range (2–5 nm) can also be observed in both
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samples; however, the increase in their fraction in fMWCNTs is in accordance with the
results of TEM analysis, revealing the opening of some nanotubes after the introduction of
oxygen-containing functional groups.
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Table 2. Textural properties of MWCNTs.

Sample Textual Property

BET (m2/g)
Average Pore

Diameter (nm)
Total Pore Volume

(mL/g)

pMWCNTs 272.5 15.7 1.4
fMWCNTs 136.9 5.8 0.2

3.2. Adsorption and Kinetic Models and of CLO and AMI on MWCNTs

In order to investigate the rate of the adsorption uptake of CLO and AMI to the
pMWCNTs and fMWCNTs, kinetic experiments were conducted and the obtained data were
fitted using kinetic models: pseudo-first-order and pseudo-second-order kinetic models
and the Elovich equation. The nonlinear forms of kinetic equations were used [59,60]. The
Elovich model has been used to fit kinetic data for the adsorption of CLO [61], while the
use of pseudo-first- and pseudo-second-order models has been reported for fitting the
kinetic data for the adsorption of AMI to carbonaceous material [62]. The obtained kinetic
parameters are presented in Table 3.

In the case of CLO, the average values of the correlation coefficient for the adsorption
onto both pMWCNTs and fMWCNTs had the highest value for the pseudo-second-order
model (0.996 and 0.996), followed by the pseudo-first-order model (0.994 and 0.996). Both
models were good at representing clomazone’s adsorption onto multi-walled nanotubes.
Overall, we observed lower values of adsorbed amounts at the equilibrium of the ad-
sorption of clomazone onto the fMWCNTs than onto the pMWCNTs. This indicated that
the increase in the acidity of the surface of the adsorbent and the lower specific surface
negatively influenced the adsorption of clomazone. Clomazone has more polar groups than
amitriptyline, indicating stronger electrostatic interactions with the surface. A combination
of electrostatic interactions and the lower specific surface with smaller pores could explain
the lower amounts of clomazone adsorbed onto the fMWCNTs.
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Table 3. Kinetic parameters obtained by fitting experimental data for the adsorption of CLO and AMI
on pMWCNTs and fMWCNTs using pseudo-first-order, pseudo-second-order, and Elovich models.

Pseudo-First-Order
Model

Pseudo-Second-Order
Model Elovich Model

Adsorbate Adsorbent mads
(mg)

qeI
(mg/g)

kI
(min−1) R2 qeII

(mg/g)
kII

(g/(mg min)) R2 α
(mg/(g min))

β
(mg/g) R2

CLO

pMWCNTs

10 130.86 3.122 0.985 136.09 0.045 0.996 3.029 × 109 0.172 0.984
20 79.73 2.623 0.996 83.43 0.058 0.999 1.208 × 107 0.215 0.985
30 55.88 3.801 0.996 57.31 0.169 0.999 8.397 × 1012 0.565 0.993
40 43.71 5.833 0.999 44.08 0.687 0.999 2.062 × 1039 2.145 0.999
50 35.04 3.750 0.992 35.83 0.264 0.983 4.903 × 1012 0.903 0.990

fMWCNTs

10 50.23 0.732 0.999 52.98 0.023 0.986 4838.37 0.200 0.937
20 35.41 2.710 0.995 36.01 0.265 0.996 1.009 × 1016 1.116 0.998
30 31.20 1.126 0.994 32.25 0.086 0.999 8.693 × 107 0.669 0.994
40 27.88 1.514 0.998 28.60 0.161 0.999 6.375 × 1011 1.078 0.999
50 28.93 2.427 0.988 30.07 0.150 0.998 3.806 × 106 0.595 0.980

AMI

pMWCNTs

10 99.93 0.807 0.906 106.20 0.013 0.970 2091.86 0.080 0.984
20 49.07 1.441 0.972 53.30 0.034 0.936 2571.26 0.175 0.985
30 36.42 0.851 0.941 38.98 0.034 0.987 1542.52 0.242 0.990
40 34.21 1.117 0.998 36.31 0.049 0.999 2401.26 0.272 0.968
50 34.80 1.117 0.936 37.11 0.047 0.899 1841.14 0.256 0.987

fMWCNTs

10 94.16 0.919 0.968 100.19 0.014 0.998 2789.45 0.089 0.966
20 80.28 0.706 0.993 86.03 0.012 0.980 641.93 0.088 0.899
30 57.88 1.302 0.980 60.90 0.039 0.999 1.153 × 106 0.223 0.986
40 42.80 1.857 0.998 44.93 0.069 0.995 82060.74 0.298 0.969
50 37.15 1.662 0.967 39.18 0.069 0.969 25894.01 0.313 0.978

Based on the correlation coefficient values, the adsorption of AMI onto pMWCNTs is
best represented by the Elovich model, while the kinetics of adsorption onto the fMWC-
NTs is better fitted by the pseudo-second-order model. This could indicate the different
mechanisms between the adsorption of AMI onto the pMWCNTs and the fMWCNTs. The
adsorbed amounts of amitriptyline at the equilibrium are overall larger for adsorption
onto the fMWCNTs than onto the pMWCNTs. A possible explanation for this is that,
although pMWCNTs have larger specific surfaces, the larger value of the total acidity of
the fMWCNTs could have an impact on the adsorption process of the AMI. This would
probably be due to the presence of the amino group in the molecule.

A visual inspection of the fitted data for both adsorbates (Figures 6 and 7) shows that
the Elovich model tends to predict larger values of the adsorbed amounts for the points
close to the equilibrium than for the experimentally obtained data.

3.3. Photodegradation of CLO and AMI Using TiO2 Kronos and TiO2 Aeroxide
3.3.1. Kinetics of Photocatalytic Degradation of CLO and AMI

The present study investigated the photocatalytic activity of two types of TiO2 photo-
catalysts (Aeroxide and Kronos) in the removal of CLO and AMI. In order to compare the
types of irradiation, the photodegradation efficiency of the mentioned herbicide and antide-
pressant were also tested under UV light and simulated solar irradiation. The kinetics of the
photocatalytic degradation of CLO and AMI are described by the Langmuir–Hinshelwood
model. Apparent rate constants, kapp, and the coefficient of determination, R2, were calcu-
lated with linear fitting [63]. The obtained data revealed that practically no degradation of
CLO and AMI was observed under conditions of simulated solar irradiation after 120 min
of the process, rendering the determination of a rate constant unfeasible. Namely, under
the same length of time, the removal activity of TiO2 Aeroxide and TiO2 Kronos showed
that these nanopowders were almost inactive regarding the removal of CLO and AMI.
However, the removal efficiency of CLO and AMI differed to a higher extent under UV
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irradiation in the presence of TiO2 Kronos and TiO2 Aeroxide, where the system with TiO2
Aeroxide proved to be significantly more efficient. The results obtained for kapp when using
TiO2 Kronos and TiO2 Aeroxide as photocatalysts under UV conditions are given in Table 4.
It was found that kapp was significantly increased when the process was catalyzed by TiO2
Aeroxide compared to TiO2 Kronos. This behavior can be explained by the differences in
the morphologies of the photocatalysts (Table S1, Supplementary Materials). Namely, the
type of photocatalyst has a significant influence on the efficiency of CLO and AMI pho-
tocatalytic degradation. Moreover, this study found that the photodegradation efficiency
of the herbicide CLO was higher than that of AMI, as indicated by the obtained values of
kapp for CLO removal (Table 4). Overall, the research emphasizes the significance of both
photocatalyst type and irradiation conditions in determining the efficacy of photocatalytic
degradation processes for CLO and AMI.
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Table 4. Apparent rate constants (kapp) determined for 45 min irradiation using UV. Results are
expressed as mean ± SD of three independent experiments.

kapp (min−1) R2 kapp (min−1) R2

Pollutant TiO2 Kronos TiO2 Aeroxide

CLO 0.0038 0.963 0.027 0.995

AMI 0.0016 0.626 0.018 0.957

3.3.2. In Vitro Cytotoxicity Assay

Since TiO2 Aeroxide proved to be the most efficient nanopowder when using UV
light, this catalyst was used in the further examination of the toxicity of CLO and AMI, as
well as the toxicity of their intermediates formed during the photocatalytic process. The
assessment of cytotoxic activity involved the application of the modified MTT assay, with
MRC-5 samples subjected to a 48 h treatment. The cytotoxicity testing results are given in
Table 5.

Table 5. IC50 * (µM) values after 48 h of treatment of MRC-5 cells, obtained with the MTT test.

Sample MRC-5

CLO 50.5
AMI 87.6

CLO/TiO2 Aeroxide/UV >100
AMI/TiO2 Aeroxide/UV >100

Ultrapure water N/A
* IC50 is the concentration of compound required to inhibit cell growth by 50% compared to an untreated control.
The coefficients of variation were less than 10%.

Based on the obtained results (Table 5), it can be found that the stock solution of
CLO showed a moderately low cytotoxicity (IC50 = 50.5 µM), while the stock solution of
AMI showed a weak cytotoxicity (IC50 = 87.6 µM). However, the IC50 values of samples
obtained after 45 min of UV irradiation using TiO2 Aeroxide (CLO/TiO2 Aeroxide/UV
and AMI/TiO2 Aeroxide/UV) were >100 µM. Namely, the UV light and photocatalyst
significantly reduced the toxicity of CLO and AMI. Also, these findings indicated that
the obtained intermediates were not toxic to MRC-5. In our previous study [48], similar
results were obtained regarding the photodegradation of CLO using TiO2 Degussa P25 (75%
anatase and 25% rutile forms) under UV irradiation. The analysis of intermediate products
generated during the process revealed the formation of various organic intermediates
and ionic byproducts during irradiation. Comparing the obtained results of cytotoxicity
towards both the H-4-II-E and MRC-5 cell lines, as well as the degradation kinetics, it was
found that irradiation contributed to a decrease in the toxicity of the mixture, which was
no longer dominated by the CLO pollutant.

The cytotoxicity results obtained for samples of MRC-5 cells treated using the array of
applied concentrations are shown in Figure 8.

Analyzing the results (Figure 8), it can be noted that the measured cytotoxicity of
pollutants CLO and AMI appears to be linear and dose-dependent. On the other hand,
the response of intermediates obtained in the CLO/TiO2 Aeroxide/UV and AMI/TiO2
Aeroxide/UV systems was low, non-linear, and not related to the concentrations used. Such
a response could be described as displaying low activity combined with a hormetic effect.

3.4. Assessing the Removal Efficiency of CLO and AMI through Adsorption and Photodegradation

Important elements in the application of water treatment methods include information
about the achieved degree of pollutant removal during the process. In the present study,
the efficiency of CLO and AMI removal from water was evaluated and compared using
adsorption and photocatalysis.
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The results presented in Figure 9a show the significant adsorption of CLO and AMI
onto the MWCNTs surface. In the case of pMWCNTs, the rate of adsorption for herbi-
cide was around 65%, whereas it was 83% for fMWCNTs. Interestingly, AMI showed
significantly higher adsorption when using MWCNTs as an adsorbent. Under the same
conditions (during 45 min), the pMWCNTs removed 90% while the FMWCNTs removed
95% of AMI (Figure 9a).
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In the context of TiO2 Kronos/UV and TiO2 Aeroxide/UV, approximately 35% and
80% of CLO was removed, respectively, after a 45 min process (Figure 9). This study also
examined the photocatalytic degradation efficiency of AMI under UV irradiation, utilizing
TiO2 Kronos and TiO2 Aeroxide. The results presented in Figure 9b demonstrate the signifi-
cantly higher efficiency of AMI degradation in the presence of TiO2 Aeroxide compared to
TiO2 Kronos. After 45 min of irradiation, 15% and 60% of AMI was removed in the presence
of TiO2 Kronos and TiO2 Aeroxide, respectively. This observed behavior can be attributed to
disparities in the morphologies of the photocatalysts (Table S1, Supplementary Materials).

In summary, adsorption emerged as an effective technique for removing the specified
pollutants from water, particularly in the case of AMI. Nevertheless, it is crucial to recognize
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that water purification through physical methods like adsorption onto activated carbon
involves the transfer of pollutants from one phase to another, incurring additional recycling
costs. Despite the effectiveness of photocatalytic decomposition of CLO and AMI being
dependent on the radiation source, the utilization of photocatalytic degradation in treating
polluted water offers advantages by transforming the herbicide and antidepressant into
non-toxic compounds. This indicates the need for further research in order to investigate
the practicality and efficacy of adsorption and photocatalysis in eliminating CLO and AMI
contaminants from water bodies, thus contributing to safeguarding aquatic ecosystems
and their biodiversity. Additional considerations may include economic cost-effectiveness,
environmental impacts, and practical implementation in real conditions, etc.

4. Conclusions

Pristine and functionalized multi-walled carbon nanotubes were synthesized and char-
acterized using TEM, XRD, FTIR, and Raman spectroscopy. Kinetic studies were conducted
for the adsorption of CLO and AMI from aqueous solutions. The results indicated that
the adsorption kinetics of CLO onto adsorbents (pMWCNTs and fMWCNTs) followed the
pseudo-second-order and pseudo-first-order models. The adsorption kinetics of AMI onto
fMWCNTs exhibited a better fit with the pseudo-second order model, while the adsorption of
AMI on pMWCNTs was best represented by the Elovich model. In the case of the kinetics
of photocatalytic degradation CLO and AMI, the TiO2 system known as Aeroxide/UV was
identified as the most efficient and was chosen to undergo further investigations. Namely, the
photocatalytic degradation of CLO and AMI using TiO2 Aeroxide/UV followed pseudo-first-
order kinetics. Furthermore, the toxicity assessment of mixtures of AMI and CLO, as well as
respective photocatalytic degradation intermediates produced using TiO2 Aeroxide under UV
irradiation conditions did not show any significant impact on the MRC-5 cell line.

In the context of pMWCNTs, the adsorption of herbicide was around 65%, while
it was 83% for fMWCNTs. Moreover, under the same conditions, pMWCNTs removed
90%, while FMWCNTs removed 95%, of AMI. In the instance of TiO2 Kronos/UV and
TiO2 Aeroxide/UV, approximately 35% and 80% of CLO was removed, respectively. After
45 min of irradiation, 15% and 60% of AMI was removed in the presence of TiO2 Kronos
and TiO2 Aeroxide, respectively.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma17061369/s1, Table S1: Structural parameters of the investigated
photocatalysts; Table S2: Physicochemical properties of investigated pollutants.

Author Contributions: Conceptualization, V.D., S.P. and B.K.; methodology, N.T., V.D., S.P. and
D.Š.M.; validation, V.D., S.P. and N.F.; formal analysis, V.D., B.K. and N.F.; investigation, N.T., V.D.
and S.P.; data curation, V.D., J.P. and D.J.; writing—original draft preparation, N.T., V.D., S.P. and B.K.;
writing—review and editing, P.P., B.A., D.J. and D.Š.M.; supervision, D.Š.M. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science, Technological Development and
Innovation of the Republic of Serbia (Grant No. 451-03-66/2024-03/200125 and 451-03-65/2024-
03/200125 and Grant No. 451-03-65/2024-03/200134).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, Z.; Jiatieli, J.; Liu, D.; Yu, F.; Xue, S.; Gao, W.; Li, Y.; Dionysiou, D.D. Microwave induced degradation of parathion in the

presence of supported anatase- and rutile-TiO2/AC and comparison of their catalytic activity. Chem. Eng. J. 2013, 231, 84–93.
[CrossRef]

2. Zeng, G.; Chen, M.; Zeng, Z. Risks of neonicotinoid pesticides. Science 2013, 340, 1403. [CrossRef]

https://www.mdpi.com/article/10.3390/ma17061369/s1
https://www.mdpi.com/article/10.3390/ma17061369/s1
https://doi.org/10.1016/j.cej.2013.07.001
https://doi.org/10.1126/science.340.6139.1403-a


Materials 2024, 17, 1369 14 of 16

3. Gómez-Alvarez, M.; Poznyak, T.; Ríos-Leal, E.; Silva-Sánchez, C. Anthracene decomposition in soils by conventional ozonation.
J. Environ. Manag. 2012, 113, 545–551. [CrossRef]

4. Jamieson, A.J.; Malkocs, T.; Piertney, S.B.; Fujii, T.; Zhang, Z. Bioaccumulation of persistent organic pollutants in the deepest
ocean fauna. Nat. Ecol. Evol. 2017, 1, 51. [CrossRef]

5. Rice, J.; Westerhoff, P. High levels of endocrine pollutants in US streams during low flow due to insufficient wastewater dilution.
Nat. Geosci. 2017, 10, 587–591. [CrossRef]

6. Fujita, M.; Ide, Y.; Sato, D.; Kench, P.S.; Kuwahara, Y.; Yokoki, H.; Kayanne, H. Heavy metal contamination of coastal lagoon
sediments: Fongafale Islet, Funafuti Atoll, Tuvalu. Chemosphere 2014, 95, 628–634. [CrossRef]

7. Zangeneh, H.; Zinatizadeh, A.A.L.; Habibi, M.; Akia, M.; Hasnain Isa, M. Photocatalytic oxidation of organic dyes and pollutants
in wastewater using different modified titanium dioxides: A comparative review. J. Ind. Eng. Chem. 2015, 26, 1–36. [CrossRef]

8. Shajahan, S.; Mohammad, A.H. Development of Co3O4/TiO2/rGO photocatalyst for efficient degradation of pharmaceutical
pollutants with effective charge carrier recombination suppression. Environ. Res. 2023, 235, 116535. [CrossRef] [PubMed]

9. Tilman, D.; Cassman, K.G.; Matson, P.A.; Naylor, R.; Polasky, S. Agricultural sustainability and intensive production practices.
Nature 2002, 418, 671–677. [CrossRef]

10. Manz, M.; Wenzel, K.D.; Dietze, U.; Schüürmann, G. Persistent organic pollutants in agricultural soils of central Germany. Sci.
Total Environ. 2001, 277, 187–198. [CrossRef] [PubMed]

11. Cheng, M.; Zeng, G.; Huang, D.; Lai, C.; Xu, P.; Zhang, C.; Liu, Y. Hydroxyl radicals based advanced oxidation processes (AOPs)
for remediation of soils contaminated with organic compounds: A review. Chem. Eng. J. 2016, 284, 582–598. [CrossRef]

12. Li, R.; Hu, W.; Liu, H.; Huang, B.; Jia, Z.; Liu, F.; Zhao, Y.; Khan, K.S. Occurrence, distribution, and ecological risk assessment of
herbicide residues in cropland soils from the Mollisols region of Northeast China. J. Hazard. Mater. 2024, 465, 133054. [CrossRef]

13. MacBean, C. The Pesticide Manual, A World Compendium, 16th ed.; British Crop Protection Council: Hampshire, UK, 2012.
14. Andres, A.; Concenço, G.; Theisen, G.; Vidotto, F.; Ferrero, A. Selectivity and weed control efficacy of pre- and post-emergence

applications of clomazone in Southern Brazil. Crop Prot. 2013, 53, 103–108. [CrossRef]
15. Patel, M.; Kumar, R.; Kishor, K.; Mlsna, T.; Pittman, C.U.; Mohan, D. Pharmaceuticals of emerging concern in aquatic systems:

Chemistry, occurrence, effects, and removal methods. Chem. Rev. 2019, 119, 3510–3673. [CrossRef]
16. O’Flynn, D.; Lawler, J.; Yusuf, A.; Parle-Mcdermott, A.; Harold, D.; Mc Cloughlin, T.; Holland, L.; Regan, F.; White, B. A review of

pharmaceutical occurrence and pathways in the aquatic environment in the context of a changing climate and the COVID-19
pandemic. Anal. Methods 2021, 13, 575–594. [CrossRef]
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