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Abstract: Photocatalysis-based technologies have been pro-
posed for the treatment of wastewater containing atrazine
(ATZ), a persistent and recalcitrant pollutant. This study
aims to evaluate and compare the efficiency of TiO2 P25 and
TiO2 modified with carbon (C–TiO2 Kronos vlp 7000) in the
photocatalytic degradation of ATZ in aqueous systems. The
experiments were performed in a tubular photochemical
reactor equipped with a compound parabolic collector (CPC)
irradiated by simulated solar light. The materials were
characterized by X-ray diffraction, infrared spectroscopy,
BET specific surface area, and diffuse reflectance spectros-
copy. For TiO2 P25, ATZ removals varied in the range
86–100 % after 120 min of irradiation, although the total
organic carbon (TOC) analyses indicated that no significant
ATZ mineralization occurred (<20 %). C–TiO2 Kronos vlp
7000, on the other hand, was not able to completely remove
ATZ after 120 min of irradiation. In this case, pesticide re-
movals were 37–45 % over 120 min, while C–TiO2 performed
better with regard to ATZ mineralization, with 38 % TOC
removal. Given the low mineralization of atrazine, the
intermediate compounds formed were identified for each
photocatalytic material.

Keywords: by products; carbon-doped titanium dioxide;
herbicide; kinetics; photocatalysis

1 Introduction

Atrazine (ATZ) is an herbicide that presents a significant risk
to the aquatic environment and has been included in the list
of priority pollutants in the European Union (No 2001). After
establishing a maximum of 0.1 μg L−1 ATZ concentration in
drinking water and groundwater, the European Union
decided to ban ATZ in light of new evidence of its toxicity (de
Albuquerque et al. 2020). In Germany, for example, its use
has been prohibited since 1991. Nevertheless, a much higher
concentration of ATZ and its chloro-s-triazine metabolites
in drinking water (100 μg L−1) is allowed by the World
Health Organization (WHO 2003). Other examples of
maximum ATZ concentrations permissible are those from
theUnited States (3 μg L−1) (EPA 2009) and Brazil (2 μg L−1) for
freshwater (Conama 2005). Nevertheless, in the USA, Brazil,
and Argentina, ATZ is one of themost widely used herbicides
in grain cultivations. As a consequence, the herbicide is
repeatedly detected in ground and surface water in these
regions (Bonansea, Amé, and Wunderlin 2013). According to
Wu et al. (2018), the rationale is that ATZ presents moderate
aqueous solubility (33 mg L−1, 27 °C), relatively long half-life
(30–100 days), and high mobility. The main issue is that it
is commonly detected in concentration values above
those established in regulations, such as those from the
EU (Wu et al. 2018). Examples of measured concentrations
found worldwide are 0.01–6 μg L−1 in groundwater and
0.01–5 μg L−1 in drinking-water (WHO 2003). Other wide-
spread issues are related to the presence of ATZ in soil
because its metabolites/residues frequently persist in agri-
cultural fields and water bodies for years (Singh et al. 2020).

In recent years, many literature records have demon-
strated that advanced oxidation processes (AOPs) are espe-
cially useful for degrading persistent contaminants such as
dyes (Serrano-Martínez et al. 2020), antibiotics (Mukimin,
Vistanty, and Zen 2020), industrial chemicals (de Araujo et al.
2020a), and ATZ (Komtchou et al. 2020). The paramount
advantages of using AOPs are (1) fast degradation rate, (2)
possibility of partial or total mineralization of organic
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compounds into CO2, H2O and other inorganic products, (3)
suitability to operate under ambient pressure and temper-
ature, and (4) potential to reduce the toxicity of organic
contaminants (Ong, Ng, and Mohammad 2018). The effi-
ciency of these techniques is given by the high rates of
oxidation by hydroxyl radicals, which can degrade a wide
range of organic molecules. These radicals hold low selec-
tivity (de Araujo et al. 2020b), with second-order rate
constants in the range 1010–1012 L mol−1 s−1.

Among the AOPs, photocatalysis stands out as a prom-
ising technique for degrading persistent organic pollutants
owing to low energy consumption, no extra pollution, and
controlled reaction conditions (Wang et al. 2020). The se-
lection of the proper photocatalyst in this scenario is crucial.
The benefits of suspending photocatalysts in aqueous solu-
tions are (i) low-pressure drop within the reactor, (ii) the
excellent mass transfer of contaminants present in the
liquid phase onto active surface sites of photocatalysts, and
(iii) easiness of adsorption and desorption of the pollutants
over the reaction (Ong, Ng, and Mohammad 2018). Despite
the drawback of the catalyst recovery cost, heterogeneous
photocatalysis exhibits the perks of a broad spectrum of
organic compounds that can be mineralized, additional
electron acceptors are often unneeded, and possible photo-
catalyst re-usage (Cai et al. 2020; Suri et al. 1993). Further-
more, the use of solar radiation as the light source to activate
the catalyst is considered a more cost-effective alternative
(Ong, Ng, and Mohammad 2018).

Among the variety of semiconductors, TiO2 is the most
used in photocatalytic processes for comprising acceptable
band gap, chemical endurance, high proficiency to adsorb
electrons and it is affordable (Gani and Kazmi 2016).
According to Lee, Palaniandy, and Dahlan (2017), the com-
mercial crystalline TiO2 powder (Evonik P25) in its two
typically configurations (25:75 or 80:20 anatase:rutile) is the
most utilized heterogeneous catalyst in treatment processes.
The reason is its chemical stability, low toxicity and avail-
ability for oxidation processes (Al-Rasheed 2005; Spasiano
et al. 2015). In addition, different investigations are reported
in the literature, in which modified TiO2 has been applied to
degrade ATZ in aqueous matrices. For example, Cheshme
Khavar et al. (2020) proposed a new Ru(II) polypyridyl com-
plex for enhancing the visible-light-driven photocatalytic
activity of a TiO2/reduced graphene oxide nanocomposite. The
catalysts presented a rate of ATZ degradation nine times
higher than that exhibited by the commercial TiO2 P25,
which was attributed to the better light harvesting and
efficient electron transportation of the material. Cruz et al.
(2017) studied the degradation of a mixture of pesticides by

bare TiO2 and graphene oxide photocatalysts (GO-TiO2) un-
der simulated sunlight, confirming that the later presented
higher photocatalytic activity, higher degradation rates and
faster chloride formation. Romão and Mul (2016) compared
three photocatalysts (TiO2 P25, TiO2 Hombikat and Pt (0.5 %)-
promoted P25 at concentrations 0.25–2 g L−1) in the degra-
dation of the mixture of methyl orange and ATZ in aqueous
solutions. TiO2 P25 performed better in the decomposition of
methyl orange and ATZ at 0.25 g L−1 when compared to
Hombikat and Pt/P25. Yang et al. (2015) compared the effi-
ciency of anatase TiO2 films with that of commercial P25 TiO2

using [ATZ]0 = 10 mg L−1 and UV light; the as-synthesized
films demonstrated greater performance for degrading ATZ
and acid orange II.

In comparison with several studies on the use of TiO2

P25 in the photocatalytic degradation of pollutants, the use of
the carbon-modified material C–TiO2 Kronos vlp 7000 has
been scarcely evaluated. Manassero, Satuf, and Alfano (2013)
studied the photocatalytic activity under UV, visible, and
UV-visible radiation of P25 and Kronos vlp 7000 for water
remediation in a slurry reactor. The later showed absorption
in the visible range and was about three-fold more efficient
than P25 in bisphenol A degradation. Conversely, under UV
radiation, the quantum efficiency of P25 was 1.5-fold higher
than that of Kronos vlp 7000. Fotiou et al. (2016) investigated
the photocatalytic removal of cyanotoxins (MC-LR and CYN),
water taste and odor. For that, the authors employed TiO2

P25 and Kronos vlp 7000 TiO2 with an eye toward the roles of
reactive oxygen species under UV and visible light, showing
that both cyanotoxins could be removed under visible-
radiation, but not water taste and odor. Vela et al. (2018)
investigated the photocatalytic oxidation of six pesticides
(malathion, fenitrothion, quinalphos, vinclozoline, dimeth-
oate, and fenarimol) in wastewater by TiO2 P25 and Kronos
vlp 7000 under sunlight irradiation, at the initial concen-
tration of 0.3 mg L−1 each. In all experimental conditions
evaluated, TiO2 P25 was found to be two-fold more efficient
than TiO2 vlp 7000. Berberidou et al. (2019) employed vari-
eties of TiO2-based materials (TiO2 UV-100, TiO2 Kronos uvlp
7500, TiO2 P25, and TiO2 Kronos vlp 7000) for studying the
decomposition and detoxification of the insecticide thiaclo-
prid. TiO2 P25 depicted the highest efficiency among the
tested commercial TiO2, while C-doped TiO2 Kronos vlp 7000
was unable to degrade thiacloprid under UV-A and visible
light. Kitsiou et al. (2018) studied the mineralization of the
drug carboplatin with TiO2 P25 under UV-A, and C-doped
TiO2 Kronos vlp 7000 under UV-A and visible light, with TiO2

P25 showing the best results. Spyrou et al. (2022) investigated
the use of C-doped TiO2 Kronos vlp 7000 under UV-A and
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visible irradiation for the photocatalytic degradation of
cimetidine and amisulpride. After 35 min of exposure to
UV-A, cimetidine degradation reached 85.7 %, while under
visible radiation, the degradation percentage was 64.4 %
after 120 min. Likewise, amisulpride degradation was 86.6 %
after 120 min of UV-A exposure and 58.1 % under visible
irradiation.

Regardless of these few examples, the use of C–TiO2

Kronos vlp 7000 as a photocatalyst in the degradation of
pollutants is still scarcely discussed in the literature and, to
the best of our knowledge, this material has not been pre-
viously investigated regarding ATZ degradation. Given that,
in this work we compare the commercial materials TiO2 P25
and C–TiO2 Kronos vlp 7000 for removing ATZ in a tubular
photochemical reactor coupled to a CPC irradiated by simu-
lated sunlight. Reactors equipped with composite parabolic
collectors (CPC) have the characteristic of providing high
photodegradation rates due to their optimized photon har-
vesting geometry (Maffessoni et al. 2021; Malato et al. 2016),
ensuring the illumination of the reactor tube by both direct
and diffuse sunlight (Malato et al. 2016). These reactors have
proven to be effective in treating water contaminated with
pesticides (Colina-Márquez, Machuca-Martínez, and Li Puma
2009), estrogens (Colina-Márquez,Machuca-Martínez, and Li
Puma 2015), antibiotics (Maffessoni et al. 2021), etc. However,
studies using CPC solar reactors applied to ATZ degradation
are still scarce. As an example, Arellano et al. (2013) achieved
68 % ATZ mineralization after 6 h of treatment in a CPC
detoxification plant combining photo-Fenton with TiO2-
based photocatalysis in separate reactors.

Furthermore, considering that the comparison of these
materials has not been deeply discussed in the literature, for
the first time we compare the main characterization prop-
erties of TiO2 P25 and C–TiO2 Kronos vlp 7000, and analyze
the changes in ATZ concentration over time in simulated
sunlight in terms of degradation kinetic models and total
organic carbon removal, in addition to elucidating the
intermediates formed during photocatalysis in each case.

2 Materials and methods

2.1 Reagents and photocatalytic materials

Atrazine (technical grade ≥92 % w/w) was provided by Syngenta, and
used with no further purification. The aqueous solutions were prepared
in pure water (Milli-Q®, 18.2 MΩ cm). 1-mol L−1 H2SO4 (prepared from
98% w/w H2SO4, Vetec) or 1-mol L−1 NaOH (prepared from NaOH 97%
w/w, Vetec) were used for pH correction. High performance liquid
chromatography (HPLC) grade acetonitrile (J. T. Baker) and 100 % acetic
acid (Merck) were used in the chromatographic analyses.

TiO2 Aeroxide® P25 and C–TiO2 Kronos® vlp 7000 were supplied by
EvonickDegussaGmbH (Brazil) andKronos International, Inc. (Germany),
respectively.

2.2 Experimental apparatus

Figure 1 depicts the experimental apparatus used, which consisted in a
tubular photochemical reactor coupled to a compound parabolic
collector (CPC), operated in the recirculation batch mode. The reactor
was a Duran® borosilicate glass tube (28.6 mm internal diameter,
2.0 mm thickness, 355 mm in length, and irradiated volume of 0.23 L).
The collector was made of polished aluminum with the following
characteristics: light intercept angle: 180°; optical separation: 1.4 mm;
concentration factor: 1.0; and reflective surface: 0.04 m2. The total
volume of the solution used in all the experiments was 2 L and the
recirculation flow rate was kept constant at 175 L h−1. The circulation
between the tank and the reactor was provided by a centrifugal pump
(Bomax); the liquid flow rate was set using a needle valve andmeasured
by a rotameter. Samples were taken from the piping connecting the
reactor and the recirculation tank. The experiments were conducted at
constant temperature (25 °C).

The reactor was irradiated by one Xenon arc lamp (set to 1000,
2000, 3000 and 4000W) positioned 3m above the reactor. The spectral
distribution of the light on the surface of the CPC (Figure S1) was
measured using a spectroradiometer (Luzchem SPR-4002), and is quite
similar to that of the standard AM 1.5 solar spectrum (http://rredc.nrel.
gov/solar/spectra/am1.5) in the range ∼300–450 nm. The corresponding
specific photon rate reaching the reactor was measured using standard
ferrioxalate actinometry (Braun, Maurette, and Oliveros 1991), resulting
in an average value of (3.23 ± 0.20) × 10−5 E L−1 s−1 (see Supplementary
Material for information on actinometry essays).

Figure 1: Simplified scheme of the experimental
apparatus. 1 – pH meter; 2 – dissolved oxygen
meter; 3 – oxygen cylinder (99.8% purity); 4 –
recirculation tank; 5–discharge valve; 6– tubular
reactor coupled with CPC; 7 – centrifugal pump;
8 – needle valve; 9 – rotameter; 10 – light source;
and 11 – lamp activation system.
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2.3 Procedures

2.3.1 pKa: The pKa of aqueous atrazine was determined from seven
aqueous solutions of the same concentration (5 mg L−1) in duplicate,
with pH values of 1, 1.5; 2; 3; 4; 5 and 7. The UV-visible absorption spectra
were obtained for each solution using a Varian Cary 50 spectropho-
tometer. The pKa were obtained for the wavelengths of maximum
absorption of protonated and deprotonated forms of ATZ.

2.3.2 Molar absorption coefficient: The molar absorption coefficient
(ε) of aqueous ATZ in the wavelength range 200–340 nm was obtained
from the angular coefficient of the absorbance curve as a function of
concentration (1, 3, 5, 7, and 9 mg L−1) for each wavelength, according
to the Beer–Lambert law. The UV-visible absorption spectra were
measured for each solution using a Varian Cary 50 spectrophotometer.
The pH of the solutions was adjusted to 1, 3, or 7, the latter being the
approximate natural pH of aqueous atrazine.

2.3.3 Atrazine hydrolysis and adsorption assays: Hydrolysis assays
were performed in the absence of light in triplicate. With this aim, three
amber flasks containing 30 mg L−1 ATZ solutions at 25 °C and selected pH
(3, 5, 7, and 9) were kept in a thermostatic rotating incubator (Tecnal,
model TE-421) set at 200 rpm. Samples were taken at times 0, 6, and 24 h
to measure ATZ concentration.

Adsorption assays were performed at an initial ATZ concentration
of 30mg L−1, varying only the content of TiO2 P25 (100 mg L−1) or C–TiO2

Kronos vlp 7000 (500 mg L−1). The aqueous suspension containing the
herbicide and the catalyst (pH6 for TiO2 P25 and pH7 for C–TiO2 Kronos),
was added to amber flasks kept in a rotating incubator (200 rpm, 25 °C)
in the dark. Samples were taken at 0, 5, 10, 15, 30, 45, 60, 90, and 120 min,
filtered through 0.22-µm diameter membrane filters, and analyzed by
HPLC. This set of experiments was performed in triplicate.

2.3.4 Photolysis assays: ATZ photolysis was evaluated over 2 h, in
the reactor depicted in Figure 1 under the following conditions:
[ATZ]0 = 30 mg L−1; pH 6; dissolved oxygen (DO) concentration equal
8.5 mg L−1; 25 °C. Samples were withdrawn at 0, 5, 10, 15, 30, 45, 60, 90,
and 120 min, and analyzed by HPLC and TOC to quantify ATZ
degradation and pollutant mineralization. These experiments were
performed in duplicate.

2.3.5 Photocatalytic experiments: The reactor shown in Figure 1 was
assembled for atrazine degradation experiments using TiO2 P25 or C–-
TiO2 Kronos vlp 7000. Initially, the aqueous suspension containing the
herbicide and the photocatalyst was prepared by weighing ATZ and
catalyst masses separately, which were then added to water and
transferred to a 2-L volumetric flask. The later was kept in an ultrasonic
bath (Fisher Scientific, model FS110) for 30min. The solution pH was
fixed at 6 for P25 and 7 for C–TiO2 Kronos vlp 7000, for which the
materials are not in their isoelectric points. After pH correction to the
desired initial value, the suspension was transferred to the tank and
recirculated for about 30min. After 15 min, the initial sample was
collected at time zero, and the reactor was exposed to simulated solar
light. 1 mL samples were then collected at times 5, 10, 15, 30, 45, 60, 90,
and 120 min, and analyzed by HPLC. During the experiments, oxygen
(Air Liquide, 99.8 %) was continuously introduced into the recirculation
tank through a porous diffuser to reach saturation at room temperature
(8.5 mg L−1); the dissolved oxygen concentration was measured using an
Oakton equipment (DO 300 series). In our study, in addition to allowing

direct quantification by high performance liquid chromatography
(HPLC) without the need for pre-concentration steps, initial ATZ con-
centrations in the range of 1–30mg L−1 were used to accurately elucidate
degradation intermediates and quantify total organic carbon. This
concentration range is typical of primary effluents from industrial
production and/or formulation facilities, or also of rinse water gener-
ated in the agroindustry during washing of containers, spraying
equipment or empty product bottles (Zhang and Pagilla 2010).

2.4 Analyses

2.4.1 Total organic carbon (TOC): The total organic carbon (TOC) was
measured with a Shimadzu TOC-L equipment. The TOC corresponded to
the difference between the total carbon (TC) and inorganic carbon (IC)
concentrations of the solution.

2.4.2 High-performance liquid chromatography (HPLC): Atrazine
concentrations were quantified by HPLC using a Shimadzu UFLC chro-
matograph equippedwith a C18 Phenomenex column (250mm× 4.60mm,
5 μm) and a UV/VIS-SPD-10A detector. Isocratic conditions were used,
with the mobile phase consisting of 50 % acetonitrile (phase B) and 50 %
Milli-Q® water containing 0.2 % (v/v) acetic acid (phase A). The flow
rate, oven temperature, injection volume, and detection wavelength
were 1 mL min−1, 40 °C, 50 µL, and 220 nm, respectively. At this wave-
length, the measured molar absorption coefficient of ATZ is about
35,000 L mol−1 cm−1. The limits of detection and quantitation were
0.025 and 0.075 mg L−1, respectively. ATZ retention time was 9 min.

2.4.3 High-performance liquid chromatography coupled to mass
spectrometry (LC-MS): The liquid chromatography (LC) system
consisted of a Prominence equipment equipped with binary pumps
(Shimadzu LC-20AD) and an autosampler (Shimadzu SIL 20AC). A C18
Shimpack XR-ODS column (30.0 mm × 2.0 mm, 2.2 μm) was used. The
mobile phase contained (A) Milli-Q® water and (B) methanol; isocratic
elution 50 %water/50 %methanol was used. Themobile phase flow rate
and the injected sample volume were 0.2 mLmin−1 and 5 μL, respec-
tively. A LCMS-IT-TOF (Shimadzu) mass spectrometer coupled with the
HPLC equipment was employed. The electrospray type-probe (ESI)
operated in positivemode (4.5 kV). Nitrogenwas used for sample drying,
at a pressure of 100 kPa and flow rate of 1.5 L min−1. The curved des-
olvation line (CDL) interface was set at 200 °C. The accumulation time of
ions in the octupole was 10 ms. The mass spectra were obtained in the
range 100–600m/z. For the structural elucidation of particular com-
pounds, selected ion monitoring experiments were carried out, with
specific ion trap selection submitted to Argon (>99.99 %) collision (en-
ergy and concentration equal to 50 % of the maximum values).

2.5 Materials characterization

2.5.1 Diffuse reflectance spectroscopy: UV-visible diffuse reflectance
spectra of the materials were obtained using a Shimadzu UV-2550
spectrophotometer coupled with an integrating sphere device. The
reflectance spectra of TiO2 P25 and C–TiO2 Kronos vlp 7000 were
obtained with 0.1 g of a diluted sample of each material in 1.5 g BaSO4

(reference compound). The band gap energy was calculated using the
Kubelka-Munk function Equation (1), as detailed by (Makuła, Pacia, and
Macyk 2018).
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F(R∞) = (1 − R∞)2
2R∞

= K
S

(1)

In Equation (1), F(R) is the reflectance of the sample; R is the reflection
coefficient; K is the absorption constant; and S is the scattering coeffi-
cient (S ∼1.10 for TiO2 P25 and ∼0.40 for C–TiO2 Kronos vlp 7000).

2.5.2 X-ray diffraction: X-ray diffractograms were obtained in the
range 2–90° (2θ) in a Philips X’Pert MPD model diffractometer, using
copper Kα radiation with a step of 0.02° (2θ) at 1 s/step.

2.5.3 BET specific surface area: The specific surface area of the mate-
rials was determined from nitrogen adsorption data using BET iso-
therms (Brunauer, Emmett, and Teller 1938), in a Quantachrome
equipment, model Nova 1000. The samples were previously degassed at
150 °C for 1 h. The cross-sectional area of the N2 molecule was 16.2Å2

(Brown, Miron, and Fellows 2019).

2.5.4 Infrared spectroscopy (IR): The infrared spectra of the photo-
catalytic materials were obtained using a Fourier transform infrared
spectrometer (model IRPrestige-21, Shimadzu) coupled to a Pike MIR-
acleTM attenuated full reflectance apparatus with germanium crystal
sample holder. The spectra with a resolution of 2 cm−1 were acquired in
the wavelength range 700–4000 cm−1.

3 Results and discussion

3.1 Materials characterization

Figure 2 shows the diffractograms of the photocatalytic
materials under study. The characteristic peaks of anatase
and rutile are found at 2θ = 25.5 and 27.7°, respectively, which
are peaks of highest intensity for each crystalline phase. The
C–TiO2 Kronos vlp 7000 material contains only anatase,
which is in accordance with the manufacturer’s informa-
tion. The sizes of the crystallites of each material were
calculated by the Scherrer equation (Lim,Marks, and Rowles
2020), resulting 19.8 nm (TiO2 P25) and 13.9 nm (C–TiO2

Kronos vlp 7000), which are close to the values informed by
the manufactures (21 and 15 nm, respectively).

Figure 3 shows typical type-IV adsorption isotherms for
both materials, revealing that capillary condensation
occurred at relative pressures higher than 0.9 (Buttersack
2019). Above this value, the isotherm of TiO2 P25 presents
hysteresis similar to the H3 type (Figure 3A), with a sudden
increase in the adsorbed volume for relative pressures
between 0.9 and 1.0, suggesting the presence of mesopores
and macropores. This mesoporous structure can facilitate
contaminants molecules to diffuse within the solids during
photocatalytic reactions. In turn, for C–TiO2 Kronos vlp 7000,
Figure 3B shows overlapping of the adsorption/desorption
curves until P/P0 of about 0.4, suggesting slit-like lamellar
morphology. Above this value, the C–TiO2 material shows
hysteresis, probably indicating a more significant contribu-
tion of mesopores in the adsorption/desorption process. This
fact can be seen in Table 1, as C–TiO2 Kronos vlp 7000 had a
smaller average pore diameter compared to that of TiO2 P25.
In this case, an increase in the adsorbed volume is observed
for relative pressures in the range 0.4–1.0, suggesting the
presence of both micro and mesopores.

The results of specific surface area, micropore volume,
and mean pore diameter are summarized in Table 1; pore
width distributions are shown in Figure S2, which clearly
confirm the largest fraction of pores between 1 and 10 nm in
the C–TiO2 Kronos vlp 7000 material. The average pore di-
ameters are 4.35 nm (TiO2 P25) and 8.70 nm (C–TiO2 Kronos
vlp 7000), which are within the characteristic range 2–50 nm
for mesoporous materials (Wen et al. 2020).

According to Manassero, Satuf, and Alfano (2013), the
specific surface areas of TiO2 P25 and C–TiO2 Kronos vlp 7000
are approximately 50 and > 250 m2 g−1, respectively. Ber-
beridou et al. (2019) also provided information on the surface
area of thesematerials. For TiO2 P25 andKronos vlp 7000, the
BET surface areas were found as 55 ± 15 m2 g−1 and

Figure 2: X-ray diffraction patterns of TiO2 P25
(black curve) and C–TiO2 Kronos vlp 7000 (grey
curve).● Anatase. A Rutile.
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>250 m2 g−1, respectively, which are consistent with ours. The
high semiconductor surface area influences positively the
heterogeneous photocatalysis process for C–TiO2 Kronos vlp
7000. Nevertheless, the fact that TiO2 P25 is composed of both
anatase and rutile phases in the 80:20 ratiomay contribute to
reduce electron-hole recombination (Rambabu, Jaiswal, and
Roy 2016).

The diffuse reflectance spectra and the results of the
Kubelka-Munk calculations are shown in Figures S3–S5. The
corresponding band gap energies were 3.42 eV (360 nm) and
3.22 eV (387 nm) for TiO2 P25 and C–TiO2 Kronos vlp 7000,
respectively; these values are close to those reported by
Khoa Le et al. (2015) and Berberidou et al. (2019), respec-
tively. As a consequence, C–TiO2 Kronos vlp 7000 should

Figure 3: N2 adsorption isotherms for (A) P25
TiO2 and (B) C–TiO2 Kronos vlp 7000, showing
adsorption (■) and desorption ( ).
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perform better near the visible range. As a carbon-doped
material, C–TiO2 Kronos vlp 7000 is also expected to absorb
in the visible light spectrum to some extent (λ > 400 nm).
According to Berberidou et al. (2019), by replacing oxygen by
carbon atoms, new energy states are generated in the TiO2

band gap,making possible visible light absorption. However,
as discussed in detail further on, none of the experiments
showed superior performance of C–TiO2 Kronos over TiO2

P25. Berberidou et al. (2019) also found nearly negligible
degradation of thiacloprid in the presence of TiO2 Kronos vlp
7000 under visible irradiation. The lower performance of
C–TiO2 Kronos compared to TiO2 P25 may be due to the non-
substitution of oxygen by carbon atoms, which asmentioned
earlier, is alleged to be responsible for generating new
energy states for the carbon-modified catalyst band gap
(Fotiou et al. 2016).

The infrared (IR) spectra of TiO2 P25 and C–TiO2 Kronos
vlp 7000 (Figure 4) show two bands between 3000 and
4000 cm−1, possibly related to the O–H group stretching,
indicating water adsorbed on these materials. Bands at
600 cm−1 are also noticeable for both catalysts, indicating the
presence of Ti–O stretching and Ti–O–Ti bridging stretching
modes (Wang et al. 2012). In addition, the absorption bands

in the range 1550–1630 cm−1 for C–TiO2 Kronos vlp 7000
suggest the presence of aryl carboxylate groups in this
material. The aryl carboxylate functional group typically
exhibits characteristic IR absorption bands in the 1700–
1600 cm−1 range. Specifically, the carboxylate group (COO–)
exhibits a strong peak around 1600 cm−1 due to the asym-
metric stretching vibration of the COO– bond, and a weaker
peak around 1400 cm−1 due to symmetric stretching of the
COO– bond (Tanwar, Singh, and Sharma 2023). The aromatic
ring (C6H5

−) typically exhibits absorption bands in the 1600–
1500 cm−1 range due to C=C stretching vibrations (Mamed-
beili et al. 2011; Volkov, Rogova, and Proskurnin 2021).

3.2 Control runs

Figure S6 reveals the existence of two isosbestic points at 210
and 241 nm; a pKa value of 1.75 was obtained for ATZ, which
is close to the value (∼1.7) reported in the literature
(Mohammadi et al. 2019; Sun et al. 2019). pH values of 6 and 7
were then selected, so that aqueous atrazinemolecules were
completely in their neutral state. Control assays at pH 6
confirmed that no ATZ hydrolysis occurred over 24 h, as
discussed in the literature (Prosen and Zupančič-Kralj 2005).
Moreover, no appreciable ATZ removal by adsorption on
the TiO2 P25 and C–TiO2 Kronos vlp 7000 materials was
observed. Finally, approximately 18 % atrazine removal by
photolysis was achieved after 120 min exposure to simulated
solar light in the absence of catalysts ([ATZ]0 = 30 mg L−1;
DO = 8.5 mg L−1, pH 6). Accordingly, low atrazine removal
(6.4 %, [ATZ]0 = 100 μg L−1) was reported (Komtchou et al.
2018) during 180 min irradiation under simulated direct
solar light (100 mW cm−2). Cheshme Khavar et al. (2018)
achieved even lower ATZ removal by direct photolysis,
which was below 5 % ([ATZ]0 = 40 mg L−1, pH = 5.4, 60 min).

3.3 Influence of catalysts concentration on
atrazine degradation

Eight experiments were conducted, all in duplicate, using 2 L
of a 30 mg L−1 ATZ solution containing 100, 200, 500 and
1000mg L−1 of each catalyst. The initial pH was corrected to
6.0 for TiO2 P25 and 7.0 for C–TiO2 Kronos vlp 7000. The
results are presented in Figure 5.

Figure 5A shows that 500 mg L−1 of TiO2 P25 provided the
best atrazine photodegradation at the end of 120 min (86 %),
a result similar to that of Velegraki et al. (2015). In contrast,
the use of 100 mg L−1 of the C–TiO2 Kronos vlp 7000 material
resulted in the best ATZ degradation (37 %) degradation after
120 min (Figure 5B). Interestingly, as the concentration of

Table : Main morphological parameters of TiO P and C–TiO Kronos
vlp .

Materials BET surface
area (m g−)

Micropore
volume (cm g−)

Average pore
diameter (nm)

TiO P . ± . . .
C–TiO Kronos
vlp 

. ± . . .

Figure 4: Infrared spectra of TiO2 P25 (red) and C–TiO2 Kronos vlp 7000
(black).
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this material was reduced from 1000 to 100 mg L−1, an in-
crease in ATZ degradation could be observed. This is in good
agreement with Jebaranjitham and Kumar (2020), who
mentioned that at higher catalyst concentrations, unsuitable
light scattering or photon-blocking due to turbidity may
interfere in a wide range of UV wavelengths, therefore
affecting the degradation efficiency. Other consequences of
using high catalyst content include particle agglomeration,
thus reducing the available surface area and the number of

surface-active sites, decreasing the photodegradation effi-
ciency as a consequence. This may have occurred for C–TiO2

Kronos vlp 7000, as it was not as efficient in removing
atrazine when compared to TiO2 P25. Furthermore, the low
ATZ removal and mineralization observed may also be
associated with blocking of active sites by intermediate
compounds formed from the herbicide degradation, which
may also have exhibited a recalcitrant character (Oturan,
Brillas, and Oturan 2012).

Figure 5: Influence of catalyst concentration on
atrazine ([ATZ]0 = 30 mg L−1) degradation.
(A) TiO2 P25; (B) C–TiO2 Kronos vlp 7000.
■ 100 mg L−1; 200 mg L−1; 500 mg L−1;

1000 mg L−1.
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3.4 Kinetic study

Five atrazine degradation experiments were performed in
duplicate. TiO2 P25 concentration was kept at 500 mg L−1

(Figure S7). The results indicate significant ATZ degrada-
tion after 120 min, with 100 %; 98 %; 98 %; 93 and 86 % re-
movals for [ATZ]0 = 1.2; 4.9; 11.1; 20.1 and 29.8 mg L−1,
respectively. Moreover, the results depicted in Figure 6A
reveal that the initial ATZ degradation rate, calculated from

the concentration-time curves, increased with [ATZ]0 up to
20 mg L−1 and then decreased.

In fact, the competition between ATZ and the degrada-
tion products adsorbed on the catalyst particles surface,
particularly at higher initial herbicide concentration, may
limit the photocatalyst performance. Berberidou et al. (2019)
also found that by increasing TiO2 concentration, the pho-
todegradation performance is diminished. An important
condition is the suspension of catalyst particles, which can

Figure 6: Dependence of the initial degradation
rate (r0) with initial ATZ concentration for
(A) TiO2 P25 (500 mg L−1; pH = 6; 25 °C) and
(B) C–TiO2 Kronos vlp 700 (100 mg L−1;
100 mg L−1; pH = 7; 25 °C).
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affect the penetration of UV irradiation, enhancing light
scattering. Another nonpareil situation is the particle-
particle interactions that can hamper the surface area
available for light absorption.

Moreover, ATZ at higher initial concentrations may
compete with the photocatalyst for incident UV-visible
radiation, resulting in reduced efficiency of the photo-
catalytic reaction due to the decreased concentration of the
HO• radicals formed (Daneshvar et al. 2007; Grzechulska
and Morawski 2002; So et al. 2002; Tang, An, and Huren
1995). Nevertheless, according to Marchetti et al. 2013,
there is limited absorption of sunlight by ATZ, with
ε300 nmATZ ∼ 300 L mol−1 cm−1 and ε320nmATZ ∼ 100 L mol−1 cm−1.

Thedata inFigure S8wasused to estimate theparameters
of the Langmuir-Hinshelwood (LH) kinetic model Eq. (2)
(Kumar, Porkodi, and Rocha 2008):

r0 = KrKadsCATZ, 0

1 + KadsCATZ, 0
(2)

where Kr is the reaction rate constant and Kads is the ATZ
adsorption constant onto TiO2 particles; the resulting values
are 1.57 mg L−1 min−1 and 0.041 L mg−1, respectively (see
Figure S8). While this simplified approach obviously
excludes the contribution of direct herbicide photolysis, as
discussed previously, it is useful for comparison with the
other semiconductor investigated in this study.

The same procedurewas repeated for C–TiO2 Kronos vlp
700 (100 mg L−1), varying the initial ATZ concentration at the
same levels (Figure S9). In this case, ATZ removals of 37 %;
35 %; 38 %; 39 and 45 % were obtained after 120 min, for
[ATZ]0 = 1.7; 7.0; 11.4; 21.3 and 29.5 mg L−1, respectively.
Figure 6B shows that the estimated initial degradations rates
increased linearly with [ATZ]0. In fact, since the C–TiO2

Kronosmaterial has a larger surface area, there should be no
saturation of its surface sites by ATZ molecules and degra-
dation products (formed in smaller quantities). On the other
hand, in addition to the absence of the heterojunction
structure involving anatase and rutile in TiO2 P25, the charge
recombination rate in C–TiO2 Kronos vlp 7000 was reported
to be higher compared with TiO2 P25 (Fotiou et al. 2016),
which could explain the low ATZ removals obtained. In this
case, the calculated values of Kr and Kads of the LH model
were 1.30 mg L−1 min−1 and 0.0057 Lmg−1, respectively
(Figure S10). Interestingly, although the Kr value is very
close to that obtained for the TiO2 P25 photocatalyst
(1.57 mg L−1 min−1), the Kads value for C–TiO2 Kronos vlp
7000 is almost ten times lower, which can be associated with
the substantially larger specific surface area (258.4 and
45.4 m2 g−1 for C–TiO2 Kronos and TiO2 P25, respectively).

Considering the hypothesis that the contribution of direct
photolysis to herbicide degradation is similar, regardless of
the photocatalytic material used, it can be said that the LH
model is a good approximation for atrazine degradation for
both semiconductor materials.

3.5 Identification of degradation
intermediates

Possible persistent intermediate compounds were identified
as suggested by the chromatographic analysis during the
study of atrazine degradation by means of the TiO2 P25
catalyst (Figure S11). For this purpose, themass spectrumof a
sample collected at the end of two hours was obtained
([ATZ]0 = 30 mg L−1). The results are highlighted in Fig-
ures S12–S14, in which three intermediate compounds
were identified: 2-chloro-4-acetamido-6-isopropylamino-
1,3,5-triazine (C6H10ClN5,m/z = 230.0790), with an elution time
of 3.315 min; 2-chloro-4-ethylamino-6-amino-1,3,5-triazine
(C5H9ClN5, m/z = 174.0546), with an elution time of 1.325min;
and 2-hydroxy-4-acetamido-6-isopropylamino-1,3,5-triazine
(C8H15N5O, m/z = 212.1139), with an elution time of 0.995min.
Coelho and Bernardo (2017) and Hollanda et al. (2019) also
reported the same intermediates in the degradation of ATZ
by ozonation and zero-valent metals, respectively. In our
work, ATZ mineralization by TiO2 P25 was not significant
during the experiments (<20 %, after 120 min). Hollanda
et al. (2019) also found no mineralization of ATZ, even after
its total disappearance. According to the authors, the reason
is the generation of such persistent organic compounds.

In the case of the experiments using C–TiO2 Kronos
vlp 7000, the mass spectrum of a sample collected at the
end of two hours was obtained ([ATZ]0 = 30 mg L−1)
(Figure S15). Two intermediates could be identified:
2-hydroxy-4-isopropylamino-6-amino-s-triazine (C6H11N5O,
m/z = 169.9739) and 2-hydroxy-4-acetamindo-6-isopropylamino-
s-triazine (C8H15N5O,m/z = 211.0440), with elution times of 1.163
and 0.995 min, respectively. Chan and Chu (2005) and Chen
et al. (2009) also reported in their works these intermediates
with the use of the Fenton’s oxidation and photolysis, respec-
tively. 2-hydroxy-4-acetamindo-6-isopropylamino-s-triazine was
also found by Li and Zhou (2019) for the catalytic oxidation of
ATZ in the presence of iron scraps. It is noteworthy that no
chlorinated intermediate was identified in the experiments
performed with C–TiO2 Kronos vlp 7000. Likewise, ATZ
mineralization was less than 38 % over 120 min during the
photocatalytic experiments performed with this material.
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4 Conclusions

In this study, the properties and efficiency of TiO2 P25 and
TiO2 modified with carbon (C–TiO2 Kronos vlp 7000) used as
photocatalysts were compared in the degradation of
aqueous atrazine (ATZ).

As revealed byX-ray diffraction, and in comparisonwith
TiO2 P25, which contains anatase and rutile phases, C–TiO2

Kronos vlp 7000 shows only anatase. The average crystallite
sizes found for these materials were 19.8 and 13.9 nm,
respectively, and the corresponding specific surface areas as
determined by BET analyses were 45.4 and 258.4 m2 g−1,
respectively. Typical type-IV adsorption isotherms were
found for both materials, while TiO2 P25 exhibited H3-type
hysteresis with the presence of mesopores and macropores,
and C–TiO2 Kronos vlp 7000 was characterized by a slit-like
lamellar morphology with a smaller average pore diameter
and a more significant contribution of mesopores. The band
gap energies were 3.42 and 3.22 eV for TiO2 P25 and C–TiO2

Kronos vlp 7000, respectively. Also, the absorption ranges in
the interval of 1550–1630 cm−1, as indicated by IR spectros-
copy suggests the existence of aryl carboxylate groups in
C–TiO2 Kronos vlp 7000. In fact, this carbon-doped material
is expected to absorb visible light to some extent in com-
parison with TiO2 P25.

For TiO2 P25, increased ATZ degradation was observed
with increased catalyst concentration up to 500 mg L−1; in
contrast, an increase in ATZ degradationwas observed as the
concentration of C–TiO2 Kronos vlp 7000 decreased from
1000 to 100 mg L−1. ATZ removals in the range 86–100 %were
obtained after 120 min of photocatalytic treatment with TiO2

P25 (500 mg L−1) under simulated solar radiation, for [ATZ]0
varying in the range 29.8–1.2 mg L−1, respectively. In
contrast, the use of 100 mg L−1 of C–TiO2 Kronos vlp 7000
resulted in removals of only 37–45 % over the same irradi-
ation time. The kinetic study also revealed that for TiO2 P25,
the initial ATZ degradation rate increased with [ATZ]0 up to
20 mg L−1 and then decreased, while the degradation rates
increased linearly with the initial herbicide concentration
for C–TiO2 Kronos vlp 7000, whichmay be associatedwith its
larger surface area. Excluding the contribution of direct
herbicide photolysis (only ∼18 % removal), the Langmuir-
Hinshelwood kinetic model adequately fitted to ATZ degra-
dation data for both materials. Finally, low ATZ minerali-
zation was observed for the materials studied, with values
below 20 and 38 % at the end of 120 min for TiO2 P25 and C–
TiO2 Kronos vlp 7000, respectively. Given that, the main in-
termediate compounds formed were identified, and no
chlorinated compoundswere foundwhen C–TiO2 Kronos vlp
7000 was used.
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