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Abstract

In this study, a spectrophotometric-chemometric (Spec-Chem) approach was applied as an alternative to chromatography to
monitor ATZ and by-products after photolytic and photocatalytic oxidation aiming to unveil the ATZ degradation mechanism.
Spec-Chem is an accessible, easy-to-operate, low-cost analytical approach to monitor atrazine (ATZ) and by-products, and
its applicability was validated by HPLC, the reference technique for the evaluation of pollutant degradation mechanisms. The
chromatographic (DChro) and spectrophotometric (DSpec) data found 95% and 57% ATZ removal after 30 min, respectively,
proving that the DSpec erroneously induces a 38% loss in removal efficiency. When DSpec was treated by multivariate curve
resolution (MCR) analysis for providing chemometric data (DChem), it found ATZ removal and hydroxyatrazine (HAT)
formation statistically equal to DChro (t-test, p=0.05). After unraveling the ATZ degradation mechanism using Spec-Chem,
a new hypothesis for the kinetic calculation of ATZ degradation was presented, where the concentrations of ATZ and HAT
were used to find k and R? values representative for the ATZ degradation mechanism. The values found for k were compatible
with the literature under similar conditions of ATZ degradation, and the linear correlation coefficients (R*=0.99) showed
an optimal fit for the proposed hypothesis. Thus, Spec-Chem was successfully applied to unravel the mechanism of photo-
catalytic degradation of ATZ in the presence of TiO,, while k was obtained by the new hypothesis proposed that considered
ATZ and HAT concentration as parameters of kinetic interest. Therefore, the importance of monitoring quantitatively ATZ
and HAT were provided in this study, providing new information for the scientific community.
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Introduction

Atrazine (ATZ) is an agricultural herbicide widely used
in the world and which has attracted the attention of the
scientific community due to its presence in environmental
ecosystems (Wang et al. 2016; Ferndndez-Domene et al.
2018; Rodrigues et al. 2018; Weber et al. 2018). It is also
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listed as an emerging contaminant due to its resistance to
natural degradation, and when oxidized by unconventional
processes, it forms by-products that are also known to
be toxic (Klementova et al. 2019). Due to this toxicity,
the studies cannot be limited to only looking for efficient
ATZ removal technologies without showing due concern
for the by-products formed. Numerous studies involving
the ATZ degradation have achieved promising results to
remedy this pollutant, but by-products are often ignored,
and when monitored, the authors adopt a purely qualitative
approach (Jiang et al. 2020; Majhi et al. 2020; Zhang et al.
2021). Hydroxyatrazine (HAT) has been reported as a major
by-product in the ATZ degradation mechanism, which, due
to its low toxicity, is preferred to compose the reaction
medium when complete mineralization is not achieved
(Moreira et al. 2017; He et al. 2019b).

As the conventional physicochemical/biological treatment
processes are inefficient for ATZ degradation, studies that
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approach homogeneous/heterogeneous photocatalysis are
widely found in the literature (Moreira et al. 2017; He et al.
2019a). Photocatalysts such as Nb,Os, ZnO, and especially
TiO, are extensively investigated for the environmental
remediation of ATZ and other emerging contaminants under
different operating conditions (Samsudin et al. 2016; Souza
et al. 2016; Truc et al. 2019; Paris et al. 2020). To obtain
materials with optimized photocatalytic properties, different
synthetic methods are employed leading to materials with
different properties and catalytical activity (Mohseni-Salehi
et al. 2018; Moreira et al. 2020a). Pure TiO,, which is one
of the most investigated photocatalysts in the anatase crys-
talline phase, is well known due to its photoactivity in the
UV region (Moreira et al. 2020a). Thus, synthetic methods
that use a reduced amount of reagents, steps, and process-
ing time are advantageous, environmentally friendly, and
desirable for the production of this material for application
in heterogeneous photocatalysis (Gupta and Tripathi 2012).

It turns out that the application of heterogeneous photo-
catalysis has focused on investigating the properties of the
materials, leaving in the background the discussion about
the influence of these properties on the degradation mecha-
nism and by-product formation (Gupta and Tripathi 2012;
Moyet et al. 2018). Consequently, the information obtained
in the photocatalysis studies is generally limited only to the
contaminant being degraded, while information about the
formation of by-products is little discussed (Khavar et al.
2018; He et al. 2019b). The practical consequence of this
approach, which disregards the by-products influence on the
degradation mechanism, is directly related to the degrada-
tion kinetics of the main contaminant. Different studies have
already confirmed that the by-products act as competitors
in the pollutant degradation mechanism, and therefore, they
must be considered in calculations of kinetic constant (k),
which is a parameter widely used to conclude on the new
technologies’ efficiency of environmental remediation (Paris
et al. 2020; Malafatti et al. 2020). In the case of ATZ, a
search in the current literature clearly shows that the kinetic
constants are calculated considering only the initial and final
concentrations of ATZ at different degradation times, while
by-products, especially HAT, are completely ignored (Majhi
et al. 2020; Zhang et al. 2021; Li et al. 2021). The main
problem with this adoption is that the kinetic calculations
are not representative of the reaction system as a whole and,
therefore, it is necessary to advance scientifically to give
due attention to the by-products present in the reactional
medium.

Also, when these by-products are known and monitored,
the understanding of the photocatalytic mechanism of dif-
ferent materials is expanded (Chen et al. 2018; Moreira et al.
2020b). However, this approach, which considers by-prod-
ucts as important as the main contaminant, demands accessi-
ble and efficient analytical tools for quantitative monitoring.

@ Springer

In this context, analytical techniques most used in ATZ
photodegradation studies are chromatography and UV-Vis
spectrophotometry (Parmar and Sharma 2016; Moreira et al.
2017; Paris et al. 2020), being chromatography the preferred
one for the quantification of ATZ and its by-products (Chen
et al. 2018; Khavar et al. 2018). However, chromatography
presents important drawbacks such as significant organic
solvent consumption and production of chemical residues, as
well as a time-consuming execution and demand for skilled
labor. For example, Chen et al. (2018) reported that the high-
performance liquid chromatography (HPLC) analysis of 164
samples of photodegraded ATZ solutions required 137 h of
instrumental use and generated 8.2 L of residues.

On the other hand, spectrophotometric measurements are
fast and of simple operation, easily available at a low cost,
and environmentally friendly, since a negligible amount of
chemical residue is produced after the analytical procedure.
UV-Vis spectrophotometry has been used in studies of pho-
tocatalytic degradation of ATZ (Moyet et al. 2018; Rincén
Joya et al. 2019). However, the use of the molecular absorp-
tion spectra of ATZ and its by-products in ATZ photodeg-
radation studies shows some limitations related to spectral
interference (Martins et al. 2016; Moreira et al. 2017). HAT
results from ATZ oxidation due to the formation of hydroxyl
radicals in the reaction medium, which was used to prove
the photocatalytic activity of numerous materials (Samsudin
et al. 2015; Jamil et al. 2018; He et al. 2019a). However,
HAT and other by-products exhibit high molar absorptivity
in the absorption band of ATZ (peaked at 222 nm), limiting
the use of molecular absorption spectrum for monitoring
ATZ photodegradation and possibly masking the real effi-
ciency of the photocatalysts already evaluated (Bakar and
Ribeiro 2016; Jamil et al. 2018; Rincén Joya et al. 2019;
Paris et al. 2020).

The application of chemometric tools such as the
multivariate curve resolution (MCR) has proven to be
efficient for solving spectral mixtures (Mazivila et al.
2019). As MCR allows to estimate the contribution of each
component in the absorption spectrum, the compounds
that integrate the spectral mixture can be identified and
quantified (Ruckebusch and Blanchet 2013; Ghaffari et al.
2018). As successful examples, MCR allowed to understand
the methanol electrooxidation process (Silva et al. 2019)
and the determination of different analytes in foods,
pharmaceuticals and other products (Arancibia et al. 2014;
Fuentes et al. 2015). In fact, with a focus on the development
of analytical methods in recent years (Parmar and Sharma
2016), chemometric techniques have been little explored
in monitoring photodegradation processes, especially ATZ
(Zhang and Pan 2011; Khanmohammadi et al. 2014; Martins
et al. 2016; Souza et al. 2016). In one of the few studies
found in the literature, the electrochemical degradation
mechanism of ATZ was accompanied by spectrophotometry
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to detail the electrochemical activity of the electrode,
while the mechanisms of degradation and by-product
formation were not discussed in depth (Souza et al. 2016).
Therefore, the use of UV-Vis spectrophotometry coupled to
chemometric analysis is a suitable tool for monitoring ATZ
and HAT in the context of photodegradation studies.

In this work, we investigated the use of MCR, particularly
the multivariate curve resolution-alternating least squares
(MCR-ALS) algorithm, in the resolution of molecular
absorption spectra of ATZ solutions along with photolytic
or photocatalytic degradation experiments under UV light
radiation. The assays were performed with ATZ solutions at
different concentrations. TiO, was applied as photocatalyst,
and the possible influence of this heterogeneous system in
the formation of by-products was evaluated. Finally, the che-
mometric approach was validated against chromatographic
analysis, while ATZ removal rate (%), HAT formation (%),
and a new hypothesis for calculating ATZ kinetic constant
were discussed based on the concentration of ATZ and HAT,
showing the importance that HAT exhibits on the degrada-
tion mechanism and kinetics process.

Experiment
Nanomaterial synthesis

In a 25 mL beaker, 8 mL of a 20% (v v™!) isopropanol solu-
tion (Sigma-Aldrich, 99%) and 1.68 mL of titanium isopro-
poxide (Sigma-Aldrich, 97%) were added. The mixture was
kept under magnetic stirring for 15 min and then transferred
to a microwave discharge electrodeless mercury lamp (Hg-
MDEL (UMEX GmbH Dresden, Germany)). Details of Hg-
MDEL can be obtained from Moreira et al. (2018, 2019).
The Hg-MDEL containing the mixture was taken to a micro-
wave equipment MARS 6, 220 V, 60 Hz (CEM, Matthews,
NC, USA) and irradiated for 20 min under microwave power
of 100 W, reaching a final temperature of 86 °C. After cool-
ing, the precipitate was dried at 50 °C for 12 h and divided
into 2 equivalent portions. To investigate the effect of the
heat treatment temperature, one portion was heated at a rate
of 5 °C min~"! to 400 °C and maintained for 2 h, while the
other portion was not heat treated. For clarity, Ti_50 and
Ti_400 correspond to the nanomaterials obtained after heat
treatment of 50 °C or 400 °C, respectively.

The crystallinity of powders was analyzed by X-ray dif-
fraction (XRD), using a diffractometer (XRD-6000, Shi-
madzu®, Cu ko irradiation, A=1.54 10%, continuous scan,
step 0.02°, scan rate 0.5° min~!, receiving slit 0.3 mm)
with a 20 range from 10° to 70°. The Scherrer equation
was applied to estimate the crystallite size (Muniz et al.
2016). Diffuse reflectance UV—Vis spectra were obtained
using a UV-Vis spectrophotometer with integrating

sphere (ISR-2600 Plus, Shimadzu), applying the range of
200-800 nm. Here, the bandgap energy (Eg) was calculated
according to the Kubelka—Munk model (Lépez and Gémez
2012). The high-resolution transmission electron microscope
(HR-TEM) images of the nanoparticles were obtained by
a Jem-2100 LaB6 (Jeol, Tokyo, Japan) under accelerating
voltage of 200 kV coupled with an INCA Energy TEM 200
(Oxford, Abingdon, UK).

Photodegradation assays
Reagents and solutions

The 200 mg L~! stock solutions of atrazine (ATZ), hydroxy-
atrazine (HAT), desethyl-hydroxyatrazine (DEHAT),
desisopropryl-hydroxyatrazine (DIHAT), desethyl-atrazine
(DEAT), or desisopropyl-atrazine (DIAT) were prepared
from the dissolution of the pure salt (all Sigma-Aldrich rea-
gents, St. Louis, MO, USA) according to the description
shown in Moreira et al. (Moreira et al. 2017). Formic acid
(98%, Sigma-Aldrich, St. Louis, MO, USA) and HPLC-
grade acetonitrile (Sigma-Aldrich, St. Louis, MO, USA)
was used for the preparation of the solutions and processes
related to chromatographic analysis. All solutions were pre-
pared from analytical grade chemical products and ultrapure
water at 18.0 MQ cm minimal resistivity, in a Milli-Q Plus
system (Millipore, Bedford, MA, USA). All solutions were
stored in high-density polypropylene flasks (Nalgene®,
Rochester, NY, USA) and maintained refrigerated.

Photolytic and photocatalytic assays

The photolytic assays were performed and the results of the
chemometric treatment were compared to the obtained by
chromatography, while the data obtained in the photocat-
alytic experiments were treated only by MCR-ALS. ATZ
photolytic degradation in the UV region was carried out in
a wooden reactor as described by Moreira et al. (2018), at
a controlled temperature of 20 °C. Here, 10 mL of ATZ
solution (3.0, 5.0, or 10.0 mg L_l) were added to 50 mL
beaker under continuously shaking. The solutions were
firstly irradiated at 5-min intervals up to 30 min, followed by
10-min intervals up to 60 min, totaling 30 samples. During
the photodegradation, aliquots were collected and submitted
to analysis by HPLC with UV detection (HPLC-UV) and
UV-Vis spectrophotometry.

ATZ photocatalytic degradation in presence of TiO, was
conducted in the same way as described for the photolytic
assays. The only difference is the previous dispersion of
5 mg of the material in 10 mL of the ATZ solution (3.0,
5.0, or 10 mg L™1). Before being irradiated at the conditions
previously described, all samples were kept for 30 min in
the dark to promote the adsorption equilibrium. Before the
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spectrophotometric measurement, each aliquot was filtered
through a 0.45-pm membrane for removal of the suspended
material. The photocatalytic experiments were performed
to investigate the possible influence of the heterogeneous
system in the ATZ degradation mechanism using UV-Vis
spectrophotometry aided by chemometrics.

Chemical analysis

Spectrophotometric analyses were conducted on a UV—Vis-
NIR spectrophotometer (Cary, SE® spectrometer) operating
in the wavelength scanning mode (500 nm min~"). Here,
a 3 mL aliquot of the sample was transferred to a quartz
cuvette and scanned in the range of 200 to 350 nm.

Chromatographic analyses were performed using an
HPLC UV (Agilent 1220 Infinity LC), detection at 222 nm,
and a chromatography column Zorbax Eclipse Plus C18 set
to 250 x 4.6 mm, 5 pm. The mobile phase employed acetoni-
trile (ACN) and formic acid 0.001% v v™' (A), and chroma-
tographic conditions were represented by the elution gradi-
ent (v v™"): 0 to 2 min, 5% (ACN)/95% (A); 2 to 4 min, 30%
(ACN)/70% A; 4 to 6 min, 50% (ACN)/50% A; 6 to 10 min,
80% (ACN)/20% (A); 10 to 11 min, 5% (ACN)/95% (A)
mobile phase flow rate 1 mL min~!, and control temperature
30 °C. Chromatographic data processing was controlled by
EZChrom Agilent OpenLAB Chromatography Data System
Software (CDS). Calibration curve was used for quantifica-
tion (details in Supplementary Information).

Data processing and analysis

Chromatographic analyses were performed in triplicate to
find the ATZ or HAT concentration (mg L") of all samples
subjected to photolytic degradation, totaling 90 analyses. For
each set of samples (n =10 for each initial concentration of
ATZ), the C/C ratios of ATZ or HAT were calculated and
normalized by their highest value. Therefore, for each initial
concentration of ATZ, one degradation profile (ATZ) and
one formation profile (HAT) were obtained, totaling three
profiles for ATZ and three profiles for HAT. Finally, to sum-
marize the three profiles of ATZ or HAT in a single profile
each, the mean and standard deviation for each degradation
time were calculated.

In the spectrophotometric analyses, the spectral profile
(200- to 350-nm interval) in each degradation time was
obtained for the samples degraded photolytically and pho-
tocatalytically, totaling 60 analyses. Here, the data were
assumed in terms of absorbance (Abs) in 222 nm for ATZ
and 238 nm for HAT to calculate Abs/Abs, ratios. Obtain-
ing ATZ degradation profiles and HAT formation followed
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the procedures adopted for chromatographic data. At the
end, a single profile for ATZ (degradation) and HAT (for-
mation) were obtained by averaging the normalized Abs/
Abs, values, together with the standard deviation.

MCR was performed on each single 10 x 301 matrix
(X) containing the UV—Vis spectra obtained for the deg-
radation of each ATZ concentration (3, 5, and 10 mg L_l).
The rows of X contain the spectra collected at different
process times, and the columns are kinetic profiles at dif-
ferent wavelengths. The bilinear decomposition is per-
formed on X according to the expression:

X=CST+E (D

in which the columns of C contain the change as a func-
tion of time of the relative concentration of each resolved
compound (kinetic profiles), the columns of S contain their
related spectra, and E is a residual matrix with the unmod-
eled data variance. Decomposition of X is achieved by an
iterative alternating least squares (ALS) optimization pro-
cedure until CST minimizes as much as possible the error in
the reproduction of the original data set, X.

ALS is performed under suitable constraints, which
also help the algorithm to provide solutions with physical
meaning. The applied constraints were non-negativity in
the concentration and spectra profiles and closure con-
straints in C matrix. The validity of this constraint was
confirmed by the similar fits obtained when the closure
constraint was applied or not. MCR-ALS needs initializa-
tion with the number of components, which was obtained
from singular value decomposition analysis of X. Follow-
ing, simple-to-use interactive self-modeling mixture analy-
sis was used to find an initial estimate of pure spectra of
the components with 10% of noise allowed. The percent-
age of lack of fit (% lof) and the explained variance (R?)
were the parameters used to evaluate the fit quality of the
MCR-ALS results. More information regarding the theory
and execution of MCR-ALS can be found elsewhere (De
Juan et al. 2014). All data analysis was carried out within a
Matlab® environment using the MCR-ALS routine imple-
mented in the MCR-ALS GUI (Jaumot et al. 2015).

As in the chromatographic and spectrophotometric
analyses, for each initial ATZ concentration, one deg-
radation profile (ATZ) and one formation profile (HAT)
were obtained from the chemometric treatment, resulting
in three profiles for each compound. The ratios were also
calculated, normalized, and used to obtain a single profile
of degradation (ATZ) and formation (HAT) employing
the averages and standard deviations. For clarity, chro-
matographic profiles were identified as DChro, chemo-
metric profiles as DChem, and spectrophotometric profiles
as DSpec. DChem data was compared to DChro data by
applying a t-test (p =0.05).
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Results and discussion
Nanomaterial characterization

In Fig. 1a, the X-ray diffraction pattern of the Ti_50 and
Ti_400 samples is shown, which presents characteristic
diffraction peaks for both anatase and brookite TiO, crys-
talline phases.

The nanoparticles show peaks at 25.34° (111), 37.94°
(004), 47.94° (200), 54.40° (105)/(211), 62.90° (204),
and 68,67° (116) assigned to anatase phase according to
JCPDS 21-1272 (Table 1). Further, a low amount of the
brookite phase is identified by the presence of the diffrac-
tion peaks at 30.68° (121), 40.22° (022), 42.46° (221),
46.00° (032), and 60.00° (123), in agreement with the
JCPDS sheet 29-1360 (Di Paola et al. 2008; Mehraz et al.
2019). Moreover, the broad diffraction peaks indicate a

Fig. 1 XRD diffraction pattern

very small size crystallite, which can be estimated by the
Scherrer equation. Considering the diffraction peak at
25.34° ascribed to the anatase phase, the average crystal-
lite size of 8.39 nm is calculated (Zhao et al. 2007; Mehraz
et al. 2019).

It is worth remembering that the Scherrer equation is an
approximation and not an accurate method for estimating the
size of crystalline nanoparticles (Kibasomba et al. 2018).
However, this estimation suggests a nanometric nature
of the materials, indicating an important characteristic of
semiconductors applied in heterogeneous photocatalysis
(Moreira et al. 2020a). To prove the nanometric nature of
the materials, HR-TEM analyses were performed, and the
images are shown in Fig. 2. The heat treatment changes
the morphology and the particle size of the TiO, nanopar-
ticles (Fig. 2a and d). The histograms to Ti_50 showed a
platelets-shaped morphology and size distribution around
34.3 +12.5 nm with a slightly positive skewness (0.14),
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Table 1 Crystal.lographic Crystallographic = 26 (degree)# d (/&)* Intensity Observed ratio Expected ratio
parameters of Ti_400 sample phase (counts)
Anatase 25.34 3.5119 1341 100 100
Brookite 30.68 29117 115 9 90
Anatase 37.94 2.3696 366 27 20
Brookite 40.22 2.2403 55 18
Brookite 42.46 2.1272 35 16
Brookite 46.00 1.9714 93 16
Anatase 47.94 1.8960 476 35 35
Anatase 54.40 1.6852 405 30 20
Brookite 60.00 1.5406 46 3 7
Anatase 62.90 1.4763 229 17 14
Anatase 68.67 1.3657 101 8 6

#20, angle of the diffraction peak; *d, distance between atomic planes
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Fig.2 TEM images (a, d), histograms (b, e), and HR-TEM images (c, f) of Ti_50 and Ti_400, respectively

Table 2 Lattice fringes and the correspondent lattice planes

d-spacing (nm) Lattice plane 20 calculated (°)
0.185 (312)-b and (200)-a 49.2
0.192 (312)-b and (200)-a 47.3
0.195 (302)-b 46.5
0.197 (302)-b 46.0
0.215 (221)-b 42.0
0.216 (221)-b 41.8
0.336 (111)-b 26.5
0.339 (111)-b 26.3
0.344 (111)-b 25.9
0.346 (111)-b 25.7
0.348 (111)-b 25.6
0.350 (101)-a and (210)-b 25.4
0.355 (101)-a and (210)-b 25.1

which indicates a left-leaning curve, but near to symmetrical
distribution (Fig. 2b and e). On the other hand, the Ti_400
sample showed spherical-shaped particles with 9.4 £2.5 nm
and a positive skewness (0.78). In the HR-TEM images,
it was noticed the d-spacing of the lattice fringe domains
corresponds to brookite and anatase crystalline phases in
agreement to XRD (Fig. 2¢ and f). The fluctuation in the
d-spacing shown in Table 2 is due to the nanometric size of
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the sample Ti_400, and the large values observed to Ti_50
is a result of the amorphous character of the sample.

Figure 1b shows the Tauc plot and the bandgap energy
calculated for the Ti_400 sample, which is in agreement with
the anatase crystalline phase observed in the X-ray diffracto-
grams. The Ti_400 presents an indirect bandgap of 3.18 eV,
which is expected for anatase TiO, and is in accordance with
the literature (Beranek 2011; Tripathi et al. 2013). Numerous
studies show that TiO, anatase is photoactive and widely
used in studies of heterogeneous photocatalysis (Fang et al.
2017; Moreira et al. 2020a). Also, its nanometric nature and
bandgap close to 3.18 eV are two important properties for
the application of TiO, as a photocatalyst (Di Paola et al.
2008). Thus, the synthesis method applied in this study
proved to be efficient to achieve these characteristics of TiO,
after a short synthesis time (20 min) followed by heat treat-
ment at 400 °C for 2 h. Therefore, this material (Ti_400) was
applied in the photocatalytic degradation studies of ATZ to
investigate the influence of the heterogeneous process in the
degradation mechanism using UV-Vis spectrophotometry
aided by chemometrics.

Photolytic degradation of ATZ

Figure 3 showed the molecular absorption spectra (Fig. 3a)
and the chromatographic profiles (Fig. 3b) obtained at
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Fig. 3 Molecular absorption spectra (a) and chromatographic profiles
(b) of the UV photodegradation up to 60 min of a 5 mg L™' ATZ
solution

different time intervals from the ATZ photolytic degrada-
tion under UV irradiation.

The peak centered at 222 nm (Fig. 3a), which can be
attributed to ATZ, exhibited a decreasing absorbance as
the irradiation time increased, reaching its lowest value
at about 0.4 u.a. In contrast, the peak centered at 238 nm,
which can be attributed to HAT, exhibited an increase in
absorbance, confirming the conversion of ATZ to HAT
during the photochemical step (Moreira et al. 2016). Cor-
roborating with the molecular absorption results, the chro-
matograms (Fig. 3b) show the HAT formation as a result
of ATZ degradation. However, while DChro indicated 95%
ATZ removal in 30 min, DSpec indicated only 57% removal
at the same time interval. Also, at the maximum irradiation
time (60 min), ATZ removal remained at 57% according to
DSpec, in disagreement with the 99% ATZ removal shown
by DChro. 1t is also worth mentioning that the results of

the chromatographic analysis do not show the formation of
other by-products monitored in this study (DEAT, DIAT,
DEHAT, and DIHAT (Fig. S1)). Thus, both the amount and
the identity of the compounds that participate in the pho-
tolytic degradation process are corresponding by the two
analytical techniques used.

The first-order kinetic model (Eq. 1) that considers the
variation in ATZ concentration as a function of degradation
time was used to calculate the kinetic constant (k) and its
linear correlation coefficient (R?) (Samsudin et al. 2015).

ATZ,
‘final

in( =) = —kr

n<ATZ» ) M

initial

The k and R* mean values for ATZ at different concen-
trations were k=0.113+0.012 min™!/R*=0.992 +0.001 for
DChro and k=0.021 +0.004 min~'/R*=0.806 +0.045 for
DSpec, which confirms the inapplicability of DSpec in its
conventional use. Here, a difference of 85% was obtained
for the kinetic constants, while R? showed a linear corre-
lation only for DChro. Evidently, these appreciable differ-
ences of 38% in the ATZ removal and 85% in the kinetic
constant help to understand why chromatography is the
most used technique for monitoring the photodegradation
of organic compounds when compared to spectrophotometry
(Singh et al. 2018). The accuracy of DSpec was significantly
impaired due to the spectral interferences between ATZ and
HAT present in the same solution. According to Moreira
et al. (2017), the molar absorptivity coefficient for some by-
products is greater than that of ATZ at 222 nm, which justi-
fies the limitation of the drop in absorbance, as shown in
Fig. 3a. In this sense, to overcome the spectral interferences
and improve the DSpec reliability, a chemometric data treat-
ment (DChem) based on MCR-ALS was performed.

MCR-ALS was performed on each matrix obtained from
the degradation of the different ATZ concentrations. The
execution in each matrix was performed considering that
the photodegradation process could be dependent on the
ATZ concentration, which could result in a different num-
ber of species in each experiment as a result of the MCR-
ALS analysis. However, initial SVD analysis showed for
each experiment the presence of only two species during
the photodegradation process. Figure 4 shows the UV-Vis
spectra from ST matrix and the kinetic profiles from C matrix
(concentration profiles) obtained by MCR-ALS. Explained
variances and lack of fit values are, respectively, 2.00% and
99.96% for 3 mg L™! ATZ, 1.75% and 99.97% for 5 mg L™!
ATZ, and 1.24% and 99.98% for 10 mg L™ ATZ. These
values indicate that excellent fits were obtained.

The pure spectra obtained from the decomposition of X
are compared to the spectra obtained from standard solutions
of ATZ and HAT. As can be seen, component 1 obtained
from the MCR-ALS analysis has a spectrum very similar
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Fig.4 MCR-ALS resolved pure UV-Vis spectra (a) and kinetic profiles of the photolytic degradation of 3 mg L™! (b), 5 mg L™! (c), and 10 mg

L' (d) of ATZ

to the ATZ spectrum, while component 2 resembles the
HAT spectrum. The same number of species and spectra
obtained for all ATZ concentrations evaluated show the pho-
todegradation process followed the same pathway despite
the change on ATZ concentration, also presenting similar
kinetic profiles for ATZ consumption and HAT formation.
One can see that ATZ concentration decreased to half its ini-
tial concentration right before 10 min of UV light irradiation
and continued being reduced until disappearing afterward, in
agreement with the results obtained from chromatographic
analysis (Fig. 4b). Simultaneously, the kinetic profile cor-
responding to HAT formation appeared at the beginning of
the experiment reaching its maximum value at the end of the
time frame of the experiment.

Figure 5 shows the ATZ degradation curves (Fig. 5a)
and HAT formation (Fig. 5b) when the DChro, DSpec, and
DChem were normalized and compared. It is noted that the
graphic profile of the DChem was similar to DChro and
significantly improved compared to DSpec. Moreover, the
statistical analysis assuming a 95% confidence level (¢-test)
confirmed that there is no significant difference between
the DChro and DChem results for ATZ degradation and
HAT formation. However, the comparative data between
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DChro and DSpec showed a significant difference for the
degradation of ATZ and HAT production, reinforcing the
inapplicability of DSpec in its conventional use.

DChro and DChem showed an ATZ removal of 83 +3%
in 20 min, while DSpec showed removal of 53 + 1% in the
same time frame. Also, this removal reached 100 +0.2%
and 93+ 5% in 60 min to the DChro and the DChem,
respectively, while the DSpec exhibits only 55 +3% at
the same conditions. Here, the data evaluation in 20 and
60 min is due to the ATZ degradation profile, which was
more pronounced up to 20 min. This behavior in the deg-
radation mechanism of emerging contaminants has already
been shown in other studies, and the by-products when
formed act as competitors in the degradation process
(Moreira et al. 2019). Thus, as HAT was formed, a radia-
tion portion and possible oxidizing agents are consumed
by this compound (especially after 20 min), affecting the
ATZ removal. Therefore, DChro and DChem were limited
to 20 min to calculate the kinetic constant (k) and the lin-
ear correlation coefficient (R?) of ATZ degradation. The
values found were k=0.116 +0.004 min~'/R*>=0.996 + 0
.005 for DChro and k=0.093 +0.002 min~'/R*=0.998 +
0.001 for DChem.
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Fig.5 ATZ degradation (a) and HAT formation (b) calculated using
normalized DSpec, DChro, and DChem

The results show that the difference between the k values
is <20%, while R? values indicate the good fit of the theo-
retical model to the experimental data. These results and the
similarity between the kinetic profiles verified by the 7-test
confirm the applicability of MCR-ALS in the treatment of
molecular absorption spectra in the study of ATZ photodeg-
radation. To highlight the importance of HAT quantitative
monitoring and the applicability of MCR-ALS in providing
reliable data, a new hypothesis was tested for the calcula-
tion of k in this study. The chromatogram of Fig. 3b and
the MCR-ALS data in Fig. 4 confirmed HAT as the major
by-product formed during ATZ degradation, corroborating
with the literature that points out that HAT is present in the
first stage of the ATZ degradation mechanism (Moreira et al.
2017; He et al. 2019a). In this way, it is possible to suggest

Table 3 Kinetic constants calculated by the conventional approach
(Eq. 1) and by the new proposal (Eq. 6)

Data source k (min~') and k (min~!) and Difference of k

R? obtained by ~ R” obtained by  between Eq. 1 and
Eq. 1 Eq. 6 Eq. 6

DSpec 0.038/0.979 0.069/0.979 45%

DChro 0.116/0.996 0.099/0.995 15%

DChem 0.093/0.998 0.080/0.985 14%

that ATZ is totally converted to HAT in the first minutes of
the reaction, which was limited to 20 min due to the reasons
explained above. Thus, while Eq. 2 shows the conversion
stoichiometry from ATZ (CgH,,CIN;) to HAT (CgH;sNO),
the set of Eqgs. 3 to 6 presents the mathematical hypothesis
for calculating k.

CyH ,CINs + Hy0 + hv — C4H,sNsO + HC1 )

Equation 2 shows that the conversion stoichiometry of
ATZ HAT is 1:1, and therefore the valid equality is

ATZdegmded =HA Tformed (3)

Thus

ATZﬁnal = ATZinitial - ATZdegraded (@)

Replacing Eq. 3 in Eq. 4, we have
ATZﬁnal = ATZinitial - ATZformed ®))

Finally replacing Eq. 5 in Eq. 1, the new hypothesis for
calculating k is given by Eq. 6

ATZ, .. — HAT,,
li’l< ntial fo med) - —kt

ATZinitial (6)
Equation 6 represents an advance for obtaining k, since,
in most of this type of study, by-products such as HAT are
totally ignored, as well as their effects on the degradation
mechanism. Therefore, the new values of k and R* using the
DSpec, DChro, and DChem data were shown in Table 3.
The new values show a significant increase from k to
DSpec, evidencing the significant influence that HAT exerts
on the ATZ degradation kinetic mechanism and, therefore,
HAT cannot be ignored. On the other hand, the k and R?
values found for DChro and DChem show a slight decrease,
while the compatibility between these was maintained, as
shown by the differences k in the order of 15% and 14%,
respectively. Also, this observed decrease in k values for
DChro and DChem is justified by the greater capacity that
these techniques exhibit in providing quantitative data closer
to reality for ATZ and HAT. Especially for HAT, Fig. 3b
showed some unknown peaks, which may be the result
of the HAT degradation, causing a small deviation to the
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applicability of Eq. 6. However, it is worth noting that when
limiting the data treatment to 20 min, these deviations were
not significant, which is confirmed by the good R? values
obtained for DChro and DChem, confirming the reaction
stoichiometry is 1:1. Thus, it is possible to replace the chro-
matographic approach by the chemometric one with similar
efficiency, while k calculated by Eq. 6 provides a most real-
istic information for unveiling the ATZ degradation kinetic
mechanism.

Photocatalytic degradation of ATZ

In addition to photolytic studies, the literature broadly
addresses heterogeneous photocatalysis for degradation of
atrazine and other emerging contaminants (Chen et al. 2018;
Moreira et al. 2018; Paris et al. 2020). Thus, this study was
expanded to evaluate the application of MCR-ALS in the
analysis of the photocatalytic degradation of ATZ in the
presence of TiO,. According to the characterization data
(the “Nanomaterial characterization” section), Ti_400 was
applied for the photocatalytic degradation of ATZ under UV
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radiation (254 nm). Figure 6 shows the UV—Vis spectra and
the kinetic profiles recovered from MCR-ALS decomposi-
tion of the matrices obtained from photocatalytic experi-
ments. Explained variances and lack of fit values are, respec-
tively, 6.94% and 99.52% for 3 mg L' ATZ, 6.84% and
99.53% for 5 mg L~! ATZ, and 5.49% and 99.70% for 10 mg
L~! ATZ. The lack of fit values is higher than those observed
for ATZ photolysis, which may be related to the noisier spec-
tra obtained from the photocatalysis experiments caused by a
residual amount of TiO,. However, these values still indicate
that good fits were obtained.

As observed for ATZ photolysis, SVD analysis showed
the occurrence of only two species during ATZ photodeg-
radation with TiO, and UV radiation, independent of ATZ
concentration. The obtained pure spectra (Fig. 6a) can also
be attributed to ATZ and HAT. Kinetic profiles for ATZ
consumption and HAT formation (Fig. 6b, c, and d) also
show a behavior similar to that observed for ATZ photoly-
sis. However, some important differences have been noticed
for the experiments related to the degradation of ATZ at
3mg L' and 5 mg L™". In these experiments, one can see
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Fig.6 MCR-ALS resolved pure UV-Vis spectra (a) and kinetic profiles of the photocatalytic degradation of 3 mg L' (b), 5 mg L™! (¢), and

10 mg L' (d) of ATZ with TiO, (Ti_400) and UV radiation
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the concentration of HAT in =0 s is not null, indicating
a possible conversion of ATZ in HAT by the action of the
photocatalyst previously to UV radiation. This initial conver-
sion is proportionally higher in the experiment performed
with the 3 mg L™! solution, lower with the 5 mg L~! solu-
tion, and negligible with the 10 mg L™! solution. Despite
this initial photocatalytical activity, the complete removal
of ATZ (maximum HAT formation) is observed in the same
time frame as observed for ATZ photolysis. Figure 7 shows
the ATZ decay curve and HAT formation after the MCR
analysis of the molecular absorption spectra.

Applying Eq. 6 to calculate the k representative of the
photocatalytic degradation curve of ATZ (Fig. 7a) showed
a k=0.068 +0.008 min~'/R*=0.943 +0.003, considering
a first-order reaction mechanism. This result was approxi-
mately 15% lower than the constant found for the photolytic
step (k=0.083 +0.002 min~'/R*>=0.985 +0.001). The litera-
ture reports that different factors are responsible for influ-
encing the efficiency of the photocatalytic process, high-
lighting the initial pH of the reaction medium (Bakar and
Ribeiro 2016; Moreira et al. 2020b), the mass of the catalyst
(He et al. 2019a), and the efficiency of carrying charge on
the surface of the material (Truc et al. 2019; Moreira et al.
2020a). As pointed out earlier, the focus of this study was to
show that the MCR is applicable to solve molecular absorp-
tion spectra in both photolytic and photocatalytic studies,
and, therefore, the optimal conditions of degradation have
not been investigated. In addition, the R?>=0.943 +0.003
obtained after the photocatalysis confirmed that the MCR
treatment was efficient to achieve a reliable result after the
photocatalytic degradation of ATZ.

Corroborating the effective applicability of MCR to solve
the photocatalytic degradation of ATZ, Fig. 7b showed the
formation profile of HAT for photocatalysis. Thus, the lower
formation of HAT in the photocatalytic stage corroborates
with the lower degradation of ATZ and, therefore, the MCR

was efficient to show the correlation in the degradation
mechanism. Therefore, after proving the applicability of
MCR to solve ATZ molecular absorption spectra in both
the photolytic and photocatalytic processes, other gains were
highlighted in this study.

Economic and environmental gains associated
with the MCR application

The applicability of MCR as an analytical tool for monitor-
ing ATZ and HAT after photodegradation was verified in
this study. However, the advantages of using this tool have
been expanded to highlight its economic and environmental
gains compared to chromatographic analysis. The opera-
tional parameters of the chemical analyses presented in the
“Chemical analysis” section were used to estimate the time
required for analysis and the total volume of chemical waste
generated (Table 4).

Table 4 shows that the analysis time demanded by the
spectrophotometric measurements represents only 1.5% of

Table4 Time required for analysis and total volume of chemical
waste generated throughout spectrophotometric or chromatographic
analyses in this study

Analytical method Performed Time spent in Residue from the

analyses the analysis * analytical process
amount
Chromatographic ~ 130%** 24 h 1.43 L#**
Spectrophoto- 60 0.33 h -
metric

“Time required for each analysis: spectrophotometer=0.33 min;
HPLC=11 min

**40 analyses refer to the calibration curve construction

skt

Of the total volume of analytical waste, 36% corresponds to ace-
tonitrile

Fig.7 Comparison between (a) (b)
photolytic and photocatalytic
degradation of ATZ (a) and 104 =—j i —
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the time demanded by the chromatographic ones to perform
the same photodegradation experiment. Moreover, while the
chromatographic analysis required a calibration curve, the
application of the MCR dispensed this step, without preju-
dice to the final result. As for chemical waste generation,
the spectrophotometric analysis followed by MCR treatment
generated only a negligible volume, while a volume of 1.43
L was produced at the end of the chromatographic analysis.
In addition, data can be obtained more quickly by using the
MCR, which can be considered environmentally friendly.

Conclusions

In this study, the use of spectrophotometry and chroma-
tography as analytical tools were investigated to monitor
photodegraded ATZ solutions. In 60 min of UV irradiation,
the removal of ATZ reached a maximum value of 55+3%
(DSpec) and 100 +2% (DChro), showing a difference of
45% in removal efficiency. The presence of HAT was con-
firmed by both techniques and its interference in the ATZ
absorption band (222 nm) was responsible for influencing
the removal calculation using the DSpec in its raw form.
Thus, the use of MCR was applied to solve the molecu-
lar absorption spectra and found the removal of 93 +5%
for ATZ (DChem). Statistical analysis with a 95% confi-
dence level (z-test) proved that the results found for ATZ
and HAT obtained by DChro and DChem are equivalent
for photolytic degradation of ATZ. After the validation
of DChem, a new hypothesis was considered to calculate
the ATZ degradation kinetic constant taking into account
the concentrations of ATZ and HAT. Following this new
hypothesis, the values of k were: k=0.069 min~'/R*=0.979
for DSpec, k=0.099 min~!/R*=0.995 for DChro, and
k=0.080 min~!/R*>=0.985 for DChem. After validating
the MCR-ALS results and the new hypothesis for calcu-
lating k, these were applied to calculate the k value dur-
ing the photocatalytic degradation of ATZ in the presence
of TiO,. Thus, since it has the highest crystallinity and a
bandgap of 3.18 eV, the Ti_400 was applied to assess pos-
sible interferences in the MCR treatment of the molecular
absorption spectra of photodegraded ATZ. Again, MCR
was efficient to solve the molecular absorption spectra of
ATZ obtained after heterogeneous catalysis (Ti_400), elim-
inating the use of chromatographic analyses and finding
k=0.068 min~!/R*=0.943. Further, to obtain the DSpec,
no chemical residue from the analytical process was gener-
ated, and the time required for the analyses (0.33 h) was less
than the chromatographic analyses (24 h). Thus, a simple,
fast, efficient, more accessible, and environmentally friendly
procedure was presented to monitor ATZ and HAT in stud-
ies of advanced oxidation. Therefore, this study showed
that ATZ and HAT can be efficiently monitored using
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spectrophotometry-chemometrics, while the calculation of
k (min™h) considering the concentrations of ATZ and HAT
is more representative with respect to the ATZ degradation
mechanism.
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