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Abstract 

 

The in situ study of the photodegradation of carbofuran deposited on a TiO2 

catalyst film under UV light was carried out using the ATR-FTIR technique. 

The data were analyzed using a Hard–Soft Multivariate Curve Resolution-

Alternating Least Squares (HS-MCR-ALS) methodology. Using S-MCR-ALS, 

four factors were deduced from the evolving factor analysis of the data, and 

their concentrations and spectra were determined. These results were used to 

draw qualitative and quantitative analyses of the major products of 

carbofuran photodegradation. The results of this analysis were in good 

agreement with GC-MS results and with reported mechanisms. Hard-MCR-ALS 

was then used to refine the spectra and concentrations, using a multistep 

kinetic model. The rate constant for the first step in the photodegradation of 

carbofuran was found to be 2.9 × 10–3 min–1. The higher magnitude of the 

correlation (96.87%), the explained variance (99.87%) and LOF (3.01), are 

good indicators of the reliability of the outcome of this approach. This method 

has been shown to be an efficient approach to study in situ photodegradation 
of pesticides on a solid surface. 

Introduction 

Carbofuran (2,3-dihydro-2,2-dimethyl-7-(N-methylcarbamate-7-

benzofuranol) is a broad-spectrum carbamate insecticide and 

nematicide widely used to control several soil-borne insects and 

nematodes found in potatoes, corn, rice, alfalfa, grapes, and other 

agricultural crops. It is an inhibitor of acetyl-cholinesterase and highly 

toxic to fish and mammals.1,2 This pesticide is directly sprayed onto 

soil and plants immediately after emergence, presenting itself as a 

potential pollutant. Therefore, a study of its photolysis in solid phase, 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
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as one important pathway of its degradation, is needed. However, 

studying photodegradation on solid surfaces is more difficult than in 

solution and suspension for several reasons. First, there is the 

difficulty in the quantification of light absorption in thicker particulate 

layers. Second, extraction of adsorbed photoproduct could prevent the 

detection of labile products. Third, it is difficult to maintain 

homogeneous conditions (temperature, humidity, composition) in 

thicker layers of particles.3,4 

 

A suitable approach to avoid these difficulties consists of 

irradiation of micrometer thick layers of particles coated on an 

attenuated total reflectance (ATR) element while monitoring the 

phototransformation by infrared spectroscopy. ATR-FTIR has been 

applied previously to study adsorption of organic molecules on oxide 

layers.5-8 Using this technique allows for monitoring the disappearance 

of the initial compound and the appearance of a range of functional 

groups, while obtaining real time information on the system without 

disturbing the system. 

 

Although infrared spectroscopy has been employed for 

qualitative and quantitative analysis, the identification of each 

component from FTIR mixture spectra is difficult, particularly when 

photoproducts have very similar structures with widely overlapped 

absorption bands. While it is easier to obtain quality spectra when the 

concentration of the substrate is large, the amount of photochemical 

product may not be sufficient to be observed in the presence of the 

starting substrate. On the other hand, low concentrations of substrate 

make it difficult to obtain high quality spectra. One way to overcome 

this limitation is by using a catalyst film, with higher substrate 

concentrations, so that one can observe detectable kinetics. For 

instance, Araña et al. have recorded FTIR measurements to follow the 

degradation of highly concentrated phenolic solutions by TiO2 

photocatalysis and photo-Fenton process.9,10 The photocatalytic 

properties of semiconducting TiO2 particles have been extensively 

studied as a promising method for the treatment of organic 

contaminants.11-13 In the presence of oxygen, illumination of TiO2 

particles produces hydroxyl radicals, known as potential oxidants of 

organic molecules. 
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Pesticides can be degraded in the environment by a number of 

processes. Most closely related to this work would be the degradation 

of pesticides on dry soil. The focus of this study is on the reaction at 

solid surfaces. The method described here is an efficient method for 

identifying the degradation steps in the photolysis of pesticides with a 

minimum of chemical separation steps. The in situ FTIR method is a 

rapid and efficient method to identify intermediates for the study of 

the photolysis of pesticides. This technique eliminates the solvent 

extraction steps and provides a “greener” procedure for this analysis. 

In addition to the photodecomposition on solids, an understanding of 

the kinetics of the reaction would be useful for the development of 

techniques for the solar photodegradation of pesticides in water.14 

Solid surfaces have been shown to be efficient in the photochemical 

decomposition of pesticides in water14-16 and have been proposed as a 

method for the removal of pesticides from leaching water.14,16 

 

ATR-IR spectroscopy has been shown to be an efficient method 

for the study of photochemical reactions. This methodology has been 

reviewed by McQuillan17 to probe the photocatalysis of particle films. 

Some recent examples of the use of this methodology will be cited 

here. Mul et al. have used ATR-IR spectroscopy to the study the 

kinetics of the photochemical oxidation of cyclohexane on solid 

surfaces.18-20 This methodology was also utilized by Bürgi et al. to 

examine the photochemical decomposition of malonic acid.21,22 Frei et 

al. have used the rapid scan technique to identify surface 

intermediates in the oxidations of water.23 

 

The combination of infrared spectroscopy with mathematical 

resolution complements the chemical separation techniques. Having 

the advantage of exploiting full spectral data points by using 

simultaneously a large number of analytical signals, Multivariate Curve 

Resolution Alternating Least Squares (MCR-ALS) has been proposed 

for the extraction of analytical information from spectroscopic data.24,25 

In this method, data analysis can be achieved by a soft-modeling 

method (by applying natural constraints) or by a hard-modeling 

method (when a chemical model is available). Recently, attention has 

been directed toward the combination of hard- and soft-modeling 

methods to have the advantages of both methods and to obtain more 

reliable results.26,27 
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The present investigation presents an in situ study of 

photodegradation of carbofuran deposited on TiO2 film under UV light, 

using the ATR-FTIR technique coupled to MCR-ALS methods. The use 

of HS-MCR-ALS allows examining both kinetic and mechanistic aspects 

of the photochemical reaction. 

Materials and Methods 

Experimental Procedure 
 

The catalyst film was first deposited on the surface (3.75 cm2) 

of the ATR crystal by applying 0.5 mL of a suspension (6 mg/mL) of 

TiO2 (Aeroxide P25 Titania, Aldrich) in methanol (Spectrophotomeric 

grade, Alfa Aesar) and allowing the solvent to evaporate. Then, 0.5 mL 

of carbofuran (98%, Aldrich) solution (2 mg/mL) in methanol was 

pipetted on the TiO2 film surface and was kept in the dark to dry under 

ambient air. The overall thickness was 4.2 μm, as a sum of the two 

layers of 1.9 μm of TiO2 and 2.3 μm of carbofuran. Spectral 

measurements started simultaneously with the irradiation, after 

complete removal of the solvent. There was no infrared spectral 

evidence for the presence of water in the solid under these conditions. 

For extraction of the residual pesticide, the film was washed with 20 

mL of dichloromethane, filtered with 50 μm filter paper, and analyzed 

by GC-MS. The TiO2 was dried under a vacuum overnight prior to use. 

The experiment was carried out under ambient conditions. 

 

Apparatus 
 

Spectra were recorded on an FTIR spectrophotometer 

(Spectrum100 Series) equipped with 45° Horizontal ZnSe attenuated 

total reflectance (ATR) accessory (PIKE MIRacleTM, PIKE technology). 

The absorbance spectra were the average of 32 spectra at 1 cm–1 

resolution and over a spectral detection range of 3500–850 cm–1 and 

were taken every 10 min for a total irradiation time of 85 h. A 

background on TiO2 film (in the same resolution and scanning 

conditions) was carried out before depositing the pesticide layer. 

 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
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UV light (220–366 nm) was produced by a mercury lamp 

(Photochem lamp, 5″ A.L. UV Immer type), which was placed vertically 

on top of the ATR accessory, such that the film deposited on the 

crystal can be spectrally monitored while irradiated. The irradiation 

chamber was covered with aluminum foil in order to prevent UV light 

from escaping from the apparatus. The inner temperature was 

measured at 28 °C during irradiation time. Measured irradiance, in the 

same conditions and at a distance of 10 cm from the lamp, was I0 = 

5.2 W·cm–2. The temperature of the surface was checked during and at 

the end of the irradiation time, and no evidence of heating was found. 

 

Chromatographic analysis was carried out by a spectrometer 

GC-FID (Agilent 6850), equipped with a column HP-5 (5% 

phenylmethylpolysiloxane, 30 m, 0.32 mm, 0.25 μm). The 

temperature program of the GC-FID was selected as follows: 80 °C 

held for 10 min, 80–250 °C at 5 °C min–1, 250 °C held for 60 min. 

Each sample with 3 μL was injected twice. 

 

Quantum Computations 
 

Full geometry optimizations of carbofuran were carried out by 

the B3LYP method with the 6-311++G(d,p) basis set used in our 

previous work.28 Vibrational frequency analysis was employed to 

assess the nature of optimized structures. All computations were 

performed using the Gaussian 09 program.29 

 

Chemometric 
 

All ATR-FTIR spectra recorded during the irradiation of 

carbofuran were arranged in a data matrix D(r × c) where r(2651) is 

the number of wavenumbers and c(511) is the number of spectra. 

 

The rank analysis was carried out using singular value 

decomposition (SVD), and the number of factors (n) was determined 

by evaluating the real error (RE) and the indicator factor function 

(IND).30 

 

http://dx.doi.org/10.1021/es400800v
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The real error is the difference between the pure error-free data 

and the raw experimental data,31 λi° are the eigenvalue values from 

the factor analysis, r and c are the number of rows and columns, 

respectively, of the data, and n is the number of principal factors. The 

indicator factor function reaches a minimum when the number of 

factors (n) in the chemometric analysis is equal to the number of 

factors in the data. 

 

Evolving factor analysis (EFA) was applied to obtain knowledge 

about the evolution of the process components throughout the 

photodegradation reaction, i.e., when they emerge and when they 

decay.32 The properly treated EFA results were afterward employed as 

an initial estimate of the concentration profiles in the first MCR-ALS 

analysis.33,34 In this first soft-modeling analysis, unimodality, non-

negativity, and closure constraints were applied for concentrations 

profiles. The resolution quality was evaluated by the explained 

variance R2 and the lack of fit (LOF) 

 

 
 

where dij is the experimental absorbance at the jth wavenumber in the 

ith spectrum, and d̂ij is the corresponding value calculated by ALS. 

 

In the HS-MCR-ALS approach, the hard-modeling constraint was 

applied by fitting the soft-modeled concentrations to a selected kinetic 

model using the Marquardt–Levenberg algorithm for iterative least-

squares fitting of nonlinear parameters.35 Then the fitted profiles were 

used to update the soft-modeled ones in the ALS loop, and the rate 

constants were generated as additional information (Figure 1). The 

calculations were performed in a MATLAB environment (Mathworks, 

R2011b). 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/es400800v#fig1


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Environmental Science & Technology, Vol 47, No. 15 (August 6, 2013): pg. 8650-8657. DOI. This article is © American 
Chemical Society and permission has been granted for this version to appear in e-Publications@Marquette. American 
Chemical Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without 
the express permission from American Chemical Society. 

8 

 

 
Figure 1. HS-MCR-ALS approach. 

Results and Discussion 

The photodegradation of carbofuran deposited on TiO2 film was 

conducted under UV irradiation, using ATR-FTIR spectroscopy. In order 

to overcome the sensitivity limitation of this technique, an optimized 

concentration of 1.0 mg pesticide/3.0 mg substrate was used to enable 

better spectrum quality, while allowing for a significant 

phototransformation to occur under our experimental conditions. It is 

worth noting that an irradiation of deposited carbofuran film alone 

(without catalyst film) on the ATR crystal, and under the same 

experimental conditions, did not result in any detectable 

phototransformation (no changes in the spectrum). 

 

Band Assignments 
 

Vibrational spectral assignments have been performed on the 

recorded ATR-FTIR spectrum based on the theoretically predicted 

wavenumbers by the B3LYP method using the 6-311++G(d,p) basis 

set. The observed spectra are in good agreement with the simulated 

spectra shown in Table 1. Six major peaks were identified 3360, 2975, 

1715, 1617, 1233, and 1127 cm–1 corresponding respectively to N–H, 

C–H, C═O, C═C, C–O, and C–N bonds. Atomic displacements of 

selected modes are shown in the Supporting Information. 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
http://pubs.acs.org/doi/full/10.1021/es400800v#tbl1
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Table 1. Bands Assignment and Their Vibrational Modes Using DFT 

Calculations 

experimental B3LYP/6-311++G(d,p)   

frequency (cm-1) absorbance frequencya (cm-1) intensity vibrational mode 

3360 0.16 3643.6 101.00 N–H Str 

2975 0.05 3106.1 52.73 C–H Str 

1715 0.6 1744.7 758.85 C═O Str 

1617 0.03 1644.9 24.42 C═C Ar Str 

1233 0.3 1236.5 381.55 C–O Str 

1127 0.21 1124.6 154.70 C–N Str 
aNonscaled frequencies. To our knowledge, no scaling factor was reported for B3LYP/-
6311++G(d,p). A linear correlation (R2 = 99.52%) between calculated and 
experimental frequencies is included in the Supporting Information. 

 

Exploratory Analysis 
 

The ATR–FTIR spectra recorded during the photodegradation of 

carbofuran under UV light is shown in Figure 2. A preliminary 

examination of the spectral evolution during the irradiation time 

showed the important changes in the different spectral zones. During 

the first few hours, the intensities of N–H and C–N peaks decreased, 

while a new band appeared at 1650 cm–1. As the exposure time 

increased, another new band appeared at 3400 cm–1, while the C–O 

and C═O bands decreased. In fact, the interpretation of these 

variations was complex and needed to be deconvoluted using 

chemometric methods. 

 

 
Figure 2. Evolution of ATR-FTIR spectrum of deposited carbofuran on the TiO2 film as 
a function of irradiation time. 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
http://pubs.acs.org/doi/full/10.1021/es400800v#t1fn1
http://pubs.acs.org/doi/full/10.1021/es400800v#notes-1
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Chemometric Analysis 
 

In order to understand the spectral changes, we considered the 

HS-MCR-ALS approach introduced above. The first step was the 

determination of the number of principal factors by subjecting our 

experimental data set to SVD. The first 10 eigenvalues values and 

their corresponding RE and IND are summarized in Table 2. The 

results show that beyond the fourth factor, the consecutive variations 

tend to zero. Indeed, the SVD analysis suggests a minimum of four 

factors to explain the systematic variations of the data (or signal) 

while the rest can be attributed to noise. 

 

Table 2. Singular Values and Their Corresponding RE and IND 

factor eigenvalues value RE × 104 IND × 109 

1 491.1536 58 22.14 

2 42.1777 13 5.07 

3 1.8984 6 2.16 

4 0.2028 4 1.55 

5 0.0742 3 1.25 

6 0.0526 3 0.99 

7 0.0153 2 0.9 

8 0.0106 2 0.83 

9 0.007 2 0.78 

10 0.0057 2 0.74 

 

Evolving factor analysis (EFA) provides additional information on 

the principal factors as well as their emergence and disappearance in 

the process of carbofuran phototransformation. Figure 3 shows three 

clear emergent profiles, in both forward and backward directions, and 

a fourth one not well separated from the noise level. The combination 

of the forward and backward analysis enabled us to estimate the 

concentration profiles of these factors. These initial estimates of the 

concentrations are not normalized, where concentration of each 

species evolves independently from others. These profiles are then 

subject to resolution by MCR-ALS using soft constraints. 

 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
http://pubs.acs.org/doi/full/10.1021/es400800v#tbl2
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Figure 3. Combined forward and backward EFA. 

Resolution with S-MCR-ALS 
 

The first MCR-ALS was performed using the EFA profiles as 

initial estimates of the concentration profiles and soft-modeling 

constraints (non-negativity, unimodality, closure) were applied. In 

fact, the convergence was completed after four iterations with an 

explained variance of 99.85% and a LOF of 3.262. These values 

indicate that this resolution fits very well with our experimental data 

and provide a satisfactory description of the variation with four factors. 

 

 
Figure 4. Resolved concentrations by S-MCR-ALS. 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
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Figure 5. Resolved spectra by S-MCR-ALS. 

The concentration profiles obtained by this S-MCR-ALS and their 

corresponding spectra are shown in Figures 4 and 5. Figure 6 showed 

that there was good agreement between the calculated and the 

experimental spectra of carbofuran. 

 

 
Figure 6. Calculated and experimental spectrum of carbofuran. 

Qualitative Analysis 
 

Once the individual spectra were obtained, we were able to 

carry out a qualitative analysis of the spectra in order to identify the 

chemical nature of the four factors. For better exposition of the results, 

the spectra are displayed in a 2D graph (Figure 7). We can summarize 

the main changes going from one factor to another as a function of 

irradiation time, as follows: 

 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
http://pubs.acs.org/doi/full/10.1021/es400800v#fig4
http://pubs.acs.org/doi/full/10.1021/es400800v#fig5
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The transition from the first factor (carbofuran) to the second 

factor mainly showed the disappearance of the N–H frequency, 

decrease of C–N frequency, and growth of an adjacent carbonyl band 

around 1650 cm–1. Moving from the second to the third factor 

exhibited an emergence of a large O–H band around 3400 cm–1 and a 

decrease of C–O frequency and C═O frequency. Finally, going from the 

third to the fourth factor showed an increase in the O–H band, a quasi-

disappearance of the C═O band, and an emergence of a new peak 

around 890 cm–1. 

 

Based on this analysis, the second factor is a product of the 

cleavage of the C–N carbamate bond, while the third factor is a result 

of the cleavage of the C–O carbamate group to form a phenol. The 

fourth factor could be attributed to photoproducts due to further 

oxidation by hydroxyl radicals. 

 

 
Figure 7. 2D representation of resolved spectra by S-MCR-ALS. 

GC-MS 
 

Product identification was also conducted using GC-MS, which 

was used for qualitative examination of S-MCR-ALS results. GC/MS 

analysis was obtained after the photolysis and revealed the presence 

of several compounds. Several elution bands were observed (see the 

Supporting Information). The first elution band at 22.5 min had a 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
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parent m/z ratio of 164. This corresponded to Species 3 in Figure 8 

(2,3-dihydro-2,2-dimethyl-7-benzofuranol). The second elution band 

elution band at 30.5 min with an m/z ratio of 192 was attributed to 

Species 2, Figure 8 (2,3-dihydro-2,2-dimethyl-7-benzofuranol-7-

formate). Both these species have been reported as intermediates in 

the Fenton oxidation of carbofuran.28,36,37 Species 2 was formed by the 

cleavage of the C–N carbamate bond, while Species 3 was formed by 

hydrolysis of the formate ester.37 The third elution band at 32 min was 

residual carbofuran (Species 1, Figure 8) with an m/z ratio of 221. 

 

It is important to mention that this mechanism is in good 

agreement with the one proposed by Qiquan and Lemley on the 

carbofuran photodegradation by an OH• hydroxyl radical using the 

Anodic Fenton Treatment (AFT).38 According to the authors, the C–N 

carbamate bond was the primary attack site by the hydroxyl radical, 

followed by a second attack of the C–O carbamate bond. 

 

Figure 8 shows the proposed structures for the first two major 

photoproducts with their molecular masses and the main changes 

observed in the ATR-FTIR spectrum. The cleavage of the C–N 

carbamate bond resulted in a decrease of N–H and C–N peaks in the 

infrared spectrum. In addition, the carbonyl band upshifted in factor 2, 

due to the loss in conjugation with the removal of the amide group. 

Further photodegradation by cleavage of the phenoxy bond resulted in 

a decrease of its corresponding infrared peak and the carbonyl peak, 

while a large O–H band emerged. The band for Species 3 (2,3-dihydro-

2,2-dimethyl-7-benzofuranol) at 1670 cm–1 was observed in Factor 3. 

 

 
Figure 8. Molecular structures of the major photoproducts and correlated changes in 
the ATR-FTIR spectrum. 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
http://pubs.acs.org/doi/full/10.1021/es400800v#fig8
http://pubs.acs.org/doi/full/10.1021/es400800v#fig8
javascript:void(0);
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/es400800v#fig8
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Factor 4 was consistent with the final product in the scheme 

proposed by Wang and Lemley.38 In particular, a band was observed at 

1670 cm–1, which is consistent with the literature spectrum of Species 

4 (7-hydroxy-2,2-dimethyl-3(2H)-benzofuranone). In addition, a broad 

band at 3400 cm–1 was observed in Factor 4 and Species 4, though 

this band overlaps with other species present in the final spectrum. 

Evidence of this species was also found in the GC/MS with a signal at 

m/z = 178, though the band was not well separated from Species 2 

(second elution band). 

 
 

Kinetic Analysis with HS-MCR-ALS 
 

From a practical point of view, it is important not only to detect 

the formation of photoproducts but also to evaluate their kinetics of 

formation and degradation. This information can be obtained via a 

hard modeling by applying a kinetic model as a restriction on the 

concentration profiles obtained by S-MCR-ALS. The application of this 

hybrid approach HS-MCR-ALS can therefore enable to describe the 

reaction mechanism and then to evaluate the rates constants. 

From the shape of the concentration profiles resolved by S-MCR-ALS, 

and taking into account the qualitative analysis, the suggested kinetic 

model is based on three consecutive reactions where the kinetics of 

the first two reactions are first-order while the third is zero-order 

 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
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where k1, k2, and k3 are the rate constants. 

 

Under our experimental conditions, the continuous irradiation of 

TiO2 provides a constant concentration (steady state conditions) of the 

hydroxyl radicals. Thus, the kinetic laws can be written as 

 

 
 

As required for the resolution of this system, the initial concentration 

of carbofuran (factor 1) has been normalized so that those of other 

products are zero: 

 

 
 

The analytical solution is 

 

 
 

 
 

where the concentration of D can be resolved numerically as follows: 

 

 
 

Using the Levenberg–Marquardt algorithm, first estimations of 

rate constants are generated by fitting the soft resolved concentrations 

to simulated ones where the average correlation was 86.9% (H-MCR-

ALS). Then these rate constants were used as input for a second S-

MCR-ALS, and new resolved concentrations are obtained. Figure 9 

illustrates the good agreements between the simulated and the new 

resolved concentrations, with a better correlation of 96.44%. 

 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
http://pubs.acs.org/doi/full/10.1021/es400800v#fig9
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Figure 9. Simulated and resolved concentrations by HS-MCR-ALS. 

The HS-MCR-ALS convergence was completed after only three 

iterations and with an explained variance of 99.87% and LOF of 3.01. 

These values are better than those obtained previously by S-MCR-ALS. 

The magnitude of these indicators is also well elucidated by the quality 

of the spectra recovered by the HS-MCR-ALS procedure (see the 

Supporting Information). 

 

Table 3 summarizes the updated rates constants, where the 

average rate constant of carbofuran photodegradation under our 

experimental conditions was 2.9 × 10–3 min–1, corresponding to a half-

life of 4 h. Longer half-lives, ranging from 34 to 170 h, were reported 

recently in the work of Wang et al., on the effect of TiO2 on carbofuran 

photodegradation in soil surface. These times, though, were for the 

total mineralization of the pesticides, which was not measured in this 

study (and would be considerably longer than the rates observed 

here).39 As introduced earlier, in addition to other factors (chemical 

composition of the substrate, irradiation source, etc.), the layer 

thickness would have a substantial effect on the rate of the 

photodegradation due to heterogeneous conditions within the layer 

and diffusion process. The zero-order reaction for the last step 

probably indicates that the photolysis was the rate limiting step. 

 

Table 3. Rate Constants after HS-MCR-ALS Resolution 

    rate constants (× 10–3 min–1) 

model correlation (R%) k1 k2 k3 

A(t) 99.45 2.54 - - 

B(t) 95.54 3.19 0.55 - 

C(t) 94.32 3.00 1.05 0.09278 

http://dx.doi.org/10.1021/es400800v
http://epublications.marquette.edu/
http://pubs.acs.org/doi/full/10.1021/es400800v#notes-1
http://pubs.acs.org/doi/full/10.1021/es400800v#tbl3
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    rate constants (× 10–3 min–1) 

model correlation (R%) k1 k2 k3 

av 96.44 2.91 0.80 0.09278 

 

An efficient approach to study in situ photodegradation of 

pesticides in solid phase has been presented in the present work. As a 

green alternative to standard chromatographic methods, the ATR-FTIR 

technique coupled to MCR-ALS methods presents a suitable approach 

to circumvent difficulties in studying photolysis on solid particles. This 

approach allowed examining both kinetic and mechanistic aspects of 

the photochemical reaction in real time. Other competitive 

chemometric techniques for the analysis of reaction kinetics such as 

two-dimensional correlation spectroscopy40 and modulation 

spectroscopy41 have been mostly applied to spectral changes due to 

environmental or conformation changes rather than irreversible 

reaction schemes.42 Finally, this investigation will serve as a platform 

for future works expanded to more complex systems. 

Supporting Information 

Correlations between the experimental and theoretical frequencies of 

carbofuran (as calculated by DFT). The evolution of the FTIR spectra during 

irradiation as 2-D plots for various irradiation times is shown. In addition, the 

variation as a function of time of the IR bands for various functional groups 

has been plotted. Graphical plots for the evolving factors analysis are shown 

as well as the concentrations calculated by S-MCR-ALS and H-MCR-ALS. 

Selected mass spectra obtained at different elution times during the gas 

chromatographic elution are shown. This material is available free of charge 

via the Internet at http://pubs.acs.org. 
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