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Abstract: Chemical oxidation is a key technique used in dye wastewater treatment via the formation of hydroxyl radicals. 

To obtain optimal treatment effects, it is critical to understand the interaction of the molecular structure of the dye with the 

hydroxyl radical. We evaluated fluorescence excitation-emission matrix spectroscopy to study the decay of an azo-dye 

(Procion Red MX-5B) by a hydroxyl radical generated from catalytic Fe (III) on H2O2. Results showed that fluorescence 

signal reliably indicated the variations of the chemical groups and components during degradation, and the degradation 

could be divided into three stages: initial degradation (decolorisation), rapid intermediate degradation, and final 

degradation. Under control of uncorrected matrix correlation, the fluorescence fractions could be fitted successfully by 

parallel factor model (PARAFAC) model: two fluorescence components in initial degradation including mono substituted 

benzene and mono substituted naphthalene, three components as multi substituted benzene in rapid degradation, and no 

components could be resolved in the final degradation. The results from the study demonstrate the utility fluorescence 

characterization of dye degradation mechanisms and enhance the understanding of the degradation mechanisms. 
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1 INTRODUCTION 

Dye wastewater from the dye and textile industry typically exhibits high COD and chroma as well as salinity, and is poorly 

biodegradable, and treatment is not easy. Treatment methods include physic-chemical [1, 2] and biological methods [3, 4]. 

Among them, the application of chemical oxidation [5, 6] has demonstrated the potential of a wide range of oxidants (for 

example, potassium permanganate, ozone, hydrogen peroxide, hypochlorite, fenton reagent) to rapidly oxidize and 

decompose organic matter. The molecular pathway for degradation has been studied using a range of conventional 

techniques including Ultraviolet (UV) adsorption and gas chromatography/mass spectrometry (GC/MS) [7-9]. The former 

is mainly used for analysis of basic structure of dyes and determination of dye concentration. The latter is mainly used for 

further analysis of degradation pathway and intermediate degradation products. Although GC/MS is a sensitive analytical 

tool, it is time-consuming and a complex process to be used effectively to direct treatment systems. Alternative approaches 

are needed to improve analytical feedback on treatment steps. 

 

Fluorescence excitation-emission matrix spectroscopy has not been widely considered in waste-water treatment but offers 

a responsive alternative to UV and GC/MS. The synchronous scanning across the range of excitation wavelength and 

emission wavelength can generate a profile spectrum, unlike the one-dimensional scanning of ultraviolet-visible 

wavelengths. It can indicate the structure of organic matter and organic matter variations in aquatic environment, reveal 

the components of organic matter [10-13]. However, fluorescence excitation-emission matrix spectroscopy is mainly used 

in analysis of natural organic matter, and the components identified during model fitting are rarely changed. In contrast 

during the oxidation process of dye molecules, the dye structure is easy to cleave, leading to changes in the spectral response. 

As a result the challenge is to use a parallel factor model to decompose this varied fluorescence and reveal mechanistic 

steps during degradation. Little is known of this process during chemcial oxidation. 

 



In the process of catalytic decomposition of H2O2 by Fe (III) ions, Fe2+ is produced by the catalytic decomposition of H2O2 

by Fe3+, and then the organic molecules are oxidized by the·OH from the reaction of Fe2+ and H2O2 [14]. Barb et al. (1951) 

and Walling and Weil (1974) [15], produced early reports of the catalytic mechanism of reaction. Subsequently, the 

degradation of organic matter by Fe (III)/H2O2 has been of great interest [16-19]. Hydrogen peroxide in iron-based 

flocculation can not only oxidize the refractory organics, but also coagulate degradation products, providing a key practical 

role in water treatment. In our previous study [14], we showed that it is very efficient in degradation of dye solution, but 

incomplete characterization of the degradation mechanisms. In this study, we used fluorescence excitation-emission matrix 

wavelength spectroscopy to analyze dye degradation process. 

 

2 MATERIALS AND METHODS 

2.1 Materials 

The organic dye, which was used investigated in this study, was Procion Red MX-5B, a water soluble monoazo dye used 

widely to dye cellulose, nylon, silk and wool. Its stock solution was prepared by dissolving 1.0 g of the material in 1.00 L 

of Milli-Q water (18.2 MΩ cm, Millipore Co.). Polymeric ion salts that provides Fe (III) source for catalytic H2O2 

producing hydroxyl radical was prepared in the lab by oxidation of ferrous sulfate by sodium chlorate into Fe (III). 

Hydrogen peroxide (30% w/w H2O2) was used in this experiment. All reagents for this study were of analytical reagent 

grade and used without further purification.  

 

2.2 Experimental 

The decay reaction of the dye solution was conducted using polymeric ion salt and 30% w/w H2O2. In each experimental 

run a 40 mL aliquot of solution sample was transferred into a sterile 50 ml oak ridge centrifuge tube (polypropylene). After 

adding a polymeric ion salt at 1.07 mM and H2O2 at 1.31 mM into water samples, they were stirred for fixed time. The 



sample was extracted to measure water quality parameters. Chemical Oxygen Demand (COD) was measured using DR2800 

from USA, of which removal degree by calculated at the percentage rate of the COD reduction to the initial value. 

Chromaticity of the dye solution was measured using the colorimeter (DR 850, HACH). 

 

2.3 Analytical method 

Ultraviolet absorption and fluorescence excitation-emission spectra of 0.45 µm pore size membrane filtered samples were 

measured. Among them, UV-visible absorbance spectrum was scanned from 190 nm to 1100 nm with an interval of 1 nm 

using a Varian Cary 50 UV-visible spectrophotometer and a 1 cm x 1 cm quartz cuvette; fluorescence spectroscopy was 

scanned using an FL-4500 fluorescence spectrophotometer (Hitachi High Technologies, Tokyo, Japan). The fluorescence 

excitation-emission matrix wavelengths were fixed from 200 nm to 400 nm in 2 nm steps, and from 200 to 500 nm in 3 

nm steps, respectively. The fluorescence intensity of an ultra-pure water as a blank sample was subtracted. Rayleigh and 

Raman scatter were removed following the reported procedure as found in [20]. Different fluorescence components were 

fitted using the parallel factor model [21] and a N-way toolbox on scientific MATLAB software [22]. The degree of 

similarity between two fluorescence spectroscopy matrices (101x101) through the sum of the eigenvalues of the matrices 

using the following equation [23, 24] denoted as uncorrected matrix correlation (UMC), 𝑈𝑀𝐶(𝐴,𝐵)=𝑇𝑟𝑎𝑐𝑒(𝐴𝑇𝐵)/‖𝐴‖𝐹‖𝐵‖𝐹 

where A and B are the matrices under comparison. ‖𝐴‖ is [𝑡𝑟𝑎𝑐𝑒 (𝐴𝑇𝐴)] 1/2, and ‖B‖ is [𝑡𝑟𝑎𝑐𝑒 (B𝑇B)] 1/2. The whole scheme 

for the analysis of dye degradation component was as follows. 

 



 

Fig. 1 A proposed scheme for fitting of dye degradation products using fluorescence spectra. It shows our strategy how to 

fit fluorescent components in chemical oxidation. Solution samples were collected from dye degradation process for 

measurement of fluorescence spectra. The spectra were further corrected and classified into different subclass spectra 

according to similarity between two fluorescence spectroscopy matrices. Those similar fluorescence spectra data was input 

parallel factor model for component decomposition, respectively. 

 

3 RESULTS AND DISCUSSION 

3.1 Structure of dye 



Molecular structure of Procion red MX-5B is shown in Fig. 2, which contains a benzene ring, naphthalene ring and triazine 

structure [14, 25, 26]. It has five characteristic visible ultraviolet absorption peaks: 225.96 nm, 281.07 nm, 328.06 nm, 

510.97 nm and 538.04 nm. In the visible region, the peaks appearing at 538.04 nm and 510.97 nm are the characteristic 

peaks of a conjugated chromogenic group consisting of - N = N -, benzene ring and naphthalene ring. The occurrence of 

those peaks appearing at 328.06 nm, 281.07 nm and 225.96 nm is attributed to the naphthalene ring, triazine and benzene 

ring, respectively. Also, they correspond to those fluorescence peaks around the excitation/emission wavelength of 234 

nm/350 nm, 280 nm/350 nm and 300 nm/356 nm, respectively. 

 

Fig. 2 The chemical structure and spectra of Procion Red MX-5B. It shows the characteristics of ultraviolet absorption 

spectroscopy and fluorescence excitation-emission spectroscopy. The value of Y-axis, A, stands for UV-Vis absorption.   



 

3.2 Decay of fluorescence intensity 

Fig. 3a showed that in the range of emission wavelength 350 nm and excitation wavelength 200 nm-400 nm, the 

fluorescence peaks corresponded to the UV absorption peaks, including benzene ring, triazine and naphthalene ring 

chemical groups peaks. The fluorescence peaks shifted, possibly due to the interference of chemical groups. Their intensity 

was both descended in the order: benzene ring > triazine > naphthalene ring. Fig. 3b-g showed that after reaction for 10 

min, the intensity decreased significantly; at 10 min, some of new fluorescence peaks near naphthalene ring occurred; no 

new peaks occurred near triazine peaks; at 20 min, many new peaks near benzene ring appeared. After 20 min, no 

significant variations in fluorescence occurred. It is the key time of reduction of fluorescence at 10 min and 20 min. As 

investigated by the fluorescence, it showed that: (1) naphthalene ring, benzene ring and triazine were degraded obviously; 

(2) the intermediate products of degradation came from naphthalene ring and benzene ring, and triazine was transformed 

into inorganic substance. The chromaticity basically followed the variations of fluorescence. As shown in Fig. 3h, Procion 

red MX-5B was oxidized by hydroxyl radical for 1 h: As shown in Fig. 3h, Procion red MX-5B is oxidized by hydroxyl 

radical for 1h: at 45 mg/L and 19 mg/L, COD removal rate is 80% and 77%, respectively, and chromaticity is almost 

completely removed. The color did not decrease after 50 min reaction, and most of the color was removed after 20 min 

reaction. 



 



Fig. 3 (a-g) Reduction of ultraviolet absorption intensity and fluorescence intensity of dye concentration ([dye] =45 mg/L), 

and (h) chromaticity reduction with time. It shows the same trends among the fluorescence intensity, ultraviolet absorption 

intensity and chromaticity during degradation. 

 

3.3 Fluorescence characterization of degradation steps 

Fig. 4 shows that with dye concentration at 8.5 mg/L, two types of spectral shapes appear at different times (0 min-20 min 

and 30 min-60 min); at 45 mg/L, three types of spectral shapes appear at different times (0 min-10 min, 20-30 min and 40 

min-60 min); at 100 mg/L, three types of spectral shapes appear at different times (0 min-20 min, 30 min and 40 min-60 

min). At low concentration ([dye] = 8.5 mg/L), the dye molecule was attacked by an excess of free radicals, and most of 

fluorescence was rapidly reduced within 60 min. At high concentrations (100 mg/L), fluorescence was not completely 

removed. Overall, fluorescence showed that dye degradation degree was related to dye initial concentration. 

 

With uncorrected matrix correlation (UMC), we divided the shapes of fluorescence spectra into three categories (see Fig. 

5). It was found that under control of uncorrected matrix correlation, the component fit using parallel factor model was 

capable of being carried out, but it was difficult to fit the mixture of the three stage spectra when we did not consider the 

UMC value. We fitted the spectral data for the mixture from two components to five components, it consumed several 

hours in fitting but still could not obtain a successful validation. In contrast successful fitting under the control of UMC 

took much less time (within 5 min). The intermediate degradation products fitting with parallel factor model using the 

spectra having similar UMC values, showed that in the first stage, we found two components, corresponding to Fig. 6a and 

Fig. 6b; in the second stage, three components were discovered, corresponding to Fig. 6c, Fig. 6d and Fig. 6e; in the third 

stage, two components were found for insufficient degradation (60 min reaction, 45 mg/L and 100 mg/L), corresponding 

to Fig. 6g and Fig. 6f; for sufficient degradation, fluorescence was basically removed (60 min reaction, 8.5 mg/L) and none 



component was found (see Fig. 6h). In the first stage, the –N=N– group was cleaved significantly and as a result, two 

fluorescent components were formed. One contained the benzene ring (see Fig. 6a) and another one contained the 

naphthalene ring (see Fig. 6b). In the second stage, new components (Fig. 6d-e) were created, which would result from 

benzene ring and naphthalene ring’s degradation products. In the third stage, for an inadequate reaction at a high 

concentration (e.g., at 100 mg/L), the component (see Fig. 6e) was not completely destroyed while for under an adequate 

reaction at low concentration (e.g., 8.5 mg/L), no fluorescence component was found, indicating that components were 

completely destroyed. 

 



 

Fig. 4 Fluorescence spectra of dye degradation with time at [dye] =8.5 mg/L, 45 mg/L, and 100 mg/L. The plot shows that 

at lower concentration ([dye] =8.5 mg/L), the fluorescence was broken adequately and at higher concentration ([dye] =100 

mg/L, the fluorescence was broken inadequately. X-axis stands for emission wavelength (nm) and Y-axis stands for 

excitation wavelength (nm). 



 

Fig. 5 Uncorrected matrix correlation (UMC) values between the initial dye at 0 min and those during degradation. This 

highlights three kinds of fluorescence spectroscopy shapes. The ①, ② and ③ in the figure stand for stage 1, 2 and 3, 

respectively. 



 

Fig. 6 Diagram for fluorescent degradation of dye. It shows three stages for fluorescent degradation, and that there are two 

components for stage 1, three components for stage 2 and two components for inadequately reactive stage 3 and none 

component for adequately reactive stage 3. 

3.4 Discussion of degradation pathway 



As indicated in preceding description, three stages in degradation process could be derived from the fluorescence data: (1) 

first stage of the initial degradation of dye that the molecular fluorescence spectrum shape basically remains as for the 

original, forming two components. The second stage with most of the molecular degradation results in a larger number of 

intermediate products, forming three components. For the third stage of degradation at low dye concentration a sufficient 

degradation has taken place so that any fluorescent component is not found. But at higher dye concentration, the progression 

of degradation is insufficient, and a residual component is present. From our assessment of the fluorescence components 

identified during the study a potential degradation scheme is provided in Fig. 7. Previous research [27, 28] on a dye 

degradation pathway based on GC/MS analysis is consistent with the fluorescence result. A similar three stage degradation 

path has been presented for the same dye solution with three separate components containing multi substituted benzene. 

The triazine ring is considered to be degraded into small molecular components and no significant byproducts were 

produced. We highlight substituted naphthalene in the analysis of the three components through fluorescence. 

 



 

Fig. 7 Pathway for the degradation of the dye by hydroxyl radical in a Fe (III)/H2O2 system as the results of the investigation 

of fluorescence results in this study and other researches [27, 28]. This highlights the dye degradation pathway consistent 

with fluorescence results.  

 

4. CONCLUSIONS 

In this study, we proposed the fluorescence characterization of the degradation of an azo-dye by chemical oxidation in Fe 



(III) / H2O2 system. Results showed that fluoresence can characterize the variations of molecular groups in the degradation 

process, and indicated three stages of degradation: initial (dye decolorization), rapid intermediate degradation and final 

degradation stage. Under the uncorrected matrix correlation control, the spectral data can be fitted, which showed the two 

components in the initial degradation stage, the three components in the fast intermediate degradation stage, and no 

components in the final stage. The fluorescence results were consistent with results obtained by GC/MS, but provide more 

rapid feedback and potential utility in assessment of the efficency of wastewater treatment processes. 
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