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Abstract

:

Plenty of humic acid components compositions are contained in dissolved organic matter (DOM) derived from composting. Fluorescence signals were employed to characterize the changes in DOM components in the component process. In the composting process, five individual DOM fluorescence parallel factor analysis (PARAFAC) components were identified. At the end of the composting, PARAFAC component C5, which represented high humification and complex structure compounds, was detected, but the simple structure DOM PARAFAC component C1 was absent. In this study, a technique combining EEM-PARAFAC with two-dimensional correlation spectroscopy (2DCOS) further supplied detailed information about the dynamics of DOM peaks in PARAFAC components. 2DCOS results showed that the variation of the peaks in PARAFAC components was different in the composting process. The formation of a complex DOM fluorescence substance was attributed to the residues from the simple fluorescence peak degradation. The evolution of the DOM fluorescence peaks in each PARAFAC component indicated that simple structure compounds helped the formation of the complex DOM fluorescence substance in the composting process. These results revealed that EEM/PARAFAC combined with 2DCOS could be used to track the evolution of DOM PARAFAC components during the composting process.
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1. Introduction


Composting is a prevalent and appropriate waste treatment method. It is a cheap, effective, and sustainable way to manage organic solid waste [1,2]. During composting, the organic solid wastes are transformed into complex substances by microorganisms in the aqueous phase [3]. In the process of composting, dissolved organic matter (DOM) is considered the most active portion in—and is frequently employed to evaluate the quality of—composts. Thus, depicting the dynamic of DOM molecules is important for understanding the dynamics of the organic matter and obtaining exact information on the relationships among the fluorescence peaks in DOM molecules.



Composting-originated DOM contains complex substances of humification and degradation [4]. On the other side, the characteristics of DOM significantly change as the composting process progresses [5,6]. Consequently, it is difficult for us to obtain accurate information about the dynamic of DOM molecules in the composting process.



Incorporating excitation-emission matrices (EEMs) with parallel factor analysis (PARAFAC) is a significant technique for DOM characterization. Based on this technique, individual molecules can be decomposed from DOM EEMs. This method has been positively employed to assess the environmental dynamics of DOM in diverse natural ecosystems [7,8], fluorescent DOM fractions in landfill leachates [9], and the properties and behaviors of composting-derived DOM [10]. Researchers use maximum fluorescence intensities (Fmax) or the relative contribution of PARAFAC molecules to describe the variation in the specific molecules [10,11,12]. However, generally, two or more fluorescence peaks existed in PARAFAC molecules [6,13,14]. Therefore, detailed internal peaks cannot be explained by Fmax or a value representing the overall changes in a DOM molecule. Consequently, to depict the biological process of DOM during composting, the evolution of DOM fluorescence peaks needs to be further investigated.



Generalized two-dimensional correlation spectroscopy (2DCOS) is considered a spectrum-valid investigative method, which can offer significant help and benefit to various spectroscopic investigations [15,16]. The features of generalized 2DCOS are: (1) improvement in the resolution of spectra, (2) founding of definite assignments using the relationship of bands selectively joined with several interaction dynamics, and (3) revealing the spectral peak emergence sequence. In particular, the hetero-2DCOS can compare two sets of spectra under different probes from the same sample under the same perturbation. The continuous variables can be employed as the perturbation conditions during the evolution of DOM during composting and the concentration of contaminants in the process of binding onto DOM [17,18,19]. Owing to the data-analytical capability of 2DCOS, composting time was employed as the external perturbation to explore the inner changes of DOM molecules. Based on treating the response patterns generated by the two different molecules during composting as a perturbation, the relationships between the signals from these two spectra can be detected. Therefore, 2DCOS combined with PARAFAC can be employed to describe the dynamic of DOM during composting.



In this work, 2DCOS combined with EEM-PARAFAC was used to provide an in-depth characterization of the dynamics of DOM peaks in PARAFAC molecules in the composting process. This study aims to illustrate the dynamic of compost-derived DOM in the composting process.




2. Results and Discussion


2.1. DOM Characterization Using PARAFAC Analysis


The DOM EEM spectra were analyzed by PARAFAC analysis. Detailed PARAFAC analysis is offered in Text S2. Four fluorescence molecules were found in each sample using EEM spectra combined with PARAFAC analysis (Figure 1). The excitation and emission loadings of the molecules are shown in Figure 1. The EEM spectra of the fluorescent molecules are shown in Figure S3. Four molecules were successfully developed using PARAFAC in each sampling time. The PARAFAC molecules named C1, C2, C3, and C4 were identified at composting times from 1 to 28 d). The PARAFAC molecules named C2, C3, C4, and C5 were identified at composting times from 35 to 60 d. Table 1 offers the features of DOM PARAFAC molecules and provides comparisons with the identified molecules in various natural environments.



Each component of a different sampling time generally possesses more than one DOM fluorescence peak (Figure 1 and Figure S3). In addition, component C1 was not detected after 28 d; simultaneously, component C5 was present, with different excitation emission characteristics from other molecules. The peak positions of PARAFAC molecules C1-5 showed no obvious change (less than 5 nm changes in the wavelength of excitation and emission) during composting. However, the DOM peak intensities in PARAFAC molecules presented changed significantly during composting (Table S2). Additionally, detailed DOM molecule information is provided in Text S3.




2.2. Distribution of PARAFAC Molecules during Composting Process


DOM component quantitative information could be provided by PARAFAC analysis [5,28,29,30]. There are no obvious differences for the same PARAFAC component, originating from various composting materials at the same composting time (Figure S4). The average relative contribution of the PARAFAC molecules at each composting time is shown in Figure 2. In the composting process, the average relative contribution (representing the signals of the identified DOM PARAFAC components) of the tyrosine-like component C1 decreased from 32.9% to 0%, and that of the tryptophan-like component C2 steadily decreased from 35.7% to 20.7% (Figure 2), which indicates that tyrosine- and tryptophan-like molecules are decomposed by microbes. The average relative contributions of DOM PARAFAC components C3 and C4 show an increasing trend during composting: component C3 increased from 20.3% to 32.1%, and component C4 increased from 11.1% to 20.3% (Figure 2). These results suggest that these two molecules may accumulate during composting. Component C5 was detected after 28 d and also presented an increasing trend: the average relative contribution of component C5 increased from 0% at the beginning of composting to 26.9% in the final composting stage. We can infer the changes in the molecules during composting based on the relative contribution of each fluorescent component, but we do not know the inner PARAFAC component changes. During composting, the degradation of simple DOM compounds (such as sugars, amino acids, and simple humic substances) directly promotes complex structure humic-like compounds. Therefore, some compounds like components C3–5 accumulated during composting.




2.3. Characterization of the Composting-Derived DOM Dynamics Using the Excitation Loadings of PARAFAC Molecules Coupled with 2DCOS


In order to further explore the fate of DOM during composting, the 2DCOS analysis was used to investigate the dynamic of DOM fluorescence peaks. Synchronous and asynchronous 2DCOS built on time-dependent DOM molecules are plotted in Figure 3.



The asynchronous spectra (Figure 3) are antisymmetric with respect to the diagonal line. Based on Noda’s rules, the sequential changing order was expressed by the cross peaks [15]. Thus, the asynchronous spectra exhibit changes when the original bands are out of phase from each other, with one band changing ahead of or behind the other bands. Furthermore, in asynchronous 2DCOS, only cross-peaks can be identified. The same signs for spectral coordinates (λ1, λ2) in both the synchronous and asynchronous maps indicate that the change in the spectral intensity at the λ1 band occurs prior to that at λ2 along the perturbation variable axis. This order is reversed when the signs are opposite.



In the synchronous map of component C1, two auto-peaks were detected at the wavelength pairs of 220/270 nm and are positively correlated with each other (Figure 3a). This result indicates that simple structure DOM component peak B1(C1) and peak B2(C1) varied in the same direction during composting [15,17]. In the component C1 2D asynchronous map (Figure 3b), a positive peak was detected at the wavelength 222/270 nm, and a negative peak was observed at the wavelength pairs of 222/231 nm during composting. Based on Noda’s rule, [15] the variation of the band sequence during composting follows peak B2(C1)→peak B1(C1). This result indicates that peak B2(C1) in component C1 presents a more easily biodegradable property during composting. Particularly interesting is that DOM fluorescence peak at 220 nm in the synchronous-2DCOS was resolved into two bands at 222 nm and 231 nm in the asynchronous 2DCOS, which was not detected in the original spectra. They correspond to a tyrosine-like component at a lower wavelength [8]. In addition, all peaks in component C1 were decomposed (Figure 2), which may be attributed to the easily biodegradable characteristic of this fluorescent substance. During biodegradation, based on the concentration change of the component, peak B1(C1) and peak B2(C1) in component C1 all presented a decreasing trend. These results were in good agreement with the relative quantity change in fluorescence component C1 (Figure 2) and with previous studies about the change in the tyrosine-like component during composting [1,5,31].



Figure 3c,d show the synchronous and asynchronous maps, which were generated from the excitation loadings of fluorescence component C2. Two main auto-peaks (230 nm (peak T1(C2)) and 280 nm (peak T2(C2))) are observed in the synchronous 2DCOS map along with negative cross-peaks, suggesting the different direction of these two bands [15]. In the asynchronous map, the band at 280 nm was resolved into two bands at 275 and 300 nm, which were not detected in the original 1D spectra. They correspond to the tryptophan-like component with higher complex structure (peak T2(C2)) [11,21,22,32]. The band at 230nm was assigned to the tryptophan-like component fluorescence peak T1(C2) [11,21,22,32]. The signs of the cross-peaks in the asynchronous spectra showed that in component C2 the changing sequence of the peaks during composting followed the order of peak T1(C2)→peak T2(C2). Moreover, the relative distribution of molecular C2 presented a steadily decreasing trend (Figure 2). However, peak T1(C2) in component C2 actually had an obvious decreasing trend, whereas peak T2(C2) presented an increasing trend during composting. This result was not in agreement with previous studies about the change of the tryptophan-like component during composting [1,4,10].



The dynamic of DOM PARAFAC component C3 during the composting was also explored, and the synchronous/asynchronous 2DCOS maps are plotted in Figure 3e and f, respectively. Two auto-peaks were detected in the synchronous spectra, which correspond to fluorescence peak M1(C3) and peak M2(C3). However, the change of the fluorescence peak at peak A1(C3) (245 nm) was not detected in the synchronous map. These results indicate that the fluorescence peaks M1(C3) and M2(C3) varied in different directions, although fluorescence peak A1(C3) presented no significant change during composting. Combined with the results of the Excitation loadings (Figure 1) and the relative change of fluorescence component C3 (Figure 2), a result could be inferred that the peak M1(C3) decreased, but peak M2(C3) increased during composting. The signs of the cross-peaks in the asynchronous map indicated that the peak changing sequence during composting follows the order of peak M1(C3)→peak M2(C3) in component C3.



The 2DCOS analysis on excitation loadings of PARAFAC component C4 was investigated, and the synchronous/asynchronous maps were plotted in Figure 3g,h. Auto-peaks were observed at 270 and 370 nm in the synchronous spectra, corresponding to complex structure humic compounds peak A2(C4) and peak C(C4), and a negative cross-peak was detected, suggesting the different directions of these bands’ intensity changes. Based on the results above, peak A2(C4) decreased, but peak C(C4) increased during composting. In asynchronous maps, the cross-peaks showed that in component C4 the changing sequence of the DOM peaks during composting was peak A2(C4)→peak C(C4).



Figure 3i,j show the synchronous and asynchronous 2DCOS spectra in excitation loadings, which were constructed from the time-dependent EEM-PARAFAC component C5 during composting. In the synchronous 2DCOS, negative signs were observed between peak L1(C5) and peak L2(C5), indicating that these two peaks changed in different directions during composting. The asynchronous spectrum shows that the sequence variation of the peaks in component C5 is peak L1(C5)→peak L2(C5).



These results indicate that the characterization of the dynamic of DOM during composting using relative concentration only, which was expressed by Fmax% of PARAFAC molecules, was not an accurate method. Although Fmax% of component C2 presented a decreased trend during composting, the peak T2(C2) was detected with a rising tendency in the 2DCOS analysis. As for components C3 and C4, Fmax% of these two molecules showed an increasing trend during composting, but the results of 2DCOS analysis indicated that only peak M2(C3) in component C3 and peak C(C4) in component C4 were synthesized. Therefore, previous studies that characterized DOM using Fmax% of the fluorescence molecules only could not characterize the inner variations of the PARAFAC component [11,33].




2.4. Characterization of the Composting-Derived DOM Dynamics Using the Excitation Spectra of PARAFAC Molecules Coupled with Hetero-2DCOS


To confirm the evolution of the DOM fluorescence peaks in the molecules during composting, a hetero-2DCOS analytical technique was also performed (generated between each PARAFAC component). The positive cross peaks in the synchronous hetero-2DCOS indicated that these two bands had the same origin, but the negative cross peaks indicated that these two bands had different origins [15,16]. Detailed hetero-2DCOS analyses of the fluorescence molecules are presented in the supplementary information (See Text S4 in supplementary information).



Based on the above results, during composting, the substances are decomposed in the following order: peak M1(C3)→B2(C1)→B1(C1)→A2(C4)→ T1(C2)→L1(C5). This result is inconsistent with previous studies, which conclude that fresh organic matter (protein-like component) is decomposed along with the formation of a humic-like component during composting [34]. The substances are formed during composting in the following order: peak M2(C3)→C(C4)→T2(C2)→L2(C5).




2.5. Change Speed of the Fluorescence Peaks in Different Composting Materials


The weed, straw, litter, and fruit and vegetable composts were regarded as the same group (first group) because of the high content of cellulose in these raw materials [35]. The chicken manure, swine manure, and food waste composts were considered the same group (second group) because of the high content of protein molecules and similar chemical properties of these raw materials [35]. For this study, the change speed of the fluorescence peaks during composting was tracked by using the ratios of fluorescence intensities of peak X/X’ (e.g., peak B1(C1)/B1(C1)’ represented for peak B1(C1) in first group/ peak B1(C1) in the second group) in the PARAFAC molecules, as plotted in Figure 4. For the ratio of fluorescence peak B1/B1′ in PARAFAC component C1, the ratio value presented a decreased trend during composting (Figure 4a). The ratio of fluorescence peak B2/B2′ in PARAFAC component C1 showed a significantly increasing trend during composting (Figure 4a). These results indicated that in the composting of the first group, fluorescence peak B1(C1) of PARAFAC component C1 was more rapidly decomposed than that in the second group. The degradation rate of fluorescence peak B2(C1) in the composting of the second group was higher than that in the first group. The difference in degradation rate of fluorescence peak B1(C1) and B2(C1) in different groups of composting may be attributed to the different compositions of raw materials, which caused the difference in the amount of tyrosine-like component degradation microbes and the rate of degradation [9,36]. Furthermore, the slope of the ratio of fluorescence peak B1(C1)/B1(C1)’ was significantly higher than that of peak B2(C1)/B2(C1)’ during composting. This result further confirms that the concentration of an easily-degradable component, which can be quickly used by microbes, is higher in the second group of composts.



The ratio of fluorescence peak T1(C2)/T1(C2)’ in PARAFAC component C2 showed a decreased trend during composting (Figure 4b). However, the ratio of fluorescence peak T2(C1)/T2(C2)’ in PARAFAC component C2 presented an increasing trend. This result revealed that in the first group of composts, fluorescence peak T1(C2) of PARAFAC component C2 was more rapidly decomposed than that in the second group of composts, but the decomposition speed of fluorescence peak T2(C2) in the second group was higher than that in the first group of composts.



During the process of 1–28 d, the ratios of peak M1(C3)/M1(C3)’ and M2(C3)/M2(C3)’ in PARAFAC component C3 showed identical trends. After 28 d, the changes in the ratio of peak M1(C3)/M1(C3)’ and M2(C3)/M2(C3)’ presented an inverse trend (Figure 4c). This result indicated that 28 d was a turning point for the decomposition speed of peak M1(C3) and peak M2(C3) during composting. Interestingly, the PARAFAC analysis (Figure 1) showed that component C5 was detected by PARAFAC analysis after 28 d, and component C1 was absent after 28 d, which suggested that an unstable substance was decomposed into a low level, and the concentration of a stable substance increased to a high value.



As shown in Figure 4d, the ratio of peak A2(C4)/A2(C4)’ and ratio of peak C(C4)/C(C4)’ in PARAFAC component C4 presented unstable changes during composting. Interestingly, the changes in the ratio of these two peaks showed an inverse trend during composting, which was antisymmetric with respect to the line of ratio value 1, indicating that change in speed of peak A2(C4) and peak C(C4) in the first group of composts was opposite to that in the second group. This may be attributed to the complex component structures and large component weight of this component, which caused the decomposition speed of peak A2(C4) and formation speed of peak C(C4) in component C4. Therefore, these two peaks presented fluctuation changes during the composting of these two groups.




2.6. Dynamics of DOM Molecules during Composting


The fate of DOM molecules could be determined based on the 2DCOS maps (Figure 3), which were investigated by excitation loadings of PARAFAC molecules. Summarizing the results of 2DCOS and the variation of fluorescence molecules, the fate of each component during composting was plotted in Figure 5. Peak B1(C1) and peak B2(C1) in component C1 were all degraded during composting (Figure 2 and Figure 5). Peak B1(C1) resolved into four parts, which made a contribution to the formation of Peak T2(C2), peak M2(C3), peak C(C4), and peak L2(C5). Peak B2(C1) was divided into three parts by the activities of microorganisms (Figure 5), which could help to synthesize peak M2(C3), peak C(C4), and peak L2(C5).



The relative concentration of component C2 presented a decreasing trend during composting (Figure 2). However, based on the results of the 2DCOS (Figure 3 and Figure S5), not all the DOM peaks in component C2 were decomposed during composting. Peak T1(C2) was decomposed into three parts during composting, and these parts made a contribution to the formation of peak M2(C3), peak C(C4), and peak L1(C5) (Figure 5). Peak T2(C2) presented a slightly increasing trend. However, the reduction amount of peak T1(C2) was higher than the formation of peak T2(C2). Therefore, the relative concentration of component C2 showed a decreasing trend in the composting process, which is consistent with the relative concentration change of component C2 in PARAFAC.



The change in relative concentration of component C3 during composting showed an increasing trend (Figure 2). However, based on the results of the 2DCOS, not every peak in component C3 was formed (Figure 3 and Figure S5). Peak A1(C3) presented no significant change. Peak M1(C3) was decomposed into two parts, which contributed to the formation of peak T2(C2) and peak L1(C5). Peak M2(C3) presented a significant rising trend (Figure 5).



Component C4 showed an increasing trend during the composting process (Figure 2). However, based on the results of 2DCOS (Figure 3 and Figure S5), peak A2(C4) was decomposed, and peak C(C4) was formed. The residues of peak A2(C4) could help the formation of peak T2(C2) and peak L2(C5) (Figure 5).



The relative concentration of component C5 presented an increasing trend during composting. However, based on the results of the 2DCOS (Figure 3 and Figure S5), the microbial humic fluorescence peak L1(C5), whose chemical property is unstable [26,37], was decomposed after its formation. Peak L1(C5) was transformed into peak C(C4). Peak L2 was related to the microbial-formed fulvic-acid-like substance, whose chemical property is relatively stable [9,24]. Therefore, peak L2(C5) accumulated during composting.





3. Experimental Section


3.1. Composting Procedure


The composting experiments were conducted at Songjiang Composting Plant in Shanghai, China. A total of seven composting piles were conducted, and each composting pile contained all the materials (vegetables, litter, fruit, weeds, straw, food waste, swine manure, and chicken manure), with the amount of each material approximately equal in each composting pile. Wood shavings and urea were employed as the filler to adjust the C/N of these raw materials to a range of 20–30. After composting was finished, six sampling sites were randomly selected in each composting pile for the sample collection. About 2 t of raw material were contained in each composting pile. To accelerate the composting fermentation, the piles were turned when needed. When the composting piles’ temperature decreased to an ambient temperature at a constant level, the composting was mature. The composting was conducted in autumn, with an ambient temperature of approximately 25 °C. The composting samples were collected on days 1, 7, 14, 21, 28, 35, 45, and 60 from each pile in the composting plant to explore the evolution of the DOM molecules. Six sampling points were selected in each composting pile at each sampling time to analyze DOM. The sampling points were evenly distributed in the composting piles.




3.2. Extraction of DOM


Six sampling points were selected, which were evenly distributed in each compost pile. About 3 kg of samples were collected from each composting pile. The composting samples were stored in a refrigerator at 4 °C and immediately sent to the laboratory. The DOM extraction procedure was based on our previous studies, and the detailed extraction method is provided in Text S2.




3.3. Fluorescence Spectroscopy


Prior to the DOM EEM spectra analysis, a SHIMADZU TOC-Vcph analyzer was used to determine the dissolved organic carbon concentration. All the DOM samples were diluted to 10 mg/mL to eliminate the inner-filter effect [20,21,22,23]. Detailed fluorescence analysis procedures are provided in Text S3.




3.4. Parallel Factor Analysis


The PARAFAC analysis was conducted based on the standard analysis procedure [24,38,39]. Furthermore, detailed analysis steps were offered in Text S3.




3.5. Two-Dimensional Correlation Spectra Analysis


To illustrate the dynamic of DOM molecules during composting, two-dimensional correlation spectra (2DCOS) analysis was carried out on the excitation loadings data of the PARAFAC molecules. 2D Shige software was employed to generate 2DCOS maps. The spectra data were analyzed in software based on the generalized 2DCOS theory reported by Noda [15]. In 2DCOS analysis, excitation loadings data of time-dependent composting was acquired, and 2DCOS was produced using the composting time as perturbation. As for hetero 2DCOS analysis, different excitation loadings data were used to conduct hetero 2DCOS analysis. Detailed 2DCOS analysis procedure is offered in Text S1.





4. Conclusions


In this study, a combination of multiple technologies was employed to characterize the dynamic of DOM molecules, which overcame the defect that could only present the overall changes of a DOM fluorescence component in the traditional analytical method. Five DOM PARAFAC components were found in the composting process. EEM/PARAFAC combined with 2DCOS can offer the interaction and dynamics information of the DOM peaks. In the composting process, the DOM fluorescence peaks in PARAFAC components presented the opposite trend. Simple structure DOM components could make a contribution to the formation of complex structure DOM components. Moreover, the interaction and dynamics information of the DOM molecules could be successfully characterized using EEM/PARAFAC combined with 2DCOS.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27217316/s1.





Author Contributions


Conceptualization, H.C. and L.X.; methodology, L.X.; software, H.C.; validation, H.C. and L.X. and G.Z.; formal analysis, G.Z.; investigation, Y.Z.; resources, Y.Z.; data curation, Y.Z.; writing—original draft preparation, H.C.; writing—review and editing, Z.W.; visualization, Z.W; supervision, Z.W; project administration, Z.W; funding acquisition, Z.W. All authors have read and agreed to the published version of the manuscript.




Funding


This work is funded by the National Natural Science Foundation of China (No. 51878132, 51978131, 51778116), and National Key Research and Development Project (No. 2019YFC1906403).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data available on request due to restrictions privacy.




Conflicts of Interest


The authors declare no competing financial interests.




References


	



He, X.-S.; Xi, B.-D.; Zhang, Z.-Y.; Gao, R.-T.; Tan, W.-B.; Cui, D.-Y.; Yuan, Y. Composition, removal, redox, and metal complexation properties of dissolved organic nitrogen in composting leachates. J. Hazard. Mater. 2015, 283, 227–233. [Google Scholar] [CrossRef] [PubMed]

	



Ge, J.; Huang, G.; Huang, J.; Zeng, J.; Han, L. Mechanism and kinetics of organic matter degradation based on particle structure variation during pig manure aerobic composting. J. Hazard. Mater. 2015, 292, 19–26. [Google Scholar] [CrossRef] [PubMed]

	



Said-Pullicino, D.; Kaiser, K.; Guggenberger, G.; Gigliotti, G. Changes in the chemical composition of water-extractable organic matter during composting: Distribution between stable and labile organic matter pools. Chemosphere 2007, 66, 2166–2176. [Google Scholar] [CrossRef] [PubMed]

	



He, X.-S.; Xi, B.-D.; Li, W.-T.; Gao, R.-T.; Zhang, H.; Tan, W.-B.; Huang, C.-H. Insight into the composition and evolution of compost-derived dissolved organic matter using high-performance liquid chromatography combined with Fourier transform infrared and nuclear magnetic resonance spectra. J. Chromatogr. A 2015, 1420, 83–91. [Google Scholar] [CrossRef]

	



Cui, H.-Y.; Zhao, Y.; Chen, Y.-N.; Zhang, X.; Wang, X.-Q.; Lu, Q.; Jia, L.-M.; Wei, Z.-M. Assessment of phytotoxicity grade during composting based on EEM/PARAFAC combined with projection pursuit regression. J. Hazard. Mater. 2017, 326, 10–17. [Google Scholar] [CrossRef]

	



He, X.; Xi, B.; Wei, Z.; Guo, X.; Li, M.; An, D.; Liu, H. Spectroscopic characterization of water extractable organic matter during composting of municipal solid waste. Chemosphere 2011, 82, 541–548. [Google Scholar] [CrossRef]

	



Stedmon, C.A.; Markager, S.; Bro, R. Tracing dissolved organic matter in aquatic environments using a new approach to fluorescence spectroscopy. Mar. Chem. 2003, 82, 239–254. [Google Scholar] [CrossRef]

	



Chen, W.; Westerhoff, P.; Leenheer, J.A.; Booksh, K. Fluorescence excitation− emission matrix regional integration to quantify spectra for dissolved organic matter. Environ. Sci. Technol. 2003, 37, 5701–5710. [Google Scholar] [CrossRef]

	



Aftab, B.; Hur, J. Unraveling complex removal behavior of landfill leachate upon the treatments of Fenton oxidation and MIEX® via two-dimensional correlation size exclusion chromatography (2D-CoSEC). J. Hazard. Mater. 2019, 362, 36–44. [Google Scholar] [CrossRef]

	



Lv, B.; Xing, M.; Zhao, C.; Yang, J.; Xiang, L. Towards understanding the stabilization process in vermicomposting using PARAFAC analysis of fluorescence spectra. Chemosphere 2014, 117, 216–222. [Google Scholar] [CrossRef]

	



Cui, H.; Wen, X.; Wu, Z.; Zhao, Y.; Lu, Q.; Wei, Z. Insight into complexation of Cd (II) and Cu (II) to fulvic acid based on feature recognition of PARAFAC combined with 2DCOS. J. Hazard. Mater. 2022, 440, 129758. [Google Scholar] [CrossRef]

	



He, X.-S.; Xi, B.-D.; Gao, R.-T.; Zhang, H.; Dang, Q.-L.; Li, D.; Huang, C.-H. Insight into the composition and degradation potential of dissolved organic matter with different hydrophobicity in landfill leachates. Chemosphere 2016, 144, 75–80. [Google Scholar] [CrossRef]

	



Yu, G.-H.; Luo, Y.-H.; Wu, M.-J.; Tang, Z.; Liu, D.-Y.; Yang, X.-M.; Shen, Q.-R. PARAFAC modeling of fluorescence excitation− emission spectra for rapid assessment of compost maturity. Bioresour. Technol. 2010, 101, 8244–8251. [Google Scholar] [CrossRef]

	



Wu, C.; Li, Y.; Li, W.; Wang, K. Characterizing the distribution of organic matter during composting of sewage sludge using a chemical and spectroscopic approach. RSC Adv. 2015, 5, 95960–95966. [Google Scholar] [CrossRef]

	



Noda, I.; Ozaki, Y. Two-Dimensional Correlation Spectroscopy: Applications in Vibrational and Optical Spectroscopy; John Wiley & Sons: Hoboken, NJ, USA, 2005. [Google Scholar]

	



Ryu, S.R.; Bae, W.M.; Hong, W.J.; Ihn, K.J.; Jung, Y.M. Characterization of chain transfer reaction during radical polymerization of silver nanocomposite polyvinylpyrrolidone by using 2D hetero-spectral IR/NMR correlation spectroscopy. Vib. Spectrosc. 2012, 60, 168–172. [Google Scholar] [CrossRef]

	



Chen, W.; Habibul, N.; Liu, X.-Y.; Sheng, G.-P.; Yu, H.-Q. FTIR and synchronous fluorescence heterospectral two-dimensional correlation analyses on the binding characteristics of copper onto dissolved organic matter. Environ. Sci. Technol. 2015, 49, 2052–2058. [Google Scholar] [CrossRef]

	



Yuan, D.-h.; Guo, X.-j.; Wen, L.; He, L.-s.; Wang, J.-g.; Li, J.-q. Detection of Copper (II) and Cadmium (II) binding to dissolved organic matter from macrophyte decomposition by fluorescence excitation-emission matrix spectra combined with parallel factor analysis. Environ. Pollut. 2015, 204, 152–160. [Google Scholar] [CrossRef]

	



Zhang, X.; Marcé, R.; Armengol, J.; Tauler, J. Distribution of dissolved organic matter in freshwaters using excitation emission fluorescence and Multivariate Curve Resolution. Chemosphere 2014, 111, 120–128. [Google Scholar] [CrossRef]

	



Tedetti, M.; Cuet, P.; Guigue, C.; Goutx, M. Characterization of dissolved organic matter in a coral reef ecosystem subjected to anthropogenic pressures (La Réunion Island, Indian Ocean) using multi-dimensional fluorescence spectroscopy. Sci. Total Environ. 2011, 409, 2198–2210. [Google Scholar] [CrossRef]

	



Coble, P.G. Characterization of marine and terrestrial DOM in seawater using excitation-emission matrix spectroscopy. Mar. Chem. 1996, 51, 325–346. [Google Scholar] [CrossRef]

	



Murphy, K.R.; Stedmon, C.A.; Waite, T.D.; Ruiz, G.M. Distinguishing between terrestrial and autochthonous organic matter sources in marine environments using fluorescence spectroscopy. Mar. Chem. 2008, 108, 40–58. [Google Scholar] [CrossRef]

	



Guo, W.; Xu, J.; Wang, J.; Wen, Y.; Zhuo, J.; Yan, Y. Characterization of dissolved organic matter in urban sewage using excitation emission matrix fluorescence spectroscopy and parallel factor analysis. J. Environ. Sci. 2010, 22, 1728–1734. [Google Scholar] [CrossRef]

	



Stedmon, C.A.; Markager, S. Resolving the variability in dissolved organic matter fluorescence in a temperate estuary and its catchment using PARAFAC analysis. Limnol. Oceanogr. 2005, 50, 686–697. [Google Scholar] [CrossRef]

	



Wang, Z.; Cao, J.; Meng, F. Interactions between protein-like and humic-like components in dissolved organic matter revealed by fluorescence quenching. Water Res. 2015, 68, 404–413. [Google Scholar] [CrossRef] [PubMed]

	



Stedmon, C.A.; Markager, S. Tracing the production and degradation of autochthonous fractions of dissolved organic matter by fluorescence analysis. Limnol. Oceanogr. 2005, 50, 1415–1426. [Google Scholar] [CrossRef]

	



Cory, R.M.; McKnight, D.M. Fluorescence spectroscopy reveals ubiquitous presence of oxidized and reduced quinones in dissolved organic matter. Environ. Sci. Technol. 2005, 39, 8142–8149. [Google Scholar] [CrossRef]

	



Cui, H.; Shi, J.; Qiu, L.; Zhao, Y.; Wei, Z.; Wang, X.; Jia, L.; Li, J. Characterization of chromophoric dissolved organic matter and relationships among PARAFAC components and water quality parameters in Heilongjiang, China. Environ. Sci. Pollut. Res. 2016, 23, 10058–10071. [Google Scholar] [CrossRef]

	



Holbrook, R.D.; Yen, J.H.; Grizzard, T.J. Characterizing natural organic material from the Occoquan Watershed (Northern Virginia, US) using fluorescence spectroscopy and PARAFAC. Sci. Total Environ. 2006, 361, 249–266. [Google Scholar] [CrossRef]

	



He, X.-S.; Xi, B.-D.; Li, D.; Guo, X.-J.; Cui, D.-Y.; Pan, H.-W.; Ma, Y. Influence of the composition and removal characteristics of organic matter on heavy metal distribution in compost leachates. Environ. Sci. Pollut. Res. 2014, 21, 7522–7529. [Google Scholar] [CrossRef]

	



Wang, K.; He, C.; You, S.; Liu, W.; Wang, W.; Zhang, R.; Qi, H.; Ren, N. Transformation of organic matters in animal wastes during composting. J. Hazard. Mater. 2015, 300, 745–753. [Google Scholar] [CrossRef]

	



Murphy, K.R.; Hambly, A.; Singh, S.; Henderson, R.K.; Baker, A.; Stuetz, R.; Khan, S.J. Organic matter fluorescence in municipal water recycling schemes: Toward a unified PARAFAC model. Environ. Sci. Technol. 2011, 45, 2909–2916. [Google Scholar] [CrossRef]

	



He, X.-S.; Xi, B.-D.; Li, X.; Pan, H.-W.; An, D.; Bai, S.-G.; Li, D.; Cui, D.-Y. Fluorescence excitation–emission matrix spectra coupled with parallel factor and regional integration analysis to characterize organic matter humification. Chemosphere 2013, 93, 2208–2215. [Google Scholar] [CrossRef]

	



Marhuenda-Egea, F.; Martínez-Sabater, E.; Jordá, J.; Moral, R.; Bustamante, M.; Paredes, C.; Pérez-Murcia, M. Dissolved organic matter fractions formed during composting of winery and distillery residues: Evaluation of the process by fluorescence excitation–emission matrix. Chemosphere 2007, 68, 301–309. [Google Scholar] [CrossRef]

	



Wei, Z.; Zhao, X.; Zhu, C.; Xi, B.; Zhao, Y.; Yu, X. Assessment of humification degree of dissolved organic matter from different composts using fluorescence spectroscopy technology. Chemosphere 2014, 95, 261–267. [Google Scholar] [CrossRef]

	



Hur, J.; Park, M.-H.; Schlautman, M.A. Microbial transformation of dissolved leaf litter organic matter and its effects on selected organic matter operational descriptors. Environ. Sci. Technol. 2009, 43, 2315–2321. [Google Scholar] [CrossRef]

	



He, X.-S.; Xi, B.-D.; Pan, H.-W.; Li, X.; Li, D.; Cui, D.-Y.; Tang, W.-B.; Yuan, Y. Characterizing the heavy metal-complexing potential of fluorescent water-extractable organic matter from composted municipal solid wastes using fluorescence excitation–emission matrix spectra coupled with parallel factor analysis. Environ. Sci. Pollut. Res. 2014, 21, 7973–7984. [Google Scholar] [CrossRef]

	



Stedmon, C.A.; Bro, R. Characterizing dissolved organic matter fluorescence with parallel factor analysis: A tutorial. Limnol. Oceanogr. Methods 2008, 6, 572–579. [Google Scholar] [CrossRef]

	



Bahram, M.; Bro, R.; Stedmon, C.; Afkhami, A. Handling of Rayleigh and Raman scatter for PARAFAC modeling of fluorescence data using interpolation. J. Chemom. A J. Chemom. Soc. 2006, 20, 99–105. [Google Scholar] [CrossRef]








[image: Molecules 27 07316 g001a 550][image: Molecules 27 07316 g001b 550] 





Figure 1. DOM PARAFAC components on composting days 1, 7, 14, 21, 28, 35, 45, and 60. The excitation wavelengths of the DOM components were plotted with blue lines, and the emission wavelengths of the DOM components were plotted with green lines. From composting days 1 to 28, components C1 to C4 were identified. From composting days 35 to 60, component C1 vanished with the observation of component C5. 
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Figure 2. The relative concentration changes in identified DOM PARAFAC components on composting days 1, 7, 14, 21, 28, 35, 45, and 60. 
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Figure 3. Synchronous and asynchronous 2DCOS analysis characterized by excitation loadings data originating from each DOM PARAFAC component. (Note: Positive and negative cross-peaks were presented in red and blue.) Synchronous maps for components C1 to C5 were presented in Figure 3a,c,e,g,i. Asynchronous maps for components C1 to C5 were presented in Figure 3b,d,f,h,j. 
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Figure 4. Changes in the ratio of DOM peaks (peak in first group/peak in second group) of PARAFAC molecules during composting. The changes of fluorescence peaks in DOM component C1 (a); The changes of fluorescence peaks in DOM component C2 (b); The changes of fluorescence peaks in DOM component C3 (c); The changes of fluorescence peaks in DOM component C4 (d). 
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Figure 5. The dynamic of fluorescence molecules during composting was proposed by analyzing the 2DCOS and hetero-2DCOS among the excitation loadings of molecules. 
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Table 1. DOM components’ spectral characteristics were identified by PARAFAC modeling for the EEM data set collected at different composting times. (Note: Naming rules for the fluorescence peaks in this study were: ① peak X corresponds to the peak in reference. ② Letter C and a number in brackets represent the fluorescence molecular number in this study.)
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	Fluorescent Components
	Peak Position λEx/Em (nm)
	Description and Probable Source
	Reference

λEx/Em (nm)





	C1
	220, 270/305
	Tyrosine-like compounds characterized as fluorescence peak B1(C1) and peak B2(C1)
	Peak B1 = 220–235/304–310 [20]

Peak B2 = 270–280/304–310 [20]

Component 4 = 274/306 [7]

Component 4 = 260–290/290–340 [11]



	C2
	230, 280/340
	Tryptophan-like compounds characterized as fluorescence peak T1(C2) and peak T2(C2)
	Peak T1 = 220–235/334–360 [21]

Peak T2 = 270–280/334–360 [21]

Component 7 = 240, 300/338 [22]

Component 3 = 220, 280/340 [11]



	C3
	245, 290, 320–360/410
	Humic-like compounds characterized as fluorescence peak A1(C3), peak M1(C3), and peak M2(C3)
	Peak A = 260/380–460; Peak M = 312/420–480 [21]

Component 1 = 230, 330/410 [23]

Component 8 = 250, 380/416 [22]

Component 2 = <250, 305/412 [24]



	C4
	270, 370/460
	A combination of humic-like peak A2(C4) and the ubiquitous humic-like peak C(C4)
	Peak A = 260/380–460; Peak C = 350/420–480 [21]

Component 3 = 270, 360/478 [7]

Component 1 = 250–275(280–400)/370–500 nm [25]

Component 2 = 240, 360/466 [11]



	C5
	220, 280, 330/405
	Terrestrial humic-like substances; Biological; similar to the lawsone plotted in fluorescence spectra (peak L1(C5), peak L2(C5), and peak L2(C5) shoulder).
	Component 3 = 295/398 [26]

Component 2 = 315/418 [22]

Component Q3 = 250–260/388 nm [27]
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