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Received in revised form

emission matrix (3DEEM) fluorescence combined with the fluorescence regional inte-
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gration (FRI), parallel factor (PARAFAC) analysis, and multi-order kinetic models. In the

Accepted 27 November 2019

FRI analysis, fulvic-like and humic-like materials were the main constituents for both
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BH-FDOM and HF-FDOM. Four individual components were identified by use of PARAFAC
analysis as humic-like components (C1), fulvic-like components (C2), protein-like com-
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ponents (C3) and unidentified components (C4). The maximum 3DEEM fluorescence in-

Fluorescent dissolved organic

tensity of PARAFAC components C1eC3 decreased by about 60%, 70% and 90%,

matter

respectively after photo-degradation. The multi-order kinetic model was acceptable to

Photo-degradation

represent the photo-degradation of FDOM with correlation coefficient (R2adj) (0.963e0.998).

Fluorescence regional integration

The photo-degradation rate constants (kn) showed differences of three orders of

Parallel factor analysis

magnitude, from 1.09  106 to 4.02  104 min1, and half-life of multi-order model ( Tn1=2 )

Three-dimensional excitation-

ranged from 5.26 to 64.01 min. The decreased values of fluorescence index (FI) and

emission matrix

biogenic index (BI), the fact that of percent fluorescence response parameter of Region I

Multi-order kinetic models

(PI,n) showed the greatest change ratio, followed by percent fluorescence response
parameter of Region II (PII,n), while the largest decrease ratio was found for C3 components, and the lowest Tn1=2 was observed for C3, indicated preferential degradation of
protein-like materials/components derived from biological sources during photodegradation. This research on the degradation of FDOM by 3DEEM/FRI-PARAFAC would
be beneficial to understanding the photo-degradation of FDOM in natural environments
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and accurately predicting the environmental behaviors of contaminants in the presence
of FDOM.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Natural fluorescent dissolved organic matter (FDOM) is a
heterogeneous mixture of organic compounds derived from
the physical, chemical, microbial degradation and pyrolysis of
animal or plant residues (He et al., 2016a; Li et al., 2020a; Song
et al., 2019a). The FDOM can affect the solubility and mobility
of contaminants including metal ions, PAH, PPCPs etc., by
binding with organic or inorganic chemicals in aquatic systems (He et al., 2013; Li et al., 2020b). Photo-degradation plays
pivotal roles by regulating the geochemical cycle of FDOM and
yielding a variety of biologically labile or resistant substrates
(Zhu et al., 2017b). The composition and structure of FDOM
including the molecular mass could be reduced and converted
by simulated and natural solar radiation (Zhu et al., 2017b).
Many research studies on photo-degradation have been performed with FDOM from various origins including lakes
(alpine lakes and Lake Tai) (Xu and Jiang, 2013; Du et al., 2016),
rivers (Ane River, Seta River, Yasu River and Yangtze River)
(Mostofa et al., 2007; Zhu et al., 2017b), as well as marine environments (East China Sea and Baltic Sea) (Stedmon et al.,
2007; Zhu et al., 2017b). The effects of FDOM on the photodegradation of chemical compounds were also investigated
in the removal of contaminants from polluted systems
(Bahram et al., 2006; Birdwell and Engel, 2010). In addition, the
potential release of organic chemicals (carbamazepine, carbofuran and carbaryl) with the decrease or degradation of
FDOM in aquatic systems was also predicted (Bai et al., 2010).
Therefore, the investigation of photo-degradation is very
important to understanding the environmental behaviors of
FDOM.
Three-dimensional excitation-emission matrix (3DEEM)
fluorescence has been widely used to characterize and quantify changes in FDOM photo-degradation and fluorescence
titration by contaminants due to its high sensitivity and nondestructive nature (Suzuki et al., 2016; Song et al., 2018b). The
photo-degradation of FDOM was investigated using 3DEEM by
Mostofa et al. (2007), who collected their samples from the
Seta river, including up-stream and down-stream in the Lake
Biwa watershed (Mostofa et al., 2007). Parallel factor (PARAFAC) analysis can decompose a given 3DEEM dataset into
individual and dissimilar fluorescence components with
minimum residual (Wu et al., 2011; Suzuki et al., 2016). 3DEEM
coupled with PARAFAC (3DEEM-PARAFAC) is a powerful
method to investigate the photo-degradation of FDOM from
different aquatic systems (Ishii and Boyer, 2012; Xu and Jiang,
2013; Du et al., 2016). For instances, 3DEEM-PARAFAC was
performed to assess the photo-bleaching response of FDOM
and attached organic matter exposed to natural solar radiation (Du et al., 2016) and a ultraviolet radiation A (UVA340)
lamp (Xu and Jiang, 2013) in eutrophic Lake Tai. The fates of

allochthonous FDOM in alpine lakes influenced by climate
change were also investigated by Du et al. (2016) with 3DEEM
coupled with PARAFAC (Du et al., 2016). The possible changes
of FDOM from marine environments including the Baltic Sea
and East China Sea were investigated with 3DEEM-PARAFAC,
and 6 and 5 independent components were distinguished,
respectively, during photo-degradation (Song et al., 2019b;
Stedmon et al., 2007; Zhu et al., 2017b). In addition, fluorescence regional integration (FRI) is also another useful method,
to analyze the integration of the volume beneath each region
in the 3DEEMs of FDOM, and quantify the fluorescence intensity data in all specific defined regions (Chen et al., 2003). It
can also perform spectral recognition and characterization of
overlapping objects in fluorescence spectra in multicomponent/material systems (Chen et al., 2003; Song et al.,
2018a). However, few studies have focused on characterizing
the changes of FDOM using FRI analysis.
Kinetic models have been successfully used to gain understanding of the photo-degradation of FDOM and organic
contaminants co-existing with FDOM in aquatic systems.
There still exists some uncertainly concerning the appropriate
types of kinetic models (including first-order and multi-order
kinetic models) for the photodegradation related to FDOM.
For example, the first-order kinetic model has been commonly
used to describe the photodegradation of DOM in the previous
literature. The pseudo-first-order kinetic model has been utilized to study the photodegradation of FDOM in river waters
~ iga et al., 2008; Hur et al.,
(Mostofa et al., 2007; Rodrı́guez-Zún
2011) and drinking waters (Phong and Hur, 2015; Ishii and
Boyer, 2012) without comparison to multi-order kinetic
models. In addition, the use of first-order and multi-order kinetic models of organic compounds (e.g., 4-chlorophenol,
aspergillus and butenafine hydrochloride) has also been reported during photo-degradation with FDOM as a blank (Barth
et al., 2011; Khambhaty et al., 2008; Murcia et al., 2004).
Therefore, suitable kinetic models for photodegradation of
FDOM from natural waters should be further verified.
The purpose of this study was (1) to investigate the variation of fluorescence of FDOM during simulated illumination,
(2) to distinguish the different changes of FDOM sub-fractions
during photo-degradation, and (3) to determine the appropriate kinetic model for the photo-degradation of FDOM.

1.

Materials and methods

1.1.
Sample treatment and photo-degradation
experimental design
Lake Hongfeng (HF, E 106 190 -106 280 , N 26 260 -26 350 ) and Lake
Baihua (BH, E 106 270 -106 340 , N 26 350 -26 420 ) are large artificial reservoirs in a typical karstic area of the Yunnan-Guizhou

312

j o u r n a l o f e n v i r o n m e n t a l s c i e n c e s 9 0 ( 2 0 2 0 ) 3 1 0 e3 2 0

Plateau, Guizhou Province, southwest China (Appendix A
Fig. S1). Both HF and BH are situated in the upper stream of
the Maotiaohe River in the Wujiang water system. The lakes
fulfill many functions such as drinking water sources, power
generation, agricultural irrigation, aquaculture, flood control,
and eco-environment improvement (Huang et al., 2009). The
ultravioletevisible (UV-Vis) light from sunlight is much
stronger at high altitude in the Yunnan-Guizhou Plateau and
has a powerful impact. The lake water samples were collected
at 0.5 m below the surface in HF and BH using a Niskin sampler
on June 22, 2018. The depth of 0.5 m was chosen because UV
light could not penetrate to this depth. Polyethylene bottles
were used to collect samples and stored on ice, followed by
transportation to the laboratory within 4 hr. The samples were
filtered through a 0.45 mm pore size membrane filter (cellulose
acetate, Merck, Germany) to remove suspended particles and
bacteria. The pH values of the lake waters were adjusted to
6.0 ± 0.02 by injecting sub-microliter amounts of HClO4 and
KOH. After filtration the water from each site was distributed
into 18 quartz tubes (approximate volume of 200 mL). These
quartz tubes were placed 5 cm from a mercury lamp (20 W,
PerfecLight, China). The mercury lamp was characterized in
detail, with UV density at 4 wavelengths (254 nm with the UV
density of 361 mW/cm2, 297 nm with the UV density of 354 mW/
cm2, 365 nm with the UV density of 7120 mW/cm2, and 420 nm
with the UV density of 395 mW/cm2), respectively. The temperature was maintained at 25 ± 1 C during the whole photodegradation experiment. The values of pH, temperature (T),
dissolved inorganic carbon (DIC), dissolved organic carbon

(DOC), Cl, Si, Chlorophyll, NO
2 , and NO3 for all collected water
samples in this study are shown in Appendix A Table S1.

1.2.

Fluorescence spectra measurement

The 3DEEMs of FDOM in BH and HF, designated as BH-FDOM
and HF-FDOM respectively were measured using a fluorescence spectrometer (F-7000, Hitachi, Japan). In detail, the
3DEEMs were obtained by scanning emission wavelengths
(Em) from 300 to 550 nm with 5 nm intervals, and excitation
wavelengths (Ex) from 220 to 400 nm with 2 nm intervals. The
Ex and Em slit widths were 10 and 5 nm respectively, and the
scanning speed was set at 1200 nm/min. The 3DEEM fluorescence of the Milli-Q water was subtracted as a blank.

1.3.

3DEEM-FRI analysis

3DEEM coupled with FRI (3DEEM-FRI) is a quantitative analysis
technique proposed by Chen et al. (2003) for integrating
3DEEM regions (Chen et al., 2003). The percent fluorescence
response parameters (Pi,n, %) derived from FRI were calculated
as follows in Eq. (1) (Chen et al., 2003; Song et al., 2018a).
Pi;n ¼

Fi;n
MFi
 100% ¼
Ft;n

P P
ex

em Iðlex lem ÞDlex Dlem
P5
i¼1 Fi;n

 100
(1)

where Fi,n and Ft,n are the Ex/Em areas referring to the value of
region i (I ¼ IeV) and the value of total region t, respectively; MFi
is a multiplication factor for each region; I (lexlem) is the fluorescence intensity at each Ex/Em wavelength pair; Dlex and

Dlem are the Ex and Em increments, respectively. The 3DEEMFRI analysis of FDOM and Boxchart of Pi,n were performed
using MATLAB (Version 2009a, MathWorks, Natick, MA) and
Origin software (8.5, Northampton, USA), respectively.

1.4.

3DEEM-PARAFAC analysis

Based on the trilinear decomposition theory, 3DEEM combined with PARAFAC (3DEEM-PARAFAC) can decompose the
three-way array X into a residual array and trilinear terms by
using an interactive least squares algorithm. The decomposition model of 3DEEM-PARAFAC can be expressed as Eq. (2).
xhjg ¼

M
X

ahf bjf cgf þ εhjg

(2)

m¼1

where xhjg is the fluorescence intensity of sample h (h ¼ 1, $$$,
H) at Em wavelength j (j ¼ 1, $$$, J) and Ex wavelength g (g ¼ 1,
$$$, G); ahf is directly proportional to the concentration of fluorophore components f in sample h (defined as scores); bjf and
cgf are estimates of the Em and Ex spectra for the fluorophore
components f (defined as loadings), respectively; m is the
number of components; εhjg represents the variability unexplained by the model (He et al., 2013; Song et al., 2017).
3DEEM-PARAFAC was evaluated by utilizing the DOMFluor
(version 1.7) toolbox in MATLAB software. In addition, the
effects of scatter were minimized by subtracting the 3DEEMs
of Milli-Q water blank from each 3DEEM of the samples. The
regions of no fluorescence (Em << Ex) were inserted as a series
of zero values. The interpolation methods derived by Bahram
were used to regulate residual Rayleigh and Raman scattering
(Bahram et al., 2006; Song et al., 2017). Based on the 2e7
component models in PARAFAC, residual analysis and splithalf analysis were used to determine the appropriate number of effective PARAFAC components in the FDOM (Fig. 1) (Wu
et al., 2011; Xu et al., 2013). The split half analysis was used
during PARAFAC analysis for FDOM photodegradation according to previous studies (He et al., 2016b; He and Hur, 2015)
(Fig. 1). In detail, the fluorescence data were split into different
halves, and each half was modeled independently. Then the
spectral properties of the components derived from each half
were compared (bjf and cgf in Eq. (2)) (Stedmon et al., 2008). The
maximum fluorescence intensity (Fmax) of 3DEEM of PARAFAC
components represented the concentration of the PARAFAC
components (Xu et al., 2013; Guo et al., 2015; Zhu et al., 2017a).

1.5.

Apparent kinetic model

The chemical formulate of FDOM photo-degradation was
assumed and written as Eq. (3) with L and L* as FDOM before
and after photo-degradation. The kinetic models were tested
to investigate the photo-degradation of the FDOM (Eq. (4))
(Barth et al., 2011; Hur et al., 2011).
hv

L ⇔ L*

(3)

dC=dt ¼ kCn

(4)

where, hv is ultraviolet radiation; C is the concentration of
FDOM (L) at a certain illumination time; t is the illumination

j o u r n a l o f e n v i r o n m e n t a l s c i e n c e s 9 0 ( 2 0 2 0 ) 3 1 0 e3 2 0

313

Fig. 1 e Split half analysis for the parallel factor (PARAFAC) model validation of fluorescent dissolved organic matter (FDOM)
from Lake Hongfeng (HF) and Lake Baihua (BH). A total of 18 three-dimensional excitation-emission matrix (3DEEM) for both
FDOM in BH (BH-FDOM) and FDOM in HF (HF-FDOM) were used of split half analysis. Ex: excitation wavelength; Em:
emission wavelength.

time; n is the number of apparent reaction orders; k is the
apparent degradation constant.
If the FDOM molecules are fluorescent and have similar
fluorescence properties, the initial fluorescence of FDOM
without (F0 defined as 100 units) and with photo-degradation
(F), the possible rate equation of photo-degradation of the
FDOM follows zero-order kinetic model (n ¼ 0) (Eq. (5)), firstorder kinetic model (n ¼ 1) (Eq. (6)), and multi-order kinetic
model (n s 0 and n s 1) (Eq. (7)) can be expressed as:
F ¼ 100  k0 t

(5)



F  Fend
¼ k1 t
ln
100  Fend

(6)

1
ðF  Fend Þn1



1
ð100  Fend Þn1

¼ ðn  1Þkn t

(7)

where, k0, k1 and kn are the apparent degradation constant of
zero-order, first-order and multi-order kinetic model, respectively, and Fend is the lower limit of fluorescence intensity due
to the degradation. Half-life, as a common factor, is widely
used to characterize chemical reactions. Therefore, each halflife (T1/2) could be established based on the following equations with different kinetic orders (Eqs. 8e10).
T01=2 ¼

50
k0

(8)

T11=2 ¼

ln2
k1

(9)

Tn1=2 ¼

2n1  1
ðn  1Þkn ð100  Fend Þn1

(10)

The T01=2 , T11=2 and Tn1=2 are half-life of zero-order, first-order
and multi-order kinetic model, respectively. The values of k,

T1/2, Fend and the correlation coefficient (R2adj) were estimated
by SigmaPlot software (12.5, Systat, San Jose).

2.

Results and discussion

2.1.

Original 3DEEMs of FDOM

Before photo-degradation, each original 3DEEM exhibited two
main peaks for both BH-FDOM and HF-FDOM, respectively,
named as Peak A (located at Ex/Em 245e251/432-439 nm) and
Peak B (located at Ex/Em 310/418e422 nm) (Fig. 2, Appendix A
Table S2). According to previous research, Peaks A and B were
attributed to fulvic-like and humic-like materials, respectively
(Appendix A Table S2) (Song et al., 2019b). The Ex/Em of Peak A
of HF-FDOM was slightly longer than that of BH-FDOM (Ex/Em
6/7 nm) in the original 3DEEM (Fig. 2, Appendix A Table S2),
and the Em of Peak B of HF-FDOM was 4 nm longer than that of
BH-FDOM in the original 3DEEM (Fig. 2, Appendix A Table S2).
The locations of peaks were related to the different amounts
of conjugated aromatic p-electron systems in fluorophores in
the FDOM (Song et al., 2018a). The broader Ex and Em of peaks
of HF-FDOM might be attributed to the fluorophores in HFFDOM containing greater amounts of conjugated aromatic pelectron systems than those in BH-FDOM due to the different
origins of FDOM in the two lakes. Before photo-degradation,
for both BH-FDOM and HF-FDOM, the order of maximum
fluorescence intensity was Peak A (308e316 arbitrary units
(a.u.)) > Peak B (244e269 a.u.) (Fig. 2, Appendix A Fig. S2 and
Table S2). Additionally, the maximum intensity (316 a.u.) of
Peak A in BH-FDOM was slightly greater than that (308 a.u.) of
HF-FDOM, while the intensity of Peak B (244 a.u.) in BH-FDOM
were less than that (269 a.u.) in HF-FDOM. The higher Peak A
and lower Peak B for BH-FDOM suggested that BH-FDOM
contained more fulvic-like and less humic-like materials
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Fig. 2 e 3DEEM of FDOM in Lake (a) Hongfeng and (b) Baihua with illumination. Color bar represents the change of spectral
intensity.

than HF-FDOM. The fluorescence index (FI) is the ratio of the
fluorescence intensity at Em 450 nm to that at Em 500 nm,
given at Ex ¼ 370 nm. A greater FI value (about 1.9) indicates
more microbially derived materials, and a lower FI value
(about 1.4) corresponds to more terrestrially derived materials
in FDOM. The biogenic index (BI) is the ratio of the fluorescence intensity at Em 380 nm to that at Em 430 nm, given that
Ex ¼ 310 nm. A BI more than 0.9 suggests a strong biological
contribution, however BI less than 0.9 indicates a strong
terrestrial contribution (Xiao et al., 2016). The FI values for
FDOM of BH and HF were 1.36 before photo-degradation, and
the BI values were 0.74 and 0.68 for BH-FDOM and HF-FDOM,
respectively before photo-degradation (Appendix A Fig. S3).

Both the FI and BI values suggested that the FDOM in the two
lakes derived mainly from terrestrial sources, which was
consistent with the large catchment area for the two lakes.
After photo-degradation, red shifts were observed for Peak
A of BH-FDOM (Em 9 nm), Peak A of HF-FDOM (Em 20 nm),
Peak B of BH-FDOM (Em 10 nm), and Peak B of HF-FDOM (Em
16 nm) (Fig. 2, Appendix A Table S2). These red shifts of peaks
were likely related to structural and conformational changes
of the components. Red shifts of the fluorescence peaks of
FDOM were also observed during photo-degradation of FDOM
from a eutrophic fresh water lake (Xu and Jiang, 2013) and
river water (Mostofa et al., 2007), as well as fluorescence
titration of FDOM by metal ions and carbamazepine (Bai et al.,
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2010). The intensities of Peaks A and B of both BH-FDOM and
HF-FDOM decreased with the illumination time (Appendix A
Fig. S2). For the BH-FDOM, the fluorescence intensities
rapidly decreased to 56.36% and 55.53% during illumination of
0e25 min, and gradually decreased to 38.58% and 35.04%
during illumination of 25e75 min for Peaks A and B, respectively. For the HF-FDOM, the fluorescence intensities of Peaks
A and B rapidly decreased to 50.84% and 47.18% during illumination of 0e25 min, and gradually decreased to 35.1% and
32.66% during illumination of 25e55 min. The downward
trend of the fluorescence intensities of Peaks A and B of BHFDOM reached near stability in 75 min (38.58% and 35.04%),
and declined further after illumination for 115 min (35.61%
and 29.93%).
The FI values ranged from 1.19 to 1.36, and BI values ranged
from 0.51 to 0.74 during illumination. In detail, for BH-FDOM,
the values of FI decreased from 1.36 to 1.29, while the values of
BI decreased from 0.74 to 0.56 with illumination time of
0e75 min (Appendix A Fig. S3). For HF-FDOM, the values of FI
decreased from 1.36 to 1.19, while the values of BI decreased
from 0.68 to 0.51 with illumination time of 0e55 min
(Appendix A Fig. S3). The decrease in both FI and BI values
with illumination time was likely attributable to preferential
degradation of biological source materials during illumination. The degradation of biological source materials in FDOM
indicated that proportion of terrestrial source materials
increased. An decreased FI value with illumination time was
also reported by Mostofa et al. (2007), who studied photodegradation of FDOM in river waters (Mostofa et al., 2007).

2.2.

FRI analysis of FDOM

Each 3DEEM of FDOM was delineated into five regions (Regions
IeV) according to the previous reports (Chen et al., 2003; Song
et al., 2018a). Both Region I (Ex/Em: 220e250/250-330 nm) and
Region II (Ex/Em: 220e250/330-380 nm) were related to
tyrosine-like materials (Chen et al., 2003; Song et al., 2018a).
Additionally, Region III (Ex/Em: 220e250/380-500 nm), Region
IV (Ex/Em: 250e400/250-380 nm), and Region V (Ex/Em:
280e400/380-500 nm) were assigned to fulvic-like, tryptophan-like, and humic-like materials, respectively (Chen et al.,
2003; Song et al., 2018a). Peak A (Ex/Em: 245e251/432-439 nm)
and Peak B (Ex/Em: 310/418e422 nm) were located in Region
III, corresponding to fulvic-like materials, and Region V, corresponding to humic-like materials, respectively (Fig. 2). FRI
distributions over five typical regions are shown at various
illumination times for both BH-FDOM and HF-FDOM
(Appendix A Fig. S4). The values of PI,n, PII,n, and PIII,n
increased from 0.60% to 1.33%, from 2.34% to 2.98%, and from
14.21% to 20.98%, respectively during illumination of 0e75 min
for BH-FDOM (Appendix A Fig. S4). The values of PIV,n and PV,n
decreased from 11.74% to 8.20% and from 71.36% to 66.51%,
respectively during illumination of 0e75 min for BH-FDOM
(Appendix A Fig. S4). Box charts of the distributions of Pi,n
showed that the PI,n-PV,n values were 0.91% ± 0.31%,
2.56% ± 0.26%, 17.31% ± 2.82%, 9.75% ± 1.46%, and
69.78% ± 2.42% respectively (Fig. 3). The values of PI,n, PII,n, and
PIII,n increased from 0.62% to 1.31%, from 1.92% to 2.74%, and
from 13.22% to 19.46%, respectively during illumination of
0e55 min for HF-FDOM (Appendix A Fig. S4). The values of PIV,n
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and PV,n decreased from 11.82% to 7.87% and from 73.36% to
68.62%, respectively during illumination of 0e55 min for HFFDOM (Appendix A Fig. S4). Box charts of the distributions of
Pi,n showed that the PI,n - PV,n values were 0.95% ± 0.32%,
2.24% ± 0.38%, 16.32% ± 2.79%, 9.07% ± 1.69%, and
71.49% ± 2.23% respectively (Fig. 3). The sum of PIII,n and PV,n
was more than 85%, and this result indicated that fulvic-like
and humic-like materials were the main constituents for
both BH-FDOM and HF-FDOM. The contents of fluorescent
materials varied in the order humic-like > fulviclike > tryptophan-like > tyrosine-like materials, according to
their mean PI-IV,n values in both BH-FDOM and HF-FDOM. The
sums of PI,n, PII,n and PIV,n of BH-FDOM were slightly greater
than those of HF-FDOM respectively, indicating the presence
of protein-like materials in BH-FDOM, including both
tyrosine-like and tryptophan-like materials, which was
consistent with the more serious pollution in BH compared to
HF. According to box charts of the distributions of Pi,n, the
change ratios of each material had same order for both BHFDOM and HF-FDOM, with PI,n > PII,n > PIV,n > PIII,n > PV,n
(Fig. 3) The maximum change of Pi,n was less than 7%, while
the minimum change of Pi,n was less than 0.7% for both BHFDOM and HF-FDOM (Appendix A Fig. S4). Therefore, in this
study, 3DEEM-PARAFAC was also applied to further investigate the fluorescence properties of FDOM as a function of
illumination time.

2.3.

PARAFAC analysis of FDOM

A total of 18 3DEEMs during illumination for both BH-FDOM
and HF-FDOM were successfully deconvoluted by use of
PARAFAC analysis. According to the residual analysis
(R > 0.9999), as well as split half analysis, four PARAFAC
components were identified for BH-FDOM and HF-FDOM
(Fig. 4). Some general information is summarized in Table 1
including distributions of peaks, components categories, and
primary compounds of PARAFAC components. Individual
components identified by use of PARAFAC analysis were
referred to as Component 1 (C1) with the first maximum at Ex/
Em 340/478 nm and second maximum Ex/Em 255/478 nm,
Component 2 (C2) with the first maximum at Ex/Em 315/
412 nm and second maximum Ex/Em 245/412 nm, Component
3 (C3) with the first maximum at Ex/Em 275/475 nm and second maximum Ex/Em 275/340 nm, as well as Component 4
(C4) with Ex/Em < 220/500 nm (Table 1). Based on the Ex/Em
distributions of PARAFAC components reported previously,
C1eC3 were categorized as humic-like components with
carboxylic-like groups as primary compounds, fulvic-like
components with carboxylic-like and phenolic-like groups as
primary compounds, and protein-like components bound to
humic acid (He et al., 2014; Shutova et al., 2014; Song et al.,
2017; Wu and Tanoue, 2001; Xiao et al., 2017). The C4
component cannot be categorized accurately due to the uncertainly of the location of the maximum peak (Table 1). For
both BH-FDOM and HF-FDOM, before illumination, the Fmax
value of C2 was greater than that of C1, followed by C3. The
greater value of C2 indicated a greater content of fulvic-like
components than humic-like components, which is consistent Peak A being higher in the original 3DEEM for both BHFDOM and HF-FDOM. The Ex/Em of C1 was somewhat longer
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Fig. 3 e Box charts of percent fluorescence response parameters (Pi,n) distributions in 3DEEMs regions of both (a) BH-FDOM
and (b) HF-FDOM.

for the first maximum peak (25/66 nm) and the second
maximum peak (10/66 nm) than those of C2 (Table 1). The
longer Ex and Em spread of FDOM might be related to greater
amounts of conjugated aromatic p-electron systems with
electron-withdrawing groups, such as carbonyl and carboxylic
constituents (Song et al., 2017). Thereby, C1 had more
amounts of carboxylic/carbonyl groups than did C2.
Some general information is summarized in Table 1,
including the values of Fmax for each PARAFAC component at
various illumination times. For BH-FDOM, the values of Fmax
of C1eC3 rapidly decreased from 135.43 to 85.81 a.u., from
181.25 to 91.26 a.u., and from 93.02 to 31.22 a.u., respectively,
for illumination times of 0e25 min, and gradually decreased to
52.72, 56.66, and 13.03 a.u. respectively at illumination times
of 25e75 min (Table 1, Fig. 5). For HF-FDOM, the values of Fmax
of C1eC3 rapidly decreased from 156.46 to 88.55 a.u., from
184.02 to 77.53 a.u., and from 88.82 to 22.68 a.u. respectively for
illumination times of 0e25 min, and gradually decreased to
59.73, 51.01, and 8.40 a.u. respectively at illumination times of
25e75 min (Table 1, Fig. 5). Quantitively, the Fmax of C1, C2 and
C3 decreased 61.1%, 68.7% and 86.0%, respectively after illumination for 75 min compared to the corresponding original
components for BH-FDOM (Table 1, Fig. 5). The Fmax of C1, C2
and C3 decreased 61.8%, 72.3% and 90.6%, respectively after
illumination for 55 min compared to the corresponding original components for HF-FDOM (Table 1, Fig. 5). For both BHFDOM and HF-FDOM, the percentage decrease of C3 is
greater than that of both C1 and C2, indicating that proteinlike components were more sensitive to illumination than
both fulvic-like components and humic-like components. The
greater sensitivity of protein-like components during photodegradation was consistent with the result from 3DEEM-FRI.

2.4.
Kinetic characteristics of photo-degradation of
FDOM
The zero-order, first-order, and multi-order kinetic models
were applied to fit the Fmax of C1eC3 for both BH-FDOM and
HF-FDOM. Some general information is summarized in Table
2, including the values of k, R2adj, Fend and n. The low R2adj
values for zero-order kinetic, ranging from 0.072 to 0.793,
suggested that this model was not suitable to evaluate the
~ iga et al.,
FDOM degradation (Hur et al., 2011; Rodrı́guez-Zún
2008; Xu and Jiang, 2013). The R2adj values (0.963e0.998) for

the multi-order kinetic model were slightly greater than those
for the first-order kinetic model for both BH-FDOM and HFFDOM in this study, FDOM from Negro River stream
~ iga et al., 2008), humic sub(0.940e0.990) (Rodrı́guez-Zún
stances from both leaf litter and Suwannee River (0.906e0.992)
(Hur et al., 2011), as well as FDOM and attached organic matter
form Lake Taihu (0.906e0.992) (Xu and Jiang, 2013) during
photo-degradation. Therefore, an arbitrary multi-order kinetic model was applied to represent the photo-degradation
of FDOM from BH and HF (Table 2, Fig. 5). Differences of
three orders of magnitude were found for the photodegradation rate constants (kn), which ranged from
1.09  106 to 4.02  104 min1, indicating the clearly
different photo-degradation ratios among components
(C1eC3) in FDOM (Table 2). In detail, the kn values of C1, C2 and
C3 were 6.64  106, 1.09  106 and 2.22  105 min1 for BHFDOM, respectively. For HF-FDOM, the kn values of C1, C2 and
C3 were 7.91  106, 1.87  104 and 4.02  104 min1,
respectively. The kn values for both C2 and C3 of HF-FDOM
were ca. one hundred times greater than those for both C1
and C2 of BH-FDOM, as well as C1 of HF-FDOM. The kn value
for C3 of BH-FDOM was ca. ten times greater than those for
both C1 and C2 of BH-FDOM, as well as C1 of HF-FDOM, and ca.
ten times less than those for both C2 and C3 of HF-FDOM. The
apparent order (n) was ca. 3 (2.83e3.41) for C1eC3 of BH-FDOM
and C1 of HF-FDOM, while n was about 2 (2.37) for C2eC3 of
HF-FDOM (Table 2). The Fend were ca. zero except for C2 (7.38)
for HF-FDOM (Table 2). Therefore, the humic-like components
in BH-FDOM and HF-FDOM have similar kn and apparent 3rdorder kinetic model during illumination. The fulvic-like components in BH-FDOM showed similar kn to those of with
humic-like components and followed an apparent 3rd-order
kinetic model during illumination. The protein-like components had greater kn than both fulvic-like components and
humic-like components in both BH-FDOM and HF-FDOM.
However, the protein-like components showed different
order kinetic models in FDOM from BH and HF lakes, indicating the differences in pollution sources or bio-organisms
for the two lakes. The Tn1=2 of C1, C2 and C3 were 46.01, 24.86
and 11.64 min, respectively for BH-FDOM. For HF-FDOM, the
Tn1=2 of C1, C2 and C3 were 30.04, 10.52 and 5.26 min, respectively. This result showed the greater Tn1=2 in BH-FDOM than
HF-FDOM, indicating the less photoliable FDOM in BH-FDOM.
This phenomenon is likely attributable to the longer time of
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Fig. 4 e Four components identified by the PARAFAC model and Ex/Em loadings. C1: humic-like components with
carboxylic-like groups as primary compounds; C2: fulvic-like components with carboxylic-like and phenolic-like groups as
primary compounds; C3: protein-like components bound to humic acid; C4 cannot be categorized accurately.

photodegradation of FDOM in BH, which is downstream of
HF. Differences in the composition and structure of FDOM in
BH and HF were also reported by Fu et al. (2010), who focused
on the characterization of FDOM sources in Lake Hongfeng
and Lake Baihua (Fu et al., 2010). The stability of different
components and substances has been widely investigated
and compared in FDOM from different origins. The stability of
components varied in the order humic-like components >
fulvic-like components > protein-like components bound to

humic acid in the FDOM of BH and HF lakes according to the
Tn1=2 derived by the multi-order kinetic model. Inconsistencies
in the stability of components and substances were observed
among humic-like components, fulvic-like components, and
protein-like components (Logvinova et al., 2016; Moran et al.,
2000; Mostofa et al., 2007; Hur et al., 2011). For example, the
stability of components varied in the order humic-like
components > protein-like components in FDOM from the
Chukchi and Beaufort Seas as determined by EEM-PARAFAC
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Table 1 e Parameters and categories of individual PARAFAC components.
Site Component

Fmax (a.u)

Ex/Em (nm)

First
Second
Before
After
maximum minimum illumination illumination
BH

HF

Degradation
percentage

Categories

Humic-like components
Fulvic-like components

C1
C2

340/478
315/412

255/478
245/412

135
181

53
57

61.1%
68.7%

C3

275/475

275/340

93

13

86.0%

C4
C1
C2

<200/550
340/478
315/412

<200/500
255/478
245/412

e
156
184

e
60
51

e
61.7%
72.3%

C3

275/475

275/340

89

8

90.6%

C4

<200/550

<200/500

e

e

e

Primary
compounds

Carboxylic-like
Carboxylic-like and
phenolic-like
protein-like components Proteins-like
bounded to humic acid
e
e
Humic-like components Carboxylic-like
Fulvic-like components
Carboxylic-like and
phenolic-like
protein-like components Proteins-like
bounded to humic acid
e
e

-: no data unidentified; Fmax: maximum fluorescence intensity.

Fig. 5 e Fitting regression of Fmax of C1eC3 for (a) BH-FDOM and (b) HF-FDOM with n-order kinetic model.

(Logvinova et al., 2016), protein-like substances > fulvic-like
and humic-like substances in river waters by EEM (Mostofa
et al., 2007; Hur et al., 2011), as well as humic-like > proteinlike substances in Lake Taihu by EEM (Xu et al., 2013). The
possible reason for the inconsistencies in the reported stability of components and substances might be due to different
types of the irradiation light may influence the wavelength
rang and/or different origins of FDOM, which should be the
subject of further studies in the future. Greater influence by

photo-degradation was observed for protein-like components
for both BH-FDOM and HF-FDOM, which is consistent with the
results derived from 3DEEM-FRI.

3.

Conclusions

Two main peaks, Peak A (Ex/Em 245e251/432-439 nm) and
Peak B (Ex/Em 310/418e422 nm) were observed for both BH-

Table 2 e Kinetic simulation of photo-degradation of BH-FDOM and HF-FDOM.
Site Components

BH

HF

C1
C2
C3
C1
C2
C3

Zero-order kinetic model
k0 (min1)

R2adj

0.9864
1.1903
1.4551
1.2585
1.4357
1.6967

0.793
0.526
0.340
0.847
0.562
0.072

First-order kinetic model

T01=2 (min) k1 (min1)
50.69
42.01
28.87
39.73
34.83
29.47

0.0339
0.0623
0.0715
0.0531
0.0826
0.1141

R2adj

Fend

0.983
0.970
0.891
0.988
0.987
0.935

35.89
34.59
20.19
36.23
28.75
12.04

n-order kinetic model

T11=2 (min) kn (min1)

R2adj

Fend

n

Tn1=2 (min)

106
106
105
106
104
104

0.990
0.998
0.963
0.996
0.998
0.987

0
0
0
0
7.38
0

2.83
3.41
2.87
2.89
2.37
2.37

46.01
24.86
11.64
30.04
10.52
5.26

20.44
11.12
9.69
13.05
8.39
6.07

6.64
1.09
2.22
7.91
1.87
4.02








R2adj: correlation coefficient; n: the number of apparent reaction orders; Fend: the lower limit of fluorescence intensity due to the degradation; T01=2 ,
T11=2 and Tn1=2 : half-life of zero-order, first-order and multi-order kinetic model, respectively; k0, k1 and kn: the apparent degradation constant of
zero-order, first-order and multi-order kinetic model, respectively.
C4 was ignored because maximum of fluorescence intensity could not be identified.
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FDOM and HF-FDOM in 3DEEM. The fluorescence intensities
rapidly decreased to 47%e57% during illumination of
0e25 min, and gradually decreased to 32%e39% during illumination of 25e75 min for Peaks A and B, respectively. Red
shifts were observed for Em of Peaks A and B due to the potential structural and conformational changes undergone by
FDOM molecules after photo-degradation. The values of FI
decreased (1.36e1.19), while values of BI decreased (0.74e0.51)
with illumination for both BH-FDOM and HF-FDOM. For BHFDOM, PI,n-PV,n values were 0.91% ± 0.31%, 2.56% ± 0.26%,
17.31% ± 2.82%, 9.75% ± 1.46%, and 69.78% ± 2.42% respectively. For HF-FDOM, PI,n-PV,n values were 0.95% ± 0.32%,
2.24% ± 0.38%, 16.32% ± 2.79%, 9.07% ± 1.69%, and
71.49% ± 2.23% respectively for HF-FDOM. According to FRI
analysis, the sum of PIII,n and PV,n was more than 85%, indicating that fulvic-like and humic-like materials were the main
constituents for both BH-FDOM and HF-FDOM. Four PARAFAC
components were identified by residual analysis (R > 0.9999)
as well as split half analysis for both BH-FDOM and HF-FDOM.
The C1 (Ex/Em 340/478 nm, 255/478 nm), C2 (Ex/Em 315/
412 nm, 245/412 nm), and C3 (Ex/Em 275/475 nm, 275/340 nm)
were categorized as humic-like components with carboxyliclike groups as primary compounds, fulvic-like components
with carboxylic-like and phenolic-like groups as primary
compounds, and protein-like components bound to humic
acid, respectively. The C4 component (with Ex/Em < 220/
500 nm) could not be categorized accurately due to the uncertainty in the location of the maximum peak. The Fmax of C1,
C2 and C3 decreased 61.1%e90.6% after photo-degradation for
both BH-FDOM and HF-FDOM. The R2adj values for the multiorder kinetic model, ranging from 0.963 to 0.998, were
slightly greater than those for the zero-order and first-order
kinetic models for both BH-FDOM and HF-FDOM. Differences
of three orders of magnitude in kn were obtained, ranging from
1.09  106 to 4.02  104 min1, and T1/2 ranged from 5 to
65 min, showing the clearly different photo-degradation ratios
among the components (C1eC3) in FDOM. The decrease in FI
and BI, the change ratios of Pi,n, and the various T1/2 found for
C1eC3 indicated that the stability of components varied in the
order
humic-like
components
>
fulvic-like
components > protein-like components for both BH-FDOM
and HF-FDOM.
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