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Abstract The quantity and quality of dissolved organic

matters have been widely characterized by fluorescence

spectroscopy, yet the relationship between the fluorescence

properties of dissolved organic matters and its molecular

composition remains poorly described in the literature.

Here, we measured the fluorescence excitation–emission

matrix of 17 well-characterized humic substance standards

to determine a range of fluorescence parameters, including

classical fluorescence indices (e.g., fluorescence index,

biological index and humification index) and parameters

derived from parallel factor analysis (e.g., component

contribution). Relationships between humic substance’s

fluorescence and compositional parameters were then sta-

tistically examined using canonical correspondence and

simple correlation analyses. The canonical correspondence

analysis generally suggested that most fluorescence

parameters determined here are highly associated with the

amount of aliphatic and aromatic compounds in humic

substances. However, the correlation analysis between

single molecular and fluorescence parameters indicated

that the fluorescence properties of humic substances

including the parallel factor analysis component contribu-

tion also significantly correlate well with several aspects of

the molecular composition of humic substances, such as

elemental composition, carbon species, acidic functional

group and iron complexation. Overall, our results suggest

that measurement of humic substance’s fluorescence is

beneficial in understanding the molecular composition and

environmental functions of dissolved organic matters in

natural and engineered waters.

Keywords Humic substances � Fluorescence index �
Molecular composition � Parallel factor analysis �
Excitation Emission Matrix � Iron complexation

Introduction

Humic substances (HSs) represent a major carbon reservoir

in the biosphere and comprise a heterogeneous macro-

molecular assembly of diverse small components stabilized

by hydrophobic interactions and hydrogen bonds (Piccolo

2001). In natural and engineered aqueous systems, HS

accounts for up to 80% of dissolved organic matter (DOM)

(Aiken 1985). Because HS is heterogeneous, HS quality is

typically described using parameters such as elemental

composition/ratio, carbon species, functional groups and

other parameters, depending on the purpose of the study

(Campitelli et al. 2006; Chin et al. 1994).

Most information on the molecular composition of HS is

typically associated with its environmental and ecological

functions; consequently, the characterization of composi-

tional parameters is important for understanding the bio-

geochemical processes of HS in aqueous matrices

(Hertkorn et al. 2006; Schmidt et al. 2009). For example,

previous studies have indicated that HS with a high pro-

portion of aromatic compounds (which are p-electron
carriers) generally has a higher capacity of ultraviolet and

visible (UV–Vis) radiation absorbance (Bukaveckas and

Robbins-Forbes 2000; Schindler et al. 1996), functions as

an electron shuttle (Scott et al. 1998) and produces reactive

oxygen species (Scully et al. 2003). Other functional

Editorial responsibility: M. Abbaspour.

& M. Fujii

fujii.m.ah@m.titech.ac.jp

1 Department of Civil Engineering, Tokyo Institute of

Technology, 2-12-1-M1-4 Ookayama, Tokyo 152-8552,

Japan

123

Int. J. Environ. Sci. Technol.

DOI 10.1007/s13762-016-1214-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-016-1214-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-016-1214-x&amp;domain=pdf


groups, such as carboxyl and phenolic hydroxyl groups, are

responsible for metal complexation and alkalinity (Sund-

man et al. 2013; Tipping et al. 2002).

Spectrophotometric techniques, including fluorescence

and UV–Vis absorbance measurements, have been widely

used to characterize aqueous DOM. These optical tech-

niques have the distinct advantages of being rapid, simple

and relatively inexpensive to perform and thus are often

incorporated into routine monitoring systems. Measure-

ments of DOM fluorescence indices, including fluores-

cence index (FI) (McKnight et al. 2001), biological index

(BIX) (Huguet et al. 2009) and humification index (HIX)

(Zsolnay et al. 1999), can provide practical information

such as the source of the DOM and its chemical and bio-

logical reactivity (Coble 1996; Jaffé et al. 2008; McKnight

et al. 2001). In addition, fluorescence excitation–emission

matrix combined with parallel factor (EEM-PARAFAC)

analysis is now widely available. The analytical procedure

of EEM-PARAFAC is, for example, described in a tutorial

by Stedmon and Bro (2008)). The EEM-PARAFAC anal-

ysis can decompose three-dimensional EEM maps from a

large set of samples into a smaller number of individual

fluorescent components such as terrestrial and marine

humic- and protein-like groups (Baghoth et al. 2011;

Stedmon et al. 2007). Thus, this analysis may allow for

more comprehensive data interpretation than do classical

peak-picking and other monotonicity-based analytical

approaches involving a relatively small number of samples.

Fluorescence techniques have been developed and

applied for characterization and structural evaluation of

humic substances. However, the relationship between the

fluorescence indices and the molecular properties of HS

was not emphasized due to the limited number of HS types

employed in previous reported works (Minor and Stephens

2008; Rodrı́guez et al. 2014). In this article, we examined

the relationship between EEM-derived parameters and the

molecular composition and functional parameters of totally

17 standard HS. We have carefully investigated the rele-

vance of HS fluorescence to its molecular composition and

gave useful practical implications from the findings of our

study. The experiments were performed, and data were

analyzed during the period between 2014 and 2015 at the

Department of Civil and Environmental Engineering,

Tokyo Institute of Technology, Japan.

Materials and methods

General

The chemicals used in this work were stored according to

the manufacturers’ instructions and were used as received.

Stock solutions and sample solutions were prepared using

ultra-pure Milli-Q water (MQ, Millipore, resistivity of

18 MX cm at 25 �C). All plasticware and glassware were

acid-washed by soaking in 5% nitric acid for several days,

rinsed with MQ and dried prior to use. All solutions used

for experiments were adjusted to 25 �C in a water bath

before use. All measurements were taken in a temperature-

controlled room at 25 �C.
Solution pH was measured using a HM25R pH meter

(TOA DKK, Japan) equipped with a combined electrode

(1.2 mm diameter, GST-5731C). The pH meter was cali-

brated against phthalate and phosphate pH standards (TOA

DKK) adjusted to pH 4.01 ± 0.02 and 6.86 ± 0.02 at

25 �C, respectively, according to the JIS Z8802 pH mea-

surement method. The pH of the solutions was adjusted

using 1–5 M hydrochloric acid (HCl) and sodium

hydroxide (NaOH) solutions prepared by diluting 36% (w/

v) concentrated HCl (Kanto Chemical Co. Inc., Japan) and

by dissolving NaOH (Kanto Chemical), respectively.

Seventeen chemically well-defined HS standards were

purchased from the International Humic Substances Soci-

ety (IHSS) and the Japanese Humic Substances Society

(JHSS). The chemical properties of these HS standards,

including elemental composition/ratio, carbon species, the

concentration of acidic functional groups and iron com-

plexation parameters, are listed in Table 1. Lyophilized HS

samples (5–10 mg) were accurately weighed into 1.5 mL

polypropylene microtubes using a Sartorius microbalance

(ME5, Germany) with ±1 lg readability and then dis-

solved in an appropriate volume of 0.01–0.1 M NaOH

solution (depending on HS solubility) to provide 10 g L-1

HS stock solution. The pH of each HS solution was

adjusted to 8.0 ± 0.2 with HCl or NaOH, as described

above. The volume of acid or alkali solution required for

each adjustment was recorded (generally less than about 50

lL); the volume increase during the pH adjustment was

\10% of the initial volume and was taken into account

during calculation of the final HS concentration in the HS

stock solution. Each HS stock solution was diluted with

bicarbonate (NaHCO3) buffer (pH 8.0 ± 0.05) to provide a

5-mg L-1 test HS solution. Photochemical transformation

of HS was prevented by minimizing exposure of the HS

stock solution to room light during pH adjustment and

other processes in the stock preparation by placing the

samples in a cardboard box when not in use.

EEM data collection

Fluorescence EEM spectra were collected using a RF-5300

fluorescence spectrometer (Shimadzu Co. Ltd., Japan) and

a quartz cuvette (1 cm path length). The measured wave-

length range was from 240 to 450 nm for excitation (Ex: at

5-nm intervals) and from 300 to 600 nm for emission (Em:

at 2-nm intervals). Prior to each measurement, the
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spectrometer was auto-zeroed with MQ in the cuvette.

Fluorescence signals were recorded as Raman units rather

than quinine sulfate units. Raman scans were obtained at

Ex = 350 nm at 2-nm emission intervals to calculate the

Raman peak areas. Routine data pre-treatment procedures,

including spectral correction, inner filter correction, Raman

normalization and blank subtraction, were performed

according to the procedure described elsewhere (Murphy

et al. 2010).

Classical fluorescence indices

Conventional EEM indices were determined as follows: FI

was calculated by the ratio of the emission intensity at Em

450 nm relative to that at Em 500 nm against Ex 370 nm

(McKnight et al. 2001). BIX was calculated by taking the

intensity ratio of Em 380 nm relative to that of Em 430 nm

against Ex 310 nm (Huguet et al. 2009). HIX was deter-

mined from the ratio of two integrated regions of the

emission scans (Em 435–480 nm divided by Em

300–345 nm at Ex 254 nm) (Zsolnay et al. 1999).

PARAFAC modeling

PARAFAC modeling was conducted following EEM data

correction and management proposed by Stedmon and Bro

(Stedmon andBro 2008). TheEEMdata setwas decomposed

into trilinear terms plus a residual matrix, thus allowing

PARAFAC to estimate the underlying EEM spectra by

minimizing the sum of the squared residual of the model.

Iijk ¼
XN

n¼1

ainbjnckn þ eijk; ð1Þ

where Iijk is the intensity of fluorescence for the i-th sample

at the j-th emission wavelength and the k-th excitation

wavelength, ain is defined as scores and is correlated with

the concentration of the n-th component in the i-th sample,

bjn and ckn are estimates of the emission and excitation

spectral loadings, respectively, for the n-th component, N

indicates the number of components in the model, and eijk
is defined as the residual element which is not accounted

for by the model. The model was calculated by minimizing

the sum of squared residuals with an alternating least

squares algorithm. The MATLAB ‘‘FDOMcorrect’’

toolbox was used for EEM data pre-treatment and the

‘‘DOMFluor’’ toolbox was used to perform the PARAFAC

analyses. The PARAFAC analysis was validated, and the

most appropriate number of components was determined

by residual analysis, split-half analysis and core

consistency determination (Stedmon et al. 2003).

Previous studies have also successfully employed

PARAFAC analysis with the sample number comparable

to that used in this study (Carstea et al. 2014; Ferretto et al.

2014). The PARAFAC model provides component scores

and loadings. In this procedure, the intensity of the n-th

component (In) can be calculated by the following equation

(Kowalczuk et al. 2009):

In ¼ Scoren � ExnðkmaxÞ � EmnðkmaxÞ; ð2Þ

where Scoren is the relative intensity of the n-th

component, Exn (kmax) is the maximum excitation

loading of the n-th component, and Emn (kmax) is the

maximum emission loading of the n-th component derived

from the PARAFAC model. The total fluorescence

intensity of a given sample (ITOT) was calculated as the

total sum of components, as described below:

ITOT ¼
XN

n¼1

In ð3Þ

The contribution of the n-th component relative to the

total fluorescence intensity (In%) was then calculated by

the following equation:

In% ¼ In

ITOT
ð4Þ

The relative fluorescence intensity (RFm) was calculated

as

RFm ¼ PmPM
m¼1 Pm

ð5Þ

where Pm is the intensity of a specific peak chosen by

PARAFAC, M is the total number of peaks derived from

PARAFAC analysis, and RF represents the relative inten-

sity of the peak in EEM (the subscript m represents the

number of specific peaks). In% is calculated using statis-

tically derived parameters such as scores and loadings, and

RFm is calculated based on the specific peak intensity

chosen by PARAFAC modeling.

Other statistical analyses

Statistical analyses, including t test, regression analysis and

correlation analysis, were performed using the statistical

software R (version 3.1.0). Additionally, canonical corre-

spondence analysis (CCA) was performed using PC-ORD

(version 5) software on the Windows platform.

Results and discussion

Fluorescence EEM spectra

Two main peaks in addition to Rayleigh scattering signals

(Peiris et al. 2011) were observed in the EEM spectra of all
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17 HS standards (Fig. 1). The first peak located in the UV

region [excitation wavelength (Ex) * 250 nm] was

defined previously as peak A (Coble 1996) or peak a
(Parlanti et al. 2000). The second peak located in the vis-

ible region of the spectrum (Ex * 330 nm) has been

previously defined as peak C (Coble 1996) or peak a0

(Parlanti et al. 2000). Peak A appeared at about Ex 250 nm

in the current study, consistent with the findings of Sierra

et al. (2005)) and Peiris et al. (2011)), whereas other studies

observed peak A at a slightly lower wavelength

(Ex * 220 nm) (Alberts et al. 2002; Stedmon et al. 2003).

This discrepancy in peak excitation wavelength is likely

attributed to the range of wavelengths employed in this

study and studies by Sierra et al. (2005)) and Peiris et al.

(2011)) and the wavelengths used in the latter studies: the

lowest excitation wavelength employed in the former

studies was 240 nm, while the latter studies used about

220 nm.

The excitation and emission (Ex/Em) wavelengths of

peaks A and C for the 17 HS standards examined here were

generally comparable to those reported in the literature

(Table 2). We found a significant positive correlation

between aromaticity and emission peak wavelength of the

15 HS standards for which aromaticity data are available

(r = 0.75 and p = 0.0012 for peak A and r = 0.74 and

p = 0.0015 for peak C, Fig. 3B. The observed peak shift is

likely due to the redshift of fluorescence peaks associated

with HS molecular conjugation (i.e., aromaticity) (Alberts

and Takács 2004), since a higher degree of molecular

conjugation and the resulting intramolecular reabsorption

of the emitted fluorescence causes redshift of fluorescence

peaks (Peuravuori et al. 2002) [see Fig. 1 in Supplementary

Information (SI) for further discussion of the characteristics

of peaks A and C and comparison with literature values].

Classical fluorescence indices

FI, BIX and HIX are commonly used to indicate DOM

sources, the freshness of DOM components and DOM age,

respectively. In our study, for example, the FI value ranged

from 0.7 [DHA, Dando soil humic acid (HA)] to 1.4

[1R109F, Pony Lake fulvic acid (FA)], suggesting that all

the HS standards used in this study are categorized as

terrestrially derived humic materials according to the study

by McKnight et al. (2001)) (Table 2). BIX for most of our

samples (16 of 17 standards) ranged from about 0.3 to 0.6,

indicating that these HS samples are likely of allochtho-

nous origin (Birdwell and Engel 2010; Huguet et al. 2009;

Wickland et al. 2007). FA from Pony Lake (1R109F) and

Biwa Lake (BFZ), however, showed somewhat higher BIX

(0.7 and 0.6, respectively), suggesting that FA samples

from these lakes consist of a mixture of autochthonous and

allochthonous materials. The higher BIX values for lake

HS agree with the findings of Birdwell and Engel (2010))

(BIX for Pony Lake = 0.66) and Peng et al. (2014)) (BIX

for Pony Lake = 1.0) (Table 2). In addition, HIX for the

17 HS standards ranged from 4.8 to 191. Most of the HS

standards (13 of 17 samples) showed HIX values of

between 10 and 50, comparable to that of HS isolates

(Birdwell and Engel 2010) and DOM from soil and pore

water (Kalbitz et al. 2003; Wickland et al. 2007) in the

previous studies. The highest HIX value (HIX = 191 for

leonardite HA) can be explained by the finding by Birdwell

and Engel (2010)) that coal-derived humics have HIX

values above 50. Further detailed characteristics of classi-

cal fluorescence indices are described further in Table 2.

Indices derived from PARAFAC analysis

PARAFAC analysis was performed by varying the number

of components from 3 to 7. The core consistencies were

determined to be 86.7, 9.5, -0.73, 0.84 and 0.57 for

models with 3, 4, 5, 6 and 7 components, respectively. The

3-component model was considered the best since it pro-

vided the highest core consistency. The fluorescence EEM

spectral characteristics and the excitation and emission

loadings obtained (Fig. 2) were generally similar to those

of colored dissolved organic matter (CDOM) in aquatic

environments (Cory and McKnight 2005; Stedmon et al.

2003). In addition, most peak positions identified were

consistent with the literature, as listed in Table 3. For

example, the position of the first peak (P1) is consistent

with typical protein-like fluorescence (Fellman et al. 2010),

whereas P2, P3, P4 and P5 are consistent with humic-like

fluorescence (Coble 1996; Cory and McKnight 2005;

Stedmon et al. 2003). The DOM samples used in this study

are HS standards, rather than crude DOM samples from

natural waters which could include a range of additional

organic compounds. It is therefore reasonable that the peak

intensity of P1 showed relatively weaker loading compared

to the other peaks (Fig. 2). Further, protein-like peaks can

be attributed to tryptophan residues present in samples

based on information from IHSS (Chen and Kenny 2007).

The fluorescence peaks can be classified into UVA and

UVC humic-like fractions based on their excitation wave-

length. For example, P2, located at Ex/Em = 350/460 nm,

is referred to as the UVA humic-like fraction since the

fluorescence intensity at Em 460 nm is a maximum upon

absorption of excitation light in the UVA region (Ishii and

Boyer 2012). On the other hand, P3 (Ex/Em = 240/

444 nm) and P5 (Ex/Em = 270/492 nm) are designated as

UVC humic-like fractions because their emission intensity

is a maximum, since they absorb light in the UVC region

(Ishii and Boyer 2012). The P4 fraction (Ex/Em = 300/

444 nm) is a major DOM in oceanic waters (Coble 1996)

and is rarely found in river and lake water samples or DOM
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from soil. While none of the HS standards used in this

study are from marine waters, P4 was statistically selected

by PARAFAC analysis. The observed location of P6 is

consistent with that reported by Stedmon and Markager

(2005b)) (Ex/Em = 420/488 nm). This peak has not yet

been defined in the literature. The higher Ex and Em values

of P5 and P6 in the third component compared to P3 and P4

in the second component are likely due to the redshift in

terrestrial-derived HA.

The fluorescence component contributions (In%) were

calculated using Eq. 4 (Kowalczuk et al. 2009) to provide

quantitative results from the PARAFAC analyses. The

contributions of each fluorescence component in the FA

and HA groups are shown in Fig. 3. The contributions

ranged from 32 to 60% for I1%, 23–39% for I2% and

11–27% for I3%. Component percentages were high for the

first and second components for FA than HA (p = 0.04 for

I1% and p = 0.35 for I2%), while it was lower for the third

component (p = 5.5 9 10-4). Santin et al. (2009)) has

reported similar results and addressed the second and the

third components as FA-type and HA-type fractions,

respectively.

We also determined the relative fluorescence intensity

(RFm) using the PARAFAC-based peak-picking method.

The 6 peaks obtained from the 3-component PARAFAC

model were used to calculate the relative intensities of the

designated peaks using Eq. 5. All 17 HS standards

examined in this study provided average values for the

relative intensities from 0.08 for RF6 to 0.25 for RF3. The

higher average RF1 value for HA compared to FA (Fig. 3)

is consistent with the study of Santin et al. (2009)) using

HS estuarine soil samples where the tyrosine-like peak

intensity for HA was higher than that for FA (Ex/

Em = 275/304 nm, p = 0.02). RF3 and RF4, located at Ex/

Em = 240/444 nm and Ex/Em = 300/444 nm, respec-

tively, had higher values for FA than for HA

(p = 1.4 9 10-5 for RF3 and p = 1.8 9 10-3 for RF4).

Consistent with this result, Santin et al. (2009)) charac-

terized both these fluorescence components as FA-type

components (e.g., Ex/Em: 260/439 and 305/439 nm). In

contrast, RF5 and RF6 had higher HA than FA values

(p = 0.017 for RF5 and p = 2.9 9 10-4 for RF6). Santin

et al. (2009)) and He et al. (2006)) reported that the com-

ponent in the Ex/Em range comparable to RF5 was desig-

nated as an HA-type fraction because HA dominates these

fluorescence components. However, neither of these pre-

vious studies observed a peak located in a range compa-

rable to P6.

Relationship between optical parameters

and the molecular composition of HS

Several previous studies have linked optical characteristics

of DOM to compositional parameters (Belzile and Guo

Fig. 1 EEM contours of standard humic substances in four different sources: a Elliott Soil HA (1S102H), b Suwannee River HA (2S101H),

c Nordic Lake FA (1R105F) and d Suwanne River FA (1S101F)
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2006; Hansell and Carlson 2014). For example, absorbance

data have been correlated with several fluorescence

parameters and the molecular composition of HS (Alberts

and Takács 2004; Weishaar et al. 2003). However, the

analyses to date have been fragmentary and comprehensive

investigation on the relationship between the optical

Table 2 Comparison of peak

positions and fluorescence

indices in this study to literature

Sample origin Ex/Em pairs Fluorescence indices

Peak A Peak C FI BIX HIX

FA Nordic Lake 240/448 325/452 1.1 0.38 16.97

335/447 335/461a 0.99b 10–50d

230/436 335/461b

Pony Lake 240/426 305/420 1.43 0.71 8.42

1.51d 0.66d 10–50d

1.46f

1.93g 1g 6.87g

Suwanne River I 240/452 325/448 1.18 0.41 17.09

229/432 332/442a 1.44b 10–50d

230/437 335/457b 1.31f

255/455 320/450c 1.29g 0.54g 14.27h

Suwanne River II 240/450 320/448 1.13 0.37 20.04

1.3e 10–50d

Pahokee Peat II 240446 320/448 1.01 0.31 81.75

230/433 323/437a 10–50d

Inogashira Soil 240/444 315/442 1.21 0.37 26.42

Dado Soil 240/440 315/442 1.1 0.36 15.99

Biwa Lake 240/436 310/428 1.28 0.6 4.83

HA Pahokee Peat II 250/474 440/522 0.84 0.38 30.22

10–50d

Nordic Lake 240/436 315/442 1.01 0.36 10.04

232/435 333/450a 10–50d

Waskish Peat 245/450 315/448 0.96 0.4 14.41

10–50d

Elliott Soil 260/494 440/518 0.82 0.37 30.89

278/464 459/513a 1.15e 10–50d

270/550 360/560c

Pahokee Peat II 250/486 440/524 0.81 0.37 30.92

268/465 456/513a 10–50d

Leonardite 255/486 440/518 0.88 0.4 191.3

265/458 454/511a [50d

Suwannee River II 240/444 315/442 0.98 0.36 17.49

230/437 335/465b 1.19b 10–50d

260/485 330/470c 1.08f

Inogashira Soil 260/486 450/516 0.83 0.39 26.28

Dado Soil 240/442 450/510 0.69 0.47 5.14

a Bold numbers indicate fluorescence results in the present study
b Alberts and Takács (2004)
c Rodrı́guez et al. (2014)
d Sierra et al. (2005)
e Birdwell and Engel (2010)
f Cory and McKnight (2005)
g Korak et al. (2014)
h Peng et al. (2014))
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properties and molecular composition of DOM has not

been provided. Here, CCA and simple correlation analysis

were carried out to correlate the HS molecular information

and its optical properties using the fluorescence parameters

determined in this study (Fig. 4), in addition to UV–Vis

absorbance indices, as the optical parameters.

Figure 4 illustrates the biplot from CCA showing the

relationship between optical parameters and molecular

composition. The first two components cover about 90% of

the overall variations. As indicated by the red arrows in

Fig. 4, the molecular compositions of HS varied in dif-

ferent directions and contributions. The arrow for the

aromatic content was long and had a small angle to the

CCA1 axis, suggesting that most of the CCA1 component

in the positive direction is accounted for by the degree of

aromaticity. Consistent with this, the aliphatic content of

HS, which has a negative correlation with the aromatic

content, contributed to the CCA1 component in the nega-

tive direction. The arrows for the carbohydrate, carbonyl

and oxygen atom contents of the CCA2 component were

long and had relatively small angles to the CCA2 axis,

suggesting that CCA2 represents the O-related structures,

including carbohydrate and carbonyls.

Most optical parameters determined here were spread on

the CCA1 axis, which is highly associated with the amount

of aliphatic and aromatic compounds in HS. For example,

I3%, RF5, RF6 and specific ultraviolet absorption

(SUVA254) are spatially located very close to the arrow

representing the amount of aromatic carbon, indicating that

these parameters correlate highly with the degree of aro-

maticity and thus are candidate indicators for the amount of

aromatic compound in HS. Indeed, SUVA254 is recognized

as an indicator of the aromaticity in aqueous systems

(Weishaar et al. 2003). In addition, the location of BIX on

the axis showing aliphatic content suggests that this index

is highly correlated with the amount of aliphatic com-

pound. Other parameters, including E2/E3 (absorbance at

250 nm relative to 365 nm), absorbance slope (S275–295),

RF1, RF3 and RF4 vary near the CCA1 axis in the negative

direction and thus likely correlate with aliphatic and H-rich

Fig. 2 Contour plots and EEM

loadings of the three generated

fluorescence components
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compounds. These results are consistent with the simple

correlation analysis, which indicates the high correlation

coefficients between the amount of aliphatic carbon and

BIX (r = 0.84, p = 7.8 9 10-5) and between the amount

of aromatic carbon and other optical parameters including

FI (r = 0.78, p = 6.6 9 10-4), I3% (r = 0.85,

p = 1.6 9 10-3), RF5 (r = 0.80, p = 3.8 9 10-4), E2/E3

(r = 0.71, p = 3.2 9 10-3) and RF6 (r = 0.80,

p = 3.3 9 10-4) (Table 1). Several other chemical clas-

ses, such as sulfur-containing compounds, have a longer

axis, but no optical parameters appear close to this axis,

suggesting that optical parameters may be unsuitable for

estimating the sulfur-compound content of HS.

The correlation analysis between single molecular and

fluorescence parameters indicated that the fluorescence

properties of HS, including the PARAFAC component

contribution, significantly correlate well with the other

parameters related to HS molecular composition (e.g., the

elemental composition, carbon species, acidic functional

group content and iron complexation parameters)

(Table 4). For example, I3% showed significant correla-

tions (p\ 0.05) with elemental composition (O and N) and

carbohydrate content, while SUVA254 had high correlation

with carboxyl content. Fe(III) complexation is one of the

important functions of HS in natural aquatic environments,

and thus, the correlations between HS optical parameters

and Fe(III) complexation parameters (complexation

capacity (CFe) and stability constant (KFe) at pH 8.0] were

examined. As shown in Table 4, Fe(III) complexation

parameters were correlated with FI, I3%, RF3 and RF6.

These selected optical parameters are correlated highly

with aromaticity (Table 4). Previous work by Fujii et al.

(2014)) consistently indicated that specific functional

groups, including those located near aromatic groups in

HS, are likely preferable for Fe(III) coordination at cir-

cumneutral pH. In addition, the result agrees overall with

the view put forth by McKnight et al. (2001)) that FI is

likely to be a useful tool for estimating metal-FA com-

plexation in natural waters. Comparison of the correlation

coefficients indicated that RF6 has the highest correlation

to the Fe(III) binding parameters, perhaps, because RF6
can effectively quantify the redshift caused by condensed

aromatic rings and other unsaturated bonding structures

likely associated, either directly or indirectly, with the

Fe(III) binding properties of HS (Fujii et al. 2014).

However, the present results do not necessarily exclude

Table 3 Six peaks generated from 3 component PARAFAC model in this study and comparison with literature

Component Peak Position (Ex/Em,

nm)

Common Ex/Em scale

(nm)a,b
Definition Referencesh

C1 P1 275/306 270-280/300-312 B/T, amino acids, free or bound in proteins 275/300c

275/304d,g

275/306e

P2 350/460 320-360/420-460 C, UVA humic-like fraction (terrestrial) 385/504d,g

370/490c

C2 P3 240/444 230-260/400-500 A, UVC humic-like fraction (terrestrial) 240/436f

250/448d

P4 300/444 295-380/374-450 M, marine humic-like fraction 315/418c

325/416f

C3 P5 270/492 250-295/478-504 A, UVC humic like 270/478f

260/490c

P6 440/492 Unknown Undefined but can be found in terrestrial humic acid 420/488d

a Parlanti et al. (2000)
b Coble et al. (1998)
c Murphy et al. (2008)
d Stedmon and Markager (2005a)
e Stedmon and Markager (2005b)
f Stedmon et al. (2003)
g Santin et al. (2009)
h The component number shows the PARAFAC number in specific literature
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Fig. 4 Canonical

correspondence analysis for

characterization of the
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molecular composition and
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component CCA axis 1, while

17.7% of variance is explained

by the second component CCA

axis 2
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the importance of other structures in metal binding by HS

(e.g., aliphatic carboxyl in close proximity to aromatic

structures) (Leenheer et al. 1998; Manceau and Matynia

2010).

Finally, the statistical results obtained in this study

allowed us to establish a series of empirical equations

describing the substantial relationship between fluores-

cence parameters and HS chemical properties (Table S1 in

SI).

Conclusion

In conclusion, we comprehensively analyzed the relation-

ship between optical properties (e.g., FI, BIX, HIX and

PARAFAC-derived parameters) and molecular composi-

tion for chemically well-defined HS standards. Our find-

ings generally indicated that such fluorescence properties

of HS significantly correlate well with several aspects of

the molecular composition of HS including aromaticity,

elemental composition, carbon species, acidic functional

group content and iron complexation. These results suggest

that the measurement of HS fluorescence is useful in

understanding the molecular composition and environ-

mental functions of DOM in natural environments.
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