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Abstract

Excitation/emission matrix (EEM), single-scan excitation and synchronous fluorescence spectra of a series of FA and

HA from distinct environments are presented. The EEM plots show at least four spectral features whose corresponding

Ex/Em pairs relate to the a 0, a, b and c (or d) fluorophores previously found in natural waters spectra. The a 0 and a
peaks, which identify typical humic-like components, are present in all samples, independently of the organic matter

(OM) source. In FA, their Ex/Em pairs are �260 nm/460 nm and �310 nm/440 nm, respectively. In HA their excitation

and emission maxima are red-shifted, the corresponding Ex/Em pairs being located at �265 nm/525 nm and �360 nm/

520 nm, respectively. The appearance of b and c (or d) peaks is dependent both on the OM origin and on HS aging. The

former (Ex/Em � 320 nm/430 nm), that has been associated with the incidence of marine humic-like material, is present

only in a few marine and estuarine HA. It emerges as a shoulder on the a peak and its detection is dependent on a

balance between its magnitude and the magnitude and emission maxima location of the a peak. The c (or d) peak

(Ex/Em � 275 nm/315 nm in FA, and �275 nm/330 nm in HA), on the other hand, is better visualized in FA than

in HA diagrams. It has typical protein-, mainly tryptophan-like, fluorescence properties and appears with varied signif-

icance in a few marine and estuarine samples being hardly detected in samples from exclusively terrestrial environments.

It is also shown in this study that with selected kex, kem and Dk values, regular emission, excitation and synchronous

spectra can, together, provide a good picture of the OM sources and aging for extracted HS.
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1. Introduction

Studies on humic substances (HS) structural charac-

teristics are particularly complicated because in addi-

tion to their natural complexity they have usually been
ed.
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obtained utilizing different methods, in different labora-

tories, inhibiting the comparison of results. Since the

establishment of the (International Humic Substances

Society) IHSS procedure for HS collection (Swift,

1996), however, at least this part of the problem has

been minimized and research on structural characteris-

tics of HS has progressed considerably. Even so, most

studies have focused on terrestrial, mainly soil, material,

the knowledge on properties of HS from aquatic envi-

ronments being less developed.

With the purpose of improving understanding vis-à-

vis the structural and functional properties of HS from

aquatic systems as well as of determining the relation-

ships between these properties and the sources and evo-

lution of organic matter (OM) within these

environments, a set of fulvic (FA) and humic acids

(HA) extracted from marine, estuarine, lacustrine and

terrestrial environments were studied. The method uti-

lized to extract the HS was that recommended by the

IHSS (IHSS home page, 2004). Structural and spectral

properties of these samples were extensively scrutinized

(Fernandes et al., 2004; Giovanela et al., 2004; Sierra

et al., 2004) and the data obtained supported both, the

idea that HS from aquatic and mixed environments

are more aliphatic and have higher nitrogen, sulphur

and oxygen contents than had previously been proposed

and, also, that amide linkages form important fractions

of their structures. In the present work the data relative

to the fluorescence properties of these samples are

shown.

Knowledge on HS fluorescence properties has mostly

been gained from single-scan fluorescence data. Single-

scan fluorescence emission spectra of HS present a single

broad band whose maximum emission (kmax) shifts

according to the excitation wavelength (kex) adopted

(Senesi, 1990; Sierra et al., 2000). For identical kex, FA

fluoresce with higher intensities and at shorter wave-

lengths than HA from the same origin (Belin et al.,

1993; Sierra et al., 2000). HS excitation spectra exhibit

two broad peaks positioned in the ultraviolet (around

250 nm) and visible (around 340 nm) spectral ranges.

The exact localization of these peaks depends on the

kem employed and the relative intensities for FA and

HA are different, these also changing according to the

origin of the samples (Belin et al., 1993; Sierra et al.,

2000). Since in HS studies, different laboratories often

use different kex and kem, comparison between distinct

studies is problematic and, for this reason, a consistent

fluorescence fingerprint of HS is not yet well established.

EEM produces fluorescence spectra at many different

excitation wavelengths providing an overall view of all

features existing within a selected spectral range. This

technique has satisfactorily been used to scrutinize water

masses in natural environments (Mopper and Shultz,

1993; Coble, 1996; Mattews et al., 1996; Del Castillo

et al., 1999; Mounier et al., 1999; Parlanti et al., 2000,
2002; Baker, 2001; Chen et al., 2003). A few studies on

the effect of concentration, ionic strength, pH and cop-

per binding on fluorescence features of extracted HS

have also employed the EEM mode (Mobed et al.,

1996; Fukushima et al., 1997). Papers on the effect of

the OM origin and aging on the three-dimensional fluo-

rescence features of HS are, however, scarce in the liter-

ature. In this study, the EEM diagrams of the HS cited

above are scrutinized to establish a complete fluores-

cence fingerprint ( i.e. number of peaks, their location

and relative intensities) of this material as well as to

identify potential correlations between such features

and the origin of the samples. To present a deep analysis

of the data and also to compare our findings to related

works, a few single-scan excitation and synchronous

spectra were included. For the same reasons the com-

mercial Aldrich HA as well as soil and river FA and

HA samples from the pool of standard materials of

the IHSS were also included.
2. Experimental

2.1. Sampling sites

The marine sediment samples were collected from

Mar Virado Island (MVI) and Ubatumirim Beach

(UBM); estuarine and freshwater samples from Ratones

Mangrove (RME) and Peri Lagoon (PLN). The four

sampling sites are located in the southern coastal zone

of Brazil, the first two being in São Paulo (zoom a in

Fig. 1) and the other two on Santa Catarina Island

(zooms b and c in Fig. 1).

Peri Lagoon is a freshwater lake (zoom b in Fig. 1).

Three streams flow into this system, which is located

in a hydrographic basin surrounded by a dense sub-trop-

ical and well-preserved rain forest. Two sediment sam-

ples were collected at two different points from the

bottom of the lake: near to the edge (PLN 4) and in

the middle of the lake (PLN 7).

The Ratones Mangrove estuarine sediment samples

were taken from distinct points within the estuary (zoom

c in Fig. 1). One is located at the mouth of the Ratones

River (RME 1) and is exposed to daily seawater wash-

ing, whereas the other (RME 2) is located far from tidal

influence in a mangrove area surrounded by terrestrial

vegetation. Only occasionally during exceptionally high

flood tides does the RME 2A site inundate and receive

marine inputs. In these two sites, sediment samples were

collected at three different depths: 0–10 cm (RME 1A

and 2A), 10–20 cm (RME 1B and 2B) and 20–30 cm

(RME 1C and 2C).

The Aldrich HA was included as representing a

material from terrestrial OM sources and also to make

possible eventual comparisons with studies by other

investigators. Information on the specific source and



Fig. 1. Sampling sites.
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nature of this product is not usually given by the suppli-

ers, but according to Malcolm and MacCarthy (1986)

this commercial HA appears to be similar to leonardite

and Wyoming dopplerite and is therefore different from

soil and water HS.

Four samples were purchased from the IHSS pool of

standard materials, the Suwannee River FA (1S101F)

and HA (1S101H), and the Elliot Soil FA (1S102F)

and HA (1S102H). Complementary information on these

samples can be found on the IHSS home page (2004).

2.2. Humic substances extraction procedure

All samples were obtained via the IHSS recom-

mended procedure (Swift, 1996) and experimental de-

tails have been published elsewhere (Giovanela et al.,

2004; Sierra et al., 2004). The Aldrich HA passed

through the same purification process applied to the

other samples.
2.3. Fluorescence spectroscopy

The fluorescence spectra of the FA and HA solutions

(4 mgl�1 of HS) were recorded with a Fluorolog SPEX

FL3-22 Jobin Yvon fluorometer. Prior to analysis, the

pH of the solutions was adjusted to 7.0 with 0.001

mol l�1 NaOH. Solutions were irradiated in a 1 cm path

length fused silica cell (Hellma), thermostated at 20 �C.

The EEM fluorescence spectroscopy involved scanning

and recording of 17 individual emission spectra (260–

700 nm) at sequential 10 nm increments of excitation

wavelength (kex) between 250 and 410 nm as described

elsewhere (Parlanti et al., 2000). The bandwidths for

both excitation and emission were 4 nm, with emission

wavelength (kem) increments of 1 nm and integration

time of 0.5 s. The spectra were obtained by subtract-

ing Milli-Q (Millipore) water blank spectra, recorded

under the same conditions, to eliminate water Raman

scatter peaks. The 17 scans were used to generate
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three-dimensional contour plots of fluorescence intensity

as a function of excitation and emission wavelengths.

The emission spectra were electronically corrected for

instrumental response (Ewald et al., 1983; Sierra et al.,

1994) but the emission correction was not valid below

300 nm. The excitation correction was not applied to

the spectra. However, the comparative discussion of

emission spectra below takes into account the fact that

firstly, they were recorded on the same instrument under

the same experimental conditions and secondly, they did

not present visible distortions relative to corrected spec-

tra published elsewhere (Belin et al., 1993; Sierra et al.,

1994).
3. Results and discussion

3.1. EEM fluorescence

The EEM fluorescence and the respective three-

dimensional projections of the aqueous solutions of

FA and HA samples from three different types of sedi-

ment can be seen in Figs. 2 and 3, respectively. The plots

of the IHSS standard materials Suwannee River and El-

liot Soil FA and HA as well as of the Aldrich HA, are

shown in Figs. 4 and 5. In general terms the shape of

the EEM diagrams as well as of their three-dimensional

projections is basically the same for all samples studied

here, with all of them presenting two main regions of dif-

ferent intensities. For FA, the first and more intense re-

gion is centred at Ex/Em = 260 nm/460 nm and the

second, less intense, is near Ex/Em = 310 nm/440 nm.

For HA, these two regions are located at around Ex/

Em = 265 nm/525 nm and Ex/Em = 360 nm/520 nm,

respectively. The emission maxima of the Suwannee Riv-

er HA are blue-shifted and those of the Elliot Soil HA

are red-shifted relatively to our HA emission maxima.

Mobed et al. (1996), have previously published EEM flu-

orescence diagrams of the Suwannee River standard FA

and HA but in their work the inspected excitation range

was from 300 to 500 nm disregarding or only partially

covering the short-wavelength feature (with Ex � 260

nm) found here. The second peak observed in their

work, on the other hand, has Ex/Em pairs close to those

found here for these samples. The Ex/Em pairs relative

to these two peaks as well as those of other peaks, that

will be mentioned below, for all samples studied here,

are presented in Tables 1–3. Our observations extend

only to kex = 250 nm and because of this, for a few FA

samples whose excitation ranges extend towards the

blue-end, the a 0 peak is only partially registered. Such

an effect does not restrain the assessment of the a 0 max-

ima wavelength values which can be clearly determined

for all samples.

Considering their overall shape these EEM are simi-

lar to those of natural, mainly, fresh and pore waters
(Coble, 1996; Parlanti et al., 2000; Parlanti et al., 2002;

Patel-Sorrentino et al., 2002). Taking into account the

Ex/Em maxima, however, a few differences can be no-

ticed both, between extracted HS and natural water

and between FA and HA plots. For natural waters,

these two main peaks are located in the range Ex/Em =

250�260 nm/380–480 nm and in the range Ex/Em =

330�350 nm/420–480 nm, respectively, being conse-

quently similar to our FA but different from our HA dia-

grams. The fluorophores responsible for these two

signals have already been recognized as belonging to typ-

ical humic-like components, having received individual

designations like as, A and C (Coble, 1996; Patel-Sorren-

tino et al., 2002) or, a 0 and a (Parlanti et al., 2000, 2002),

respectively. Parlanti et al. (2000) designations will be

employed in this paper.

The similarity between our FA Ex/Em pairs and

those observed for natural waters confirms that this frac-

tion of HS is chiefly responsible for natural waters fluo-

rescence. This is to be expected since FA comprise the

soluble fraction of HS. HA, on the other side, are only

weakly soluble in water in the acidic and neutral pH

ranges and, even when present in natural waters they

might be in very low concentrations. The more soluble

humic components must hence mask their fluorescence

signal.

For FA, the a peak is well defined whereas for HA

this signal is more like a shoulder and cannot in, most

cases, be considered as a peak. In truth, if an imaginary

line, parallel to the excitation axis, crosses over the two

peak ranges in EEM plots at kem � 450 nm, it can be rec-

ognised that the second range corresponds to the second

peak of a HS or natural-water single-scan corrected exci-

tation spectrum (Belin et al., 1993; Sierra et al., 1994,

2000; Patel-Sorrentino et al., 2002). The excitation spec-

tra so obtained of a FA and a HA are presented in Fig.

6. Moreover, whereas for FA this line crosses just over

the two main peaks, generating, consequently two exci-

tation bands, for HA, it passes away from the more fea-

tured range producing, a less featured excitation

spectrum. Actually, the whole fluorescence picture given

here by the EEM mode reveals that, for HA, the best

emission wavelength for single-scan excitation spectra

recording would be 520 nm (or close to) instead of the

previously employed 445 nm (Belin et al., 1993; Sierra

et al., 2000). However, even using this wavelength, the

HA excitation spectra is poorly featured as can be seen

in Fig. 7 confirming the reduced incidence of a type

fluorophores in this humic fraction. In single-scan spec-

tra studies, variations in the shape of this second excita-

tion peak from one sample to another have been

associated with molar mass distributions as well as with

differences in the relative proportions of acidic func-

tional groups in HS structures (Belin et al., 1993; Silva,

1996; Sierra et al., 2000). For freshwater extracts, for

example, it has been shown that the higher the apparent



Fig. 2. EEM fluorescence diagrams and the corresponding three-dimensional projections of three FA samples. (a) MVI = coastal

marine; (b) RME-1A = estuarine (near-to-sea); and (c) PLN 4 = freshwater lagoon.
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Fig. 3. EEM fluorescence diagrams and the corresponding three-dimensional projections of three HA samples. Symbols have the same

significance as in Fig. 2.
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Fig. 4. EEM fluorescence diagrams and the corresponding three-dimensional projections of two IHSS standard FA.

M.M.D. Sierra et al. / Chemosphere 58 (2005) 715–733 721
molar mass, the more spread the fluorescence excitation

spectra towards longer wavelengths (Belin et al., 1993).

It has been also suggested, following pH variations in

FA solutions, that the 300–350 nm region in the excita-

tion spectra is dominated by chromophores with high

carboxylic groups content, while structures containing

phenolic groups act between 350 and 400 nm (Silva,

1996). Differences observed between FA and HA EEM

spectra, could be equally explained by these two argu-

ments. In fact, the higher aromatic condensation in

HA overlaps electronic transitions, producing an excita-

tion spectrum less contrasted than that of fulvic acids.

Also, with respect to the acidic contents, the carboxylic

group average concentration is, for these FA, higher

than that of HA by as much as a factor of 1.5 (Fernan-

des et al., 2004).

FA fluorescence intensities are higher than those of

HA at identical concentrations (Tables 1–3). High fluo-

rescence intensity is, in general, associated with low mo-
lar mass components, low condensation and low

aromatic degree (Miano et al., 1988; Senesi et al.,

1991). The greater proximity of aromatic chromophores

and, consequently the greater probability of deactivation

of the excited states by internal quenching in high molar

mass molecules, like HA, diminishes the fluorescence

intensity (Senesi, 1990) and shifts the maxima to higher

wavelengths. These trends corroborate the results rela-

tive to the peak positions as well as to recurrent data

presented in the literature about the differences between

the molar masses of FA and HA (Aiken and Gillam,

1989).

For FA the a and a 0 peak relative intensities change

slightly from one sample to another. Comparing the

samples collected from the two sites in the Ratones

Mangrove, for example, it can be noticed that the a peak

is more apparent in the far-from-sea (Fig. 8: RME 2A,

0-10 cm) than in the near-to-sea samples (Fig. 2: RME

1A, 0–10 cm). For natural waters, the ratio between



Fig. 5. EEM fluorescence diagrams and the corresponding three-dimensional projections of two IHSS standard and of the Aldrich

HA.
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Table 1

Fluorescence data of the FA samples

Samples Fluorophorea kex/kem (nm) Intensity (cps) Ratio a 0/a

FA—UBM a 0 255/454 1996569

a 310/440 1244105 1.60

c 275/320 482355

FA—MVI a 0 255/458 2418098

a 310/438 1570061 1.54

c 275/320 440214

FA—PLN 4 a 0 255/454 3825992

a 310/442 2499315 1.53

c – –

FA—PLN 7 a 0 255/456 4094953

a 310/440 2544534 1.61

c – –

FA—RME 1A a 0 260/458 3412590

a 310/444 1967048 1.73

c 270/330 426473

FA—RME 1B a 0 260/460 3365502

a 310/444 2029827 1.66

c 270/330 380699

FA—RME 1C a 0 260/465 3339002

a 310/442 1822118 1.83

c 270/325 438926

FA—RME 2A a 0 255/455 2155908

a 315/450 1601025 1.35

c 270/305 1722715

FA—RME 2B a 0 255/460 2872295

a 315/450 1873647 1.53

c 270/305 991619

FA—RME 2C a 0 255/455 2796313

a 315/445 1708481 1.64

c 270/310 746247

a According to Parlanti et al. (2000) denominations.
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these two peak intensities has been employed to distin-

guish between fluorescent OM from terrestrial and mar-

ine environments with the highest values being measured

in open-sea waters due to the reduced contribution of

the a fluorophores in these environments (Sierra et al.,

1994; Coble, 1996; Sierra et al., 1997). The a 0/a ratio val-

ues for all samples are shown in Tables 1–3. The higher

influence of the a fluorophores on FA than on HA flu-

orescence is confirmed by these values. From these data,

however, it is not possible to infer conclusively about the

samples origin, as in the case of natural waters, because

general trends are not observed. The terrestrial Elliot

soil FA, for example, showed a a 0/a value which is high-

er than the coastal marine UBM and MVI samples. Spe-

cial cases are the estuarine FA whose a 0/a values are

clearly higher for the samples collected near to sea

(RME 1A, 1B and 1C) than for the samples collected

far from the sea (RME 2A, 2B and 2C). Also, for these

FA, it can be observed that, in both sites, the upper-

layer samples present lower values than the deep-layer
samples. Such increasing in the ratio with depth might

be a consequence of the OM aging, humification leading

to the decaying of the a fluorophores relatively to the a 0

fluorophores. This hypothesis agrees with the fact that

the a 0/a ratio values are higher for HA than for FA.

In natural waters, the a peak has been associated with

terrestrial (e.g. lignin-derivatives) contributions (Sierra

et al., 1994, 1997; Coble, 1996) as well as to degradation

products of purely marine origin (Parlanti et al., 2000).

According to our data, in extracted HS, the extent of

its contribution to the longer wavelength emission fluo-

rescence signal seems be equally strongly dependent on

the humification degree of the samples.

Besides these two main fluorescence regions, most of

samples presented a third signal. For FA, it is located

within the range Ex/Em = 270�275 nm/305–320 nm

and for HA in the range Ex/Em = 270�275 nm/330–

345 nm (Figs. 2, 3 and 8 and Tables 1–3). This signal

is present in HS diagrams with varied intensities.

Whereas for most samples it is more like a shoulder,



Table 2

Fluorescence data of the HA samples

Samples Fluorophorea kex/kemi (nm) Intensity (cps) Ratio a 0/a

HA—UBM a 0 265/525 977896

a 360/525 352305 2.77

c 275/345 175381

HA—MVI a 0 265/515 1471348

a 360/515 532330

c 270/330 1114432 2.76

b 320/425 467098

HA—PLN 4 a 0 265/525 1652147

a 360/520 558015 2.96

c 275/340 135150

HA—PLN 7 a 0 265/520 1907765

a 360/515 668804 2.85

c 275/345 147456

HA—RME 1A a 0 265/530 1797255

a 360/525 630096 2.85

c 275/335 164730

HA—RME 1B a 0 265/530 1966142

a 360/530 705913 2.79

c 275/345 151135

HA—RME 1C a 0 265/530 1925831

a 360/525 687376 2.80

c 275/345 155777

HA—RME 2A a 0 265/525 1100604

a 360/515 405763

c 275/335 150301 2.71

b 320/430 372737

HA—RME 2B a 0 265/525 1552621

a 360/520 552472 2.81

c 275/345 176268

HA—RME 2C a 0 265/515 1359497

a 360/515 475920

c 275/340 229581 2.86

b 320/425 426628

HA—Aldrich a 0 265/525 2130731

a 360/520 673352 3.16

c – –

a According to Parlanti et al. (2000) denominations.
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for the FA fractions extracted from Site 2 in the Ratones

Mangrove (RME 2A, 2B and 2C) it is very significant

(Fig. 8). It is, conversely, absent and very weak in the

FA and HA plots respectively of the lake (PLN) samples

(Figs. 2 and 3). The Aldrich HA does not present this

peak and in the IHSS standard HS diagrams only a very

slight fluorescence vestige can be observed in this range

(Figs. 4 and 5). In the case where it is prominent this

peak appears relatively separated from the other fea-

tures. For natural waters, fluorescence signals within this

range have usually been attributed to protein-derived

compounds being designated as B or c (tyrosine and/

or protein-like peak with kem � 310 nm) and as T or d
(tryptophan and/or protein-like peak, with kem � 340
nm) (Coble, 1996; Parlanti et al., 2000). The comparison

of our data with these studies as well as with those re-

ported by Determann et al. (1998) and Mayer et al.

(1999) indicates that the signal detected in our HS could,

effectively be associated to the presence of these aro-

matic amino acids. Phenol exhibits a fluorescence excita-

tion peak in this exact range, and, because of this, this

feature has equally been associated with mono-aromatic

phenolic compounds, which are also precursors for part

of the future fluorescent OM (Ferrari and Mingazzini,

1995). It is not possible to distinguish between amino

acids and mono-aromatic phenolic compounds signals

in the EEM diagrams. However, as this signal is usually

encountered in seawater samples (Ferrari and Mingazz-



Table 3

Fluorescence data of the IHSS samples

Samples Fluorophorea kex/kemi (nm) Intensity (cps) Ratio a 0/a

Fulvic acids

Suwannee River Fulvic Acid (1S101F) a 0 255/455 2563467 1.61

a 320/450 1590053

Elliot Soil Fulvic Acid (1S102F) a 0 265/475 4168873 1.93

a 325/440 2159418

Humic acids

Suwannee River Humic Acid (1S101H) a 0 260/485 1459599 2.12

a 330/470 689360

Elliot Soil Humic Acid (1S102H) a 0 270/550 2450461 2.63

a 360/560 930884

a According to Parlanti et al. (2000) denominations.
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ini, 1995; Coble, 1996; Parlanti et al., 2000) and, in the

present study, it is hardly detected in the samples from

exclusively terrestrial sources, we will also assume a pro-

tein origin for this peak in the following discussion.

At a first view, vis-à-vis the peak maxima, tyrosine

(c) seems to be the major contributor to FA whereas try-

ptophan (d) seems to be mainly responsible for the HA

protein-like peaks. However, as has been shown in pre-

vious studies, intact proteins containing both tyrosine

and tryptophan residues are generally dominated by try-

ptophan fluorescence due to the higher quantum yield of

the latter (Determann et al., 1998). Determann et al.

(1998), for example, investigated the fluorescence prop-

erties of a series of marine bacteria and phytoplankton

cultures and observed that the tryptophan signal was

dominant. They also showed that in denatured proteins

tryptophan emission is blue-shifted relatively to its regu-

lar emission signal exhibiting, in this case, a peak centred
at 305 nm which may overlap the tyrosine signal. During

extraction and purification, HS are strongly handled

being submitted to extreme acidic and alkaline condi-

tions, among other procedures. After such treatment it

seems highly unlikely that proteins would remain in their

intact form. Hence, tryptophan or its metabolites might

be mainly responsible for the fluorescence signal ob-

served in all samples. The d designation will subse-

quently employed.

The peaks in this range of the fluorescence spectra

and EEM diagrams have been used as markers to esti-

mate biological activity and the different stages of the

biological production in coastal zones (Mayer et al.,

1999; Parlanti et al., 2000). According to Parlanti et al.

(2000) the more prominent the c peak the earlier the

stage of degradation of the freshly produced biological

material, in natural waters. Most of our samples were

from highly productive environments (estuaries and
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coastal zones), with considerably high sedimentation

rates, and the signals for the presence of recent OM in

these extracted HS confirms its relatively low humifica-

tion degree. Actually, from the elemental, functional

and spectral properties of this set of samples (Fernandes

et al., 2004; Giovanela et al., 2004; Sierra et al., 2004) it

was also inferred that they preserve significant moieties

of the source materials. The reasons for the presence

of a stronger protein-like signal in the RME-FA (Site

2) than in the other samples is not clear but it is interest-

ing to observe the decreasing of its relative intensity

from upper to lower sediment layers (Fig. 8). Coble

(1996) also detected protein-like fluorescence in sedi-

ment pore waters, with the greatest concentrations being

detected near the sediment-water interface. The occur-

rence of protein derived materials in FA and practically

none in HA, in spite of the fact that the former were the

more extensively handled during the extraction proce-

dures, might be due to protein water-solubility charac-

teristics, which might follow the FA patterns. The

attributing of this signal to phenol-like structures, on

the other hand, could make easier the explanation for

the reasons for its greater manifestation in the samples

from Site 2 in Ratones Mangrove, which, in comparison

with other marine and estuarine samples presented the

most evident signals of terrestrial OM influence (Gio-

vanela et al., 2004; Sierra et al., 2004). The presence of

unhumified compounds whether protein-like and/or

phenol-like, in these samples is a sign of their lower

aging relatively to the others, and does not invalidate

the discussion above.

In spite of being the samples that gave the most evi-

dent infrared signals of the presence of polypeptides

(Sierra et al., 2004), the lake (PLN) HA samples do not

exhibit the protein-like fluorescence (Fig. 3) indicating
that its protein residues are predominantly aliphatic, so

endorsing the aliphatic nature of the material as a whole.

Finally, a fourth and barely perceptible shoulder ap-

pears at around Ex/Em = 320 nm/425 nm in a few HA

diagrams. It is best seen in the EEM diagrams of the

marine HA (MVI) and of the three HA from Site 2 in

Ratones Mangrove (RME 2A, 2B and 2C) (Figs. 3

and 9). EEM fluorescence signals in this range have been

associated with the presence of marine humic-like com-

pounds being designed as b (Sierra et al., 1994; Parlanti

et al., 2000) or M (Coble, 1996) components. These com-

ponents have been indicated as being responsible for the

blue-shift observed moving from fresh to marine envi-

ronments both in single-scan and in EEM fluorescence

of natural waters (Sierra et al., 1994, 1997; Coble,

1996; Parlanti et al., 2000). Here again, from the overall

view given by the EEM plots it becomes clear why the

313 nm excitation wavelength has been so sensitive in

detecting differences in the single-scan fluorescence max-

ima of natural waters (Sierra et al., 1994, 1997). Spectra

obtained with k ex around this value represent essentially

the emission of the a plus b fluorophores, the blue- or

red-shifts being dependent on the relative abundance

of each one in each sample.

In natural waters EEM diagrams the b signal has

been observed in association with the protein-like,

mainly the c, peaks suggesting that both components

have the same biological origin, with the c components

being the precursors for the b components (Parlanti et

al., 2000). Hence, to find b component signals in the

samples from Site 2 in Ratones Mangrove is not surpris-

ingly since the FA samples with the most evident c (or d)

signals on their diagrams also come from this collection

point. The absence of the b peak from the FA diagrams

can be attributed to both, its solubility characteristics



Fig. 8. EEM fluorescence diagrams and the corresponding three-dimensional projections of estuarine FA samples (Ratones Mangrove,

Site 2, far-from-sea) from three different sediment depths.
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Fig. 9. EEM fluorescence diagrams and the corresponding three-dimensional projections of estuarine HA samples (Ratones

Mangrove, Site 2, far-from-sea) from three different sediment depths.
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which can follow the HA patterns and also to the fact

that, in FA the a peak is very intense overlapping the

b emission. In HA, the emission ranges are red-shifted

to above 520 nm making more room for the b peak

appearance. In fact, except for the lake HS, the Aldrich

HA and the IHSS samples, the b fluorophore should be

present to varied extents in all of the other samples but

its signal might be overlapped by the stronger fluores-

cence (mainly in FA diagrams) of the humic-like (a)

peak.

Some minor differences in fluorescence intensities and

in peak positions from one sample to another are also

apparent (Tables 1–3) suggesting that there are minor

differences in HS composition.

3.2. Synchronous spectra

Synchronous excitation has recurrently been used in

HS and natural water fluorescence studies (Cabaniss

and Shuman, 1987; Miano et al., 1988; Miano and Sene-

si, 1992; Esteves da Silva and Machado, 1995; Ferrari

and Mingazzini, 1995; Lombardi and Jardim, 1997) be-

cause in this fluorescence mode the spectra are, usually,

more structured than the corresponding excitation and

emission spectra. As a matter of fact, in the present

study, as we obtained the complete fingerprint of HS

by EEM plots, it should be unnecessary to make use of

other fluorescence techniques to seek further ‘‘hidden’’

fluorophores. However, the following data and its discus-

sion intend to show the real shapes of HS synchronous

spectra as well as to explain the reasons for those shapes.

The synchronous technique consists of varying simul-

taneously both excitation and emission wavelengths

while keeping a constant wavelength interval Dk be-

tween them. The synchronous signal will be observed

only when fluorescence excitation and emission can both

occur over the Dk selected (Vo-Dinh, 1978). This makes

the shape and the bandwidth of a synchronous fluores-

cence spectrum, strong functions of the Dk selected.

The selectivity toward any given component in a mixture

can be enhanced by using a Dk that corresponds to the

wavelength interval between the excitation and the emis-

sion maxima for that component (Vo-Dinh, 1978). Con-

sequently, concerning HS, the principal difficulty

involved in this technique, is to find the ideal Dk interval,

i.e. the value that will produce the most representative

spectra of each fluorophore, in each sample. In fact,

such a condition seems impossible to achieve because

the individual characteristics of humic fluorophores are

not known. Furthermore, as can be seen in the HS

EEM plots, the emission maxima shift to longer or

shorter wavelengths according to the excitation wave-

length employed. Hence, to have a complete picture of

each sample several Dk should be tested before each

study. Miano and Senesi (1992) investigated the effect

of varying Dk on the shape of the synchronous-scan
spectra of a series of FA and HA and observed that a

value of Dk = 18 nm produced the best overall spectral

resolution. Most studies on HS synchronous technique

have, on the other hand, employed a Dk = 20 nm (Cab-

aniss, 1992; Machado et al., 1994; Silva et al., 1994;

Lombardi and Jardim, 1997).

The effect of varying Dk on the shape of the HS syn-

chronous spectra can be better understood through the

EEM diagrams. Figs. 10 and 11 show the EEM plots

of, respectively, a FA and a HA sample from the first

layer of Site 2 in Ratones Mangrove (RME-2A). These

samples were chosen to illustrate this discussion because

they exhibited the greatest number of features in their

EEM diagrams. Five lines are traced diagonally on each

diagram, each one corresponding to a spectral range

scanned by the synchronous mode, with Dk values of

20, 50, 80, 100 and 150 nm. Moving across these lines

from the lowest to the highest excitation wavelengths it

becomes comprehensible both, the shape of the corre-

sponding synchronous spectra and the fact that these

plots cover only partially numerous spectral possibili-

ties. Below each diagram, for each sample, the five cor-

responding synchronized fluorescence spectra are

represented. The kex limits of 250–410 nm on these syn-

chronous spectra are the same as in the EEM plots and,

because of this, for HA, whose EEM peaks are red-

shifted, the second range is not completely covered,

showing, consequently, a poorer definition. Two peak

ranges are, in general, observed in these plots, below

and above 300 nm, respectively. The first peak, around

275 nm appears for both FA and HA being more struc-

tured in the former. From the EEM diagrams it can be

seen that this range corresponds to the range of the pro-

tein- and/or phenol-like (i.e. the c or d) peaks. Ferrari

and Mingazzini (1995) using the synchronous technique

(Dk = 25 nm) have detected this peak in seawater sam-

ples and also related its incidence to recent fluorescent

OM biological production. With an off-set of 20 nm,

for most of our samples, these are the unique fluoroph-

ores that can be well distinguished in synchronous spec-

tra. Using intermediate Dk (50 and 80, for example) the

c (or d) and the a peaks are both evidenced (at least in

FA). Obviously these data will change from sample to

sample since they will depend on how large the spectral

range is in each case. The Dk = 50 nm was chosen to

compare these synchronous spectra with previous stud-

ies (Sierra et al., 1994). Observe that with this off-set

(and also with off-sets of 80 an 100 nm) the RME-2A

HA synchronous spectrum presents an extra feature at

around 320 nm, corresponding to the excitation range

of the b fluorophores. These fluorophores are typical

of marine humic-like material (Parlanti et al., 2000)

and once more, the overall view given by the EEM plots

explains why this off-set value had been the most accu-

rate at producing the more structured synchronous spec-

tra of marine and estuarine waters (Sierra et al., 1994). A



Fig. 10. (a) EEM fluorescence diagram of an estuarine FA sample (Ratones Mangrove, first layer, Site 2, far-from-sea). The lines

traced diagonally across the diagram indicate the spectral ranges covered by the synchronous mode using four different Dk values: 20,

50, 80, 100 and 150 nm. (b) Synchronous spectra recorded using the Dk corresponding to the five lines on the EEM diagram above.
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Dk = 150 nm encompasses partially the a 0 and totally the

a peaks for these samples as can be seen in the corre-

sponding synchronized spectrum (mainly for FA). To

get a better register of the a 0 peak, on the other hand,

a still larger Dk would be needed.

3.3. Fluorophores distinction

Attempts have been made to point out individual

chemical components that could be at the origin of the

humic fluorescence and a series of compounds poten-

tially responsible for such signals have been listed
(Senesi, 1990 and references therein). These compounds

include hydroxybenzoic acids and other substituted

phenolic units originating from lignin, hydroxycouma-

rin-like structures, Schiff-base systems and chromone,

xanthone and/or quinoline derivatives originated from

degraded plant materials. These fluorescence precursors

exhibit kex(max) within the range 310–410 nm and kem-

(max) within the range 410–490 nm (Senesi, 1990 and

references therein) and might, effectively, be at the origin

of the signals centred at Ex/Em = 260 nm/460 nm (the

a 0 peak) and/or at Ex/Em = 310 nm/440 nm (the a peak)

for FA and natural waters. Also the protein-like (c
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and d) peaks, have been related to tyrosine and/or trypt-

ophan fluorescence (Coble, 1996; Determann et al.,

1998; Parlanti et al., 2000). None of the listed com-

pounds, however, exhibits kem as long as those observed

here for HA. Only a greatly conjugated system of these

and other compounds could produce such a batochro-

mic effect in fluorescence emission. Even for higher aro-

matic structures such as fluoranthene, dibenzo-perylene,

and dibenzo-anthracene, for example, the kem are usu-

ally situated below 500 nm (Van Duuren, 1960). Chloro-
phyll-a degradation products couldn�t be responsible for

this signal either since their fluorescence maxima are sit-

uated above 650 nm (French, 1960). HS EEM diagrams

represent, indeed, the sum of the contribution of many

different fluorophores and in spite of the overall view

given by this technique the question of the fluorophores

responsible for HS, principally HA fluorescence, re-

mains unanswered. The combined spectral signature of

these contributions is, however, definitively established

in this study.
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4. Concluding remarks

The whole spectral maps (kex from 250 to 410 nm and

kem from 260 to 700 nm) of FA and HA are, in general

terms, composed of four main peak ranges. Comparison

between the Ex/Em pairs of these peaks and those pub-

lished in related studies allowed their association with

the a 0 (or C), a (or A), b (or M) and c/d (M/T) fluoroph-

ores already detected in natural water spectra diagrams.

Samples from marine and estuarine media are richer in

spectral features than samples from exclusively terres-

trial media. The OM aging also has an influence on

the variety of the EEM signals, the older the samples

the poorer their spectral features.

The a 0 and a peaks were present in all samples inde-

pendently of their origin. Their Ex/Em pair values in FA

indicate that this humic fraction is chiefly responsible for

natural waters fluorescence. The b peak was observed in

a few samples, mainly HA, from marine and estuarine

environments but its appearance depends on the balance

between its magnitude and that of the a peak. The d (or

c) peak, which is attributed to protein-, mainly trypto-

phan-like materials, appears in most samples but it is

also more marked in marine and estuarine FA. Single-

scan excitation and synchronous spectra, which were re-

corded for all samples, confirm all these findings.

Overall, the data showed that in spite of the strong

handling to which HS are submitted during extraction

and purification procedures their spectral signals main-

tain a certain identity that allows the identification of

their origin, EEM fluorescence being an efficient tool

to assess both the OM sources (terrestrial or marine)

and the aging of the extracted material.

Finally, careful analysis of these data showed that in

the cases where the fluorescence equipment available

does not have the technical requirements to perform a

complete scanning like in EEM diagrams, the single-

scan excitation and emission spectra combined with

synchronous spectroscopy can satisfactorily be used to

scrutinize OM sources in HS, provided that appropriate

kex, kem and Dk are employed.
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pelos metais em sedimentos da Ilha de Santa Catarina (Bra-

sil). PhD Thesis, Universidade Federal de Santa Catarina.

Silva, C.S.P.C.O., Esteves da Silva, J.C.G., Machado,

A.A.S.C., 1994. Evolving factor analysis of synchronous

fluorescence spectra of fulvic acids in the presence of

aluminium. Appl. Spectrosc. 48, 363–371.

Swift, R.S., 1996. Organic matter characterization. In: Sparks,

D.L. (Ed.), Methods of Soil Analysis. Soil Science Society of

America, Madison, WI, pp. 1018–1020.

Van Duuren, B.L., 1960. The fluorescence spectra of aromatic

hydrocarbons and heterocyclic aromatic compounds. Anal.

Chem. 32, 1436–1442.

Vo-Dinh, T., 1978. Multicomponent analysis by synchronous

luminescence spectrometry. Anal. Chem. 50, 396–401.


	Fluorescence fingerprint of fulvic and humic acids from  varied origins as viewed by single-scan and  excitation/emission matrix techniques
	Introduction
	Experimental
	Sampling sites
	Humic substances extraction procedure
	Fluorescence spectroscopy

	Results and discussion
	EEM fluorescence
	Synchronous spectra
	Fluorophores distinction

	Concluding remarks
	Acknowledgments
	References


