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ABSTRACT

In this study, we show that several UV—Vis absorbance, steady-
state and time-resolved fluorescence parameters of a series
of dissolved humic substances (DHS) from different sources
(e.g. terrestrial fulvic and humic acids, and humic acid-like
molecules extracted from composted and vermicomposted wastes)
correlate with the molar absorptivity at 280 nm per mole of
organic carbon (&g9), which in turn is proportional to the
molecular complexity (e.g. molecular size, aromaticity and
oxidation degree) of the DHS. Both absorbance and fluorescence
spectral responses were sensitive to the molecular complexity
associated with the maturation degree of the DHS. Depending on
the DHS, different emitting responses by excitation at the UVA
(340 nm) and VIS (460 nm) regions of the absorption spectra were
observed. The results were explained in terms of the extent of
intramolecular electronic interactions between electron donor
groups, such as polyhydroxylated aromatics and indoles, and more
oxidized acceptor groups (e.g. quinones or other oxidized aro-
matics) as the molecular complexity of the DHS increased.

INTRODUCTION

Humic substances (HS) are ubiquitous in the environment,
where they are formed during the microbiological and abiotic
transformations of animal and plant materials. They are
complex macromolecules, which have a yellow to black
appearance, and are acidic and generally heterogeneous (1).
The chemical composition and functional structure of the HS
depend on geological and environmental conditions where
they were originated. The main elements that compose HS are
carbon, hydrogen, oxygen and small amounts of nitrogen and
occasionally phosphorous and sulfur, which form polymeric
aromatic, phenolic and heterocyclic structures that contain
carboxylic groups and nitrogen functionalities. Operationally,
HS are classified by their aqueous solubility with pH. Humic
acid (HA) is the fraction of HS that is not soluble in water
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under acidic conditions (pH < 2), but is soluble at higher pH,
with average molecular weight of 3-5 kDa, approximately.
Fulvic acid (FA) is the fraction that is soluble at all pH values,
with average molecular weight less than 1-2 kDa. Finally, the
completely insoluble fraction at all pH is called Humin (HU),
which is an important soil component. Therefore, dissolved
humic substances (DHS) mainly as FA and HA are found in
natural waters as components of the total dissolved organic
matter (DOM), where their interaction with light has impor-
tant consequences in environmental biology and chemistry.

The UV-Vis absorption spectra of DHS decreases expo-
nentially with increasing wavelength (2-4), providing to
aquatic organisms protection from damaging UV radiation,
and modulating the color of superficial waters. Although the
optical properties of DHS and DOM from different sources
have been investigated for a long time by both absorption and
fluorescence spectroscopy (2—-18), the structural basis of these
properties remains unclear, as a result of the complex and
diverse composition of the HS depending on their origin
and/or source.

Recently, Del Vecchio et al. (15-17) proposed a model of
optical properties of DHS, in which the absorption and
emission spectra of the macromolecules arise from a very large
number of absorbing and emitting states, where intramolecular
electronic interactions between donor—acceptor chromophores
play an important role.

In the present study, we studied absorption and fluorescence
spectral properties of a series of DHS ranging from FA
standards, partially oxidized HA-like compounds extracted
from composted and vermicomposted domestic solid wastes,
and HA from peat and farm soils. We found that several
absorption and emission parameters obtained by spectral
fitting and/or analysis correlated with the molecular complex-
ity of the DHS (i.e. molecular size, aromaticity and oxidation
degree) represented by the molar absorptivity at 280 nm per
mole of organic carbon (gyg0). UV spectral fitting and
complementary potentiometric acid—basic titrations also con-
firmed the formation of more oxidized substituent groups with
the increases of the molecular size and/or maturation degree of
the DHS. Steady-state and time-resolved fluorescence spec-
troscopy performed with both UVA (340 nm) and VIS
(460 nm) excitation, confirmed the existence of a set of
absorbing and emitting species that increased with the molecular
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complexity of the DHS, resulting in progressive redshifts of the
absorption and emission spectra, due to enhanced intermolec-
ular charge-transfer processes. The present results strongly
support the previous assessment that visible absorption and
emission features of DHS are originated from charge-transfer
interactions between hydroxyl (methoxy)-aromatic electron
donors and carbonyl (quinoid-like) electron acceptors in the
backbone of the DHS (15-18).

MATERIALS AND METHODS

Materials. Soil fulvic acids Waskish Peat (WPFA) and Pony Lake
(PLFA) were from IHSS (International Humic Substance Society) and
used as received. Terrestrial peat humic acid from Aldrich (AHA) and
Fluka (FHA) were purified by precipitation with HCI and separated
from impurities by filtration and redissolved with NaOH (19,20).
Humic acid sample from a soil (SHA) of a horticultural farm of
Santiago del Estero was kindly gifted by Prof. M.I. Sanchez de Pinto
of the Experimental Composting Plant of the University of Santiago
del Estero. Humic acid-like substances from composted domestic solid
waste material were obtained as previously reported (8). A brief
description of the extraction and purification of these HA-like
materials is given in the Supporting Material. In the case of the
composting process, two compost samples were separated after
45 days and 10 months of initiating the process, respectively, which
after extraction of HA-like materials were the samples C45D and
C10M, respectively. In addition, a fraction of the fresh compost
obtained after 45 days was separated and inoculated with Californian
earthworms Eisenia foetida during extra 11 months, and the HA-like
substance extracted was labeled as VC11M.

Methods. The total organic carbon (TOC) was measured with a
high-temperature carbon analyzer (model TOC-500; Shimadzu Corp.,
Kyoto, Japan) using a calibration curve of potassium biphtalate as
standard, before each analysis to check for instrumental shifts.

The content of total carboxylic (R-COOH) and phenolic (¢-OH)
functional groups of the DHS was estimated by potentiometric acid—
base titrations according the method proposed by Campitelli ez al.
(21). Details can be found in the Supporting Information. Briefly,
titrations in the pH range of 3.0-10.5 were performed at least three
times to ensure reproducibility under nitrogen atmosphere to avoid
CO, interference. The charge developed by the humic substance
molecule Qys (meq/gys) as a function of pH was calculated, and the
modified multimodal affinity distribution Eq. (1) was used to describe
the specific binding of proton to DHS (22), where Q; is the charge
associated (meq/gys) with the acidic i-th group with pK,; as the
association proton constant, and n; is the width of the affinity
distribution.

Qr % lon,(pH pKai)
QHS Qmm + ZW (1)

Fitting of Eq. (1) was performed using the Microcal Origin® 8.5
software (OriginLab Corp., Northampton, MA), as shown in Fig. S1.
The content of total (aliphatic + aromatic) carboxylic groups (R-
COOH) was estimated as the XQ; for species with pK, < 8, whereas Q;
with pK, > 8 was accounted for phenolic-like acidic groups (see
Table S1).

Before spectroscopic characterization, all samples were filtered
through 0.45 yum Millipore membrane filters (EMD Millipore, Bill-
erica, MA) to minimize scattering effects by insoluble small particles.
Stationary UV-Vis absorbance spectra were obtained with a Hewlett-
Packard 8453 diode array spectrophotometer (Agilent Technologies,
Santa Clara, CA). Fluorescence spectra were recorded with a Hitachi
F-2500 (Hitachi High-Technologies Corp., Kyoto, Japan) instrument
using excitation and emission slit width of 5 nm. Fluorescence
quantum yields of the DHS with excitation wavelengths at 340 and
460 nm (®p°1S) were determined by actinometry using as references
quinine sulfate in 1 N H,SO4 (@ = 0.57) and fluorescein in NaOH
0.1 N (® = 0.95) in aqueous solutions, respectively (23). The ®p°HS
was calculated by comparison of the integrated fluorescence intensity

of the DHS and reference solutions matched in absorbance (0.05) at
the excitation wavelength to avoid inner filter effects. The same
refractive index for both DHS and reference solution was considered.

Contour maps of excitation-emission matrix (EEM) spectra were
obtained recording the emission spectra between 350 and 600 nm by
keeping a constant 5 nm excitation step from 250 to 500 nm. Both
excitation and emission slit width was 5 nm. The EEM spectra were
processed using the Microcal Origin® 8.5 software (OriginLab Corp.).

Fluorescence decays were obtained by the time-correlated single
photon counting technique with a Tempro-01 apparatus of Horiba
Jobin Yvon (Glasgow, UK), using as excitation pulse sources ultrafast
Nanoled® at 340 (£15nm or 460 (£27)nm operating at | MHz
(Horiba Jobin Yvon, Glasgow, UK). The time resolution of the system
was approximately 55 ps and the emission bandwidth was selected at
12 nm. All fluorescence decays were monitored at room temperature
and under air-saturated aqueous solutions. The fluorescence intensity
decays were deconvoluted from the pulse excitation response at
340 nm or 460 nm using the Fluorescence Decay Analysis Software
DASG6® of Horiba Jobin Yvon; and the fluorescence intensity decay
was fitted with the multiexponential model function Eq. (2), where 7 is
the number of single exponential decays, 7, and ¢; are the decay time
and the fluorescence intensity amplitude at + = 0 of each decay,
respectively.

= i o exp(—1/1;) (2)
=1

In all cases, up to n < 4 (including a prompt scattering component)
was used in the fitting Eq. (2) to obtain satisfactory fits
(7~ 1.0 £ 0.2) of the decay curves (see Fig. S2). The average
lifetime t,, was calculated with Eq. (3), where f; is the fractional
contribution of each decay time to the steady-state intensity (23).

n
n Z “frtg
=Y fii="5 (3)
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Time-resolved emission spectra (TRES) by excitation at 340 or
460 nm were also obtained in air-saturated solutions of approximately
10 mg'L™! DHS at 25°C, by collecting counts during 200 s for each
decay time using the TRES automatic routine of the DAS6® software.
The spectra were recorded with wavelength steps of 5 nm and emission
bandwith of 12 nm. The slices of TRES (/(/, 1)) at different times were
constructed from the deconvoluted fluorescence decay function using
the global exponential fitting analysis routine of the DAS6® software
to obtain the wavelength-dependent pre-exponential factor o(4)
associated with t; decay time. This procedure minimizes the noise
contribution in the TRES at the end of the decay time. Time-resolved
area normalized emission spectroscopy (TRANES), Iy (/, 1), were
obtained with Eq. (4), by area normalization of each slide of TRES
(I(4, 1)), to match the spectral area at time ¢ with that of 7 = 0,
according to the method proposed by Koti et al. (24).

I(A, ) (4)

RESULTS AND DISCUSSION

UV-Vis spectral properties correlate with molecular complexity
of DHS

The UV-Vis absorbance spectra of the DHS were nearly
featureless and decreased monotonically with increasing wave-
length, as typically observed for this type of material (2-9,
15-18). The lack of vibronic structure in the UV—Vis spectra of
DHS is the consequence of the overlapping of absorption
bands of a wide variety of different chromophoric species
present in the macromolecule. For a quantitative spectral
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Figure 1. Dissolved organic carbon normalized UV-Vis spectrum of
50 mg L™! dissolved humic substances from different sources: humic
substance abbreviations: PLFA, Pony Lake fulvic acid; WPFA,
Waskish Peat fulvic acid; C45D, 45 days-old domiciliary compost
humic acid-like; C10M, 11 months-old humic acid-like; VCI1M,
11 months-old vermicomposted humic acid-like; AHA, purified
Aldrich humic acid; FHA, purified Fluka humic acid; SHA, farm soil
humic acid.

comparison, the UV-Vis spectrum (4;) of each DHS was
normalized to its TOC content and presented as specific
absorbance spectrum (SAS;), as calculated with Eq. (5)
(5-7,25), Fig. 1.

SAS; (L - mg{)}: -m_l)
= 4 TR
TOC(%wt/wt) x Cus(g-L™!) x b(cm)

The intensity of the SAS; of the DHS series can be grouped
according to the origin of the samples. For instance, the lowest
SAS; values in the whole spectral range were observed for the
domiciliary composts (i.e. C45D and C10M) and for the Pony
Lake fulvic acid (PLFA), whereas vermicomposted VC11M and
the Waskish Peat fulvic acid (WPFA) showed intermediate
values, and all terrestrial humic acids AHA, FHA and SHA the
highest ones. Hur er al. (5) showed that the intensity of the SAS;
of DHS mixtures composed by Suwannee River fulvic acid
(SRFA) and Aldrich humic acid (AHA) was proportional to the
relative amount of AHA. This result confirmed that the
increment of the average molecular size of the DHS increases
the intensity of SAS;. Our results corroborate this tendency, as
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FA- and HA-like compounds from compost are molecules with
smaller molecular weight than stabilized HA (6). Besides the
molecular mass of the DHS, other factors can increase the
specific absorbance, such as the formation of more extended 7-
conjugated bonds systems and/or oxidation of functional
groups of the aromatic moieties (2,8-10,17,18). This effect can
be better understood by analyzing the specific ultraviolet
absorbance values at 254 and 280 nm (i.e. SUVA,s4 and
SUVA g, respectively) from the SAS; (7-9). These wavelengths
are normally chosen because mostt — 7* electron transitions
for phenolic substances, aniline derivatives, benzoic acids,
polyenes and polycyclic aromatic hydrocarbons, which are
precursors or components of certain types of HS, occur in this
region of the UV range. These parameters are currently used for
classification and/or characterization of DHS, yielding impor-
tant clues regarding the degree of aromaticity, source functions,
oxidation degree and possibly molecular weight (2,5-10,25).

Table 1 shows that the highest SUVA,s,and SUVA 550 values
were obtained for the humic acid samples AHA, FHA and SHA,
indicating that this DHS contains the largest degree of aroma-
ticity and conjugated double bonds in its structure, as expected
from highly stabilized soils HS (4,6). Conversely, the lowest
values of SUVAs were obtained for C45D, according with its
lower maturity degree expected for a HA-like extracted from
fresh composted material. In addition, the SAS; of the C45D
and VCIIM samples showed an absorbance shoulder at
/A &~ 280 nm, which can be related to the presence of quinone
and lignin-like chromophores (26) and/or aromatic amino acid
residues such as Trp and Tyr from protein components in the
starting waste material (2). As the maturity of the composted
material increased, e.g. C10M, the shoulder at 280 nm almost
vanished in the spectrum probably by the overlapping of charge-
transfer absorption transitions bands produced by the incre-
ment of more oxidized groups (17,18). In the case of vermicom-
posted material VCIIM this shoulder persisted, probably
because of a larger content of peptide or protein-like compounds
produced during the composting by the earthworms (27).

On the other hand, the product of the SUVA,g by the
factor 120 yields the molar absorptivity at 280 nm per mole of
organic carbon (&0 [=] L'molco 'em™), which was pro-
posed as a useful parameter for the estimation of an
operational molecular weight of humic substances MWyg
according to the empirical linear relationship Eq. (6) (6),

Table 1. Some physicochemical and UV-Vis absorption properties of dissolved humic substances (DHS) of different sources in aqueous media at

25°C.
SUVAs4 SUVAg -RCO,H! —p-OH"
DHS* TOC (% wt/wt) (Lm™ " mgoch) MWyst (Da) E4/Eq Apt/Ap, (meq/gus)
PLFA 52.57 2.56 1.96 1428 10.51 0.11 487 2.03
WPFA 53.6" 4.40 3.68 2254 8.89 0.16 7.05 1.74
C45D 62.2 2.20 1.96 1428 5.54 0.11 5.84 2.96
Cl10M 66.5 2.85 2.48 1679 9.23 0.35 4.84 1.01
VCIIM 48.0 4.09 3.81 2313 777 0.27 4.43 1.87
AHA 44.1 7.45 6.53 3614 6.81 1.04 6.05 1.43
FHA 40.0 8.34 7.28 3977 5.57 0.90 6.70 0.51
SHA 412 7.56 6.65 3674 6.03 0.67 5.59 1.47

*Humic substance abbreviations: PLFA, Pony Lake fulvic acid; WPFA, Waskish Peat fulvic acid; C45D, 45 days-old domiciliary compost humic
acid-like; C10M, 10-months old domiciliary compost humic acid-like; VC11M, 11-months domiciliary vermicomposted humic acid-like; AHA,
purified Aldrich humic acid; FHA, purified Fluka humic acid; SHA, soil humic acid from horticultural farm of Santiago del Estero,
Argentina; "from IHSS http://www.ihss.gatech.edu/elements.html; *MW s calculated with Eq.(6); Scalculated with Eq. (2); all SD < 2%.
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MWys = 490 4 3.99 X &g (6)

This empirical relationship was obtained from aquatic and
soil sources of DHS spanning a molecular weight range
between 0.8 and 4.1 kDa, whose weight-average molecular
weights were obtained by high-pressure size exclusion chro-
matography (HPSEC; 6). Therefore, assuming that most DHS
possess molar absorptivities and molecular weights within the
confines of Eq. (6), this relationship can be used judiciously to
provide approximate MW g in the absence of other interfering
chemical substances, such as metal oxides and organic dyes.

Table 1 shows that the calculated MWy for DHS series of
this study are comprised into the molecular weight range of the
empirical Eq. (6), with good agreement for the value of AHA,
whose reported MW of 4100 and 3070 kDa measured by high-
pressure size exclusion chromatography (HPSEC; 6) and field
flow fractionation (FFF; 28), respectively. Thus, it can be
concluded that the SUVA analysis combined with the empir-
ical Eq. (6) yields an approximate trend of MWyg of the DHS
in the order FHA > SHA ~ AHA > VCI1IM > WPFA
> CIOM > PLFA ~ C45D.

A similar conclusion can be obtained from the analysis of
the absorbance ratio at two different wavelengths in the visible
region, e.g. 465 and 665 nm (namely E4/E¢ ratio), which has
been widely used for the characterization and classification of
DHS, being normally larger for FA than for HA (29). Thus, it
has been long considered that this parameter correlates
inversely with the molecular size and/or the formation of
multiring aromatic systems in the DHS (6,7,29,30). The
increases of molecular complexity of DHS by formation of
more extended and oxidized aromatic systems is expected to
decrease the E,;/Eq; due to the relative increment of the
extinction coefficient in the red region of the visible spectrum
(29,31). Table 1 shows the calculated E;/Egs values follow the
trend: PLFA > CI0OM > WPFA > VCIIM > AHA > SHA
> FHA ~ C45D. Except for C45D, this E4/E¢ trend can be
also explained by increment of molecular size and aromaticity,
in agreement with the SUVA’s analysis discussed elsewhere.
However, for the composted C45D, depending on the spectral
region selected, i.e. UV (SUVA,g) or Vis regions (Ey/Ey),
opposite conclusions about its maturation degree can be
obtained. In this case, the lower E4/Eg value of C45D could be
associated with the presence of nonHS impurities, such as
organic dyes with strong red-light absorbance, which were
present in the domiciliary waste and coextracted together with
the HA-like substances, contributing to the anomalous
decrease of E4/Es. With the advance of the composting
process, these impurities are biodegraded and the E4/E¢ ratio
is only given by the absorbance values of the DHS, such as the
case of the extracted HA-like from more composted sample
C10M. Consequently, the structural and/or maturation degree
conclusions obtained by UV-Vis spectral analysis of DHS
from composted samples can strongly depend on the spectral
region selected and/or sample origin and treatment, and
therefore the combination of two or more spectral parameters
should be necessary for its characterization.

Despite of the lack of defined absorption maxima, useful
extra information related with the type and relative amount of
oxidized substituent groups on benzenoid chromophores of the
DHS can be obtained by UV spectral fitting with Eq. (7),

assuming that the UV spectrum of DHS is composed of three
types of Gaussian-shaped bands called locally excited (LE),
benzenoid (Bz) and electron-transfer (ET; 3).

5 2
A=) Ajexp |- <—2(ln 2)12@ — Ei)) (7)

In Eq. (7) the suffix 7 identifies the LE, Bz or ET bands; 4,,
E; and A; are the absorbance, the energy value corresponding
to the maximum wavelength (in eV), and the full width at half
maximum (FWHM) of each absorption band, respectively.
The intensity (4;) of the ET band is largely affected by the
presence of polar functional groups on the benzene ring,
whereas the benzenoid band Bz is almost unaffected (3). As a
result, the ratio Agr/Ap, calculated for model compounds
increased from 0.03 (benzene ring), to 0.25-0.35 for phenolic
compounds, and above 0.40 for aromatic rings with carbonyl
and carboxylic groups (32). Recently, we reported that during
the composting of domiciliary waste residues, the Agt/Ap,
ratio of the extracted HS-like increased up to values corre-
sponding to aromatic carboxylic groups, indicating the incre-
ment of the oxidation degree of the DHS with evolution of the
composting process (8). Thus, this ratio can be a useful tool for
a comparative characterization of the substitution and oxida-
tion degree of the aromatic chromophores in DHS. Figure 2
shows the fitting with Eq. (7) of the UV spectra of PLFA and
AHA samples. In all cases, satisfactory fittings were obtained
only considering the contribution of Bz and ET bands, since
the LE band is shifted to the far UV. The fitting recovered A4;,
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Figure 2. Fitting with Eq. (7) of the UV spectra of 50 mg-L™" Pony
Lake fulvic acid and purified Aldrich humic acid in aqueous solution at
neutral pH. The solid gray line represents the spectral fit, and the black
dashed and solid lines are the respective benzenoid and electron-
transfer recovered bands. The spectral fitting residuals are represented
below.



E; and A, values for all DHS are presented in Table S2 and the
calculated Agt/Ag, ratio is collected in Table 1. Figure 3
shows that the Agt/Ag, ratio increased with &gy of the DHS,
indicating that the number of oxidized substituent groups on
benzenoid chromophores increases with the molecular size of
the DHS. For instance, both fulvic acids PLFA and WPFA,
and the fresh compost C45D have Agp/Ap, < 0.25, in
agreement with lower molecular complexity and/or oxidation
degree. As the composting process advances, the Apt/Asg,
ratio increased to 0.35 and 0.27 for CIOM and VCIIM,
respectively, reflecting a slight increase of oxidized chromo-
phores. Instead, the terrestrial humic acids SHA, FHA and
AHA showed Agt/Ap, > 0.6, which is typical of well-stabi-
lized humic acid derived of soil sources containing more
oxidized aromatic chromophores, such as carboxylic acids and
quinone-like groups (32).

The increment on the oxidation degree in the DHS was also
tested by potentiometric acid—base titration curves (see
Table S1 and Fig. S1), that allowed the estimation of the total
content (meq/gys) of (aliphatic + aromatic) carboxylic
(R-COOH, pK, ~ 3-7) and phenolic-like (¢-OH, pK, > 8)
substituents, by fitting of the proton affinity curves with Eq.
(1). The results are collected in Table 1, and it can be observed
that the relative amount of R-COOH is approximately
70-90% larger than ¢-OH groups, signifying that major
anionic charge contribution is due to acidic groups. Interest-
ingly, the relative amount of phenolic to carboxylic groups, i.e.
the ratio ¢-OH/R-COOH, decreased proportionally with the
apparent molecular size of the DHS (i.e. &350 < MWgs), Fig. 3.
This variation was parallel with the increment of the Ag1/Asp,
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o
[

e
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Figure 3. Relationship between the specific molar absorptivity (&;50) of
the dissolved humic substances with (top) the molar ratio between
phenolic and carboxylic groups (¢-OH/R-COOH) and (bottom) the
absorbance ratio Ag1/Ag, calculated from fitting of UV spectrum of
DHS with Eq. (7). The MWys x-scale (gray line) calculated with Eq.
(6) is also shows for comparison. DHS abbreviations as in Fig. 1.
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ratio, confirming the evolution of less-oxidized phenolic-like
groups to more oxidized carboxylic and/or quinone-like
groups with the increment of the maturation degree and/or
molecular size of the HS (5,33,34).

Intra- but not intermolecular electronic interactions govern the
fluorescence behavior of DHS

The spectral fluorescence emission properties of all DHS were
independent of the concentration used in the study
(€50 mg'L™Y), indicating the lack of aggregation effects and/or
of specific interactions between fluorophores of different HS
molecules in this concentration range. Nevertheless, the
excitation and emission spectra of DHS were dependent on
both the excitation and monitoring emission wavelengths,
respectively, as expected for multifluorophoric molecules (see
Fig. S3). In these cases, the stationary fluorescence spectral
analysis is better understood performing EEM spectroscopy of
DHS (8,12,13), Fig. 4. It can be observed that each DHS
showed different normalized EEM, which represent a precise
three-dimensional emission fingerprint of the samples. The
evaluation of the EEM indicated a progressive spectral change
from fulvic acids (PLFA and WPFA) to humic acid AHA,
with intermediary behavior for the composted samples (C45D,
C10M and VCI11M).

The excitation-emission maxima pairs (Aex/Aem)eem Of the
EEM are presented in Table 2. The (Aex/Aem)eem Of the fulvic
acids PLFA and WPFA were placed at 310/358 nm and
339/468 nm, respectively, which indicates the presence of
different types of fluorophores in each fulvic acid. It is
noteworthy that the EEM of the freshly composted sample
C45D showed two excitation-emission maxima pairs, e.g.
(/,]'CX/;VCITI)EEMI = 277/352 nm and (;"cx//lcm)EEM2 = 318/
445 nm, which were very similar to those reported for DHS
extracted from fresh corn composted sample (13). Further-
more, these maxima pairs are in the same range as those for
each standard PLFA and WPFA, Table 2. The origin of the
blue shifted emission in the EEM of C45D can be associated
with tyrosine, tryptophan or phenolic-like residues (11,14),

Agy (NM)

Ay, (NM)

0.0 0.1 0.2 03 04 05 06 0.7 08

Figure 4. Normalized excitation-emission matrix for dissolved humic
substances in aqueous solutions at neutral pH, divided into 10 equal-
value contour intervals. DHS abbreviations as in Fig. 1.
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Table 2. Fluorescence properties of dissolved humic substances (DHS) of different sources in aqueous media at 25°C.

Ex 340 nm Ex 460 nm
DHS EEM (/lex//lem)EEM (DFX103 ;%:mmax (nm) Tav450 (HS) Tavﬁoo (ns) (JDFXIO3 Acmmax (nm) TaVSOO (IlS) Tav600 (ns)
PLFA 310/358 15.6 430 4.72 4.15 5.9 524 4.39 3.57
WPFA 339/468 5.3 450 4.55 3.70 3.0 525 4.53 3.70
C45D 277/352 1.5 450 4.26 2.74 1.1 520 3.12 2.33
318/445

C10M 275/438 4.1 440 3.05 3.09 1.9 515 4.04 343
VCI1IM 271/450 2.3 445 3.35 2.91 1.4 515 429 3.49
AHA 275/499 2.9 478 3.79 4.02 2.1 520 4.70 4.30
FHA 270/506 1.9 495 4.10 423 25 515 4.92 421
SHA 278/507 3.2 500 3.80 4.10 39 515 4.44 3.71
DHS abbreviations as in Table 1.
present in the soluble microbial degradation products formed 550
during the mineralization phase of composting (2). Conversely, : ° . ®
the red-shifted band in the EEM of C45D can be related to the = -

. . . € 500 w Ex340nm =
presence of aromatic groups with electron acceptor subsﬂtu- £ ® Ex 460 nm =
ents, e.g. quinones and carboxylic groups (35). Interestingly, E450
these two bands in the EMM of C45D collapsed in a single <
band at (ex/Aem)eem = 275/438 nm for the more matured 8 -
compost C10M, which is a value closer to the region defined 2
for HS-like (14). The vermicomposted sample VC11M showed = 6
slightly more redshifted in emission (Jex/ZAem)EEM = s " " : Ei i‘ég :rm"
271/450 nm, probably by the presence of oxidized chromo- L 4
phores due to the intense composting with the earthworms. E 3o g g
Finally, for the well-stabilized peat and soil HA (AHA, FHA FHA
and SHA) the larger emission redshift of the EEM maxima e 12+ SHAA A
was observed, e.g. (Aex/ZAem)EEM = 275/500 nm. Furthermore, Ot
together with the redshifting of the emission maxima, the EEM > 0.8} 4P AAHA
of the DHS showed a progressive broadening of the matrix e PLEA c1om V1M
contour map in the order C45D < PLFA < CI0OM < © 0.40 V:’PFA

VCI11M =~ WPFA < AHA ~ FHA =~ SHA.

Figure 5 shows the variation of both the emission maximum
(Zem) and full width at the half maximum (FWHM) obtained
by excitation at 340 and 460 nm, respectively, with the specific
molar absorptivity (ego) of the DHS. Clearly, only by
excitation at the blue edge of the absorbance spectra of
DHS, both /., and FWHM values increased monotonically
with the apparent molecular size of the DHS. In effect, the
emission spectrum of DHS shifted to the red approximately
70 nm together with a spectral width enlargement of about
1500 cm™! from PLFA to SHA. On the contrary, excitation at
460 nm does not modify appreciably the emission spectral
shape among the DHS series, with emission maxima around
525 nm and much more narrow bands (FWHM = 3700 cm™}).
These results suggest that excitation at 340 nm populates more
red-edge-emitting states as the molecular complexity of the
DHS increases, whereas by excitation at 460 nm produces
excited states with similar emitting properties for all DHS.

In fact, the fluorescence quantum yield of the DHS obtained
at both excitation wavelengths, i.e. @ and @, showed a
complex dependence, Table 2. The fulvic acids PLFA and
WPFA showed larger ®5* values (=1072), according to their
lesser complex composition and smaller molecular sizes (4).
Nevertheless, the variation of ®F* with the excitation wave-
length was dependent on the origin of the DHS. For example,
@ decreased with . for FA, but the opposite effect was
observed for HA, Table 2. Furthermore, the fluorescence

200 400 600 800
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2j5 3i0 3j5 4i0
MW, _ (kDa)

Figure 5. Variation of fluorescence emission maximum (), full
width at half maximum and quantum yield ratio (®@g*°/®p*") as a
function of the specific molar absorptivity (eg9) of the dissolved humic
substances (DHS). The MWyg x-scale (gray line) calculated with Eq.
(6) is also shows for comparison. DHS abbreviations as in Fig. 1.

quantum yield ratio (®p**°/®**’) increased monotonically
from 0.38 to 1.25 with &559, Fig. 5, indicating an enlargement
of the fluorescence efficiency of the red-absorbing fluorophores
with the molecular size of the DHS.

The dynamic fluorescence behavior of the DHS was also
complex. In all cases, multiexponential fluorescence decays
were observed and fitted with Eq. (2) (see Fig. S2), with
lifetimes 7; and amplitude o; values dependent on both the
excitation and monitoring emission wavelengths. The average
lifetime (t,,) was calculated with Eq. (3), as it represents a
useful parameter to provide a simpler way of illustrating the
overall decay variations. Figure 6a shows the changes of t,,
with the emission wavelength obtained by excitation at 340
and 460 nm, respectively. For the fulvic acids PLFA and
WPFA and the less composted C45M, excitation at 340 nm
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Figure 6. (a) Variation of the average lifetime (t,,) with the emission
wavelength observed by excitation of the dissolved humic substances
(DHS) at 340 and 460 nm, respectively. (b) Relationship between the
specific molar absorptivity (&go) of the DHS for the ratio between red-
and blue-edge average lifetimes 7,,°/7,,*® with excitation at 340 nm
(m), and 7,,°°°/1,,°% with excitation at 460 nm (»).

produced a maximum 7, value at emission wavelength
<500 nm. Instead, HA samples showed the highest 7,, at
emission wavelengths around 550 nm. Table 2 presents pairs
of t1,, values monitored at the blue and red edge of the
emission spectra of the DHS for each excitation wavelength.
Apparently, no correlation with the origin of DHS can be
observed. However, only the ratio between the lifetimes in the
red and blue edges of the emission spectrum obtained by
excitation at 340 nm, i.e. (rav600/rav450)EX340, increased with the
apparent molecular size with of the DHS, Fig. 6b. This
behavior could reflect that the blue-edge emitting species are
more efficiently quenched by intermolecular processes with the
increment of the molecular complexity of the DHS. Con-
versely, excitation at 460 nm produced a progressive diminu-
tion of t,, with the emission wavelength, indicating faster
relaxation processes of the red-edge fluorophores, as it was
previously reported for several aquatic HS (16). The poor
dependence of (1,,5%°/7,,>%)exa60 Tatio with esgo in this case,
Fig. 6b, suggests again that visible excitation of the DHS
generates excited states with similar emission properties
independently of the type and source of the macromolecule.

Finally, different dependence with the excitation wave-
length was observed for the evolution of the time-resolved
area normalized emission spectra (TRANES) of the DHS,
which were calculated from the experimental TRES with Eq.
(4) (24). The advantage of TRANES is to overcome the prior
knowledge of the number of fluorescent species in the ground
state required in the standard kinetic interpretation of TRES.
This requirement is difficult to fulfill in complex molecular
systems, such as multifluorophoric molecules. Instead, in
TRANES no assumptions of any ground or excited-state
kinetics are necessary, with the extra advantage that the
presence of isoemissive points in the spectra supports any
model that involves two or more emitting species in the
sample (24).
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Figure 7. Time-resolved area normalized emission spectra of Waskish
Peat fulvic acid and soil humic acid obtained between 0 (M) and 15 ns
(O) after excitation at 340 and 460 nm, respectively.

Upon UVA excitation (340 nm), the initial TRANES
(t = 0) was dependent on the nature of DHS, being more
blueshifted and narrow for FA than HA, as showed for WPFA
and SHA in Fig. 7 (see Fig. S4 for the others’” DHS). In all
cases, as the blue-edge species decayed, the emission maximum
shifted to the red until approximately the wavelength value
observed in the steady-state fluorescence spectrum of each
DHS, together with the parallel growth of the relative intensity
of the red-emitting species and the presence of at least two
isoemissive points (4;). Under this condition, the spectral
redshifting of the emission maxima of the TRANES (A1)
obtained by UVA excitation was proportional to the apparent
molecular size, i.e. &g (Fig. S5).

On the contrary, excitation at 460 nm produced similar
TRANES for all DHS, with almost the same emission maxima
as in the stationary fluorescence spectra (=530 nm). In this
case, the evolution of TRANES showed a small narrowing
without significant spectral shifts, together with the increment
of the relative intensity at the emission maximum. In this case,
a single isoemissive point (4;.) at the red edge of the TRANES
was observed. The position of this 4;. also shifted to the red
with the apparent molecular size of the DHS, Fig. S5. The
analysis of the dynamic behavior of the TRANES indicated
that the apparent lifetime for the interconversion of the blue-
and red-shifted excited state species 7;. (Table S3) is a few ns
longer than the observed average lifetime at the same emission
wavelenght, t,.. This result agrees with a parallel decay model
of the excited states by both radiative and charge-transfer
pathways, i.e. (Tay' = Trad | + Tic V).

All the other results suggest that intramolecular electronic
interactions increase with the molecular complexity of the
DHS. The present results completely agree with the model
proposed by Del Vecchio ef al. (15-17), who described that
the optical properties of aquatic FA and HA arise from a
near continuum of intramolecular absorbing and emitting
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charge-transfer states formed by donor moieties groups such
as polyhydroxylated aromatics and indoles, and more oxi-
dized acceptor groups (e.g. quinones or other oxidized
aromatics) rather than solely from a simple summation of
the spectra of numerous electronically isolated chromophores.
In this framework, the increment of the Agt/Ap, ratio
together with diminution of p-OH/R-COOH ratio with égq
(Fig. 3), confirms the progressive formation of oxidized
aromatic moieties in the DHS that can act as charge-transfer
acceptor partners in the macromolecule. Furthermore, both
stationary and dynamic emission results (Figs. 4-7) with
excitation at 340 nm indicated the formation of higher energy
locally excited states, which decay directly to their ground
state or intramolecular charge-transfer excited states respon-
sible for the large Stoke’s shift observed by UVA excitation.
The amount of these donor—acceptor charge-transfer states
increases with the molecular size and/or maturation degree
(aromaticity, oxidation of functional groups, etc.) of the
DHS, as demonstrated by the increments of the ®p*%/d >
and (1,.°°%/7,," ) pxsa0 ratios with &g (Figs. 5 and 6). The
changes on the TRANES under UVA excitation confirmed
the prompt formation of high-energy locally excited donor
states that decays to lower energy emitting states (Fig. 7).

On the other hand, excitation at 460 nm induced the
formation of excited states with similar emitting properties
independently of the DHS. As denoted by Del Vecchio et al.
(15,16), the red shifted fluorescence at >475 nm can be
attributed to recombinational emission arising from direct
excitation of low energy charge-transfer states. As the molec-
ular size and oxidation degree of the DHS increases, the
number of these charge-transfer states also increases allowing
efficient exciton coupling.

In summary, we showed through steady-state and dynamic
spectroscopic parameters that the increment of aromaticity
and/or oxidation extent on DHS modulates their optical
properties in a controlled fashion due to the enlargement of
donor—acceptor charge-transfer interactions.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Table S1. Fitting parameters obtained with Eq. (S2) for the
curves of charge developed by the humic substance molecule
Qus (meq/gys) against pH (see Fig. S2).

Table S2. Recovered fitting parameters of UV spectra of
DHS using Eq (S3).

Table S3. Spectral redshift emission maxima of the
TRANES (AZ,), isoemissive points (4,) and decay time of
interconversion (t;) for DHS at different excitation wave-
length.

Figure S1. Curves of charge developed, Qus (meq/gus)
against pH (solid circles) of N-bubbled solutions of 8 mg of
purified Aldrich humic acid (AHA) and 11-months vermicom-

posted humic acid-like (VC11M) at 25°C. The solid red line
represents the data fitting with Eq. (S1). The fitting residuals
are represented below.

Figure S2. Fluorescence decay curves of air-saturated
10 mg-L™" DHS solutions obtained with excitation at 340 nm
and emission at 450 nm. Emission bandwith 12 nm.

Figure S3. Excitation and emission fluorescence spectra of
air-saturated 10 mg-L™' DHS solutions. Excitation and emis-
sion slits width 5 nm.

Figure S4. Time-resolved area normalized emission spectra
(TRANES) of DHS obtained between 0 (black line) and 15 ns
(dark gray line) after excitation at 340 and 460 nm, respec-
tively.

Figure S5. Relationship between the specific molar absorp-
tivity (exg0) of the dissolved humic substances (DHS) with: the
emission maxima shift between the final and initial TRANES,
AJ(1), at both excitation wavelengths (e.g. 340 and 460 nm);
and with the TRANES isoemissive wavelength, /;., observed
by excitation at 460 nm. The MWpyg Xx-scale (gray line)
calculated with Eq. (5) is also shows for comparison. DHS
abbreviations as in Fig. 1.

Please note: Wiley-Blackwell is not responsible for the
content or functionality of any supporting information sup-
plied by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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