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Abstract
Aquatic humic substances (AHS) are defined as important components of organic matter, being
composed as small molecules in a supramolecular structure and can interact with metallic ions,
thereby altering the bioavailability of these species. To better understand this behavior, AHS were
extracted and characterized from Negro rive, located near Manaus city and Cart river, that is
situated in Itacoatiara city, an area experiencing increasing anthropogenic actions, both were
characterized as blackwater rivers. The AHS were characterized by "“C Nuclear Magnetic
Ressonance and Thermochemolysis GC-MS to obtain structural characteristics. Interaction studies
with Cu (II), Al (IIT), and Fe (III) were investigated using fluorescence spectroscopy applied to
Parallel Factor Analysis (PARAFAC) and Two-Dimensional Correlation Spectroscopy with Fourier
Transform Infrared Spectroscopy (2D-COS FTIR). The AHS from dry season had more aromatic
fractions not derived from lignin and had higher content of alkyls moities from microbial sources
and vegetal tissues of autochthonous origin, while AHS isolated in the rainy season showed more
metals in its molecular architecture, lignin units, and polysacharide structures. The study showed
that AHS composition from rainy season were able to interact with Al (III), Fe (IIT) and Cu (II).
Two fluorescent components were identified as responsible for interaction: C1(blue-shifted) and C2
(red-shifted). C1 showed higher complexation capacities but with lower complexation stability
constants (Kyr ranged from 0.3—7.9x10°) than C2 (Ky. ranged from 3.1-10.0x10°). 2D-COS FTIR
showed that the COO™ and C-O in phenolic were the most important functional groups for

interaction with studied metallic ions.
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Introduction

In aquatic environments, organic matter (OM) formed by the decomposition of plant tissues,
animals, microbiological activity, and photochemical processes can originate from both
autochthonous sources (derived from microorganisms' byproducts or aquatic organisms) and
allochthonous sources (associated with runoff from the soil to aquatic bodies through surface
runoff) (Brailsford et al., 2019; Catalan et al., 2013; Uyguner-Demirel & Bekbolet, 2011;
Westerhoff et al., 2007). An important fraction of OM is composed of small molecules in a
supramolecular structure interaction, such as Van der Waals and hydrogen bonds, among others,
being denominated Aquatic humic substances (AHS) (Drosos et al., 2018; Nebbioso & Piccolo,
2011; Piccolo, 2002).

These AHS can interact with various types of substances, including organic compounds and
metallic ions, influencing the bioavailability, distribution, and consequently the toxicity of these
compounds in the environment (Y. P. Lee et al., 2023; Leenheer & Crou¢, 2003; Melo et al., 2012;
Muller et al., 2024; Nebbioso & Piccolo, 2013). The interaction between AHS and metallic ions is
complex and depends on various factors, such as physicochemical parameters (pH, ionic strength),
metallic ions, and AHS features (Boguta et al., 2016; Garnier et al., 2004). Typically, these
interactions exhibit a high affinity with metal ions due to the presence of reactive groups, such as
carboxylic and phenolic moieties (Y. K. Lee et al., 2021).

The Amazon region is a biome of global importance in terms of scale and biodiversity. It
boasts the largest watershed in the world, featuring substantial rivers and numerous flood areas that
contribute significant amounts of organic matter and metallic species to the aquatic ecosystem.
(Jardim et al., 2010). The Amazonian rivers are primarily classified into two types of water:

whitewaters, which have near-neutral pH, low dissolved organic matter (DOC), and significant
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amounts of particulates; and blackwaters, characterized by a dark-brown color, an acidic pH, and
higher DOC levels. (Coimbra Horbe et al., 2013; Constantino et al., 2019; Junk et al., 2015).

In accordance with the rainy and dry seasons, the Amazonian rivers undergo changes. The
rainy season leads to a threefold increase in the flooded areas of the basin, resulting in elevated
content of Aquatic Humic Substances (AHS) with fresh and labile organic matter (OM). Copper,
iron, and aluminum are major metals found in the Amazonian rivers of this study area, present
during both the dry and rainy seasons. These metals are likely sourced from natural sources in the
region. (Constantino et al., 2019). Copper can be derived of weathering and leaching processes, as
well as anthropogenic, with its use associated as a fungicide in the region's agricultural activities.
The primary sources of iron and aluminum in the aquatic body are from the soil, influenced by the
mineralogical composition in the Amazonian region (Tadini et al., 2019). Previous studies on the
concentration of these metallic ions found Cu (II) concentrations ranging from 3.81 to 18.14 ug L-
', Fe (1IT) ranging from 0.12 to 8.42 pg L' and Al (IIT) ranging from 0.09 to 11.13 pg L. These
findings underscore the environmental significance of these metallic ions in these aquatic
environments (Constantino et al., 2019).

For this study, we evaluated the characterization and binding ability of AHS with metal ions
from two sites: the Negro River, located in Manaus (capital of Amazonas state, Brazil), near an
urbanized area, and the Caru River, in the city of Itacoatiara (Amazonas, Brazil), the second most
populous city in the state, located approximately 270 km from the state of the capital (BRASIL,
2023). The assessment of the interaction between Aquatic Humic Substances (AHS) and metallic
ions can provide insights into the availability and transport dynamics in the main rivers of the
Amazonian region. Understanding this interaction is important for predicting the vulnerability of
aquatic life and comprehending the complex environmental processes occurring in these
ecosystems.

In addition to the concentration-dependent relationship of organic matter in decreasing the

availability of certain metal ion species, factors such as heterogeneity and structural aspects have
6
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influence and must be evaluated for a better understanding of the organic matter-metal interaction.
(Al-Reasi et al., 2011). Thus, the determination of complexation capacity (CC) of the aquatic bodies
help to predict how much of either expect and unexpected entry of metals can be complexed or free
to the aquatic environment. Considering the influence of AHS chemical composition on metal ions
in the aquatic environment, and the scarcity of study in the region of Itacoatiara city, this study
aimed to assess (i) the molecular features of AHS from blackwater Amazonian rivers of Negro and
Caru rivers (seasonal sampled) and (ii) to combine the use CP-PARAFAC and 2D-COS FTIR to

evaluate their interactions with Fe (III), Al (IIT) and Cu (II).

Material and Methods

AHS isolation

Three AHS samples used in the study were extracted from two blackwater rivers located in
the Central Amazon basin (Amazonas, Brazil): Caru river (03°02°21.7”S 058°37°27.9”W) sampled
in dry season (RC-I - November) and rainy season (RC-II - July), located at Itacoatiara city, and the
Negro river (03°02°22°°S 060°08°21°°W) (RN — dry season), the main blackwater river in this
watershed, located near Manaus (Sampling authorization: SISBIO n° 50042-2).

The surface water was initially filtered utilizing a qualitative filter to remove leaves and
branches and then acidified to pH 2.0 with HCI 6.0 mol L™, as previously described by Constantino
et al. (2021). HS were isolated using Superlite DAX-8 resin (Sigma-Aldrich) and eluted with a 0.1
mol L' NaOH solution, as recommended by International Humic Substances Society (IHSS) and
purified using a cation exchange resin (Dowex 50WXS, hydrogen form, 200-400 mesh, Sigma-

Aldrich) (Maurice et al., 2002; Thurman & Malcolm, 1981).

AHS characterization
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AHS were characterized using “C Solid State Nuclear Magnetic Resonance Spectroscopy
(PC-CPMAS-NMR) and Thermally methylation assisted hydrolysis reactions coupled to gas

chromatography and mass spectrometry (TMAH-Thermochemolysis GC-MS).

Solid State Nuclear Magnetic Resonance Spectroscopy (*C-CPMAS-NMR)

PC-CPMAS-NMR were acquired employing a Bruker AV-300 MHz (Bruker, Billerica,
MA, USA), equipped with a Magic Angle Spin (MAS) probe with widebore of 4.0 mm. The carbon
spectra were obtained from a rotation frequency in the rotor of 10 KHz, 1 s of recycle time, 1
millisecond of contact time, 20 milliseconds of acquisition time and 4000 scans. Zircon cylindrical
rotors, 4.0 mm diameter, were packed with about 80 mg of the sample and sealed with a Kel-F®
cap. The "C-CPMAS-NMR spectra was divided into the following main regions: alkyl-C (045
ppm); methoxyl-C and N-alkyl-C (45-60 ppm); O-alkyl-C (60—110 ppm); unsubstituted and alkyl-
substituted aromatic-C (110-145 ppm); O-substituted aromatic-C (145-160 ppm); carboxyl-C (160—
190 ppm). Each region describe above was divided by the sum of all spectral zones, to obtain a
relative amount in relation to the total spectra (MestreNova 6.2.0 software, Mestre-lab Research,

2010).

Thermochemolysis GC-MS

TMAH-Thermochemolysis GC-MS was performed in the AHS, with 80 mg of each sample.
The samples were placed in a quartz tube and were added 300 pL of tetramethylammonium (25% in
methanol). After the mixture dried, the sample were introduced into a Pyrex tubular reactor under a
Tube Furnace model F21100 and heated at 400 °C under a helium flow. The products released from
Thermochemolysis were continuously transferred into two successive chloroform traps, which they

were combined and concentrated by rotoevaporation. The products, released and concentrated, was
8
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recovered and adjusted to a final volume of 500 uL with chloroform in a vial which followed to
GC-MS analysis (PerkinElmer, Auto System XL) using a RTX-5MS WCOT capillary column,
(Restek, 30 mx0.25 mm; film thickness, 0.25 pm) that was coupled to a PE Turbomass-Gold
quadrupole mass spectrometer, as previously described by (Bento et al., 2020, 2021). The

chromatograms were submitted to interpretation according NIST database.

Interaction studies with metallic ions utilizing Parallel Factor Analysis (PARAFAC) and Ryan

Weber model

For the interaction assays, solutions with AHS of 10.0 mg L' of dissolved organic carbon
(DOC) were prepared adjusted by a Total Organic Carbon analyzer (Shimadzu, TOC-VCSN,
Japan). The pH was adjusted to 6.0 using 0.1 mol L™ NaOH or 0.1 mol L™ HCI solutions for all sets
of samples (Huang et al., 2018) . Titrations of the metals ions Cu (II), Al (III) and Fe (III) were
performed by the addition of stock solutions (5.0, 25.0 and 1000.0 mg L), resulting in final
concentrations ranging from 5.0—5000.0 pg L' for each cation in a final volume of 25.0 mL. The
solutions were kept under stirring (200 rpm) on a shake table, for 24 hours to ensure the
coordination equilibrium (Huang et al., 2018; Soares da Silva et al., 2020)

After this preparation, fluorescence quenching combined with Parallel Factor Analysis
(PARAFAC) was made performed following the literature procedure, as a multi-response method to
evaluate the complexation of the AHS. For this, Emission Excitation Matrix (EEM) fluorescence
spectra of AHS solutions were acquired with the different metal ion concentrations, using a
Spectrofluorimeter Lumina (ThermoScientific) (Tadini et al., 2020). The samples of AHS from the
Cart and Negro rivers had their absorbance adjusted to 0.2 at 254 nm to avoid the inner filter effect
(Carstea et al., 2020; Luciani et al., 2009). The excitation and emission slits were fixed at 5 nm.
Excitation ranged from 220 to 520 nm and emission wavelengths ranged from 250 to 600 nm, with

a scan speed of 2400 nm min~' and detector voltage of 600 V. Additionally, the diffusion signals
9
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from the EEM spectrum were removed using Rayleigh scattering by cutting the diffusion band at 15
nm and applying the Zepp method to remove first- and second-order Raman scattering (Mounier et
al., 2011; Zepp et al., 2004) using the PROGMEEF software (Redon & Mounier, 2018) in Matlab
language. The number of components evaluated ranged from 2 to 5 within the spectral range of 220
to 520 nm for excitation and 250 to 600 nm for emission. The best components recognized for core
consistency diagnostics (CORCONDIA) were above 60% (Mounier et al., 2011). This approach
provides detailed information about each fluorescent component present in the sample and their
interaction with the metal ions through fluorescence suppression.

The concentration of binding sites (Lt) and the conditional constant stability (Kwm) of the
complex (AHS-M) of each fluorophore were determined using a nonlinear fitting model proposed
by Ryan and Weber (1982). The assumes a 1:1 interaction, considering one ligand site with one
metal ion. The suppression of fluorescence intensity (I) caused by the concentration of the added
metal (Cy in mol L) is related with the total ligand concentration (Lt in umol-M L™"). The
fluorescence intensity of the unbound ligand allows the determination of the conditional constant
stability of the complex (Kwi) and the total ligand site concentration (Lt in umol-M L") as
described by Equation 1. Iy is the limit value below which the fluorescence intensity does not

change due to the addition of metal.

T, —100]
2K, Ly

K, L.+KC,+1|-+|K,, L.+K,, C,,+1|,-4K"L.C,,[+100(1]
ML-T M ML--T ML ™~M 2 T M

Briefly, Equation 2 illustrates the interaction of free metal (M) with a free complexing site
(L), forming a complex (ML). The mass balance of the chemical reactions and the equilibrium

constant stability (Ky.) are represented by the Equations 3—S5.

M+L=ML 2)
L=[ML]+[L] (3)
Cv=[ML] + [M] 4)

10
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o ML
ML

)

The complexation capacity, referred to here as CC (in pmol-M mg”' DOC), was defined as
the quotient of binding sites concentration (Lt) by the DOC of each sample, as described by

Equation 6 (Soares da Silva et al., 2020; Tadini et al., 2020).

CC= (6)

Two-dimensional correlation spectroscopy

To acquire information about the possible structural changes resulting from the interaction
of metal ions and AHS, the two-dimensional correlation spectroscopy (2D-COS) was applied using
Fourier Transformed Infrared (FTIR) measurements (Huang et al., 2018; Santos et al., 2021; Soares
da Silva et al.,, 2020). After the interaction studies, the samples were freeze-dried and were
dissolved in HO:Methanol (40:60 pL), then carefully dropped into ATR crystal and evaporated to
dryness under N, flow (Santos et al., 2021; Soares da Silva et al., 2020). Thus, the FTIR spectra
were acquired in ATR mode with a 400 to 4000 cm™ scan and a resolution of 4 cm™ (Spectrum
Two UATR, Perkin Elmer, USA). The analysis of set of FTIR data was analyzed in synchronous
and asynchronous modes to evaluate the spectral variation induced by increasing metallic additions
(external perturbation) into AHS solutions. Synchronous and asynchronous spectra were generated

using OriginPro 2024 with the 2D Correlation Spectroscopy Analysis toolbox.

Results and Discussion

Aquatic humic substances characterization

11
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RC and RN AHS were previously characterized and reported by Constantino et al (2021).
Briefly, elemental analysis (CHNS) indicated that RC-I and RC-II had higher %N, 1.6 and 1.1,
respectively. The lower C/N ratio was associated with the less humified material, with results of
74.52, 25.75 and 46.79, for RN, RC-I and RC-II, respectively. These results suggested that the
material from RN was more humified, and a seasonal effect between RC samples. RC-1 was
extracted during a flooded period of the region’s sampling, suggesting a higher incorporation of the
humified soil material leached into this river. FTIR analysis highlighted the presence of C=0O bands
(1700 cm™) for RC samples. More details of the characterization of these AHS can be found in the

cited reference.

PC-CPMAS-NMR

The "C-CPMAS-NMR spectra acquired for AHS from RC-I, RC-II and RN are shown in
Figure 1S. The spectra showed a complex mixture in the samples, featuring aromatic and aliphatic
moieties, with the most prominent presence of aliphatic moieties in the aquatic samples (Kogel-
Knabner, 1997; Tadini et al., 2015). The resonant carbon nucleus in the region of 0-45 ppm is
correlated to the carbon of alkyl chains (-CH; and -CHs»). The peak at 30 ppm can be correlated to
long C-alkyl chains of lipids, such as plant waxes and polyesters (Bento et al., 2020; Soares da Silva
et al., 2020; Verrillo et al., 2021).

The resonant region of 45-60 ppm is correlated to O-CH; and C-N moieties. The peaks at 53
and 54 ppm are assignments of methoxy, derivate from lignin units (guaiacyl and syringyl);
Furthermore, the presence of these peaks in this region can be ascribed to polysaccharides
(hemicelluloses) and some contribution of C-N binding of peptides and amino acids (Spaccini et al.,
2019; Verrillo et al., 2021).

The region from 60-90 ppm is mostly attributed to O-Alkyl of polysaccharides. In the region
of 110-160 ppm, the peaks can be attributed to the presence of aromatic carbon, such as compounds

12
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derived from the degradation of lignin; The range from 145-160 ppm represents the resonance of O-
Aryl moieties, such as in the phenolic or methoxyl moieties from lignin (ether bond). The peak at
172 ppm in the range of 160-190 ppm is from the resonance of carboxylic acids, showing a greater
area correlated to this chemical function (Dignac et al., 2003).

The integration of the relative areas from each region in the spectra allowed differentiation
of the character of the molecular structure based on the distribution of the carbon resonance.
Additionally, indexes such as Aromaticity ratio (AR), Lignin ratio (LR) and Hydrophobicity index
(HI) (Table 1) were used to predict the aromaticity, presence of lignin and aliphatic content,
respectively.

RC-I showed the highest aromaticity (23.6). The higher area in the resonant carbon region
of' 45-60 ppm (relative to C-methoxy/amino acids) compared to 145-160 ppm (O-Aryl) resulted in a
higher LR index, suggesting that the origin of aromatic units is not from lignin and may be derived
from microbial activity or other autochthonous sources. However, the aromatics moieties that
comprised the AHS arrangement of RC-II are mainly derived from lignin (lower LR index)
indicating the allochthonous influence.

The hydrophobicity index is used to assess the biochemical stability of organic matter
(Bento et al., 2021). Although the values are not so different (Table 1), the contribution between the
aromatic and aliphatic carbon resonances changed during the seasons. In RC-I, the major
contribution was from the resonance of aromatic carbon (140-110 ppm), while for RC-II, it was
aliphatic carbons.

The structural indexes and the integrative area analysis highlighted the differences between
AHS from RC-I and RC-II. In the dry season, AHS from RC-I appeared more aromatic, resulting
from the preservation of aromatic moieties and products derived from aquatic organisms
(autochthonous). On the other hand, in the rainy season, the main contribution to the AHS
composition came from the new input of fresh organic matter carried from the soil by the rain, such

as lignin and polysaccharide structures (allochthonous).
13
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The study by Oliveira et al (2007), evaluating AHS sampled in the rainy season from the
Negro River, found a major contribution in the resonance of carbon related to alkyl, methoxy, and
N-alkyl moieties of 47.9 (0-65 ppm) and an aromatic contribution of 9.2 (110-165 ppm), while in
the dry season, the respective contributions were 36.6 and 18.5. Thus, the study corroborates with
the results reported here, indicating a greater input of alkyl moieties in the rainy season and the

prevalence of aromatic character during the dry season.

Table 1 Integrated relative areas (%) along the chemical shift of the main peaks (ppm) of “C-

CPMAS-NMR spectra of AHS isolated from Amazonian blackwaters.

Spectrum allocation (ppm) Indexes
160-  140- 110-  60-
190-160 4,9 110 60 45 30
o) AR’ LR® HI
C=0 O-Aryl Aryl O-Alkyl C-N Alkyl
RC- | 6.2 3.6 17.4 224 146 357'6 22' 4.0 1.3
RC- Il 15.5 9.3 13.8 174 6.7 32'2 13' 0.7 1.4
RN 5.7 4.8 16.8 325 129 272'2 272' 2.7 0.9

*AR: Aromaticity ratio: [(110—160 ppm)/(0—190 ppm)] x100
°LR: Lignin ratio: (45—60)/(145—160)
°HI: Hydrophobicity index: [Z(0—45 ppm)+(110-160 ppm)]/Z[(45-60 ppm)+(60—110 ppm)+(160—-190 ppm)].
Thermochemolysis GC-MS

Figure 1 displays the relative intensity of the products released from Thermochemolysis GC-
MS for all AHS samples. The chromatograms and the identified compounds are summarized in
Figure 28 and Table 1S of Supplementary Material, respectively.

The main classes identified for RC-I were aliphatic ester (ES), benzene derivatives (BD) and

benzoic acids (BA), while for RC-II and RN the identified classes included dicarboxylic acid (DB),

aliphatic ester (ES), phenolic compounds (PH), benzene derivatives (BD) and benzoic acids (BA)

(Fig. 1).
14
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Fig. 1 Relative percentage (%) of classes of compounds identified by Thermochemolysis GC-MS of
AHS in (a) RC-I, (b) RC-II and (c) RN. DA= Dicarboxylic acids; ES= aliphatic ester; KE=
ketones; PH=phenol; IM=imines; BD= benzene derivatives; HN= Heterocyclic nitrogen; HS=
Heterocyclic  sulfur; HO=heterocyclic oxygen; BA= benzoic acids; AD=Amides;
AL=Alkanes/alkenes/alkynes; CC=cyclic compounds.

Representative of the dry season, RC-I presented a molecular structure composed mainly by
ES, from the fatty acids, as well as the accumulation of hydrocarbons (alkanes and alkynes) from
plant tissues (i.e. cutin and suberin). Additionally, some hydrocarbons C,;, Cs3, C14-Cy9 are derived
from microbial activity, while C,-Cs, originated from plant tissues (Tadini et al., 2015).

Benzene derivatives and phenolic compounds detected in RC-II and RN are mainly derived
from the lignin monomers (hydroxyphenyl, guaiacyl and syringyl) (Bento et al., 2020; Nebbioso &
Piccolo, 2012; Tadini et al., 2015), typical of allochthonous organic matter. Furthermore, in the RC-
IT and RN (rainy season) the compounds seem more diluted, because chromatograms (Figure 28S,
Supplementary Material) reveal lower intensities and the same AHS weight was employed for
Thermochemolysis analysis. In contrast, RC-I showed fewer compounds but larger intensities.

As pointed out by *C NMR, RC-I was mostly influenced by autochthonous organic matter
(aromatic not derivate from lignin), while the RC-II and RN showed more influence of
allochthonous organic matter (aromatics from lignin). However, Thermochemolysis showed mainly
aliphatics moieties in the dry season (RC-I) from plant tissues and microbial activity, while in the

rainy season (RC-II), there was a contribution of phenols and benzenes derivatives.
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The different responses can be related to the structural variations of AHS caused by
seasonality, and the responses from these two different analytical techniques. The higher
aromaticity of RC-I as pointed by aromaticity index (Table 1) in relation to RC-1I and RN, did not
release aromatic products during the Thermochemolysis process. This is because aromatic moieties
have greater thermal stability (Rosa et al., 2012).

Furthermore, the *C NMR spectra of RC-I showed a thinner peak at 130 ppm compared to
the other AHS; this peak can suggest the uniformity/presence of the same compounds by
intensifying the peak and decreasing its width, while the larger ones can suggest a more
heterogeneous molecular structure, ie. in RC-I the aromatic units may be more linear
polycondensated (higher thermostability). Furthermore, the polyhydroxy compounds can undergo
pyrolytic rearrangement during the Thermochemolysis GC-MS and are detectable as aromatic
moieties. For instance, the polysaccharides (O-Alkyl) pointed out by >C NMR in RC-IT and RN can
undergo pyrolytic rearrangement and aromatization, being detectable as benzene derivatives and
phenols. This confirms the fact that the AHS from the rainy season comprised a molecular structure

with a higher contribution of terrestrial input.

Behavior of AHS fluorophores with Cu(II), Al(III) and Fe(IlI) and binding parameters

The interaction of AHS extracted from Amazonian rivers with the metal ions was evaluated
through fluorescence suppression. Figure 2 illustrates the changes in the EEMs fluorescence spectra
for the AHS RN in the presence of different Cu (II) concentrations, compared to the control (AHS
RN in the absence of Cu (II)). It is possible to observe that with an increase in Cu (II)
concentrations there is a suppression of maximum fluorescence intensity (Fmax). The addition of 5.0
mg L' Cu (IT) caused the suppression of approximately 55% of the F ., along with a slight shifting

of the main peak (Fmax) (Aex/Aem = 313/430 nm).
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Fig. 2 Contour EEMs maps of the AHS RN with Cu (II) additions at pH 6.0: (a) control; (b)

addition of 50 pg L™ Cu (1) (¢) addition of 500 pg L™ Cu (II) and (d) addition of 5000 ug L™ Cu

(1)

Aiming to understand the interactions of AHS and metal ions, the EEM spectra were
statistically analyzed with CP-PARAFAC, which was able to provide information about the single
components contributing to the fluorescence signals in AHS. The assessment of the best number of
fluorescent components obtained by CP-PARAFAC was done through the analysis of the core
consistency diagnostic values (CORCONDIA). In general, for all AHS samples, optimum
CORCONDIA values (> 60%) were obtained for two components, for which the values were
96.3%, 87.2% and 88.7%, for RC-I (n=14), RC-II (n=14) and RN (n=14), respectively.

In this study, the components were named as C1, for component 1 and C2, for component 2;
and they showed a very resemble fluorescence profile (Figure 3S), which was classified as typical

humic peaks (Coble et al., 2014). For all quenching experiments, C1 showed higher fluorescence
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intensities in the blue region of the emission wavelength (Ae/Aem ~310/420 nm), suggesting the
presence of a fluorophore comprising more aliphatic character (Bento et al., 2020; de Morais et al.,
2021; Funkey et al., 2019; Soares da Silva et al., 2020). On the other hand, C2 presented a longer
shift in relation to C1, with maximum fluorescence intensity at longer wavelengths (Ae/Aem ~
310/470 nm) for all samples, slightly red-shifted for RN (Aex/Aem = 300/490 nm).

The red shifting effects in fluorescence can result from the presence of highly conjugated
systems; in addition, the lower fluorescence intensities observed for C2 can be assigned to the
presence of electron-donating substituents as well (Coble et al., 2014; De Mastro et al., 2019;
Senesi et al., 1991; Traversa et al., 2014). The maximum fluorescence intensities of the components
are shown in Table 2. In general, the F,.x obtained for C1 and C2 followed this AHS order: RC-I >

RC-II > RN.
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Table 2 Maximum Fluorescence intensities (Fma) and binding parameters of interactions of AHS
components (C1 and C2) with Cu (II), Al (II) and Fe (III): BIAS, binding site concentration (Lr),

conformational stability constant (Kwi) and complexation capacity (CC).

c1 2
cc cC
Fue  BIAS (LTl Kw, — log  (mmol o = pyag (LTl Kw — log  (mmol (.
max 'i“l‘)“ x10° Kw. g max "L“};’ x105 Kw. g Toul
DOC) DOC)
g") 1‘7” 194 20 32 55 20 645 215 4 50 57 04 24
= ]
= 5 14
> O 1.06 5 40 56 05 776 143 4 50 57 04 0.9
o K 4
Z 805 078 15 63 58 1.5 456 347 7 100 60 07 22
= 147
o, 107 25 79 59 25 81 091 15 15 62 15 4.0
= 5 120
S 059 20 50 57 20 778 091 15 79 59 15 3.5
= & 0
Z 815 nd nd nd nd Nd 416 nd  nd nd nd nd nd
o140
g 3 070 30 03 45 30 688 048 13 3.1 55 13 43
g5 5 1
= 094 20 08 49 20 677 280 26 31 55 26 4.6
-
Z 85 242 70 08 59 70 472 115 50 50 57 50 12.0

(nd) not determined

(*) Total complexation capacity: Sum of CC of each component in mmol g"' DOC

The binding parameters of the interactions AHS-M obtained in the quenching experiments,
for each component were quantitatively described by the complexation model proposed by Ryan
and Weber (1:1/ligand:metal)(Ryan & Weber, 1982).

Figure 3 shows the titration curves of the quenching experiments of RC-I, RC-II and RN

with Cu (II), for each fluorescent component. The titration curves for Al (II1) and Fe (III) assays are
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illustrated in Figure 4S and 5S (see Supplementary Material). Fluorescence suppression appears to
be more intense in the first Cu (II) additions, which can be related to the presence of free or
unsaturated binding sites. The quenching becomes weaker as Cu (II) increments are made,
indicating a decrease in the concentration of reactive sites caused by the steric effects of the

complexed sites.
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concentration axis plotted in a logarithmic scale (logo).
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For the assessment of the data fitting to the model used for complexation, the BIAS, which
represents the error between the model and experimental values, was used. It is the absolute sum of
the difference between the values of the experimental fluorescence intensity logarithms and the
theoretical values (Mounier et al., 2011) .

Good adjustments were obtained between the experimental data and the values calculated
by the 1:1 model (Table 2). In the complexation assays, the BIAS values ranged from 0.48 to 3.47,
indicating that the experimental data fitted well with the theoretical model, except for the test
performed with Fe (III) and AHS RN (only for C2), in which the BIAS was 11.5 (Figure 4S). In the
Al (IIT) and AHS RN assay for both components, the data did not fit the one ligand model (Figure
5S), indicating that more than one ligand site may be acting simultaneously with the Al (III)
complexation and should be further investigated.

The binding parameters determined were the conformational stability constant (Kw), the
binding sites concentration (L) and the complexation capacity (CC) (Table 2). The complexation
results obtained for the AHS in this study agree with the literature data (Antunes et al., 2007;
Nebbioso & Piccolo, 2009). The stronger ligands are those with binding site concentrations (L)
around 10° mol L' and conformational stability constant (Ky.) around 10° (Antunes et al., 2007;
Mounier et al., 2011). The Ky obtained in this study ranged from 3.0 x 10* to 1.0 x 10°, and the L
concentrations ranged from 4.0 x 10 to 7.0 x 10 mol L™ (Table 2).

In comparison to the individual results of each component, in all complexation assays, C2
showed higher stabilities (Kwm) than C1 for the complexes formed, except for RC-I in the Al (III)
assay. This can be explained by characteristics such as aromaticity since the C2 had the lower
energy emission peak (longer wavelengths) among the AHS samples studied here. However, C1
showed the highest CC than C2, which C1 comprises a more aliphatic character. The results suggest
that aliphatic structures play an important role in metal interactions than aromatics, but the

aromatics form a more stable complex than aliphatic.
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Previous studies have already indicated that saturated and unsaturated long-chain alkanoic
acids interact with metals more easily due to their molecular flexibility than a supramolecular
structure comprising aromatic moieties. However, as observed in these studies, the complex formed
by aliphatic moieties did not show higher stability (Kw) than the aromatic one (Table 2), suggesting
that this kind of complex can be easily disrupted (Nebbioso & Piccolo, 2009).

The variability of CC does not depend solely on the molecular composition but also on the
supramolecular architecture that AHS presents, which was evaluated by the available binding sites
(Lt). The complexation capacity (CC) here was calculated as the concentration of binding sites per
gram DOC (Tadini et al., 2020). In an environmental context, the CC of AHS can indicate the
availability and toxicity of metallic ions in the environment. Thus, a high CC may suggest reduced
availability of these ions and, consequently, lower toxicity, particularly for aquatic organisms
inhabiting these environments (Kungolos et al., 2006; Yang et al., 2021). The total CC showed that
the AHS interacted more with Fe (III) > Al (III) > Cu (II), suggesting that AHS can interact with Fe
(IIT) and Al (IIT) when their input is larger (rainy season). Conversely, it indicates that AHS may not
interact equally with Cu (II) when there is a large input, e.g. due to anthropogenic actions, leaving
this metal more available for aquatic organisms.

In a study of AHS sampled from the Turvo-Grande basin (S3o Paulo state-Brazil), the
complexation capacities of AHS from agricultural and urban areas with Cu (II) and Ni (II) were
evaluated. For Cu (II), the stability of the complexes formed (log K¢) was lower than in the present
study and varied from 0.04 to 1.35. The CC ranged from 0.07 mmol g DOC (agricultural area) to
29.5 mmol g DOC (urban area). This study also showed that AHS from urban areas had a more
functional complexity and was related to complexation capacity(Tadini et al., 2013).

Studies comparing two methods in the evaluation of the complexation capacity of aquatic
and terrestrial organic matter with Cu (II), including a sample extracted from the Negro River,

showed similar results for log Kc (4.22) and CC of 1.44 mmol g"' DOC (Romio et al., 2003).
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499 Two-dimensional Correlation Spectroscopy

500

501 The FTIR spectra after the quenching assays were analyzed with 2D-COS for the assessment
502 of the perturbation of the metals caused in the functional groups involved in the complex formation
503 (AHS-M), covering all chemical functionalities present in the samples, whether fluorescent or not
504 (Huang et al., 2018; Soares da Silva et al., 2020). Figure 6S shows the changes in the FTIR spectra
505 for the AHS in the presence of different metal ion concentrations. For the interpretation the region
506 of 1800 to 900 cm™ of maps was used to assign the functional groups that interact with the metal
507 ions tested, and Figures 7S, 8S and 9S show the 2D-COS contour maps, synchronous and
508 asynchronous, and provide information about the order of events that occurred in the AHS with the
509 Cu (II), Al (IIT) and Fe (III) addition. Table 3 summarizes the autopeaks of synchronous and cross
510 peaks of asynchronous maps for RC-I, RC-II and RN.
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Table 3 Autopeaks of synchronous and cross peaks of asynchronous mode and changes in the

chemical groups found for RC-I, RC-II and RN with Fe (III), Al (III) and Cu (II) addition.

Metallic Sample Synchronous Asynchronous The sequence of changes in the

ion s (ecm™) (V1, v2) (em™) chemical groups by the metal
addition
RC-1 1275 (1260,1330) - C-O phenolics> O-H phenolics >N-H amines,
(1260,1600) + amides
RC-II 1317 (1330, 1400) +
Cu (II) C'O phenolics> N'H amines, amides ~ COO_
(1330, 1600) +
RN 1350 (1600,1370) —
COO- > N-H amines, amides > O'H phenolics
1580 (1600,1260) +
RC-1I 1330 (1330, 1400) +
C-O0 phenolics> COO > N-H amines, amides
(1330, 1600) +
RC-1I 1252 (1280,1600) +
Al (III) O'H phenolics > N'H amines, amides
1600
RN 1296 (1300,1370) -
COO>C-O phenolics
1600
RC-1 1350 (1370,1600) + COO > N-H amines.amides
RC-II 1336 (1330, 1400) -
Fe (III) COO_> C'O phenolics > N‘H amines, amides
(1330, 1600) +
RN 1319 (1330, 1370) -  COO > C-O phenolics

(+) refers to autopeak positive above the principal diagonal.

(-) refers to autopeak negative above the principal diagonal.

In all samples, in the synchronous map of interaction with Cu (II), Fe (III) and (Al (III), the
wavenumbers between 1275 and 1350 cm™ are evident. In studies of humic substances, this region
is usually associated with C-O stretching and O-H bending deformation of phenolic groups (Chen et
al., 2014; Yuan et al., 2018). For the sample RN in the interaction with Al (IIT) and Cu (II), the
region near 1600 cm™ is commonly associated with the N-H bend of primary and secondary amines

and amides (Chen et al., 2015; Luo et al., 2022; Pavia et al., 2008).
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On the asynchronous map, it is possible to identify the sequence of events that occurred
during system disturbance, i.e., the sequence of functional groups where Cu (II) interacted
preferentially, following Noda’s Rule (Noda & Ozaki, 2004).

For the asynchronous map, the bands located between 1260-1280 cm™ are attributed to O-H
stretching in phenolics, 1300-1330 cm™ to C-O stretching in phenolics, 1370-1400 ¢cm™ to COO
asymmetrical stretching, and 1600 cm™ of N-H bends of amines and amides (Chen et al., 2015; Li et
al., 2017). The sequence of changes in the chemical groups due to the metallic ion addition is shown
in Table 3.

These results suggest that phenolics groups (C-O and O-H) initially undergo metal binding
and rearrangements for RC-I and RC- II with Cu (II) and Al (III), exposing other functional groups
such as carboxylate to metal complexation via intermolecular reactions, generating
thermodynamically more stable structures, since the complexation occurs in a way to form complex
thermodynamically more favorable. However, in all samples, these groups participate in the

interaction, which is consistent with the findings from Thermochemolysis GC-MS analysis,

indicating that all AHS contain phenolic moieties in composition (Nebbioso & Piccolo, 2009).
These findings also corroborate with the behavior identified by the PARAFAC analysis in the
complexation assays, where aliphatic domains presented in the C1 component were attributed to
higher complexation capacities, while phenolic domains were assigned to form more stable
complexes.

Additionally, in these samples, it is possible to observe the interaction of N-H groups of
amines and amides with the same metallic ions. This is consistent with the elemental analysis of
these materials previously published, which indicated that RC-I (C/N=25.75) and RC-II
(C/N=46.79) had higher nitrogen content than RN (C/N = 74.52) (Constantino et al., 2021).

In the interactions between RN and all metallic ions, there was an affinity with COO", C-O
and OH of phenolics. This characteristic also aligns with the previous characterization of samples,

indicating that RN presents higher humification and abundance of oxygenated groups than RC-I and
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RC-II. This preference for interaction with COO" is attributed to the higher quantity of such groups
in RN, as highlighted in previous studies (Constantino et al., 2021). This characteristic is further
supported by the ?C NMR analysis, which suggests that RN samples have less hydrophobicity than
RC-I and RC-II.

The interaction between all samples and Fe (III) primarily involves COO". This
characteristic has been extensively studied in the literature, indicating that oxygenated groups play a
significant role in the interaction with Fe (III) based on the hard and soft acid—base (HSAB) rule
(Fujii et al., 2014; Stumm & Morgan, 2012). Fe (III) possesses incomplete d orbitals (3d°),
exhibiting a hard acid characteristic (electron acceptor), while oxygenated groups (mainly COO", in
this case) exhibit hard basic characteristics (electron donor). Therefore, following the HSAB rule,
both have more suitable characteristics for interaction. Additionally, in a previous study conducted
in the same watershed, the majority of the metals, including Fe and Al, were quantified in the
particulate fraction (> 0.45 um), indicating the possible interaction of these metals with dissolved

organic matter (Constantino et al., 2019).

Conclusion

The AHS from the dry season exhibited aromatic moieties and alkyl structures of
autochthonous origin. In contrast, AHS from the rainy season contained both aromatic and alkyl
moieties, but with an allochthonous source, including aromatic structures derived from lignin and
polysaccharides. The distinct molecular compositions clearly influenced the interaction capacities
with the tested metal ions. Structures with more aromatic moieties showed higher stability in
complex formation but lower complexation capacities. Conversely, those with more aliphatic
compounds exhibited higher complexation capacities but less stable complexes. The Complexation
Capacity (CC) of AHS helps predict the environmental behavior of metal species in the rivers of

this study area, the results indicate that during the rainy season, there is a higher potential for the
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complexation of metals with natural organic matter, such as Cu (II), Al (III), and Fe (III), due to the
molecular characteristics that provide more oxygenated functional groups. In contrast, during the
dry season, AHS exhibits lower CC abilities, although the input of metals is also reduced due to
fewer rainy events. This suggests an ecological equilibrium where AHS can maintain metals in a
complex and unavailable state. However, any additional influx of metals resulting from

anthropogenic activities could disrupt this balance and lead to environmental deregulation.
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