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Abstract

systems, in this case humic acids.

the natural environment.

Ecological relations

Background: Negentropy and entropy fluctuations, which are concepts of out-of-equilibrium thermodynamics,
were considered in the development of a simple potentiometric titration method for the study of natural complex

Results: The method allows, besides the obtainment of traditional titration curves, the observation of response
patterns for the out-of-equilibrium evolution throughout the titration pH range, at each point of the titration. Also,
two humic acid species distribution models are proposed and interpreted.

Conclusions: The obtained potentiometric out-of-equilibrium response patterns (graphical method) are correlated
with the negentropic organizational/structural properties of the sample and provide information on its relation with

Keywords: Humic acid; Potentiometric titration; Out-of-equilibrium thermodynamics; Species distribution models;

Background
In recent decades, interest in natural systems, such as
oceans, soils, and the biosphere, has been increasing
considerably, and in the associated scientific research
areas (e.g., biogeochemistry and soil science) significant
challenges are encountered due to the complexity of the
factors related to these systems [1, 2]. In this context lie
the complexity of humic substances, their structural/
organizational properties, and their functional relations
with the negentropic properties of ecological networks
and the health of entire ecosystems. To address these
issues, several methodologies have been developed and,
as expected, new phenomena and new questions have
arisen [3].

At present, it is partially accepted that natural humic
substances are composed of a mixture of small mole-
cules and macromolecules (biomolecules, proteins,
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carbohydrates, etc.), and diverse proposals for the
organization of humic materials have been proposed [4].

Among the existing methodologies for the study of
humic substances, spectroscopic and potentiometric
methods are important contributors to the advances in
this field [5, 6]. Specifically, potentiometric titration has
been used intensively as a cheap, accessible, easy to
handle, and highly informative intermediate technique,
permitting the researcher to characterize natural com-
plex systems, such as humic substances, from the
thermodynamic perspective of equilibrium constants
and to quantify/qualify the proton exchange properties
of the samples [7-11].

Also, in the investigation of natural complex systems
(integer or raw complex systems) using potentiometric
methods, out-of-equilibrium thermodynamic states can
be observed in terms of seconds, minutes, or hours [12].
It is interesting to note that this is not a property of all
chemical systems (for example, small molecules or
homogeneous solutions of pure substances), but out-of-
equilibrium stable thermodynamic states are charac-
teristic of complex, highly organized heterogeneous
(negentropic) systems, such as humic substances, soils,
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microbiological systems, networks, root systems, and
many others found in natural environments [8-16]. A
simple and important relation (for our approach and
other related strategies) has been identified in modern
out-of-equilibrium thermodynamics [15], which involves
free energy and entropy:

AG = -Td;S (1)

since dioaS = d;S + d.S, where d;S and d.S are the en-
tropy variation of the internal system and the external
system (surroundings), respectively. When a system is
perturbed (d.S<0), or when a system occupies an
out-of-equilibrium state close to equilibrium (or pseudo-
equilibrium), it tends to dissipate free energy with increas-
ing entropy as follows:

diS/dt >0 (2)
d*S/dt* <0 (3)

and the thermodynamic evolution drives the system to-
ward the nearest pseudo-equilibrium state, usually through
exponential free energy decay (e.g., Fig. 1).

These simple theoretical considerations on out-of-
equilibrium thermodynamics permit the use of potenti-
ometry for the investigation of perturbed systems during
potentiometric titrations based on the well-known rela-
tion between potential and free energy:

AGM™ = —nFE (4)

(AG™" is the free energy related to a''* inhomogeneities
in hydrogen ionic potential measurements) and the ob-
tainment of out-of-equilibrium response patterns for
natural complex systems, which can be correlated with
the organizational/structural properties of the studied
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Fig. 1 Potentiometric titration curve for humic acids and the
calculated results for models M1 and M2 (calculated models were
obtained with resulting error function o, < 0.02)
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systems and their relations and functions in the natural
environment (e.g., the role of humic substance in soils
and ecosystems). In this study, we used these concepts
to construct out-of-equilibrium response patterns through
the potentiometric titration of humic acid samples and
then correlate these graphical patterns with the complete
titration curve and structural-chemical composition of this
important component of natural systems, as described in
the following sections.

Methods
Representation of pH stabilization curves—"the graphical
method”
Since the free energy, related to a''* inhomogeneities, of
the system (after titrant addition) tends to dissipate
through spontaneous reactions (in our case, proton ex-
change between the humic acid system and the aqueous
environment), the slow pH stabilization curves (which
are kinetically measurable) after each titrant addition
adopt a commonly observed exponential evolution over
time, tending toward a pseudo-equilibrium state or
quasi-stable pH conditions, as observed in Fig. 1.

For the fitting of the slow pH stabilization curves, we
used the following asymptotic exponential equation:

y(x) =a-bxcF,xz20and0 <c< 1 (5)

where y(x) is the measured pH, x is time ¢, a is the
quasi-stable pH value when x tends to infinity, b is
the variation of y(x) (ApH) from x=0 to x=c0 and c is
the exponential coefficient which, multiplied by b,
defines the shape of the pH versus time variation curve
and is related to the out-of-equilibrium negentropic
stability of the studied sample [12].

Species distribution calculations

The analysis of the complete titration curve and the
model calculations were performed using the Best 7 pro-
gram (calculated models were obtained with resulting
error function og < 0.02) [17] in order to determine the
number of moles of the components and their respective
protonation constants. Considering the complex struc-
ture of humic acids, in this study, two slightly different
ways to approach and model this system were investi-
gated. The first approach (named M1I) was based on the
model described in Costa et al. [18], in which carboxylic,
phthalic, phenolic, catechol, and salicylic groups are con-
sidered to be the main protonable components of humic
acids (Scheme 1). Also, this model assumes significant
alterations in the protonation constants of the carboxylic
and catechol groups due to intra- and intermolecular in-
teractions (see Table 1). The second approach involved
the proposal of a new modeling strategy (named M2)
using the same groups mentioned above (adopting
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Scheme 1 Proposed deprotonable groups in humic acids. Numbers relate the 7 carboxylic, 2 phthalic, 3 phenolic, 4 catechol, 5 salicylic, and

6 hypothetical supramolecular groups

protonation constants constrained to standard data [19],
with minor variations) but with the adoption of a new
species proposed as a supramolecular protonable struc-
ture, as expected for humic acids at near-neutral pH
(hypothetical structure proposed in Scheme 1). It is im-
portant to remark that the “supramolecular” term was
used in reference to the subsystems which present slow
proton exchange kinetics, as can be seen in Figs. 1 and 2,
probably composed by the combinations of carboxylic and
hydroxy aromatic groups, involving hydrogen bonding,
electrostatic interactions, and Van der Waals interactions.
The results were compared and correlated with the out-
of-equilibrium response patterns as discussed below.

Results and discussion
Considering that our interest is focused on the out-of-
equilibrium properties (which relate to the system

stability against perturbations) and species distribution
of humic acids, the proposed titration methodology rep-
resents an appropriate potentiometric experiment since
the two aspects mentioned above could be investigated
in the same titration procedure.

The results for the humic acids (Fig. 3) show a smooth
titration curve, and a suitable model is needed for the
species distribution calculation (as expected due to the
complexity of the sample and as previously noted in the
literature) [6—11].

In this regard, the first model M1 was employed to
calculate protonable species distribution (carboxylic,
phthalic, phenolic, catechol, and salicylic groups) and
the results were then compared with those previously
published by Costa. [18]. As can be seen in Table 1, good
agreement between the two sets of results was verified
and interesting features appeared under neutral pH

Table 1 Results (protonation constants, pKas, and mole number) for the calculation of species distribution models of the humic acid

sample studied using the Best 7 program

Model Standard? Costa et al” Calculated model M1 Calculated model M2

Species pka mmol.g™' % pka mmol.g™ % pka mmol.g™' %

Carboxylic 4.56 6.35 1.042 25 6.28 1.013 23 4.35 0.549 12

Phthalic 2.75 2.76 1.163 27 2.75 1.134 26 281 0.923 21
493 471 473 4.89

Phenolic 9.82 9.66 0.666 16 9.73 0.938 22 9.87 0.688 16

Catechol 923 797 0.540 13 792 0.549 13 8.87 0492 11
130 1330 1336 11.83

Salicylic 2.81 329 0.810 19 3.08 0.715 16 2.79 0.600 13
134 1340 13.39 13.39

Supramolecular 6.65 1.147 26

Total 4221 4351 4.400

#Standard values obtained from [13, 19]
bValues obtained from Costa et al. [14]
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Fig. 2 pH stabilization curves for three selected titration points. The
values for parameters g, b, and ¢ (Eq. 5) of all titration points were
used in the construction of Fig. 4
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conditions. It can be observed that despite being com-
posed of the above-cited oxygenated groups, the humic
acid sample presents a high buffering capacity at neutral
pH, suggesting that the structure and organization of
this substance have distinct features compared with the
isolated molecules or functional groups (extremely sim-
plified models should not be considered as good options
to humic experimental or theoretical studies, neither
pedagogically nor scientifically). This was well represented
in the application of our first calculation model M1

component %
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Fig. 3 Species distribution diagram obtained using model M2. The
components are represented by the following symbols: open circle,
carboxylic; open square, phthalic; open triangle, phenolic; closed triangle,
catechol; closed square, salicylic; and open diamond, supramolecular

through the increase in the pKa of the carboxylic group
from 4.56 to 6.38 and the decrease in the pKal of the cat-
echol group from 9.23 to 7.92 (compared with standard
values [19], Table 1) suggesting that complex structural
phenomena, actually composed by an incommensurable
mixture of structural/functional groups, influence the pro-
ton dissociation properties of humic acid, providing a
model where carboxylic groups exist in a distinct molecu-
lar environment when compared with single molecules
and pure dissolved substances. Similar phenomena can be
considered in the case of the catechol groups, where near-
positioned protonated groups should cause a decrease in
the observed macroscopic deprotonation constant.

In the second model approach (M2) to protonable
species distribution calculations, using an additional pro-
tonable species, which is proposed as a supramolecular
structural combination, and maintaining the pKa values
of oxygenated groups without major alterations in rela-
tion to standard protonation constants [19], (Table 1), a
good fit was obtained for the experimental curve (Fig. 3),
using coherent pKa values for the oxygenated groups
and an average apparent pKa of 6.65 for the proposed
supramolecular species, as can be seen in the species
distribution diagram (Fig. 4) and Table 1. This is in good
agreement with the maximum at pH 6.7 in Fig. 2 (top),
which will be discussed below (in relation to the humic
acids out-of-equilibrium time response pattern with each
titrant addition). The difference between models M1 and
M2 in relation to the calculated number of moles for the
proposed species suggests that carboxylic groups are the
major participants in the supramolecular interactions
and that the other oxygenated groups participate to a
lesser extent, representing approximately 26 % of the
total buffering capacity of the humic acid sample studied
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Fig. 4 Out-of-equilibrium potentiometric response patterns for
parameters b (bottom) and ¢ (top) as functions of a (see Eq. 5).
Color lines represent the triplicate results

(Table 1). Figure 4 shows the species distribution dia-
gram for model M2 in terms of the percentage of each
component.

As previously mentioned, the methodology used in
this study involved the investigation of the out-of-
equilibrium pH/time response patterns for all points of
the potentiometric titration (Figs. 1 and 2), simultan-
eously with the traditional titration curve (Fig. 3).
Since relatively large amounts of titrant (0.1 mL of
0.1029 mol.L™' HCI) were used in the present titration
studies, slow pH stabilization processes seem to be amp-
lified and out-of-equilibrium states became easily meas-
urable. The basic information obtained through this
method relates to the stability of the studied system
against perturbations (titrant addition) in terms of the
parameters b and ¢ in Eq. 5, which relate to the pH
variation (ApH) and the relative pH variation rate,
respectively. Setting parameters b and ¢ as functions
of parameter a (stabilization pH or quasi-stable pH
at each point of the titration), the stability response
patterns in Fig. 2 were constructed. The maximum at
pH 6.70 observed in Fig. 2 (top) may be related to a
highly stable humic acids subsystem which is capable
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of responding to perturbations by increasing the pH
by approximately 0.3 pH units above the initial pH
(when an aliquot of HCI is added). Furthermore, this
subsystem could be directly related to the supramolecu-
lar species proposed in the second species distribution
approach M2 or, alternatively, to the phenomena respon-
sible for the significant alteration in the calculated car-
boxylic and phenolic pKas in the first species distribution
approach M1 (Table 1). Ester reactions can also be in-
volved in the observed slow kinetic processes [20, 21].
These information are in well agreement with previous
potentiometric and calorimetric studies that suggest that
high energy-consuming chemisorption processes (around
38 kJ.mol™) may dominate the buffering properties of
humic acids at neutral pH [22].

A maximum, or plateau, in the region of pH 6.4-6.9
can also be observed in Fig. 2 (bottom), which indicates
that the relative variation in the pH after perturbation
occurs more slowly in this pH region than in other pH
regions (around 5 or 8), since the major pH variation is
found at pH 6.7, as seen for parameter b in Fig. 2 (top).
Also, it is important to note that the high variance of
parameter ¢ at basic conditions (Fig. 2, bottom) is related
to small or negligible pH variations observed after
perturbation in these basic pH regions as can be seen
(Fig. 2, top). Together, these results provide important
information regarding the proton exchange properties of
the complex system of humic acids. Also, through the
observation of the slow pH stabilization curves at each
point of the titration, we can propose that humic acids
can adopt different structures (possibly with a transition
between coiled forms under acid conditions and relaxed
forms under basic conditions) with critical changes
occurring at around pH 6.7, where a high consumption
of protons is observed over long time periods (at least
20 min, Figs. 1 and 2). Finally, since the apparently sol-
uble humic acid is actually a suspension of nanometric
(around 400 nm) particles, it should be expected that
slow proton exchange may occur at a larger extent in
continuous perturbed natural conditions.

Experimental

After adequate homogenization of the commercial humic
acid sample (Sigma Aldrich) the potentiometric experi-
ment was performed as follows.

The potentiometric system consists of a thermostatized
electrochemical cell at 25 °C, a continuous N, flux, a glass
electrode connected to a pH meter (precision 0.001 pH
units), and a Gilmont burette (precision 0.01 mL). The
electrode was calibrated through the titration of 40 mL of
0.01 molL™" HCl (0.1 molL™" KCI) with 0.0971 mol.L™!
CO,-free KOH. All the solutions were prepared, and all ex-
periments were performed using boiled ultrapure water.
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In the electrochemical cell, 51 mg of well-homogenized
humic acid sample was dissolved in 40 mL of water (ionic
strength 0.1 mol.L™* KCI). After 1 h of continuous stir-
ring (dissolution pH 9.1), the pH was raised to 11 by
adding 1.1 mL of 0.097 mol.L™" CO,-free KOH. Imme-
diately after the KOH addition, the variation in the pH
was recorded at 0, 0.5, 1, 2, 4, 8, and 16 min in order
to observe the response of the system in relation to
perturbation. After basification, titration with 0.1 mL
aliquots of 0.1029 mol.L™" HCI was initiated and the
pH was measured over 16 min at the above-mentioned
time intervals for all titrant additions, resulting in a
characteristic pH versus time stabilization curve for
each point of the titration. It is important to note that
the rapid initial acidification of the aqueous medium
was not kinetically monitored (usually occurring in less
than 10 s) and that the out-of-equilibrium observations
are related to kinetically measurable slow proton ex-
change processes (from 0.5 to 16 min) that contribute
to the total buffering capacity of the humic acid sample
in study. The complete titration involved 30 aliquot
additions until the pH value reached 3.2 (Fig. 3). The
experiments were carried out in triplicate.

Conclusions

In this research, we investigated the use of potentio-
metric techniques for the study of complex samples
and we found that the stabilization of the pH over
time for each point of the titration can provide inter-
esting information on the organization of humic
acids. Applying this simple investigative methodology,
we demonstrated that this substance has a high buff-
ering capacity and stability against perturbations,
such as the addition of strong acids and strong bases.
This is probably due to the capacity for structural re-
orientation and a highly stable organization or neg-
entropy, mainly at neutral pH. These characteristics
are strongly related to soil stability/fertility and the
health of ecosystems under different conditions, such
as in the highly energetic, biodiverse natural/forest
soils, and also soils of alternative sustainable agricul-
tural systems. We propose that our simple method-
ology is appropriate for use in studies on a wide variety
of complex systems, including other humic substances,
soils, root systems and, importantly, integer samples or
raw complex systems [12]. Lastly, it is important to
note that in the study of complex systems the use of
potentiometry (considering out-of-equilibrium thermo-
dynamics) is proposed to contribute with transdisciplinar
(e.g., agroecology) investigation and the development of
socially-scientifically-technologically relevant research fo-
cused on intermediate and accessible technologies [1, 12,
23-25].
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