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Abstract: Natural organic matter, including humic substances (HS), comprises complex secondary
structures with no defined covalent chemical bonds and stabilized by inter- and intra-molecular
interactions, such as hydrogen bonding, Van der Waal’s forces, and pi-pi interactions. The latest view
describes HS aggregates as a hydrogel-like structure comprised by a hydrophobic core of aromatic
residues surrounded by polar and amphiphilic molecules akin a self-assembled soft material. A
different view is based on the classification of this material as either mass or surface fractals. The
former is intended as made by the clustering of macromolecules generating dendritic networks,
while the latter have been modelled in terms of a solvent-impenetrable core surrounded by a layer of
lyophilic material. This study reviews the evolution of the increasingly refined models that appeared
in the literature, all capable to describing the physicochemical properties of HS. All the models are
critically examined and revisited in terms of their ability to provide key information on the structural
organization of HS. Understanding how the molecular association pathway influences aggregation of
HS also provides a key acknowledgment of their role in the environment.

Keywords: humic substances; dissolved organic matter; supramolecular arrangement; fractal
structures; macromolecular coils; humic pseudo-micelles; humic superstructure; hybrid hydrogel

1. Introduction

The organic matter in terrestrial and aquatic environments is being classified as partic-
ulate organic matter (POM) and dissolved organic matter (DOM). POM includes particles
of natural organic matter (NOM) characterized by average sizes ranging from 50 µm to
2 mm. [1]. DOM is the corresponding fraction of dissolved POM that can pass through a
0.45 mm mesh filter [2]. In the marine environment this rather artificial distinction between
POM and DOM is sometimes questioned and replaced by a broader definition where
organic matter is considered as a continuum of gel-like polymers, replete with colloids
cross-linked by polymer strings, sheets, and bundles while the size can reach hundreds of
micrometers [3]. An important part of DOM comes from the carbon mobility processes
occurring in the environment. However, much of it is lost through various mechanisms
such as substrate to soil microorganisms or adsorbed on soil sediments and eventually
diffuses into the ocean. Much of the carbon DOM present in terrestrial and aquatic com-
partments is oxidized to CO2 through microbial metabolism and then accumulates in the
atmosphere [4]. DOM is a parameter that responds to changes in ecological processes
and is capable to promote the dissolution and transport of metals such as micronutrients
and organic compounds, including pollutants [5–8]. Organic compounds in DOM have
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been shown to affect the chemical reactivity of soil minerals [9] and the complex process
of podzolization of soil [10]. The production of greenhouse gases such as methane, and
soil denitrification is connected to the bacterial degradation of DOM [11]. Furthermore, the
localization of the DOM in the soil, for example, located in pores of various sizes, influences
its mobility, ecological fate and availability [2].

The major pools of DOM are molecules solubilized and leached from soil organic
matter (SOM). Those can be biomolecules originating from both fresh materials, such as
leaf and grass litter, root exudates, decaying fine roots, soil microorganisms etc. and micro-
biologically processed, humified, fractions such as humic substances (HS) [12]. Due to the
environmental conditions, the dissolved organic carbon cycle is relatively fast. The control-
ling factors for DOM biodegradability, and thus carbon dynamics, are influenced by several
factors. Higher content of non-humified hydrophilic compounds such as carbohydrates,
organic acids and proteins increase DOM degradability. On the contrary, the presence of
aromatic and hydrophobic residues leads to a reduction of its biodegradability, due to the
high resistance shown by the aromatic compounds towards degradation phenomena and
to the inhibitory action of the enzymatic activity. Effects of heavy metal concentrations on
DOM biodegradability is not clear yet since various studies reported conflicting results. As
degradation is dependent on microbial activity, the type and concentration of microbial
population must be taken into account as well [13].

HS are the most abundant part of DOM and their chemical structure and even their
concept is still a matter of discussion [14]. For decades, it had been accepted that HS are
macromolecules formed through a two-step process. In the first step, molecular building
blocks are produced from the degradation of plant-, microbial-, and animal-derived organic
systems. In the second step, secondary reactions are believed to occur, including con-
densation of resulting fragments into larger products, each hardly referable to the parent
feedstock [15]. This view has been revised and new models have been developed to explain
the chemical-physical properties of HS related with their long-term persistence and their
molecular architecture [16]. From a chemical-physical point of view, HS are described as
dark-coloured, chemically, and presumably biologically refractory, heterogeneous organic
compounds playing the main role in soil fertility [17].

This description does not coincide with a specific path of production of a set of
organic compounds nor a characteristic molecular mass identified by a chemical reactivity
(recalcitrant carbon fraction). However, it excludes insoluble organic matter present in
sedimentary rocks (kerogen) [18], and other complex mixtures of organic compounds
produced by combustion processes (carbon black) [19]. Strong debate still exists about
the chemical nature of HS in various forms, i.e., as aqueous dispersions, within soils and
at mineral interfaces, as well as on their role in carbon stabilization mechanisms [20,21].
Recently the carbon stabilization via interaction with soil mineral surfaces is referred to as
mineral-associated organic matter (MAOM) [22]. In a small aggregate (40–50 µm), MAOM
consists of low-molecular weight compounds potentially sorbed to mineral surfaces, via
either incorporation into microbial biomass or extracellular enzymes [23]. However, the
new view of stabilisation mechanisms and observed longevity of MAOM [24], is still
unclear, because the organo-mineral interactions are easy alterable by root exudates [25].

This is fundamentally a paradigm shift in how the interactions act between SOM
components and soil minerals [26], i.e., MAOM aggregates, since they are not permanent.
Instead, the persistence of SOM assisted by both the microbiome and the physical structure
of the soil is considered the main carbon stabilization mechanism [27]. For example,
according to Baveye et al. [28], no significant advances have been made in the last century
about the basic (bio)chemistry of HS and carbon stabilization. In fact, it appears that all
the modern views about a better definition of HS or on a widely accepted operational
extraction procedures do not provide all answer able to overcome the Waksman model
as hypothesized in the early years of the Twentieth century [28–31]. How much is this
true? Certainly, the investigation on structure and aggregation of HS can provide useful
information about the relevant environmental processes and models in which these natural
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substances are involved. In this study, we intend to review the existing literature about HS
to understand how much is known and where humic research is addressed in order to aid
solution of the environmental problems such as the global climatic changes whose effects
are there for all to see. Thus, after an overview of the current models available in literature
on the structure of the HS (Section 2), in Section 3 the reader will find details on the recent
scientific results achieved with the most modern experimental techniques used to unravel
the structure of HS both in the solid and liquid state. Finally, a comprehensive exposition
of future challenges and concluding remarks will be outlined in Section 4.

2. Models of the Structure of Humic Substances

Along all the research activities carried out to elucidate the nature of aggregation state
of HS, various conceptual models have been proposed, among which we can begin to
mention the oldest one indicated as the rigid sphero-colloid model elaborated by Ghosh
et al. [32]. In particular, those authors linked the structure of HS dissolved in solution
to their concentration, being able to form either spherical or flexible linear colloids at
high and low HS concentrations, respectively. Vapor-pressure osmometry (VPO) was
carried out to investigate the aggregation of standard fulvic acid (FA) [33]. Swift and
coworkers argued that HS dissolved in aqueous solutions could consist of high molecular
weight macromolecules capable of stabilizing a random coil configuration [34,35]. The
polymer gel theory was also invoked to interpret the supramolecular dynamics of HS in
marine environment [36]. Beginning in 1990, Wershaw launched the first hypothesis of
molecular aggregation, in which HS was described as a self-assembled material consisting
of a hydrophobic interior and a hydrophilic exterior [37–39]. That hypothesis was also
supported by Guetzloff et al. [40,41], who demonstrated through surface tension measure-
ments, that purified HA was able to form pseudo-micelles in alkaline aqueous solutions at
concentrations greater than 7.2 g·L−1. Evidences for the formation of hydrophobic micro-
environments following the dissolution of HS in water were formerly documented through
fluorescence quenching studies. In particular, the HA-promoted reduction of fluorescence
quenching of both pyrene [42] and positively charged synthetic organic fluorophores [43],
provided the evidence that HS in aqueous solutions were capable of configuring domains
with a micellar cage structure.

2.1. The Micellar Model

Differently from orthodox micellar solutions, humic pseudo-micelles were initially
considered as a type of aggregates characterized by a broad distribution of both size
and functional groups. According to that vision, pseudo-micelles still retain the ability
of traditional micelles to sequester hydrophobic species that partition into the nonpolar
microdomains [44–46]. Using ultrasonic velocimetry Kučerík et al. [47] demonstrated that
the aggregation can be observed at concentrations as low as 1 mg·L−1 under various pH and
ionic strength conditions. The micelle-like behavior of HS was also investigated by Piccolo
et al. [48] who verified through size exclusion chromatography (SEC), the effect of the
concentration of organic acids on the HS dissociation into small-sized micellar aggregates.
HS aggregation was also studied in aqueous solution by HPSEC [49].

The formation of aggregates in solutions of HS was studied through capillary zone
electrophoresis (CZE) for the first time by Fetsch et al. [50]. In the late 1990s, Jones et al. [51]
published a review in which they surveyed the major findings reported up to that time on
the colloidal properties of HS, by emphasizing the aggregation behavior in both artificial
and natural environments. By varying the composition of the mobile phase at fixed ionic
strength of a SEC system, Conte et al. [52] were able to monitor the conformational changes
of different types of dissolved HA and FA. In particular, through high- and low-pressure
chromatography, the authors verified that HS complied with the model describing the
association of small heterogeneous molecules into larger dimensional structures. The work
of Piccolo et al. [53] on HA and FA offered further direct evidence more in favor of the
model based on the reversible self-association of small molecules rather than the polymer
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random coil picture. The reductions in HS dimensions that occurred as a result of variation
of composition of the mobile phase were attributed by the authors to a drastic attenuation
of weak intermolecular associations giving rise to separate smaller molecules rather than
to the compaction of macromolecular chains. Other studies have rejected the idea that
the micellar structure of HS could only be inferred by changing the retention volumes
following the addition of organic acids.

According to Varga et al. [54], secondary (ionic, hydrophobic) interactions should
always be considered for the interpretation of SEC developed for HS. Young et al. [55]
interpreted the SEC and fluorescence experiments on several type of HA aqueous solutions
in terms of the formation of ‘pseudo-micelles’ assisted under the influence of cations
in solution.

The former concept of ‘pseudo-macromolecularity’ was proposed by Piccolo [56]
to suggest that the macromolecular properties of HS could be compatible with those
produced by pseudo-micellar structures or by other molecular assemblies involving long-
chain hydrocarbons, fatty acids, esters and suberin-like components. Subsequently, Sutton
et al. [57] published a new model on the molecular structure of HS based on supramolecular
associations of light molecular mass components, stabilized by hydrophobic interactions
and H-bonds, which self-assemble into micellar aggregates in suitable aqueous milieu.

This model was based on the use of several techniques, such as gel permeation chro-
matography (GPC), size exclusion chromatography at high pressure (HPSEC), and ultravio-
let visible spectroscopy (UV-VIS). Indirect evidence in favor of the micellar model includes,
(i) the extent of the reduction in surface tension of aqueous HS solutions observed with
increasing HS concentration [58], (ii) the improved solubility of hydrophobic organic com-
pounds at following dispersion in aqueous solutions of HS [37–41] and (iii) the preferred
distribution of fluorescent probes such as pyrene, within the hydrophobic microdomain of
HA aggregates in aqueous solutions [42,45].

Criticisms against the micellar model can be summarized with the following questions:
(i) how can HS lacking well-defined amphiphilic substances self-assemble in aqueous
solutions in the form of colloidal aggregates? (ii) What are the typical sizes, shapes and
internal structures of HS aggregates in aqueous media? (iii) and how do these parameters
depend on the pH and Concentration of HS, dissolved salts and metal ions?

2.2. The Supramolecular Aggregate Model

Alongside the development of polymeric and micellar-like models, a flourishing line
of research was developed on the use of the fractal theory in the study of the aggregation of
HS [59]. The most salient scientific results concerning the application of the fractal model
to HS will be illustrated in Section 3.3.1 dedicated to the scattering studies.

After the advent of polymeric and micellar models, more credits are given to the
hypothesis that HS are supramolecular aggregates of small organic compounds, held
together by weak dispersive forces other than covalent bonding [60–64]. Hence, according
to the concept of supramolecular structures, HS can be considered as relatively small
and heterogeneous molecules of various origin, which self-organize in supramolecular
conformations. Humic superstructures of relatively small molecules are now imagined
as complex aggregates stabilized only by weak forces such as dispersive hydrophobic
interactions (van der Waals, π–π, and CH–π bonding) and H-bonds, the latter being
progressively more important at low pH values. The representation of HS according
to the model based on the spontaneous association of molecular components through weak
bonds, provides several important implications: (1) accumulation of organic matter in soils
is driven by hydrophobic interactions; (2) any HS supramolecular structure can undergo
interchange processes with hydrophilic molecules generated through the degradation of
biological tissues; (3) the hydrophobic bonds also lead to the consequent stabilization of
the organo-mineral complexes and the general structure of soil [60].

Experimental evidences that HS have a hierarchical or “structure within a struc-
ture” architecture with at least two sequential levels of organization were provided by
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Chilom et al. [65–67]. In details, they developed a method in which a given HA0 sample
was firstly subjected to Soxhlet extraction using a C6H6:CH3OH azeotrope for 72 h to collect
two main fractions, respectively, a lipid-like L0 and a non-amphiphilic HA1, correspond-
ing to about 67% of the total organic carbon (TOC). Then, the L0 fraction was separated
into further two sub-fractions: HA2 accounting for almost one-third of TOC (possessing
amphiphilic properties and soluble in an alkaline aqueous solution) and L1 (lipid-like and
soluble in nonpolar solvents).

Differences in heat capacities between the pristine HA and the reconstituted physical
mixtures (HA1 + L0 and HA1 + HA2 + L1) were compared. Thus, it was deduced a
first level of organization correspondent to self-assembled nanoparticles formed by the
amphiphilic HA2 and the lipid L1 fractions, which further interact with the components
of HA1 yielding the overall HA0 composite (second level of organization). However, the
interactions that trigger and stabilize the structure of these assembled molecular complexes
are still unknown.

The diffusion coefficients of carbohydrates, carboxyl-rich alicyclic molecules and
aliphatic compounds in DOM strongly depend on their concentrations indicating their
gradual association [68]. Based on this observation, Drastik et al. [69] hypothesized that free
hydrophilic molecules at lower concentration can play a role as hydrotropic compounds
and stabilize and solubilize the aromatic aggregates in DOM while at higher concentration
slowly aggregate forming physically stabilized gel-like structures.

Earlier results showing the different stability of HS aggregates at increasing temper-
atures [70], led to a new model in which HS are described as a hydrophobic inner core
stabilized by outer layers of amphiphilic and polar molecules that impart a hydrogel-like
structure [71]. Recent research developed by Wells et al. [72], emphasized the role played by
“strong” H-bonds among polar domains, in the formation of stable hydrogels-like structure.
In such hypothesis, HS aggregates with size > 1 µm have been proposed to consist of
“metachemical” hydrogels < 1 mm embedded within water dispersible porous physical
hydrogel scaffolds [73], which can form, dissipate, and reassemble along a sequence of
alternating cycles of mechanical agitation and quiescence [74].

In the following section we will see how the methodologies and instrumental tech-
niques employed in the study of the microstructure of HS both in solid and liquid state, are
very useful to highlight morphological and dynamic aspects complementary to each other.

3. Selected Methods and Experimental Approaches for Analysis of HS Structure
3.1. Extraction and Fractionation of Humic Substances

The chemical properties of HS are basically ascertained after extraction and fraction-
ation of DOM or SOM according to the different solubilities. The soil sample, initially
dispersed in concentrated alkaline solution, is first separated from the insoluble material
(called humin) and then acidified with the addition of concentrated hydrochloric acid. The
obtained precipitate is called humic acid (HA), while the remaining soluble fraction is
called fulvic acid (FA) (see Figure 1).
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Further purification processes of the HA and FA fractions involve centrifugation
operations and treatments with ion exchange resins to remove inorganic impurities and
weakly associated organic compounds. HA, which precipitate out of solution below pH 2,
have pKa ≈ 4.5 and apparent molecular weight ranging from 103 to greater than 106 Da.
The chemical structure is characterized by randomly condensed aromatic rings and aliphatic
residues containing different functional groups such as carboxylic acid, amine, carbonyl
and alcohol [76]. On average, 30–50% of DOM in rivers is HS [51,77]. Recent studies
criticize the traditional definition of HS and the related extraction protocol by using a
strongly alkaline solution [29]. In fact, according to these objections, the treatment with
alkali, in addition to representing an extraction method, could induce processes of chemical
alteration of the HS. [78].

While other studies support the traditional approach [79], great attention has been
devoted to the fraction of HS that can be easily released into water without recurring to the
drastic use of alkaline extraction [80].

3.2. Solid State Investigations

The structure of solid-state HS is less detailed than that present in the liquid state.
However, various powerful methodologies such as solid-state NMR, electron microscopy
and scattering of electromagnetic radiation, are available for researchers. Most of those
investigations were analyzed in the framework of fractal theory applied to HS in solid state.

3.2.1. Microscopy Techniques: Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), Atomic Force Microscopy AFM

Microscopy and imaging techniques have been extensively used to assess particle
shape and aggregate structure of HS [81,82]. The electron micrographs are able to highlight
the fractal structure of microscopic irregular objects [83] whose fractal dimension df (de-
fined in the section Light/X-ray/Neutron Scattering Studies and Fractal Architecture of HS
Aggregates), can be estimated by means of counting methods that make use of appropriate
software for analyzing the digitized images. For example, a transition from collapsed struc-
tures with relatively smooth surfaces (at acidic pH) to open and more irregular structures
with asymmetrical shapes (near neutral pH) was revealed from SEM microphotographs of
soil HA particles, previously separated by aqueous suspensions at various pH values (3–7)
after an equilibration time of 4 h [84,85]. TEM image processing analysis performed on
HA aggregates at different pH and equilibration times, confirmed the existence of fractal
structures described by a power law between the mass and the characteristic length of the
aggregates [86]. In particular, HA clusters exhibited large and compact structures at pH 3,
which transformed into open and elongated structures at pH 6 at short equilibration times.
However, with an increase in the equilibration time, larger and more compact structures
were observed, as a result of the occurrence of aggregation process followed by internal
restructuring of HA aggregates.

Observing the structure of HS is challenging owing to their architectural complexity
and dynamic nature. Additionally, these molecules can adopt multiple interchanging
conformational states depending on the pH and metal complexation [57,87].

Atomic force microscopy (AFM) and scanning electron microscopy (SEM) have been
employed for a long time to study the micro-morphologies of HA and FA [88–90]. Com-
pared to electron microscopy, AFM offers more flexibility in sample preparation, three-
dimensional imaging and, in many cases, better image resolution [91].

The advantage of AFM techniques is the ability to image microstructures not only on
dried samples, but also in aqueous solutions, with a spatial resolution in the nanometer
range [92]. AFM images can be obtained at ambient temperature and pressure, and the
force can change during image acquisition. Thus, AFM is a valuable tool allowing to
visualize small colloids, as well as colloid agglomeration, metals adsorption onto surfaces,
or morphological changes affected by interaction with anions and pH [93].
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However, imaging techniques require sophisticated sample preparation (e.g., mount-
ing on slides or sample dewatering/drying), which is highly perturbing to the structure
of the sample under study. Imaging also refers to the morphological analysis of the single
particle which can be very laborious and can only visualize a sample that is not represen-
tative from a statistical point of view, even with the aid of automated image recognition
systems. HA or FA were dispersed on mica as the better substrate not only because of its
easily available atomically smooth surface but also its similarity in surface properties with
the mineral materials in natural aquatic and terrestrial environments. Thus, AFM study
results are very important for understanding the structure and function of HS in water and
soil environments [94].

Indeed, HA, FA, and their respective metal complexes can form many different struc-
tures on mica surfaces as revealed by recent AFM studies [95]. For investigations performed
on soft materials, the AFM non-contact mode (or AFM intercept mode) is preferred, in
which an oscillating cantilever is used to maintain a constant distance between the tip of
the AFM and the sample surface. Characterization of HS aggregates by AFM suggested
that FA and HA could form aggregates and clusters at nanometer scale with globular shape
according the pH of the aqueous solutions [96].

An image of HA particles (extracted from Leonardite) adsorbed on mica surface is
shown in Figure 2A. AFM images in tapping mode of HA aqueous dispersion absorbed on
mica, showed separated small globular particles with sub-micron size [97]. In the isolated
particle cluster (Figure 2B) continuous HA layers, in ring format, were observed.
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These homogeneous ring structures (see Figures 3 and 4), formed in saturated particle
dispersed in water at low pH values, indicate evidences of supramolecular structures of
HA in the natural environment, which in turn are strongly dependent on the dispersion
method and pH. The hydrophilic surface of the HA aggregates interacts with the negatively
charged mica surface, and promotes a large, swollen shape. If the structure is composed of
isolated molecules, the dispersion procedure makes either slowly removing of water on the
HA from mica surface and keep the initial ring structure, with small changes.
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Figure 4. AFM−C (contact mode): (A) microtopography with 3D images of HA dispersed in pure
water at pH 5, adsorbed and dried on a mica surface with section analysis (B) and amplitude (C).

Figures 3 and 4, illustrating high nanoscale resolution AFM-C images, show several
spherical ring-like structures of HA bearing a shallow depression in the middle, with
apparent colloidal diameters < 500 nm and vertical size of 3–4 nm. The image of a mica
surface is very smooth and the adsorption of HA on the mica is quite clear. The size and



Appl. Sci. 2023, 13, 2236 9 of 32

shape of the pseudo-spherical colloids are in agreement with those observed by Colombo
et al. [97] and also reported by other research groups for similar HS [98,99].

It should be noted that those ring-like structures were better observed at nanoscale
with few drops of water suspension directly dried on the mica heated at 80–90 ◦C. The
pseudo-spherical structure may be due to the rapid air-drying process occurring on the mica
surface. It is generally accepted that the hydrophobic character of HA, due to the hydropho-
bic compounds (long alkyl-chain alkanes, alkenes, fatty acids, sterols, terpenoids, and
phenyl-alkyl residues of lignin degradation), allows their self-assembly into supramolecu-
lar structures separated from the water milieu [100].

From the sectional analysis results, shown in Figure 4B, it is observed that the average
dimensions of the ring-like particles ranged from about 350 to 550 nm in lateral dimension
and 3–4 nm in height. In Figure 4B, the images illustrate a cut along the solid line shown
in the vertical profile. Moreover, particle sizes and shapes appear quite uniform inside
the field of view. These ring structures, formed at subacid pH values, again indicate
evidences of supramolecular arrangements [101]. Consequently, it can be deduced that the
analysis of the AFM images supports the HA aggregation model, based on the cooperative
association of small molecules. It is important to highlight that aggregation process of HA
depends strictly on the solvent used for the dispersions and the dehydration conditions.
One example is showed in Figure 5 where HA from Leonardite was observed with SEM
after a dispersion in alcohol and adsorption/dehydration on mica surface, compared with
the same sample of HA dispersed in alcohol observed with TEM. In both cases, the alcohol
dehydration favours the collapse of HA molecules into fibrous structures. Comparing AFM
images with SEM and TEM, the solution conditions of Figures 2–4 for AFM are very similar
and the results are comparable. The hydrophobic effect has been invoked to justify the
formation of similar ring-shaped structures observed with AFM at low salt concentration
and low pH [102,103].
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By contrast, it is well known that the sample for SEM and TEM analysis must be
treated under high vacuum conditions and on dehydrated conditions. Thereby, the first
step with alcohol treatment followed by spraying carbon in the vacuum tank, changes the
morphology of HA. However, it is worth noting that the sizes of the fibrous aggregates in
Figure 5 are similar in both SEM and TEM images. This may be attributed to the strong
alcohol dehydration conditions. The influence of Na+ on the macromolecular structure
of HA at pH 4.0–6.0 favours pseudo-spherical colloids, while the alcohol dehydration
stabilizes elongated fibrous structures. Figures 3 and 4 show that dimensional parameters
such as particle diameter, length and height of the irregular aggregates are much larger than
those observed with AFM. The dehydration treatment with alcohol could be responsible
for this effect, which may favour the formation of bridges between cation ions and carboxyl
groups or other polar groups. This behavior confirms that the dispersion in water used
for AFM observation is very useful for obtaining an in-depth analysis of the HS structure
analogous to that occurring in natural aqueous environments. The amphiphilic properties
of different chemical groups present within the structure of HA such as, e.g., Leonardite,
can give rise to the formation of micellar-like aggregates in solution and also to assemblies
of various shapes onto mineral surfaces.

3.2.2. Nuclear Magnetic Resonance Techniques

Nuclear magnetic resonance (NMR) is a locution referring to an ensemble of different
techniques all based on the same principles and used to unveil chemical-physical charac-
teristics in solid, liquid, and semi-solid phases [104–108]. The general theory about NMR
technique is reported elsewhere [109]. Here we intend to give only a brief overview about
the NMR principles. In details, nuclei with an odd number of protons and/or neutrons
have a nuclear spin associated with a magnetic moment that orients when immersed in
an external magnetic field (B0). At equilibrium, the orientation of the nuclear magnetic
moments is distributed over different energy levels, characterized by having a slightly
accessing population on the lowest energy level. This distribution of population can be
perturbed by irradiating the sample with pulses of radiofrequency waves with an oscil-
lating magnetic field (B1). After this excitation, the distribution of the orientations of the
nuclear magnetic moments returns to the equilibrium configuration through two relaxation
mechanisms. The first, defined as longitudinal relaxation, is linked to the recovery of the
magnetization vector towards its equilibrium value, oriented along the direction of B0
with consequent loss of energy. The second, called transversal relaxation, is responsible
for the loss of phase coherence and the decay of the magnetization vector in the plane
perpendicular to B0. Both mechanisms act simultaneously, although they are characterized
by different relaxation times defined as longitudinal or spin-lattice relaxation time, (T1) and
transverse or spin-spin relaxation time (T2).

The signals acquired by NMR technique can be analyzed in many different ways. As
an example, in the NMR spectroscopy, the application of the Fourier transform provides
plots (also referred to as spectra) where resonance signals are reported versus frequency.
In order to make signal position independent of the strength of the applied magnetic
field, the resonant frequency is expressed as chemical shift measured in part-per-millions
(ppm). According to the number of the frequency axes, it is possible to differentiate among
mono- (1D), bi- (2D) and three-dimensional (3D) NMR spectroscopy [110,111]. While
signal intensity is directly related to the number of nuclei which are excited by the applied
pulse, signal position is dependent on the nuclear chemical environment. This is why
NMR spectroscopy can be used both to investigate the structure and 3D conformation of
complex organic molecules, and to determine the number of nuclei affected by the same
chemical environment.

However, the quantitative analysis performed on complex mixtures can be limited
by the type of sample phase, the pulse sequence used for the NMR investigation and by
hardware constraints [104,112,113]. A number of parameters affect the time scale of the
relaxation processes such as, e.g., the molecular size, temperature, presence of paramagnetic
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metals and other factors linked to physical state of the system under study. In particular,
when experiments are designed to measure relaxation times T1 or T2, the time decays of
the NMR signal can be analyzed by using the inverse Laplace transform which allows to
obtain the distribution of relaxation times [114–118].

This method, called time-domain (TD) NMR, is used to acquire information on molec-
ular dynamics for both simple systems and complex mixtures [119]. In the last few decades,
the new technique called Fast Field Cycling (FFC) NMR relaxometry is appearing on the
scene of different scientific fields [119]. It is based on the rapid changes of the proton
Larmor frequencies (νL) by modulating the current intensity passing through a coil printed
on a silver support [120]. Due to the low sensitivity, FFC NMR prevents any spectroscopic
investigation, while it is applied to monitor molecular dynamics at frequency intervals
lower than those span by the traditional NMR spectroscopy [119].

The Limits of the NMR Techniques in Humic Chemistry

All the aforementioned NMR techniques are widely applied to unveil the chemical-
physical characteristics of HS. However, some issues must be accounted for when dealing
with NMR data. From the one hand, solid state NMR spectroscopy suffers for the limits
due to the cross-polarization (CP). CP is based on the energy transfer from hydrogens to
the closest carbon nuclei, thereby “permitting” the observation of the less abundant 13C
nuclei via the population of the most abundant 1H systems. However, when the carbon
backbone is made mainly by aromatic systems or quaternary, and tertiary alkyl C, lack of
hydrogen nuclei is obtained, thereby enabling low CP efficiency. As a consequence, NMR
sensitivity lowers, and signal disappearance occurs. In addition, if humic samples are not
well packed in the zirconia containers used to perform solid state NMR investigations, a
vortex effect occurs thus providing NMR artifacts [104].

On the other hand, due to the colloidal nature of HS, liquid state NMR spectroscopy
suffers for the lack of information contained in the solid parts of the colloidal systems.
In fact, liquid state NMR spectroscopy performed on HS permits analyses only of the
surface groups in colloids [121]. The best solution to try to overcome the problems of solid
and liquid state NMR spectroscopy is the application of the high-resolution magic angle
spinning (HRMAS) technique. By means of HRMAS, the colloidal dispersions made by HS
are placed in the zirconia rotors used in solid state NMR and oriented at the magic angle
(54.7◦). The efficiency of the solid-state NMR spectroscopy is coupled with that of the liquid
state NMR one, thus permitting the analysis of both surface and inner solid part of the
colloidal humic particles. Sensitivity and lack of mathematical models for data elaboration
are the main problems affecting application of FFC NMR relaxometry on HS [119].

NMR Results of Humic Substances

Over the years, modern NMR technology, such as the cryo-probe and hyphenated-
NMR, along with the latest generation of NMR experiments, has been found very useful
to explain the primary makeup and associations of HS. DOSY results, an NMR technique
that directly correlates the diffusion coefficient of different molecular species to the proton
chemical shift in a 2-D plot, allowed Simpson et al. [122] to identify a complex mixture of
relatively simple compounds, such as fatty acids/esters, sugars, amino acids, and lignin-
derived aromatic systems as the major components present in alkaline extractable soil
HS. Those findings corroborated the concept of molecular aggregation of relatively low
molecular weight components (<2000 Da), where metal ions play a crucial role in aggregate
formation and stability [123].

Results similar to those revealed by Simpson et al. [122] have been obtained by Mao
et al. [124] by applying 2-D solid state NMR pulse sequences. In particular, those authors
could distinguish different humic hydrophobic/hydrophilic domains via the evaluation
of 2-D maps where the x-axis reports the 1H-NMR spectrum, while the y-axis reports the
13C NMR spectrum. The interpretation of CPMAS-NMR spectra made by Conte et al. [125]
allowed to speculate that humic aggregates can be considered as “highly condensed or
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strongly associated rigid aromatic systems interacting with carboxyl groups, involved in
hydrogen-bond formation, and mobile C–O/C–N systems that, in turn, should be mainly
displaced, as well as the mobile alkyl moieties, on the surface of the solid state HAs”.

Finally, recent applications of FFC 1H-NMR relaxometry revealed that a “hydrogel-
like” structure is recognizable in HS as concentration increases. In fact, the proposed
structure consists of a hydrophobic core made up of aromatic substances all stabilized
together by van der Waals forces and pi-pi interactions, which in turn are coated by a
hydrogel made up of both polar and amphiphilic molecules [71].

Notwithstanding the huge amount of solid and liquid state NMR data collected on
HS (see, as an example, [126]), it has never been possible to go beyond a simple qualitative
description of the conformational aspect of HS. In other words, no detailed information
on the 3-D structure of HS have been ever obtained such as in the case of proteins [127] or
polysaccharides [128]. This limit is due to the intrinsic complexity of HS, which prevents
any evaluation of the way how the different humic subunits are faced to each other. In
addition, it must be noticed that humic conformation after extraction from soil is conceiv-
ably different [129] from that present in nature due to the contemporary presence of clay
minerals, soil aggregates and water system.

3.3. Liquid State Investigations

The progress in research of supramolecular arrangement of HS in solution has always
been connected with progress in analytical instrumentation [4]. Current knowledge is
mostly based on application of spectroscopy techniques and regards mainly to the unrav-
elling of the DOM primary structure. On the contrary, the methods for determination of
physical structure are still used less frequently. Nevertheless, increasing number of studies
stress out the importance of supramolecular structures for their functioning [73].

The models based on the “average” model structure or superposition of individual
molecules are gradually extended by models taking into account the interaction between
individual molecules and assemblies, i.e., as a system of dynamically responding to the
disruption of their equilibrium state.

3.3.1. Scattering Techniques

Studies of DOM and humic colloid structures in both natural aquatic and artificial
aqueous environments have, until recently, largely relied upon scattering techniques [130].
Scattering techniques measure dimensional quantities on submicrometer length scales and
on short time scales, for samples large enough to be considered statistically significant. For
light scattering, an incident radiation having wavelengths much greater than the average
size of the colloidal particles is selected. This implies that the light scattered by a particle
is in phase. Consequently, the scattered intensities are greater and more efficient than
X-ray scattering. Ultrasounds can be used to investigate even turbid or highly concentrated
systems but use longer wavelengths than light. X-ray and light scattering methods can be
applied to measure a similar range of colloidal properties such as the radius of gyration
(Rg), the cross-sectional radius of gyration, colloid particle volume, the cross-sectional area
of the particle, molecular weight per unit length, and particle shape.

Dynamic Light Scattering

Dynamic light scattering (DLS) also known as quasi-elastic or photon correlation
spectroscopy (PCS), can measure particle sizes down to a few nanometers, but only by
making assumptions about the shape and diffusive behaviour of the object being studied.
It is an inelastic scattering technique, not a type of diffraction measurement. It uses a
laser beam to measure the fluctuation in the intensity of the scattered light originating
from Brownian motion, defined by the translational diffusion coefficient, which in turn
is converted into the hydrodynamic particle diameter Dh (or radius Rh) using the Stokes-
Einstein relationship [131]. Rh corresponds to the apparent particle size, which includes
also the hydration shell that surrounds it. In particular, the polydispersity index (PdI) and
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the z-average mean diameter of particles are determined from intensity-based DLS spectra,
and represent a single average even if spectra are multimodal. DLS is a technique that
measures the dynamics of fluctuations of scattered light to obtain the mobility of colloidal
particles subject to Brownian motion [132].

Details on DLS data treatment such as, e.g., converting autocorrelation functions to
particle size distributions, can be found elsewhere [133,134]. Experimental data provided
through DLS-based studies or in combination with other techniques, consolidated the
hypothesis that HS consist of low molecular weight compounds able to aggregate step by
step to give supramolecular structures.

DLS measurements of a peat HA in water and also in NaCl solutions of varying
concentrations yielded low values for Dh = (2–9)·10−11 m2·s−1, leading to the conclusion
that such particles can be interpreted as consisting of large macromolecules or aggregates
of smaller molecular species [135]. The effect of pH and ionic strength on the aggregation of
both peat and commercial HA was studied by Pinheiro et al. [136] through DLS and voltam-
metry, who reported large aggregates in the range 30–185 nm. Ren et al. [137] studied the
fractal dynamics of HA colloids and data were interpreted according to the dynamic scaling
theory developed by Martin and co-workers [138], that described power law-polydisperse
colloids. For example, the assembly kinetics of DOM polymers in 0.22 µm-filtered sea-
water was monitored by measuring the particle size as a function of time using DLS and
flow cytometry [36].

It is worth noting that both of these methods are complementary: while flow cytometry
provides accurate measurements of large particles (>1 µm), DLS yields reliable measure-
ments of particle size in the sub-micrometre range. DLS showed that fresh filtrate contained
a polydisperse set of polymers with sizes ranging from 2 to 200 nm. About 30 min after
filtration, DLS revealed the presence of a polydisperse collection of assembled polymeric
aggregates with sizes in the range 0.2–1 µm. A nonlinear growth process was observed
and the increase in particle size followed a sigmoidal trend recalling second-order kinetics.
Both methods showed that microgels continued growing, reaching an average equilibrium
size of about 5 µm in 50–83 h.

The aggregation process of FA and HA certified by the International Humic Substances
Society (IHSS) [139] as a function of solution properties such as temperature, pH and metal
ions of different charge, was explored through DLS technique by Palmer et al. [140]. The
authors reported average particle sizes of 210–280 nm and showed that the evolution
of particle sizes under different solution conditions progressed from unfolded anionic
polymers at high pH, low cation concentrations, and low temperature, through micelle-like
structures and finally to colloidal precipitates as these conditions were changed.

The observation of a limited ionic strength effect on the Rh derived from diffusion
coefficients measured by Fluorescence Correlation Spectroscopy (FCS) was reported by
Hosse et al. [141], who supported the hypothesis of HS as rigid spheres. The observed slight
compression of the tested HS standards at high ionic strength was found in agreement with
the viscosity measurements made by Avena et al. [142] on several HA.

Although viscometry was not sensitive to aggregation, the determinations of 35–65%
molecular volume reduction for an increasing ionic strength (1–100 mM) followed the
same trend of slightly decreasing Rh obtained from FCS. DLS technique was also used to
study the effect of pH on the aggregate size of a gray HA extracted from a commercial
HS derived from brown coal [143]. The decrease of zeta potential, determined from laser
Doppler electrophoresis (LDE) technique, from –27 mV (pH 1.5) to –63 mV (pH 8.8) was
accompanied by a concomitant drop in particle size from 310 to 70 nm within the same pH
interval. The authors justified that behavior on the basis of dissociation of acidic groups,
which accordingly could lead to depletion of protons able to form H-bonds and hindering
HA aggregation. Baalousha et al. [144] determined the Rh of Suwannee River HA (SRHA)
in NaCl and CaCl2 solutions at different concentrations in the range 10−3–0.5 M and
pH 4.5–9.3. The small size of SRHA (<10 nm) measured at low electrolyte concentrations
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was attributed to the presence of small base units, which in turn were able to interconnect
and produce supramolecular structures at higher salt concentrations.

DLS measurements, in combination with ultrafiltration (UF) and SEC techniques,
were performed on alkaline aqueous dispersions of Aldrich humic acid (AHA) and HS
derived from peat and compost [62]. The combined DLS-UF results indicated the presence
of the following three main molecular fractions: Rh = 0.5–2 nm (corresponding to the UF
molecular fraction lower than 10 kDa), Rh =2–5 nm (corresponding to the 10–100 kDa
UF fraction) and Rh =11–20 nm (corresponding to the 100 kDa and 0.45 µm UF fraction).
Those three main molecular fractions were also observed in the SEC study performed by
the same authors. Using time–resolved DLS measurements of HS in seawater conducted
over a time–scale of days, within the first 2 h following filtration Verdugo et al. [145]
identified free dissolved organic carbon (DOC) polymers with average sizes in the range
5–50 nm. However, 100–200 nm sized nanogels appeared after 5–10 h, which in turn began
to restructure to form larger particles until reaching final dimensions of 3–6 µm (microgels)
at equilibrium after 60 h. Overall, the self–assembly process followed a nonlinear sigmoidal
relationship, leading to the conclusion that low–energy physical interactions could be
responsible for DOC self–assembly [146].

The aggregation process of HS isolated from Rendzic Leptosol (RLHA) and IHSS
HA standard from Elliot soil (EHA) was examined in the 2–11 pH range at constant ionic
strength through DLS to monitor particle sizes and LDE technique for the determination of
zeta potential [147]. At pH values > 6, particle sizes smaller than 10 nm were interpreted as
small individual HA molecules or basic units. With the decrease in pH, the evidence of
a sharp increase in diameters in the 6–4 pH range was attributed to the occurrence of the
aggregation process of the HA polymers, indicating carboxylic hydrogen as responsible for
the intermolecular H-bond and, consequently of the formation of aggregates. Aggregates
formed at pH 2 were found of different sizes (from 600 nm to 1.5 µm) and dependent on the
HA origin and concentration in the aqueous dispersions. The zeta potential values were
more negative with increasing pH in the range 2–6 as a result of the functional-group disso-
ciation. Interestingly, the authors documented the existence of a zeta-potential minimum,
reached in the 5–7 pH range, which was not yet reported in literature. The explanation of
the increase in the surface charge of the particles observed at higher pH values has been
articulated on the basis of the existence of two related mechanisms: dissociation of acidic
functional groups and consequent dissociation of HA aggregates, caused by the breaking
of H-bonds, with opposite effects on the zeta potential values. In the first part of the zeta-
potential vs. pH curve (from pH 2 to pH where the zeta potential minimum was reached),
dissociation of acidic groups could be considered as the prevailing process leading to a
negative-charge increase. At higher pH values (from the zeta potential minimum upward),
disaggregation process likely predominated over dissociation, resulting in the z-average
particle size decrease at higher pH values. As a consequence of smaller particles formed,
negative charge per HA particle decreased causing zeta potential to become less negative.

Experimental evidences of dynamic processes related to the HS aggregation kinetics were
also reported by Angelico et al. [148], although for shorter time scales, in aqueous dispersions of
HA extracted from Leonardite. Indeed, time-resolved DLS measurements revealed a particle
size growth scaling linearly with time for HA aqueous suspension at pH 2 and NaCl 0.015 M.
The zeta-average Dh of HA aggregates increased monotonically from ~750 nm up to ~1.3 µm
in 70 min for a sample left mechanically unperturbed in the measuring cell for the duration of
the DLS experiment. However, the selected time window did not allow to observe a threshold
limit value for the growth of particle sizes. After an hour of monitoring, a bimodal particle size
distribution (PSD) on a numerical basis was found showing maxima centered, respectively, at
300 nm and 1.5 µm. On the contrary, the time-dependent increase in the aggregates’ size was
not detected at pH > 2, where instead a monomodal PSD on a numerical basis centered at about
80 nm was obtained (see Figure 5 in ref. [148]).

Both DLS measurements and zeta potential determined from LDE technique, have
been proved valuable for increasing comprehension of the aggregation behavior of HS
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in simulated low electrolytic conductivity aqueous solutions (16–192 µS/cm) [74]. The
humic materials selected by the authors were standard HS such as SRHA, SRFA and AHA
sodium salt, and two types of actual environmental aqueous samples. The HS aggregate
sizes measured within the range 0.01–1 µm were postulated to be composed of subunits
as precursor molecules for the formation of the 5-µm-sized particles, which in turn were
observed to occur on a time-scale of minutes not hours/days as observed, e.g., by Verdugo
et al. [145,146], in both simulated and actual environmental water samples. Interestingly,
the authors explored the influence of degree of turbulence on the extent of disaggregation
and self-assembly process. Indeed, it was found that the self-assembly of the 5-µm-sized
particle formed, dissipated, and spontaneously re-formed over turbulent/quiescent cycles,
indicating reversible self-assembly in all HS tested samples.

In a systematic determination of both Dh and zeta potential of HA sodium salt per-
formed in aqueous dispersions in the concentration range of 3.2·10−4–20 g/dm3 at pH 6.0
and in absence of background electrolytes, it was found that the particle size varied from
30 nm to 5.6 µm, with PSD depending on the HA concentration [149]. The results were
interpreted in terms of the existence of HA sodium salt in the associated state.

The dependence on concentration, pH and time of the physicochemical properties of
aqueous dispersions of HA, such as particle sizes, morphology, zeta potential, electrical
conductance and surface tension, have been interpreted by considering aqueous solution
of HS as self-organizing non-equilibrium systems [150].

DLS and zeta potential measurements have been extensively performed on aqueous
solutions of HA and FA by Klučáková et al. [151–155]. Two main processes were found
responsible for the dynamics of HA and FA in solutions: the dissociation of acidic functional
groups and the dissociation of humic particles into smaller molecular associations and/or
single molecules. In particular, fulvic particles in water were bigger than in alkaline
solution as a result of suppressed dissociation. The decrease in particle sizes with increasing
concentration was interpreted in terms of enhanced strength of intermolecular interactions
favoring HA and FA particles to adopt a more collapsed or coiled configuration. From
the measurement of zeta potential, it was found that the colloidal stability was higher for
HA than FA, probably due to the lower dissociation degree of the functional groups in
FA compared to HA. In another study, DLS technique was used on soil extracted HA to
evaluate the effect of H+ on the aggregation kinetics in Na+, K+, Mg2+, and Ca2+ nitrate
electrolyte solutions with different ionic concentrations [156,157].

The results showed that the specific ion effects in HA aggregation process could be
related to the strong particle surface electric field and the polarization of adsorbed cations.
In addition, the origin of the specific ion effect for H+ was its chemical adsorption onto
surfaces, while the effects for alkali cations were interpreted on the basis of non-classic
polarization concept [158].

Light/X-ray/Neutron Scattering Studies and Fractal Architecture of HS Aggregates

The concept of fractals, which are self-similar scale invariant geometric figures, can be
applied to describe both the geometric properties of complex systems such as, e.g., the HS, and
the aggregation mechanisms to which various natural compounds are subject. [74–76,159,160].
As described, for example, in the model developed by Chen et al. [161], the fractal properties
of an aggregate or a particle are described through: (i) its fractal dimension df, which gives
information of a morphological type (i.e., whether the material is compact or loose), (ii) the
particle radius (Rp) and (iii) the particle-particle correlation length (ξ).

Structural investigations of colloidal particles of submicron dimensions, dispersed
in aqueous solutions, can be carried out with small angle scattering methods using light,
neutrons or X-rays. Within the diffraction limit, accessible length scales are much less than
the wavelength of the radiation being used. Thus, light scattering can only directly detect
the larger end of the colloid size range (>400 nm) and is also limited to systems that are
not too turbid whereas shorter length scales can only be probed by radiation of shorter
wavelength than light, for example, by X-rays and neutrons.
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In many respects, small-angle X-ray (SAXS) and neutron (SANS) scattering can provide
complimentary information over similar length-scales, a consequence of the difference in
the way that each type of radiation interacts with matter [162]. Though X-rays are often
ideal for studying samples with high-Z elements and therefore might seem an obvious
choice for investigating mineral-based dispersions, the very presence of those high-Z
elements masks the scattering from the low-Z elements in the organic component of natural
aquatic colloids. Nevertheless, SAXS technique has been found to be useful for determining
the fractal dimension, average molecular weight and particle size in aqueous dispersions
of HS [163,164].

SANS, on the other hand, does not suffer from any of these drawbacks, is a very
penetrating radiation (and so is well suited to the study of optically opaque samples) and,
importantly, can capitalize on the large differences in scattering behavior between hydrogen
and deuterium. By dispersing colloidal material in aqueous matrices composed of varying
ratios of H2O and D2O, it is possible to probe the different components of the system
without substantively altering the physical chemistry of the system. This is of enormous
potential importance for the study of natural aquatic colloids because of their complex
mixed composition.

SANS technique allows for the substitution of the water medium with its deuterated
analogue (D2O) to increase the contrast between the organic compound of interest and the
solvent, thanks to the substantial difference between the scattering lengths of hydrogen (H)
and deuteron (D). The normalized SANS data are expressed as scattering cross section per
unit volume of sample I(Q) where Q = 4π

λ sin θ
2 is the scattering vector, λ is the wavelength

of the incident radiation and θ is the scattering angle. The asymptotic expression of I(Q)
for Q→ 0 is described by the Guinier’s Gaussian law:

I(Q) = I(0) exp

(
−

Q2R2
g

3

)
(1)

valid in the approximation of non-interacting particles, where I(0) is the extrapolated
intensity at origin and Rg is the particle radius of gyration or the mass-weighted root-
mean-square deviation from the center of mass. Alternatively, assuming the shape of the
particles, I(Q) of polydisperse anisotropic particles can be analyzed by modelling the
experimental curves in the whole Q range. The latter approach implies the use of various
fitting models in the general expression I(Q) = k·L(Q) + b, where the scattering law L(Q)
describes how the scattering is modulated by size, shape and local order, k is a scale factor
and b the incoherent scattered intensity. There are many expressions for L(Q) available
in the literature that refer to a wide variety of 1D, 2D and 3D forms, different interaction
potentials and different density correlation functions. The skill in interpreting small-angle
scattering data is in finding a physically realistic L(Q) that fits the data better than any
other. The difficulty with natural colloidal systems is that the colloidal objects responsible
for the scattering are unlikely to be the simple regular geometric shapes (spheres, rods,
ellipsoids of revolution, circular discs, etc . . . ) for which there are a plethora of scattering
functions. They often also exhibit size polydispersity. Polydispersity is actually relatively
straightforward to handle in the data modelling, but broadening the size distribution has an
effect comparable to degrading the data resolution. In most cases therefore, derived shape
information is ‘representative’, rather than definitive, and size information is averaged,
albeit over a large statistical sample size.

The application of fractal geometry allows for the determination of the mass distri-
bution of the material within (mass fractals) or on the surface of the particles (surface
fractals) [165]. Mass fractals are defined as those molecular agglomerates having a reticular
structure, likewise trees where the branches are dendritic networks made up of smaller
networks. In contrast, surface fractals have dense internal structure in which the fractal
aspect is evident only at the particle surface. Depending on the type of investigation
technique employed, the network would assume a collapsed spherical shape while on
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closer inspection it could result that it is irregular and not space filling. Between mass and
surface fractals, partially penetrable hybrid structures may be found, likewise a porous
sponge (see Figure 6). For an aggregate or cluster of N particles with radius (Rp), the fractal

dimension df is defined as the exponent of the power law [166] N ∝
(

Rg
Rp

)d f
, which roughly

reflects the shape of the aggregate itself (Figure 6).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 18 of 34 
 

 

Figure 6. Pictorial representation of mass and surface fractal objects. A mass fractal is depicted by a 

dendritic structure while a surface fractal is an object similar to a filled tennis ball. Partially pene-

trable structures (hybrid fractals) can be modelled as a porous sponge. On the right side it is graph-

ically represented how the fractal dimension df increases from approximately 1 for rod-like aggre-

gates to 3 for ideally spherical structures, passing through intermediate shapes (e.g., df = 2). 

For large �, a power-law dependence of the scattering intensity �(�) ∝ ���, which 

in double logarithmic scale looks like a linear dependence within some range in � called 

the fractal region, is a main indicator of the fractal structure. The power law exponent 

describes how the mass or surface in the system scales with the linear dimensions. In par-

ticular, if n < 3 the measured sample is a mass fractal, which often represents open aggre-

gates of smaller subunits with a dendritic morphology, and n coincides with its respective 

fractal dimension df. However, if 3 < n < 4 then the particles are surface fractals, in which 

only the surface of the material exhibits fractal properties, and df satisfies n = 2D – df, 

where D = 3 for three-dimensional space. Both Rg and df values are used to calculate sur-

face-to-volume ratios to identify a general shape for the particles under investigation. 

More details on the fractal properties obtained from small angle scattering techniques can 

be found, e.g., in refs. [162,167]. 

The fractal nature of HS has been extensively reported from various studies based on 

the application of small angle scattering techniques and turbidimetry (see, e.g., [168]). The 

major weakness of the fractal approach is in providing results and interpretations that can 

be valid only in an average or statistical sense for finite natural systems such as HS. 

HS particles in solution that have been characterized to date have demonstrated mass 

fractal behaviour in solution [84,85] and surface fractal in the solid state [169]. 

The fractal properties of aquatic HA and FA were recognized by analyzing the power 

law exponents of SAXS intensities acquired on the humus samples, which were previ-

ously extracted, converted to their acid form and lyophilized [169]. The finding of the ex-

ponents falling within the range 3–4 identified the humic materials in solid state as surface 

fractals with df = 2.2–2.8. However, when both the aquatic HS were measured in aqueous 

solution they behaved as mass fractals with dimensions in the range df = 1.6–2.5. 

Using scattering methods, the fractal dimensions of both fractal types have been gen-

erally found within the range 2 ≤ df ≤ 3. Particles with mass fractal dimensions that fall 

within this range can be visualized as open 3D aggregates, which get denser as df → 3. 

Former SANS studies reported by Österberg et al. [170] indicated that SRHA could 

form fractal aggregates in D2O at pH 5 and solute concentration of 3.6 mg/mL, character-

ized by df = 2.3 ± 0.1. In absence of a clear Guinier region, the primary particles were dif-

ficult to determine, and instead, a lower limit of Rg was obtained. In subsequent investi-

gations, the same authors reported an increase in the fractal dimensions of aggregates 

(from df = 1.85 to 2.35) for two types of HA suspended in D2O (concentration = 3 mg/mL, 

pH = 5.0 and 0.1 M NaCl) after 48 h of equilibration at 4 °C and 11 °C and after 60 h at 22 

°C, demonstrating that the increase in temperature somehow allowed a compaction of the 

humic material [171,172]. One possible explanation is that the increase in kinetic energy 

Figure 6. Pictorial representation of mass and surface fractal objects. A mass fractal is depicted
by a dendritic structure while a surface fractal is an object similar to a filled tennis ball. Partially
penetrable structures (hybrid fractals) can be modelled as a porous sponge. On the right side it is
graphically represented how the fractal dimension df increases from approximately 1 for rod-like
aggregates to 3 for ideally spherical structures, passing through intermediate shapes (e.g., df = 2).

For large Q, a power-law dependence of the scattering intensity I(Q) ∝ Q−n, which in
double logarithmic scale looks like a linear dependence within some range in Q called the
fractal region, is a main indicator of the fractal structure. The power law exponent describes
how the mass or surface in the system scales with the linear dimensions. In particular, if
n < 3 the measured sample is a mass fractal, which often represents open aggregates of
smaller subunits with a dendritic morphology, and n coincides with its respective fractal
dimension df. However, if 3 < n < 4 then the particles are surface fractals, in which only the
surface of the material exhibits fractal properties, and df satisfies n = 2D – df, where D = 3 for
three-dimensional space. Both Rg and df values are used to calculate surface-to-volume ratios
to identify a general shape for the particles under investigation. More details on the fractal
properties obtained from small angle scattering techniques can be found, e.g., in refs. [162,167].

The fractal nature of HS has been extensively reported from various studies based on
the application of small angle scattering techniques and turbidimetry (see, e.g., [168]). The
major weakness of the fractal approach is in providing results and interpretations that can
be valid only in an average or statistical sense for finite natural systems such as HS.

HS particles in solution that have been characterized to date have demonstrated mass
fractal behaviour in solution [84,85] and surface fractal in the solid state [169].

The fractal properties of aquatic HA and FA were recognized by analyzing the power
law exponents of SAXS intensities acquired on the humus samples, which were previously
extracted, converted to their acid form and lyophilized [169]. The finding of the exponents
falling within the range 3–4 identified the humic materials in solid state as surface fractals
with df = 2.2–2.8. However, when both the aquatic HS were measured in aqueous solution
they behaved as mass fractals with dimensions in the range df = 1.6–2.5.

Using scattering methods, the fractal dimensions of both fractal types have been
generally found within the range 2 ≤ df ≤ 3. Particles with mass fractal dimensions that
fall within this range can be visualized as open 3D aggregates, which get denser as df → 3.

Former SANS studies reported by Österberg et al. [170] indicated that SRHA could
form fractal aggregates in D2O at pH 5 and solute concentration of 3.6 mg/mL, charac-
terized by df = 2.3 ± 0.1. In absence of a clear Guinier region, the primary particles were
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difficult to determine, and instead, a lower limit of Rg was obtained. In subsequent inves-
tigations, the same authors reported an increase in the fractal dimensions of aggregates
(from df = 1.85 to 2.35) for two types of HA suspended in D2O (concentration = 3 mg/mL,
pH = 5.0 and 0.1 M NaCl) after 48 h of equilibration at 4 ◦C and 11 ◦C and after 60 h at
22 ◦C, demonstrating that the increase in temperature somehow allowed a compaction
of the humic material [171,172]. One possible explanation is that the increase in kinetic
energy was sufficient to allow functional group interactions to overcome some activation
energy barrier.

In their investigation, Senesi et al. [84] measured the wavelength dependence of the
turbidity of humic particles in dilute suspensions in absence of background electrolytes, to
obtain the respective fractal dimensions at various pH values and for different equilibration
times at 25 ◦C. From fractal analysis, HA particles in aqueous suspension were observed to
evolve as the pH and/or the equilibration time increased, from an almost compact, dense
structure with either smooth surfaces (non-fractal particles) or corrugated surfaces (surface
fractals), to less compact and irregular structures with increasingly rough surfaces (mass
fractal). In a subsequent turbidimetric investigation carried out on aqueous suspensions of
three HA standards, a general reduction of df was observed upon increasing HA concentra-
tion, pH, or ionic strength due to added NaCI [85]. However, in the presence of CaCl2, the
HA particles existed as condensed structures with rippled and rough surfaces.

Wagoner et al. [173] performed high-performance size exclusion chromatography
(HPSEC) to preliminary fractionate HS from Suwannee River natural organic matter and
then used the multi-angle laser light scattering (MALLS) technique to measure the time-
averaged angular dependence of the scattering of light by humic material in two phosphate
buffer solutions. In 2.5 mM phosphate buffer, the weighted average molecular mass
(Mw) and z-average particle radius (Rz) were, respectively, Mw = 25.7 ± 7.5 kDa and
Rz = 68.1 ± 20.4 nm, the latter value being almost halved in the higher ionic strength
solutions as a consequence of an increased macromolecular coiling. Those data supported
the random coil hypothesis for macromolecular NOM species in aqueous solutions. A
combination of DLS and SAXS techniques performed on dilute solutions of HA extracted
from peat, yielded particle sizes Rh of the order of 50–100 nm at pH ~ 9 and low ionic
strength, characterized by a loose, sponge-like inner structure with mass fractal dimension
df = 2.1–2.2 [174].

Manning et al. [175] analyzed the non-perturbed AHA structure in aqueous solutions
by using the noninvasive MALLS technique, giving an accurate in situ value for size and
molecular weight of aggregates. All measurements were made immediately after the
solutions were prepared to avoid long-term aggregation effects. The authors stated that
from SEC fractionation experiments, three peaks were obtained in the 1–30 kDa range
attributable to as many building blocks of AHA, although they could not be representative
of the aggregation found in naturally occurring samples. By measuring the intensity of
scattered light at various set angles, the values of Mw = 116.4 MDa and Rg = 436 nm
were determined. For the authors, those values represented an aggregation of numerous
smaller molecular fragments joined together by weak forces such as H-bonds, ion-dipole
interactions, and the attraction and aggregation of non-polar (i.e., aromatic and aliphatic)
components of the AHA structure.

Myneni et al. [176], by carrying out in-situ X-ray imaging experiments, found globular
(200–450 nm) and ring-like (0.3–1.2 µm) microstructures of SRFA in dilute acidic and high
ionic strength solutions. As the concentration of SRFA in solution increased, the inclusion
of the globular and ring-like aggregates into large sheet-like microstructures (2–8 µm) was
also observed. From the data treatment of SAXS and SANS curves performed on several
types of HS in D2O, Pranzas et al. [177] reported that HS solutions could be described
as dynamic systems with concentration-dependent and reversible aggregation processes.
In particular, spherical particles with maximal diameters of about 3.5 nm, single “huge”
agglomerates with sizes up to 2 µm and (for some HS) regular chainlike structures at
higher HS concentrations (up to 10 g/L) were found. In the presence of copper ions large
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disordered agglomerates and network structures were formed, depending on the Cu2+

concentration. Moreover, below a threshold Cu2+ concentration large disordered HS-Cu2+

agglomerates were formed proportionally to the Cu2+ addition.
Evidences of fractal structures of Suwannee River fulvic acid (SRFA) in D2O charac-

terized by a lower limit for their radii of gyration (Rg > 242 nm) were reported by Diallo
et al. [178] at different values of solution pH, concentration and background electrolyte
(NaCl). The authors used the fractal model developed by Chen et al. [161] to fit the SANS
curves. However, owing to the absence of both well-defined Guiner (low Q) and Porod
(high Q) regions in the experimental SANS curves, the authors were unable to extract
meaningful values of df, particle-particle correlation length ξ and particle radius Rp for
SRFA aggregates.

3.3.2. Ultrasonic Velocimetry

Over past years, it became clear that the research of DOM is closely connected with
its interaction with water [2] but the studies on solvation of DOM [69] and understanding
of interaction of water with DOM and its structural stabilization role [179] are rare. In
this respect the combination of old approaches and introduction of new methodologies is
necessary to understand all the aspects of DOM environmental relevance [4,14].

One of the methods that can analyze the properties of water in various materials is
ultrasonic velocimetry. The sound wave is a wave of oscillating pressure and associated
longitudinal deformation. When low-intensity ultrasonic wave propagates through the
sample containing dispersed particles, it is scattered, diffracted and refracted. Change in
ultrasonic velocity and wave attenuation are related to system composition, physical state,
microstructure and molecular relaxation phenomena [180].

The amplitudes of deformations in the ultrasonic waves employed in analytical ul-
trasound are extremely small, making ultrasonic analysis a non-destructive technique.
The resolution of modern devices, allowing precise determination of ultrasonic velocity,
is down to ±0.2 mm/s [181]. The speed of sound in liquids can be expressed by the
Laplace equation

U2 =
1

ρ·βS
(2)

where U stands for sound velocity, ρ for density and βS for adiabatic compressibility.
Virtually, all changes in physical and chemical state of solutions, suspensions or emulsions
are associated with changes in density and compressibility, therefore, measurement of
speed velocity in high resolution allows their monitoring. The adiabatic compressibility
βS is the fractional decrease of volume per unit increase in pressure, when no heat flows
in or out,

βS = − 1
V

(
∂V
∂p

)
S
= −1

ρ

(
∂ρ

∂p

)
S

(3)

where ∂V and ∂ρ are the changes in the volume V and density ρ at fixed entropy S.
Compressibility is a measurable parameter and it is sensitive to solute-solvent interactions,
i.e., it can be utilized for characterization of hydration of a solute or for interaction of
two solutes. In the study of hydration, apparent molar or specific compressibility of
the solute is used. It is influenced by (i) interatomic interactions within the solute itself
(intrinsic compressibility of a solute molecule), (ii) solute-solute interaction if any occur
under experimental conditions and (iii) solute-solvent interactions (hydration in the case of
aqueous solutions) [182]. The effect “(ii)” diminishes with decreasing concentration and at
infinite dilution become equal to partial compressibility of the solute. In such case the partial
compressibility of solute reflects only contribution of intrinsic compressibility and the
hydration of solute [183]. Various functionalities and moieties differ in their hydration and
thus their contribution to partial compressibility of the solvent/solute system. Since they
are temperature dependent, their role differs with respect to the system temperature [184].
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Differentiating Equation (2) with respect to molar concentration of solute C, and
performing simple arithmetical rearrangements, for infinitely diluted solutions Equation (4)
can be derived:

K0
S = βS0

(
2V0 − [2U]− M

ρ0

)
(4)

where βS0 is the coefficient of adiabatic compressibility of the solvent, M is molecu-
lar weight of the solute, V0 = (∂V/∂N)T,P is the partial molar volume of a solute;
[U] = (U −U0)/U0C is the relative molar sound velocity increment of a solute and U and U0
are the sound velocities in the solution and solvent, respectively. The partial volume of a solute
V0 can be calculated based on differential solution vs. solvent density measurement [185].

V0 =
M
ρ0
− (ρ− ρ0)

ρ0C
(5)

Therefore, the partial molar adiabatic compressibility of a solute can be calculated
from precise density and sound velocity in solutions. Measurement of sound velocity,
however, requires a strict temperature control such as thermal stability of the order 10−3 ◦C.
Therefore, the measuring of a relative change in a physical characteristic per unit of solute
concentration rather than its absolute value is often more important, more precise and easier.
That is the reason why the modern devices use the differential arrangement: two identical
resonator cells are placed in one termostated volume and the difference in ultrasonic
velocities is measured [186]. In this way the increment of ultrasonic velocity is easily and
precisely determined under the thermal stability of 10−2 ◦C.

The arrangement of modern devices, i.e., using the so-called resonator method [182]
enables using of two modes such as ultrasonic velocimetry and ultrasonic spectroscopy.
Spectroscopic approach utilizes measurements of the attenuation of ultrasound over a wide
range of frequencies in order to determine data about the kinetics and thermodynamics of
fast molecular equilibrium. The ultrasonic velocimetry is based on the accurate measure-
ment of the ultrasonic velocity, optionally in combination with density measurement to
determine the compressibility and volume of a molecule or aggregate in solution [187]. The
results of investigation of physical structure of HS using ultrasonic velocimetry demon-
strated the progressive aggregation of various humates from 10−3 to 10 g/L under various
conditions such as neutral and alkaline pH and at increased salinity of the solution [47]. It
has also been demonstrated the difference in aggregation of HS and classical surfactants
monomers such sodium dodecyl sulphate, (CMC = 2.3 g/L) [47] and polymers (Triton) [179]
(Figure 7a). The increment of ultrasonic velocity (defined as a difference between ultrasonic
velocity in HS (U1) and water (U2) divided by U1, (see Figure 7a) was used. The increment
is constant when no interaction between sample molecules occurs (below CMC) and when
CMC is reached, it progressively decreases. HS in solution showed a steep decrease already
at concentration hundreds to thousand times lower that the CMC reported for classical
surfactants (Figure 7a). This confirmed the view that HA form rather premicellar aggregates
than classical micelle with a precisely defined CMC. Similar experiments conducted in
1M NaCl and in NaOH at pH 12 showed similar, but less intensive, aggregation of HS
in solutions [47].
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Figure 7. (a) Comparison of aggregation behavior of DOM and triton using increment of ultrasonic
velocity (based on the results of ref. [180]). (b) Kinetic curve—ultrasonic velocity corresponding to the
reconformation of DOM after addition of propionic acid as indicated by the change in U12, which is the
difference between cell 1 with DOM sample and cell 2 filled with water (based on the results of ref. [47]).

The rearrangement kinetics of the HS aggregates was tested by injection of various
molecules including HCl, propionic acid and propanol into HS solution (Figure 7b). The
results showed the specificity in interactions with molecules of various chemical properties.
Whereas HCl and propanol showed a rearrangement within several minutes, the propionic
acid treatment caused the long-term reconformation taking several hours. This supported
the previously reported view [52] that organic acid can cause a reversible disruption of
hydrophobic interactions stabilizing HS molecules at neutral pH and shift to HS structure
to a new equilibrium at pH = 3.5 in which HS structure is stabilized via H-bonds.

In order to test the nature and stability of HS, the salts of HA and FA from various
sources in the concentration range from 0.001 to 10 g/L were repeatedly heated from 5
to 90 ◦C [69,179]. The change in ultrasonic velocity in heating run indicated no transition
above 4 g/L; below this concentration existence of transitions was demonstrated as breaks
on the curve (Figure 8a). Decreasing concentration caused the weakening of the stabilizing
interactions and several transitions could be observed (breaks in Figure 8a).
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Figure 8. Temperature dependence of ultrasonic velocity of sodium fulvates Suwannee River at
concentrations (a) 1 and (b) 0.1 g/L (based on the results of ref. [69]).

The most important change could be seen in the slope of the record. In particular,
below 1 g/L the slope changed from negative to positive (see Figure 8b), which was
attributed to the change in prevailing role of different types of interactions influencing the
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adiabatic compressibility. Specifically, below 1 g/L the most important factor was change in
structural compressibility, which is caused by strengthening of van der Waals forces upon
heating while hydration component of compressibility plays only minor role. In contrast,
at higher HS concentration, only weakening of hydration shell plays an important role
and the structural compressibility could be neglected since the structure is stabilized by
weak interactions such as H-bonds, charge-charge interactions and possibly hydrophobic
interactions. The observations about a change in the HS structure at 1 g/L were later
confirmed by other authors [153,188]. Results obtained by FFC NMR relaxometry showed
that also at extremely high concentration of DOM (30 g/L) in the structure occur changes,
which are, however, not visible by velocimetry under applied conditions, i.e., around
6 MHz in the temperature range from 25 to 60 ◦C [71].

The heat-cool experiments were also used for testing of solutions of HS modified by
either HCl or propionic acids. The results revealed a great difference in physical structure
between resulted structures at pH 3.5. In case of HCl the structure resembled the original
system with increasing strength of H-bonds, reflected by the increase in the transition
temperatures. The addition of propionic acid induced a complete reconformation and
strengthening of the HS structure [70]. The comparison of the heating and cooling cycles
highlighted the structural hysteresis of HS, proving that the physical structure of HS also
depends on the thermal history (Figure 9a) [69].
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Figure 9. (a) Hysteresis in ultrasonic velocity of Elliot Soil sodium fulvate 0.01 g/L (based on the
results of ref. [69]). (b) Fractal dimensions of Na+ salts of Elliot soil HA and FA and H+ form of Elliot
soil FA (based on the results of ref. [70]).

This problem was in detail investigated by Řezáčová et al. [189], who found that
the increase of the heating/cooling amplitude caused an increase of the relaxation time
needed for HS to reach the equilibrium. In addition, the authors confirmed that in the
thermally-induced hysteresis were not involved aromatic structures whereas alkyl moieties,
carboxylic and carbonyl carbons influenced the hysteresis positively. On the contrary,
negative effect was observed for peptide and O-alkyl groups. The structural hysteresis
was confirmed by FFC NMR. In addition, the method also unraveled that correlation
time of water in DOM is lower after than before heating. Decreasing of correlation time
indicates lower restriction of rotational and translational motions of water in DOM thereby
indicating the delay in re-formation of DOM structure or potentially less rigid structure
upon cooling. The ultrasonic velocimetry showed a fast reconformation dynamics of HS
aggregates in water (up to 10 min) which was in contrast to processes taking part at the
water/air interface (10 h) [190].

Ultrasonic velocimetry data allowed calculation of fractal dimensions of DOM
aggregates [191] and calculation of changes in thermodynamical parameters caused by ag-
gregation during progressive increase in concentration such as entropy of the DOM/water
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system [179]. As illustrated in the section Light/X-ray/Neutron Scattering Studies and
Fractal Architecture of HS Aggregates, most approaches for analysis of fractal geometry of
HS provide all only 2D arrangement. On the contrary, the approach based on ultrasonic
velocimetry allowed calculation of 3D dimension of humic aggregates. Data confirmed
fluctuations in conformation of HS below 1 g/L (Figure 9b).

Ultrasonic velocity in combination with the density measurement allowed for the
determination of adiabatic compressibility, which was used to determine the hydration
water in a set of chemically treated lignite HA. The determined values ranged from 0.45
to 0.95 g of water per 1 g of DOM at the concentration of HS 0.25 g/L [192]. Interestingly,
these values are similar to those reported by Kučerík et al. [193] in a study on IHSS standard
HS using differential scanning calorimetry. Other work [153] combining the density and
velocity measurements confirmed the earlier observations [70] about concentration 1 g/L
at which an abrupt change in conformation occurred.

4. Conclusions

Most of the scientific reports reviewed in literature seem to indicate that humic materi-
als from different sources have different aggregate morphologies (though the aggregation
mechanisms seem to be similar), indirectly underscoring the importance of specific chem-
istry to humic material geometry. So far, the vast physicochemical heterogeneity of HS,
mainly due to the extensive variability of the sources from which they are extracted, justifies
the current absence of a unified model capable of describing and predicting their dynamic
properties and fate both in the aqueous phase and in the solid state.

Table 1 is an attempt to gather most of the scientific reports cited in this review and
classified according to the various colloidal or fractal models that inspired them.

Table 1. Models on the structure of Humic Substances, experimental methods and cited references.

Models Methods References

HS are flexible linear colloids at low
concentrations while at high

concentrations spherical
colloids are stable

Surface pressure, viscosity, DLS, FCS [32,140–144]

“two-phase” model Vapor-pressure osmometry [33]

biopolymer gels assembly from
free polymeric DOM DLS, flow cytometry [36]

HS form ‘micelle-like’ aggregates
or pseudo-micelles

through non-covalent interactions
(H-bonding, van der Waals and

hydrophobic interactions).

Surface tension, SAXS, fluorescence
spectroscopy, ultrasonic velocimetry,

HPSEC, CZE, GPC, FFC NMR
[37–57,71]

In aqueous solutions HS exist as soluble
macroligands or high molecular weight

macromolecules that assume
random coil conformations

HPSEC, MALLS [34,35,75,174,176]

HS are non-covalently bonded aggregates
of small molecules in aqu. solutions

DSC, DOSY, DLS, LDE, UF,
CPMAS-NMR [60–67,125–127,136,137,146–158]

HS form fractal aggregates in
aqueous solutions

SAXS, SANS, SEM, TEM, DLS,
turbidimetry, ultrasonic velocimetry

[59,85–87,140,161,164,166,169–
173,175,179,188,192]

HS form aggregates and clusters of
different sizes and shapes

in aqueous solutions

In-situ X-ray microscopic
imaging [177,178]

HS form globular aggregates and
ring-like structures AFM [97,98,102,103]
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Several questions still remain open on the level of comprehension of HS aggregation:
(i) How this aspect may impact on the capacity of soil humic aggregates to be dissolved
and then transported to the surface freshwater or as groundwater colloidal dispersions?
(ii) If the water carrying the humic material percolates through the soil, would the in-
teraction with metal cations on the soil interfaces help to change the shape and degree
of aggregation?

Still debated seems to be also the influence of the concentration of the suspension on
the pH dependence of the HS configuration. Indeed, several studies demonstrate that at
least some types of HS are strongly pH sensitive, in contrast with studies of other humic
material, where far less pH sensitivity has been observed. Another very real possibility is
that the pH configuration dependence is a function of the chemistry of the HS involved.

Last, but not least, (iii) do the aggregates and dissolved molecules of HS influence
the H-bonds and 3D structure of surrounding water? Consequently, do the HS aggregates
influence also other fundamental water properties similarly as shown for water structural
hysteresis? And vice versa, how the water anomalies (i.e., hysteresis) influence HS proper-
ties? Is the fate, stability and biological activity of HS aggregates influenced by fluctuation
of the environmental conditions, e.g., temperature, pH and ionic strength?

Answering these questions may help to create a concept enabling to model the role
of HS in biogeochemical cycles. Such a concept is missing and for this reason there are
not carbon sequestration strategies that include also HS and their dynamics. Currently,
the fundamental strategy is application of HS from various sources as soil amendments or
fertilizers to support the yield of agricultural plants. This strategy, however, leads only to
C redistribution as HS are relatively fast metabolized or mineralized. Apparently, this is
not a meaningful strategy leading to a long-term fixation of C in soils and its protection
thereby supporting fundamental soil ecosystem functions.

The advent of high-resolution techniques such as electron microscopy and NMR have
provided mechanisms to conduct highly detailed studies of the interconnection between
HS form and function. The technique of small-angle scattering, capable of elucidating nu-
merous aspects of macromolecular morphology, continues to be the primary experimental
tool for determining the fractal dimension df for a variety of colloidal systems.

Using scattering and related techniques to investigate the fractal behavior of NOM
continues the process of developing means to quantify important distinguishing features
of these materials. Initial experiments have shown that this can be a powerful tool for
interpreting humic responses in a variety of situations. The following conjectures attempt
to extract from this information possible future directions suggested by these early results.

In particular, an attempt is made to extrapolate from results with humic materials in
solution to implications about humic interactions with inorganic surfaces. The suggestion
from fractal analysis is that cationic complexes need not necessarily be collapsed structures.
It will be of interest to determine whether this openness in solution is translated to the
formation of relatively open networks upon sorbing onto inorganic surfaces. HS with
high df might be expected to form denser surface coatings; similarly, those forming larger
clusters in solution may form deep coatings on surfaces. The tendency in the past has been
to think in terms of small versus large aggregates. The mass fractal model encourages
thinking in terms of open versus compact, as well. Variations in source material, tempera-
ture, and/or pH can all affect aggregating properties, which in turn affect adsorbing and
cosorbing behaviors.

The degree of irregularity of the HS surfaces is hypothesized to be related to the
number, type and availability reactive sites, on the catalytic activity and adsorption capacity,
and on the interactions that may occur between HS and mineral surfaces, ions metals,
organic chemicals, plant roots and microorganisms in the soil.

Within the fractal formalism, several open questions about the genesis, structural
nature, surface reactivity, and aggregation-dispersion phenomena of HS in the environment,
may be unraveled. Some issues should be addressed such as: (i) the appropriate use of
methodologies for interpreting the non-fractal, surface fractal and mass fractal nature of
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HS; (ii) a clear definition of the experimental conditions used in the fractal analysis of HS,
including the state (solid, solution or suspension) and concentration of the sample, as well
as the pH, temperature and ionic strength of the medium; and (iii) the consistency of fractal
dimension values obtained through different techniques such as scattering, turbidimetry
and microscopy.

The intensity of the interactions that determine the size of HS aggregates affects the
fate and transport of nutrients and pollutants. Considering these situations, the study of
the forces responsible for the aggregation phenomena in different environmental conditions
will be one of the challenges of the research on humic substances in the near future.
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Abbreviations

AFM Atomic Force Microscopy
AHA Aldrich Humic Acid
CMC Critical Micellar Concentration
CP Cross Polarization
CZE Capillary Zone Electrophoresis
df fractal dimension
Dh hydrodynamic particle diameter
DLS Dynamic Light Scattering
DSC Differential Scanning Calorimetry
DOC Dissolved Organic Carbon
DOM Dissolved Organic Matter
DOSY Diffusion Ordered Spectroscopy
EHA Elliot soil Humic Acid
FA Fulvic Acid
FCS Fluorescence Correlation Spectroscopy
FFC Fast Field Cycling
GPC Gel Permeation Chromatography
HA Humic Acid
HPSEC High-Performance Size Exclusion Chromatography
HRMAS High-Resolution Magic Angle Spinning
HS Humic Substances
IHSS International Humic Substances Society
LDE Laser Doppler Electrophoresis
MALLS Multi-Angle Laser Light Scattering
MAOM Mineral-Associated Organic Matter
MAS Magic Angle Spinning
Mw weight-averaged molar mass
NOM Natural Organic Matter
NMR Nuclear Magnetic Resonance
PCS Photon Correlation Spectroscopy
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PdI Polydispersity Index
PSD Particle Size Distribution
POM Particulate Organic Matter
Rp Particle Radius
Rg Radius of gyration
RLHA Rendzic Leptosol Humic Acid
SANS Small-Angle Neutron Scattering
SAXS Small-Angle X-ray Scattering
SEC Size Exclusion Chromatography
SOM Soil Organic Matter
SRHA Suwannee River HA
SRFA Suwannee River FA
TOC Total Organic Carbon
UF Ultrafiltration
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