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Article

Humic acids are amphiphilic species whose behavior in aqueous solution suggests that they form
pseudomicelles—aggregates akin to the micelles familiar from synthetic surfactant chemistry. It is thought that
humic pseudomicelles can be formed by both intramolecular coiling and intermolecular association, depending
on the molecular weight, structural characteristics, and polydispersity of the humic acid in question. The
process does not feature a critical micelle concentration. Experimental evidence indicates that metal ions
enhance the detergent character of dissolved humic acid by facilitating the coiling and folding of the polymer
chains. A recently conceived alternative model suggests that humic acids consist of relatively small subunits that
associate through weak molecular interactions. This view appears to run counter to certain experimental
observations, but deserves careful attention. The strong association between metal ions and solid humic acid
makes it possible to use an inexpensive commercial grade for the decontamination of polluted water. A
continuous elution process through a column packed with humic acid allows for the removal of both heavy

metals and organic xenobiotics from aqueous solution.

Introduction

Humic substances are a ubiquitous depository of carbon in soil
and natural waters. As the decay products of the total biota in
the environment, they are highly refractory—mean residence
times in soil vary from ca. 800 to >3000 years.! The humic
substances found in soils, oceans, and deep lakes are generally
autochthonous (produced within the system), while those in
streams and shallow lakes are more often allochthonous
(produced outside the system). Flowing surface and ground
water are responsible for their distribution throughout the
hydro- and lithosphere. They are formed through aerobic and
anaerobic decomposition of (mostly) plant detritus, as well as
secondary microbial synthesis. Differences in origin, age, and
genesis lead to a high degree of chemical and morphological
complexity that makes the compounds difficult to characterize.
They generally have a high aromatic content, estimated (from
3C NMR spectra) to range from 20 to 60% of the carbon
present.” Heteroatomic functionalities include phenols and
other alcohols, ketones/quinones, aldehydes, carboxylic acids,
amino- and nitro-groups, and sulfur containing entities such as
mercaptans, sulfates, and sulfonates.

The diversity among humic substances makes their classifi-
cation difficult. It is customary to divide them into three
operationally defined classes, broadly based on their solubility
characteristics. Thus Ahumin is the fraction that is insoluble in
both acid and base, humic acid (HA) is the fraction soluble at
pH 2, and fulvic acid (FA) is soluble at all pH values. Since the
focus of this review is on dissolved humic substances, humin
will not be considered here; emphasis will be given to HA. The
relative quantities of the three fractions present in soil depend
on the type of soil considered: in a typical mollisol the
distribution is roughly equal, while humin prevails in vertisol,
and FA in spodosol B.> Humic deposits such as those found in
association with leonardite (vide infra) consists almost entirely
of HA. In aqueous media, FA is, for obvious reasons, generally
more plentiful.

The differences in solubility between FA and HA are
necessarily based on chemical differences. While the two classes
of compounds share many structural features, including an
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abundance of carboxy, hydroxy, phenolic, and ketonic groups,
FA has a lower molecular weight, a higher functional group
density, and higher acidity than HA. Molecular weights for FA
are in the 500-2000 Da range, while they extend from 2.0 to
1300 kDa for HA. The oxygen content is reported as 32.8-
38.3% for HA, and 39.7-49.8%" for FA.

Discussion

A variety of texts give excellent accounts of the present state of
knowledge regarding the structure, distribution, and chemical
properties of HAs.>!> One of the central issues in their study is
the interaction with xenobiotics in the subsurface environment.
The importance of this lies in the fact that humics associate
strongly with organic and inorganic compounds in soil and
water, acting as both storage and transport agents for these
species. The interaction of HA with metal ions, for instance, is
extensive, and is based on the formation of strong metal—
humate complexes. This topic has been reviewed thoroughly by
Senesi,'® and will not be further elaborated here. In view of its
relevance to subsequent issues, however, it should be noted that
interactions vary with regard to the type of cation considered.
Group I cations ("hard" ions) are likely to undergo electrostatic
interactions with HA functional groups, while the bonds
formed by "soft" Group III cations are more covalent in
character. Group II cations, including Cu**, Fe**, Co**, Zn**,
Pb>*, and Ni**, behave in an intermediate fashion.

The interactions of HAs with organic compounds have been
the subject of intensive study for several decades. This is
especially true for sorptive processes involving the partition of
organic solutes between aqueous and soil organic phases.
Results are generally correlated with octanol-water partition
coefficients (K,,,) and have been described with reasonable
success by the Flory—Huggins'® and the modified Flory—
Huggins theory.!> The UNIFAC method, which predicts
activity coefficients based on group contributions,' has also
been applied to determine equilibria involving nonionic solutes
and humic matter in soil.!” The interactions between hydro-
phobic solutes and dissolved humic matter (DHM) have been
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given somewhat less attention. The focus in this area has largely
been on common organic pollutants, such as polycyclic
aromatic hydrocarbons (PAHs), and a variety of biocides.
Early results suggested that associations of PAHs with DHM
are both rapid and reversible, and probably affect the binding
of these contaminants to sediments.'® Work with nonionic
pesticides indicated that hydrophobicity is not the only factor
governing their interactions with DHM, and that, moreover,
associations are not entirely reversible.'® In the case of HA, it
was also noted that the origin of the material played a major
role, and it was suggested that the extent of coiling of HA
polymer strands is an important factor in their complex
formation with nonionic organics.*

Humic micelles

The mechanism of interaction between dissolved HAs and
nonionic organic compounds (especially nonpolar ones)
continues to be subject to some controversy. It is, however,
clear that these interactions are largely predicated on the
detergent character of HAs. It is generally recognized that these
materials are surface active and can solubilize a wide variety of
hydrophobic species. A view that is presently widely accepted
holds that this is due to a micelle-like organization in HA
polymers in aqueous solution. The concept was introduced in a
fundamental form by Rochus and Sipos in 1978,>! and was
subsequently elaborated and refined by Wershaw,>>* who
established the present mode of thinking on the subject. The
essence of the theory is that the HA amphiphile consists of an
elongated hydrophobic portion with one or more anionic
(carboxylate) groups attached at the end. These entities
aggregate in the manner of synthetic surfactants, forming
micellar or membrane-like structures (Fig. 1).

In work dealing with conventional humic micelles, the HA
concentrations used have generally been in the mg mL ™' (ppt)
range. These high concentrations produce intensely colored
(brown to black) solutions that are virtually opaque, making
the application of many spectroscopic techniques impossible.
Moreover, such concentrated solutions rarely correspond to
environmental situations. Most natural waters contain dis-
solved humic materials, but these are usually present at low
ppm levels, imparting a faint yellow to brown color to the
solution. It is therefore of practical interest to consider the
detergent qualities and related mechanisms for HA solutions in
the concentration range 5-100 ppm.

Pseudomicelles

Aqueous solutions of synthetic surfactants have a characteristic
concentration known as the critical micelle concentration

Fig. 1 Representation of humic micelle (adapted from ref. 22, with
permission).
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(c.m.c.), at which the monomers spontaneously aggregate to
form micellar assemblies. The same has been reported for the
concentrated HA solutions mentioned above, which have
estimated c.m.c. values as high as 10 g L™'.%° For dilute HA
solutions, however, Engebretson et al found evidence for
micelle-like organization which does not feature a c.m.c.?**” In
this model, the amphiphilic HA molecules are considered to
"aggregate" both intra- and intermolecularly. The former is
made possible by the chain length and flexibility of the humic
polymers, which allow them to fold and coil in a manner that
directs hydrophilic (e.g. carboxy and hydroxy) groups outward
and keeps more hydrophobic (e.g. hydrocarbon) moieties
isolated in the center. This process, which could in principle
occur with a single polymer strand, produces an entity that is
operationally similar to a conventional micelle, albeit more
structurally constrained. Like a micelle, it has a hydrophobic
interior and a more hydrophilic surface, giving it distinct
solubilizing powers for nonpolar solutes. To indicate both
similarities and differences with normal surfactant micelles,
these HA structures have ben referred to as pseudomicelles. A
portion of a generalized structure, which may be visualized as a
"knot" in a HA polymer "string" is shown in Fig. 2.

Spectroscopic evidence for the existence of humic pseudo-
micelles has recently been reviewed by von Wandruszka.?® The
structures are considered to exist at all low HA concentrations
in aqueous solution, although certain variations in composition
must be anticipated. It is, for instance, likely that intermole-
cular aggregation supplements intramolecular coiling in
pseudomicelle formation, and that this depends on both the
concentration and polydispersity of the solute. The proposed
assembly thus consists of coiled humic polymer chains,
interspersed with smaller HA fragments.

Fluorescence measurements of hydrophobic probes (e.g.
pyrene) sequestered by the pseudomicelles indicate that this
type of configuration affords the best isolation for these
molecules. It is, for instance, clear that they are not accessible
to solution borne fluorescence quenchers such as the bromide
ion.2® When the size of the HA polymers was reduced by
photolysis prior to the measurements, they lost their ability to
micellize probe molecules, proving that short fragments alone
are insufficient to form effective pseudomicelles.?’ Similar
deductions could be made regarding the nature of the humic
material used. High pressure size exclusion chromatography
and light scattering measurements showed that molecular size
distributions vary widely among different HAs>®. Likewise,
some HAs (e.g. lignite derived) have a condensed aromatic
backbone, which makes the polymer chains relatively rigid. In
contrast, some soil HAs contain extensive alkyl linkages that
lead to a flexible structure. It was found that long, supple HA
polymers are considerably better sequestration agents for small
organic molecules than are short, rigid ones. This observation
is consistent with the pseudomicellar model proposed above,
since the flexible chains can coil more effectively.

Supporting evidence for this representation of HA is also
provided by 3D modeling studies carried out by Schulten and
Schnitzer.>'*? Using semiempirical calculations and known
chemical features of HAs, they arrived at a set of open
structures containing numerous voids (Fig. 3). While these
models are valid only for pure compounds, they indicate that
individual HA polymers can assume configurations that
incorporate all the essential attributes envisaged for the
pseudomicellar arrangement. Other modeling studies®***
have used relatively small monomer units, such as the Steelink
structure® (Fig. 4), to assemble HA polymers. Calculations on
oligomers of this type suggested the formation of an HA helix
with an 8.9 A pitch and potentially charged functional groups
(carboxylate, phenolic, amine) distributed along the outside in
a repeating pattern. The interior of the helix contained more
hydrophobic groups, again establishing micelle-like nature of
the assembly.
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Fig. 2 Portion of the proposed "type" structure of humic acid (adapted from ref. 26, with permission).

The influence of metal ions

It was noted above that HAs are excellent ligands for metal
ions in solution. Apart from being an important characteristic
in its own right—for metal storage and transport—this also has
a major influence on the detergent character of humics.
Investigations of this behavior were prompted by the observa-
tion that HA solutions flocculate when the ionic strength is
raised. This suggests the possibility that aggregation of humic
polymers proceeds in a continuous fashion—from micelle-like
assemblies to macroscopic precipitates—as the salt concentra-
tion is increased. It was shown through fluorescence, surface
tension, and probe mobility studies that this is indeed the
case.?®*5%7 The evidence indicates that aqueous HAs become
more effective detergents in the presence of salts, and that this

Fig. 3 Computer generated model of humic acid (from ref. 32, with
permission).

is entirely predicated on the nature of the cation. Thus it was
found that mono-, di-, and trivalent metal ions are progres-
sively more effective in enhancing HA detergency in solution.
From the perspective of the pseudomicellar model, this was
ascribed to a combination of HA charge neutralization and
functional group bridging by the cations. The former refers to
the fact that dissolved HA molecules bear significant negative
charges, which prevent both intra- and intermolecular
association. Partial neutralization by cationic species in
solution circumvents this, allowing coiling and folding of the
polymer. In addition, multivalent cations can augment the
effect by undergoing bridging interactions with carboxy and
hydroxy groups on adjacent chains. This leads to the
establishment, or enhancement, of pseudomicellar domains
in HA molecules, and hence to an increased detergent effect.
The experimental findings leading to this model can be
summarized as follows: (i) the fluorescence of a probe such
as pyrene, placed into a HA solution, increases when metal ions
are added, because it is sequestered in pseudomicellar HA

Fig. 4 The Steelink model of the humic acid monomer.
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structures and protected from quenching encounters with
solution borne species; (ii) the surface tension of HA solutions
increases when metal ions are added, as the amphiphilic HA
molecules - initially accumulated at the air-water interface -
partition away from the surface when they aggregate to form
pseudomicelles; (iii) the mobility of pyrene in aqueous HA,
especially its evaporation into a stream of nitrogen when this is
bubbled through the solution, is greatly reduced by the
addition of metal ions, as the humic pseudomicelles isolate
the probe from the aqueous bulk.

The details of these arguments can be found in the references
quoted. Fig. 2 features two divalent cations (Mg?" in this case)
engaged in bridging interactions with HA polymer chains,
illustrating their role in the formation of internal hydrophobic
domains. Progressive HA aggregation through the addition of
a metal ion is visualized in Fig. 5.

Kinetics

The kinetics of metal-HA associations were found to have an
interesting effect on the development of HA detergency. It has
been recognized that the interactions between HAs and mineral
surfaces reach equilibrium relatively slowly and involve
migration of metal ions within the humic structure.’®* In
analogy with this, a similar mechanism was invoked for the
association of metal ions with dissolved HA.*® While, as noted
above, the fluorescence of pyrene containing HA solutions
increased when metal ions were added, this effect gradually
diminished with time, and the emission intensities returned to
their original values after periods extending from hours to days
(Fig. 6).

After elimination of possible trivial causes, it was concluded
that this effect was most likely due to slow changes in HA
configuration after the addition of salts. The proposed
mechanism involves an interaction between metal ions and
anionic humic entities that is initially entirely coulombic in
nature. This leads to the enhancement of pseudomicellar
domains in the humic polymers, and hence to increased probe
sequestration. Over time, however, the metal ions move and
find their thermodynamically preferred locations within the
humic structure. Interactions there are likely to involve the
formation of inner sphere complexes between the metals and
the humic ligands. One consequence of this is that the enhanced
pseudomicelles disintegrate again, leaving the probe molecules
in a situation comparable to the one that existed before the
metal ions were added. Enhanced pseudomicelle formation
should therefore be looked upon as a transitory state into
which dissolved HAs enter when they encounter metal ions.
After a variable length of time, however, the systems relax, and
the detergent character of the humic polymers returns to the
original level.

Effect of pH

Lowering the pH of aqueous HA solutions has an effect similar
to adding metal salts, albeit in a less pronounced manner.?’
Increasing the H* concentration causes the protonation of the
HA carboxy groups, which eventually leads to precipitation—
this usually begins at pH ~ 3-2 and reaches completion at pH
~ 2-1. This should again be thought of as a continuous
process, which begins at an intramolecular level, proceeds

—
C.:\ ) r %
"\ - ,e:—bjg = B4 1,2 * ~
&'\) N o -
pH=7 Intramolecular Intermolecular Macroscopic
no added M aggregation aggregation precipitation

Fig. 5 Visualization of HA aggregation through continued addition of
a metal ion, M?*.
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Fig. 6 Change in pyrene fluorescence intensity in a 10 ppm HA
solution containing 1.0 x 1077 M p;frene, after MgCl, addition to a

Mg** concentration of 3.33 x 107> M (adapted from ref. 38, with
permission).

through intermolecular aggregation, and ultimately produces a
precipitate. As it promotes aggregation at the molecular level in
its earlier stages, the process again enhances the detergent
character of the HAs, through the establishment of hydro-
phobic domains. As with metal induced micellization, this
promotes the sequestration of species such as pyrene, which are
eventually carried down with the precipitate.

Clouding

An interesting corollary to HA aggregation caused by cations,
is the clouding that occurs when the solutions are heated.
Clouding is a phenomenon familiar from surface chemistry:
nonionic surfactants, especially those with polyoxyethylene
(POE) hydrophilic moieties, display an inverse temperature—
solubility relationship. When their aqueous solutions are
heated to a characteristic temperature known as the cloud
point, phase separation is observed. In this, the solutions first
turn cloudy, and then separate into a surfactant-rich and a
surfactant-poor (aqueous) layer.>® This occurs because the
relative permittivity of water decreases sharply with tempera-
ture, leading to reduced hydration of the POE chains. Similar
behavior was observed with HA solutions that were partially
neutralized by the addition of metal ions.?® When heated, they,
too, underwent clouding, forming a black colloidal precipitate
that eventually coagulated. Again, a pseudomicellar aggrega-
tion mechanism provides a consistent explanation for this
observation.

An alternative HA model

In recent years, a dissenting view on HA configuration has
surfaced, giving rise to a minor controversy in the field. In this
model, conceived by A. Piccolo and co-workers,* ™ HA is
considered not to consist of long polymer chains, but rather of
small units that are held together by weak intermolecular
forces. In principle, this appears to be akin to the associative
model, and it may even be argued that the idea was implicit in
Wershaw’s original suggestion that HA molecules associate to
form micelles in aqueous solution. However, the stipulation
that the aggregated species be small in size was not made in that
model, and subsequent developments of the idea generally
retained the polymer concept.*® The argument for the small-
HA model is largely based on low- and high-pressure size
exclusion chromatography (SEC). All SEC traces of HAs show
a continuous size distribution from the totally excluded peak
downward, with the maximum located at the predominant size
range of the HA in question. Treatment of humic solutions
with acetic acid was found to cause a reversible shift of this
maximum to smaller sizes, and this is interpreted as an



indication of the existence of loosely bound humic subunits.
Further work along these lines includes SEC separations of
HAs using different mobile phases.** These were aqueous
solvents of constant ionic strength, but containing small
amounts of methanol, or acetic acid, or HCI. They produced
different apparent size distributions with the same HAs, which
was again ascribed to solute deaggregation. It is noteworthy
that the concentrations of methanol and acetic acid used were
extremely low—in the order of 5 x 10~7 M. UV hypochromism
was also invoked to lend support to the small-HA concept. UV
detector peak heights were found to be lower in the cases where
elution volumes were greater (i.e. the fragments smaller), and
this was ascribed to a deaggregation of functional groups,
leading to a lower absorptivity of the compounds in question.
This concept is familiar from biological chemistry were
hyperchromism due to aggregation (greater proximity between
chromophores), and hypochromism due to the converse, are
frequently encountered.

The arguments in favor of the small-HA model are
compelling, but by no means irrefutable. Questions remain
about other observations that are difficult to reconcile with the
model. There is, for instance, the matter of the anionic nature
of HAs and their progressive aggregation with decreasing pH
or increasing metal ion concentrations (vide supra). In basic
solution, HAs are polyanionic and should be expected to
dissociate due to like-charge repulsion among the proposed
subunits. It is difficult to imagine that such species would
tenaciously hang together under such conditions. Yet, anion
association is implicitly assumed by the small-HA model, when
higher-pH eluents produce larger sizes than low pH eluents in
SEC. The polymer model seems more reasonable in proposing
that HA molecules "stretch out" due to internal coulombic
interactions at high pH, becoming effectively larger, and
eluting more quickly. Furthermore, macroscopic aggregation
of HAs at low pH is an undeniable fact. As explained above,
the polymer model suggests that this is the result of progressive
association that occurs when the pH is lowered. In other words,
when the pH of a HA solution is slowly dropped from e.g. 10 to
2, the molecules initially coil and fold as the negative charges
are neutralized and water is eliminated. This progresses from
an intra- to an intermolecular process, eventually leading to
precipitation (¢f. Fig. 4). The small-HA model, on the other
hand, suggests that the apparent size reduction is not due to
tightening of the polymer coils, but to deaggregation. This
implies that there is a reversal in the (de)aggregation
mechanism at some point during the lowering of the pH—
first the aggregates dissociate, and then the process reverses
direction and they precipitate. This appears to be counter-
intuitive.

Despite these objections, however, the small-HA model
should not be dismissed. The basic premise of HA aggregation
appears in all models; differences of opinion exist only about
the sizes of the units that aggregate. It would undoubtedly be
wise for other workers in the field to revisit this matter and take
another careful look at the size distribution of HAs under
different solution conditions.

Pollution remediation

The propensity of HA to complex metal ions and sequester
organic molecules suggests that it may be used to remove
contaminants from polluted water. This has been recognized in
various studies,*’ " and is the subject of a patent by Zanin and
Boetti, who report the use of extracted HA for the removal of
heavy metals, chlorinated organics, phosphorus, and nitrogen
from waste water.’! The main difficulty in using HAs for this
purpose, however, is that their isolation from natural matrices
(usually soil) is laborious, time consuming, and costly. One
exception to this is leonardite humic acid (LHA), which is
available in bulk and requires little or no further treatment.

LHA is a material found in association with leonardite, a
lignite distributed in vast deposits across North America. LHA
is itself mined, and can be obtained at a purity of ca. 80%, the
remainder being mostly mineral matter. It presently enjoys
wide use as an agricultural soil conditioner.>” It has been shown
that unrefined LHA can be used for treatment of polluted
water, either by a batch process, or (more conveniently) by
continuous column extraction.>® Heavy metals, including Pb**,
Zn**, Ni¥*, Cu®*, Cd**, and Ag", were successfully removed,
as were the organic compounds pyrene (hydrophobic),
difenzoquat (a herbicide of intermediate hydrophobicity),
and rhodamine B base (relatively hydrophilic). Column
capacities were 0.15-22mgg ! LHA for the metals, and
5.4-29.0 ypmol g~ ' LHA for the organic compounds. Some of
the advantages of LHA for this type of application (especially
in column treatment) are its low cost, its combustibility (for
possible incineration of spent extractant), and its resistance to
acids. This last point is especially noteworthy, since synthetic
extractants often fare poorly in acid environments. Yet, metal
polluted waters are frequently acidic, as exemplified by mine
run-off and accumulated mine waters such as those found at
the Berkeley Pit Superfund site in Butte, Montana. Acidity is in
fact an enabling factor for extraction with LHA, since a low pH
reduces its solubility to a negligible value.

Metal extraction with packed LHA columns does, however,
require further development before it can be applied in large
scale treatment. One of the problems encountered concerns the
permeability/wettability of the humic packing. The crude LHA
product has a fine grain size, with particle diameters in the
range 0.1-0.6 mm, and a specific gravity of 0.78. The density of
the bed created by this material inhibits permeability under
gravity flow, leading to slow elution and channeling. In
addition, the integrity of the packing is compromised by the
fact that it tends to float on the eluting water. Improvements
have been achieved by mixing the LHA with sea sand, but
further work is needed to make deeper extractant beds and
greater water flow rates possible. This problem is presently
being studied in the author’s laboratory.
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