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The aggregation kinetics of a humic acid (HA) sample as a function of Ca2* concentration at pH 5, 7
and 9 was investigated. UV-VIS spectroscopy was employed to quantify the progress of the aggregation
reaction, and electrophoresis was used to evaluate the zeta potential of the HA molecules. The aggregation
rate increases significantly by increasing Ca?* concentration at all investigated pH, being higher at pH
9 than at pH 5 and 7. An aggregation mechanism is proposed, which consists of at least two steps: a
rapid binding of Ca?* to humic molecules, followed by a slower process where HA molecules approach
each other and become aggregated. This aggregation is possible because Ca?* binding decreases the zeta
potential of HA from —37 mV to —15mV and because it is able to form bridges between HA molecules.
There is no molecular fractionation up to 60% of aggregation. Above this value, HA aggregates become
enriched with more aromatic HA molecules. The fast aggregation of HA in the presence of calcium ions
implies that aggregates may temporarily trap, protect and transport pollutants in the environment.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction more traditional viewpoint, proposes that HS are relatively large

polymeric molecules [4]. As indicated by Avena and Wilkinson [5],

Humic substances (HS), such as humicacids (HA) and fulvic acids
(FA), play relevant roles in the environment. They are very active
in binding ions, organic molecules and solid surfaces and thereby
affect significantly the soil structure, the mobility of organic con-
taminants and the bioavailability of metal ions. There are two main
viewpoints regarding HS structure. According to relatively modern
concepts, HS are regarded as a supramolecular assembly of small to
large molecules [1,2], which form dynamic associations stabilized
by hydrophobic interactions and hydrogen bonds [3]. The other,
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although these conceptual models may be still under discussion,
supporters of both views agree that HA are able to form aggre-
gates in aqueous media or in the solid state. These aggregates are
stabilized by hydrophobic interactions, hydrogen bonds, and by
the presence of metal ions, such as Ca(ll), Fe(Ill) or Al(III) [6-8].
Therefore, characterization of HA is often focused on intermolecular
interactions [9-11], factors that promote aggregation or disaggre-
gation [12-14] and mechanisms of the aggregation-disaggregation
processes [15,16].

The aggregation of HA is the result of molecular interactions that
depend on environmental conditions such as pH, ionic strength,
presence of multivalent metal ions, organic compounds and solid
particles [11]. Aggregation in absence of cations is usually favoured
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by decreasing the solution pH because protonation of functional
groups, mainly carboxylates and phenolates, leads to a decreased
electrostatic repulsion among the molecules and to the formation
of intermolecular H-bonds and other non-electrostatic interactions
[17].Inthe presence of multivalent cations aggregation is promoted
via charge neutralization and cation bridge formation between dif-
ferent HA molecules [18]. Recent molecular dynamics simulations
suggest that CaZ* is mainly associated with carboxylic groups of
natural organic matter molecules, forming bidentate complexes
[19]. They show that calcium can direct affect aggregation by bridg-
ing carboxylic groups of different molecules, bringing and holding
them together. In addition, calcium ions can also affect aggregation
by coordinating simultaneously two carboxylic groups of the same
HA molecule, which produces a calcium-HA complex with reduced
net negative charge, thus allowing such complexes to approach
each other and interact via hydrogen bonds [19].

The effects of cations on HA aggregation are usually pH depend-
ent. In the case of Ca2*, for example, Baloousha et al. [6] showed
that at low pH 4.5, where the functional groups are weakly dissoci-
ated and the negative charge of HA is low, there is a small effect of
Ca2* concentration on HA aggregation. In contrast, at high pH 9.4,
where most of the functional groups are dissociated and the nega-
tive charge is high, there is a significant effect of Ca2* concentration
on aggregation due to the important binding of Ca2*.

There is increasing awareness that the kinetic properties of
humic substances are very important in determining their reac-
tivity in nature. Town et al. [20], for example, found that the size
of humic entities may significantly affect their kinetics of metal
binding. Yamashita et al. [21] recently investigated the deposition
kinetics of HA in porous media. Equally important are the dynam-
ics of aggregation. This is likely a significant environmental process,
and its study will help to understand the aggregation mechanism
and processes that control the transport of organic and inorganic
pollutants in nature.

Even though HA aggregation studies have been reported in sev-
eral publications, all of them deal mainly with aggregation under
equilibrium or near equilibrium situations. No study has focused
on the aggregation kinetics of HA. Therefore, the aim of this work
is to study the aggregation kinetics of a HA sample under different
conditions. The effects of pH and Ca2* concentration were investi-
gated in order to develop a simple aggregation mechanism and to
gain insights into the dynamics of HA in the environment.

2. Materials and methods

The HA sample was obtained from an Argentinean agricul-
tural soil classified as Entic Haplustoll. It was fractionated, purified
and freeze-dried according to the procedure recommended by the
International Humic Substances Society (IHSS) [22]. The C, H and
N contents, determined with an Exeter CE 440 elemental analyzer,
were 53.2%, 3.8% and 3.9% respectively.

In order to gain information on the electrostatic interaction
between humic acid molecules, their zeta potential (¢) under dif-
ferent conditions was measured with a Zetasizer ZS90 instrument
(Malvern, UK). Three types of experiments were performed: (a) ¢
vs. pH measurements at constant ionic strength, with either NaCl
or CaCl, as the supporting electrolyte; (b) ¢ vs. CaCl, concentration
measurements at constant pH; and (c) ¢ vs. time measurements at
selected pH and CaCl; concentrations. For ¢ vs. pH measurements,
50mL of a 50 mg L~ HA solution were placed in a reaction vessel
with either NaCl or CaCl, (ionic strength, IS=0.01), and the pH of
the solution was adjusted to 10 with NaOH and equilibrated under
continuous stirring (450 rpm). After ¢ was measured, the pH was
lowered by adding a small volume of HC], and ¢ was again measured
after 10 min of equilibration. This procedure was repeated until the

pH was 2. For ¢ vs. CaCl, concentration measurements, aliquots of
10 mL of a 50 mg L~! HA solution in 0.01 M NaCl and at the desired
pH were placed in capped test tubes. Different volumes of a 0.6 M
CaCl, solution were then added to the tubes in order to cover a Ca%*
concentration range from 0 to 3 mM. After 12 h of equilibration, the
pH was checked to ensure that it was the same for all tubes before
measurement of ¢. For ¢ vs. time measurements, a 50 mgL-! HA
solution in 0.01 M NaCl was prepared at the desired pH and equili-
brated. A desired volume of a 0.6 M CaCl; solution was then added
to the system, and ¢ was registered at different times during 1h.

Aggregation kinetic experiments were carried out in a batch
system using a cylindrical, temperature-controlled (25+0.2°C)
reaction vessel covered with a glass cap. Before starting the exper-
iment, a stock 1000 mg L~! HA solution was prepared by dissolving
the solid HA at pH 10 in order to obtain a well-dissolved [6] and
well-disaggregated [5] sample. A 50 mgL-! HA solution was pre-
pared in the reaction vessel by adding a measured volume of the
stock solution to 50 mL of 0.01 M Nacl, which was used as the sup-
porting electrolyte, and the pH was adjusted to the desired value
with small additions of either NaOH or HCl.

The aggregation kinetic experiment was started by adding a
known volume of a 0.6 M CaCl, solution to the reaction vessel in
order to obtain Ca2* concentrations of 0.3,0.8, 1.2, 1.4, 1.6, 1.8, 2.4,
and 3.2 mM. These concentrations are within the calcium concen-
tration range of soil solutions from around the world [23]. Constant
stirring (450 rpm) was maintained with a magnetic bar and an IKA
RH KT/C magnetic stirrer. At different times (usually every 1 or
2 min during the first 15 min of reaction and every 10 min after-
wards), an aliquot of the solution was withdrawn, gently filtered
with a 0.45 pm pore size membrane in order to separate the aggre-
gates from the supernatant, and the HA that remained in solution
was quantified by taking a spectrum in the 200-900 nm wavelength
range with an Agilent 8453 UV-VIS diode array spectrophotometer
equipped with a Hellma 1 cm quartz cell. Calibration curves at the
working pH were constructed with several HA solutions (concen-
tration range between 2 mgL-! and 60 mgL-1) prepared from the
stock solution.

The aggregation kinetics was evaluated by plotting the degree
of progress of the aggregation reaction, «, as a function of time (t).
« is defined as

Co-C
o= C()

(1)

where Cj is the initial HA concentration (which is also the total HA
concentration in the experiment) and Cis the HA concentration that
remains in solution (measured spectrophotometrically) at a certain
reaction time. A value o =0 means 0% aggregation and o =1 means
100% aggregation. An « vs. t curve is called an aggregation kinetic
curve.

The formation of HA aggregates was also followed by optical
microscopy. A 50 mg L~! HA solution at pH 7 and containing 4 mM
Ca2* was observed with a HOKENN optical microscope equipped
with a HOKENN Micro Image Analysis Software.

3. Results and discussion

Fig. 1 shows the zeta potential of the HA sample under differ-
ent conditions. The effects of pH in NaCl and CaCl, solutions are
shown in Fig. 1a. ¢ is negative at all pH values in both electrolytes.
In NaCl, ¢ is —20mV at pH 2, decreases until —37 mV at pH 5 and
then remains nearly constant up to pH 10. The behaviour is nearly
coincident with that reported by Hosse and Wilkinson [24] for two
HA samples. The decrease in ¢ from pH 2 to 5 results from deproto-
nation of mainly carboxylic groups [17,24], that generates negative
charges in the HA molecules. Although the molecules suffer further
deprotonation at higher pH due to the presence of other ionizable
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Fig.1. (a) ¢ of HAin 10 mM NaCl and 3 mM CaCl,; (b) influence of Ca?* concentration
on ¢ at different pH; (c) effect of time on ¢ after changing Ca?* concentration from 0
to 0.8 mM (grey symbols) or to 2 mM (black symbols). Data at t =0 correspond to the
value of ¢ in 10 mM NaCl, before addition of Ca?*. Lines are drawn as a visual guide.

groups, such as phenolic groups, ¢ does not change significantly at
high pH because ¢ becomes rather insensitive to increasing charge
at high charge densities [25]. In CaCl,, ¢ is always less negative
than in NaCl and remains at around —15 mV at all studied pH val-
ues. The different ¢ values in CaCl, as compared to those in NaCl are
the result of Ca2* binding to HA molecules, which has been demon-
strated in many publications [26,27]. The effects of varying Ca2*
concentration at pH 5, 7 and 9 are shown in Fig. 1b. The behaviour
is independent of pH, and in all cases ¢ is around —37 mV in the
absence of Ca2* and becomes less negative as Ca%* concentration
increases. The effects are rather significant up to 1 mM CaZ* concen-
tration, where ¢ is —19mV. Above this concentration changes are
smaller, and ¢ reaches a value of —15mV at 3 mM Ca2*. Although
CaZ* binding decreases the net negative charge of the molecules,
making the value of ¢ less negative, it is clear that the binding is
not able to produce charge reversal at any studied pH. Results are
similar to those shown by Majzik and Tombacz [28] for zeta poten-
tial of aHA at varying Ca%* concentration and pH 6.5. They are also in
agreement with potentiometric measurements of Ca2* binding to
humic substances combined with calculations performed with the
NICA-Donnan model, which show that the specific binding of Ca2*
to functional groups of the molecules plus the nonspecific bind-
ing due to electrostatic attraction of the cation by the negatively
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Fig. 2. (a) UV-VIS spectra of the supernatant of a HA solution during a kinetic exper-
iment at pH 5 and Ca?* concentration 1.6 mM. Each spectrum corresponds to a
different sampling time. The arrow with the t symbol indicates increasing sampling
times of 0, 0.5, 2, 2.5, 3.5, 5.5, 8, 12, 16.5, 20, 30, 40, 50 and 60 min. (b) Aggregation
kinetic curve resulting from the above spectra. The line is the best fit calculated by
Eq. (4) and parameters in Table 1.

charged HA molecules do not produce charge reversal in humics
[26,27,29].

Fig. 1c shows the variation of ¢ with time after Ca2* addition. ¢
is already stabilized at its equilibrium value after 2 min of reaction,
which is the shortest time that could be explored in this kind of
experiments. The constancy in ¢ indicates that Ca* binding to the
humic, takes place in less than 2 min, which will be considered to be
a fast process in comparison with the slower aggregation process
(see below).This behaviour is in agreement with the results of Town
et al. [20], who showed that for rapidly dehydrating metal ions
such as Cu(OH,)g2*, which is also the case of aqueous Ca%* jons, the
binding is very fast.

Fig. 2a shows the changes in the UV-VIS spectra of the
supernatant solution during a representative aggregation kinetic
experiment, where each spectrum corresponds to a different samp-
ling time. Fig. 2b, in addition, shows the aggregation kinetic curve
resulting from these spectra. The absorbance at any wavelength
decreases with time, indicating a decrease in the concentration of
dissolved HA, and therefore increasing aggregation. The aggrega-
tion kinetic curve shows that aggregation takes place mainly in the
first 15-20 min of reaction and that the curve levels off at longer
times. Not all HA molecules become aggregated during the reaction
time (o <1 after 60 min of reaction).

Aggregation kinetic curves obtained at pH 5 at different CaZ*
concentrations are shown in Fig. 3. A large effect of Ca%* concen-
tration is observed. In 0.8 mM Ca2* the aggregation is insignificant,
but at higher CaZ* concentrations aggregation readily takes place
and increases as Ca%* concentration increases.

Kinetic data as those shown in Fig. 3 were analyzed in terms of
the following first-order rate equation [30]:

dc
R=——=k(C-C( 2
o = kC=) )
where R is the aggregation rate, k is the rate constant and Cy is the
final concentration of dissolved HA after long reaction times, i.e.,
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t (min)

Fig. 3. Aggregation kinetic curves of HA at pH 5 at different Ca?* concentrations:
0.8 mM (4),1.2mM (¢), 1.4mM (W), 1.6 mM (0), 1.8 mM (®),2.4 mM (O) and 3.2 mM
(a). Lines are the best fit calculated by Eq. (4) and parameters in Table 1.

the concentration of HA that remains dissolved after reaching the
plateau of the aggregation curve. Integration of Eq. (2) leads to:

C=C +(Co—Cple ™ (3)
or, in terms of o
o =ap —ape X (4)

where o= (Co — Cf)/Co, i.e., the value of & after reaching the plateau
of the curve. The rate constant k can be easily calculated by fitting
the curves with Eq. (4), and once k is known, the initial aggregation
rate, Ry, can be calculated from

Ro = k(Co — Cf) = kCoOlf (5)

which comes directly from Eq. (2) under the condition C=(Cy at
t=0. The use of these equations does not intend to prove a certain
aggregation mechanism. However, this procedure allows calculat-
ing the initial aggregation rate with parameters that were obtained
by fitting all data points of an aggregation curve, overcoming the
problems of estimating the initial slope of a curve with just the first
data points.

Calculations with Eq. (4) are shown as lines in Figs. 2 and 3, and
the corresponding parameters (k and oy) and Rg values are listed in
Table 1.

The effects of Ca2* concentration on the initial aggregation rate
are plotted in Fig. 4 for the three pH values studied. The minimum
concentration needed to produce aggregation was between 0.8 and
1.2 mM (as better seenin Table 1). Therefore, a value of 1.0 £ 0.2 mM
can be recognized as a critical aggregation concentration or critical
coagulation concentration (CCC) value for the studied HA. Although
not using kinetic experiments, Wall and Chopin [31] found a similar
critical concentration for the coagulation of a purified Aldrich HA
with Ca2* cations at pH 8.3, and Hong and Elimelech [32] found that
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Fig. 4. Influence of Ca®* concentration on the initial aggregation rate at pH 5 (), 7
(©)and 9 (0).

T aed

Fig. 5. Optical microphotograph of HA aggregates formed after 60 min. Circle (a)
shows a subunit forming part of a large Y-shape aggregate. Circle (b) shows a similar
but freely moving subunit. These subunits are made from smaller (1-5 wm) aggre-
gates. Two of these small aggregates are indicated by the arrows. HA concentration:
50mgL-1; Ca?* concentration: 4 mM; pH: 7.

natural organic matter coagulated above 1 mM Ca2* at pH between
4 and 8.

Fig. 4 also shows that above the CCC the aggregation rate
increases with increasing Ca%* concentration. The effect of Ca2*
concentration on Ry is rather similar at pH 5 and 7, but is more
marked at pH 9.

Fig. 5 shows an optical microphotograph of the HA aggregates
produced at pH 7 and 4mM Ca2* concentration after long aggre-
gation times. Open aggregate structures are observed. The figure
shows, for example, a large (around 100 wm) Y-shape aggregate,
which is composed of smaller subunits of 20-30 wm size. Two of

Table 1

Kinetic parameters.
Ca?* (mM) pH5 pH7 pH9

C(f k2 Roa O{f k Ro C{f k Ro

0.3 -b - - 0 0 0 - - -
0.8 0 0 0 0.01 0.05 0.03 0.06 0.03 0.10
1.0 - - - - - - 0.17 0.05 0.40
1.2 0.16 0.04 0.30 0.20 0.09 0.90 0.58 0.12 3.40
1.3 - - - 0.50 0.09 2.20 0.66 0.20 5.90
14 0.43 0.09 1.90 0.63 0.09 2.60 - - -
1.6 0.70 0.11 3.30 0.68 0.13 3.80 0.74 0.28 9.60
1.8 0.78 0.18 7.00 0.74 0.35 11.20 0.85 0.90 35.70
24 0.84 0.80 31.20 0.84 0.80 28.90 0.89 1.60 66.30
3.2 0.86 1.20 46.60 0.87 1.10 45.50 0.92 2.10 94.00

2 Units of k: min~'; units of Ry: mgL~" min~'.
b (-) not measured.
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these subunits are marked in the figure, one of them (a) forming
part of the Y-shape aggregate and another one (b) not forming
part of it. In addition, these subunits seem to be composed of
even smaller aggregates (two of them are indicated with arrows)
of 1-5 wm size. The observation of the system with the micro-
scope revealed that the subunits and the smaller aggregates were
rather mobile, subject to Brownian motion, and that large struc-
tures like the Y-shape aggregate were continuously being formed
and disrupted, with the subunits continuously entering or leav-
ing the aggregates. The hierarchical architecture of the aggregates
observed in Fig. 5 seems to be rather usual for humic acids [33],
and the results obtained with the optical microscope complement
findings obtained by other authors using higher magnifications.
Baloousha et al. [6], for example, reported the presence of 1-5 pum
aggregates of the Suwannee river humic acid (SRHA) in CaCl,
solutions as observed by transmission electron microscopy. These
authors made a thorough review and analysis of published data,
and concluded that HA aggregates are formed by small basic units
of less than 10 nm size, and that the size of aggregates is dependent
on the pH and divalent cation concentration. They indicated that
cations such as Ca%* increased aggregation through the formation
of intra- or intermolecular bridges between the negatively charged
humic acid molecules.

Data presented so far indicates that the formation of HA aggre-
gates from dissolved HA molecules in the presence of Ca?* seems
to be rather complicated. Processes such as Ca%* binding to dis-
solved HA molecules, nucleation and growth of small aggregates,
and aggregate-aggregate binding to produce even larger aggre-
gates should be involved. A very simplified scheme of the process is
drawn in Fig. 6. The initial and triggering step must be Ca* binding
to dissolved HA molecules. This is fast, taking place in <2 min thus
this is not the rate-determining step of the aggregation process. The
formed HACay molecules, where x represents in average the num-
ber of Ca%* ions bound per HA molecule, become less negatively
charged and they can form nuclei or small aggregates, with Ca%*
ions acting as intermolecular bridges. These nuclei or small aggre-
gates can suffer further aggregation and thus larger aggregates are
formed.

Since either the second or the third steps (Fig. 6) are slower than
CaZ* binding, they seem to be rate-determining, and thus the aggre-
gation rate should depend on the efficiency of collisions among
HACay molecules or small aggregates. This efficiency can be under-
stood in terms of a combination of long-range repulsive forces due
to the negative ¢ of the molecules and short-range binding forces

due to the presence of CaZ* in the molecules. If  is highly negative,
there will be an important electrostatic barrier between approa-
ching molecules or small aggregates and therefore collisions will
be rather inefficient. This is the case at Ca%* concentrations below
1 mM, where aggregation is insignificant. At Ca2* concentrations
equal or above 1mM (CCC), ¢ becomes less negative and there-
fore two approaching entities have more probability of becoming in
close contact, allowing bound Ca?* to act as a bridge between them.
Under these conditions, collisions are more efficient and aggrega-
tion proceeds significantly. It is interesting to note that above the
CCC the aggregation rate increases linearly with Ca2* even though
¢ remains nearly constant. Under these conditions, the increase in
the collisions efficiency is mainly due to an increased amount of
Ca2* bound to HA rather than to a decrease in electrostatic repul-
sion between the approaching entities. The higher the number of
Ca2* bound per HA molecule, the higher the probability of forma-
tion of intermolecular Ca2* bridges. A similar explanation could be
given for the higher aggregation rate at pH 9 than at pH 5 or 7. ¢
is independent of pH at all investigated Ca%* concentrations, and
thus the higher aggregation rates at pH 9 must be a consequence
of higher Ca%* binding to the humics at this pH.

It is nowadays quite accepted that HAs are a rather complex
mixture of molecules, which may have different spectroscopic
properties. The UV-VIS spectra shown in Fig. 7, therefore, repre-
sent the sum of the individual spectra of all HA components that
remain in solution and unaggregated during an aggregation run.
The ratio E2/E3 (ratio between absorbance of the HA solution at
250 nm and at 365 nm) gives information on the aromaticity of the
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Fig. 7. E2/E3 vs. « for all conditions investigated.
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HA, and is inversely correlated to aromaticity [34,35]; i.e., samples
with low E2/E3 are rich in aromatic components and vice versa. It
is then useful to evaluate the value of E2/E3 as aggregation pro-
ceeds, because information about humic acid fractionation during
aggregation can be obtained. Fig. 7 shows the E2/E3 vs. & curves for
all the experiments performed. Notably, all data points describe a
unique curve indicating that the behaviour is the same under all
the explored conditions. E2/E3 remains nearly constant and equal
to the ratio E2/E3 of the original HA sample up to o~ 0.6 and then
increases as « increases. This means that there is no fractionation
(no preferential aggregation of some HA components) up to 60% of
aggregation, but that above this value the aggregates become richer
in aromatic components.

Unfortunately there are no datain the literature regarding E2/E3
values during aggregation of HA. There are data about fractionation
upon adsorption on oxide particles under equilibrium conditions.
Janot et al. [34], for example, found preferential adsorption of aro-
matic HA components on @-Al, 03 at pH 6.8, which, according to the
authors is in agreement with other literature data. Kang and Xing
[36], on the contrary, found the opposite effect for adsorption of a
humic acid onto goethite. Our results on HA aggregation kinetics
are different to both type of results on HA adsorption. Indeed, no
preferential aggregation occurs, at least up to o ~ 0.6, for which we
have no conclusive explanation. Perhaps the presence of Ca%* ions
in our aggregating systems is a key factor to explain the observed
behaviour. Even though HA is a complex mixture of molecules, all of
them have at a certain extent ionizable groups capable of complex-
ing CaZ*, and therefore all of them have similar ability of forming
intermolecular Ca?* bridges and aggregate without preference. Fur-
ther research is still needed in this respect.

4. Conclusions

The aggregation rate of HA increased significantly by increasing
CaZ* concentration in the pH range 5-9. The kinetic study allows
postulating a reaction mechanism, where Ca2* binding takes place
rapidly, followed by a slower formation of nuclei or small aggre-
gates of HACay molecules. Further aggregation also takes place
yielding the formation of large aggregates that can be observed
by optical microscopy and even with the naked eye. Calcium bind-
ing to HA likely plays two key roles in the aggregation process: it
decreases the repulsive forces between HA molecules by decreasing
their zeta potential, and leads to the formation of calcium bridges
between two approaching molecules.

A critical coagulation concentration of 1.04+0.2 mM Ca2* was
found from kinetic data, which is similar to CCC values obtained
by other authors from “equilibrium” coagulation studies. Thus,
the presence of CaZ* and perhaps other di- or trivalent cations
in natural media is fundamental to maintain the stability of HA
aggregates. The results presented above may have significant
importance for environmental systems because they imply that
at high calcium concentration, HA can quickly aggregate, and
temporarily trap, protect and transport organic molecules, metal
ions, pesticides and other pollutants. The dynamics of the HA
aggregation-disaggregation processes should play an important
role in the transport and protection of pollutants in the environ-
ment. Since it is known that the binding of polyvalent ions such as
Ca2* produces stabilization of soil organic matter, the results may
be also important to understand carbon sequestration and storage
in calcareous soils [7].
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