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a b s t r a c t

The dissolution kinetics of solid humic acid (HA) particles under different conditions is reported and ana-
lyzed. The dissolution rate at pH 4 and 5 is very slow and several years may take to achieve equilibration.
The rate is strongly increased by increasing pH, and at pH 11 complete dissolution is achieved in 30 min.
The dissolution rate is also markedly increased by the presence of monocarboxylic acids and anionic her-
bicides such as glyphosate and 2,4-D. On the contrary, the rate is decreased by inorganic divalent cations
eywords:
olid humic acid
umic acid–water interface
ydrophobic associations
lectrostatic interactions

(Mg2+, Ca2+, Sr2+, Ba2+). The divalent cation paraquat has a dual behavior, decreasing the dissolution rate
at pH >7 but increasing it at pH <7. Simple modeling assuming a surface-controlled dissolution kinetics
can reproduce reasonably well the effects of anions and cations. The different ions seem to affect the
dissolution rate by modifying intermolecular forces between HA molecules located at the surface of the
particles.
etal complexes
issolution rate

. Introduction

Humic substances (HS), such as humic acids (HA), fulvic acids
FA), etc., are very active in binding ions, mineral surfaces and
rganic molecules, and thus they are very important to soil
tructure, soil fertility and transport of pollutants in natural
aters. They usually participate in dynamic processes where their

onstituent molecules interact with metal ions mainly through
lectrostatic forces and complexation reactions, with surfaces
hrough adsorption reactions, with organic molecules through
ydrophobic bonding and hydrogen bonds (H-bonds), and among
hemselves through aggregation or association processes. The first
wo types of processes have been the subject of extensive research
1–3]. Although the third and fourth cases were less investigated,
here also exists information about them [4–6].

HS, and especially HA, have been regarded for a long time as
olymeric molecules or polyelectrolytes having a relatively high
olecular mass. For the case of HA, for example, molecular masses

f several tens of thousands Da or even higher molecular masses
ave been reported. In the last years, however, a new concept has
merged in which HS are regarded as supramolecular associations

f many relatively small and chemically diverse organic molecules
hat are kept together by different kind of interactions. Many evi-
ences for this new concept of HS structure were given by Piccolo
7,8] and were summarized by Sutton and Sposito [9].
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Even though the structure of HS may be still a controversial
topic, there is a general consensus in that HS molecules (either
large polymeric molecules or small individual moieties) are able to
form supramolecular structures or aggregates under certain con-
ditions and to disaggregate under other conditions. Indeed, HA
aggregates have been detected by many techniques such as light
scattering, turbidimetry, fluorescence spectroscopy, fluorescence
correlation spectroscopy [10], etc. The formation of aggregates is
usually favored by decreasing the solution pH because of proto-
nation of functional groups (mainly carboxylate and phenolate),
leading to a decreased electrostatic repulsion among the molecules
and to the formation of intermolecular H-bonds. The aggregation
is so favored at low pH that formation of large aggregates or solid
HA particles occurs at pH around 2, property that is used to opera-
tionally define the HA fraction of HS. Aggregation is also promoted
by the presence of cations [11], via charge neutralization and cation
bridge formation. On the other hand, disruption of aggregates or
disaggregation takes place by increasing the pH of the solution
[10] and by several other factors. Piccolo et al. [12,13], for exam-
ple, indicated that simple organic acids such as monocarboxylic and
dicarboxylic acids can penetrate the aggregates and separate them
into smaller associations.

Since HS can form supramolecular structures, characterization
of these materials should focus now on intermolecular interac-

tions and factors that promote aggregation or disaggregation. Our
approach here is to contribute to these important topics by per-
forming dissolution kinetic experiments of solid HA particles,
which were isolated, purified and dried according to the IHSS (Inter-
national Humic Substances Society). Such kind of particles can be

http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
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egarded as a large and rather pure aggregate of HA molecules,
hich are held together by different interaction forces such as H-

onds, �-bonds, van der Walls forces and hydrophobic interactions.
f some metal ions, such as Fe(III) and Al(III) impurities, are within
he particles, additional electrostatic interactions and coordinative
onds between the cations and functional groups of HA molecules
hould be also present. By immersing these particles in a dissolv-
ng aqueous solution, the attractive interaction forces are weakened
r overcame by some repulsive forces and then dissolution, i.e.,
assage of HA constituting molecules to the solution bulk, takes
lace. The evaluation of factors that favor dissolution will give good

nsights into the factors that favor disaggregation, and could also
ive insight into the strength of the attractive or repulsive interac-
ion forces among HA molecules. In addition, understanding the
issolution behavior of HA is also important in daily laboratory
xperiments with humics, since most of the studied HA samples are
A solutions prepared by dissolving dried and purified samples.

The aim of this article is to obtain information on the mechanism
f HA dissolution by analyzing the effects of pH and several ions and
olecules on the dissolution rate of HA particles in aqueous media.

. Materials and methods

The HA sample used in this work was taken from an andisol
Boqueixon, A Coruña, Spain) and, as stated above, purified accord-
ng to the IHSS procedures. The solid sample was formed by
articles of different shapes and sizes, whose average size was
50 �m [14]. X-ray diffraction analyses (not shown here) showed
hat the particles were amorphous. The elemental composition
f the sample is N (4.86%), C (52.57%), H (5.06%), O (34.77%) and
(0.33%), and contained some Fe (1.65%) and Al (0.76%) impuri-

ies. Solid state 13C nuclear magnetic resonance, as obtained with
Bruker AMX 300 spectrophotometer, indicates that the stud-

ed sample contains 29% of alkyl C (0–45 ppm), 38% of O-alkyl C
45–110 ppm), 19% of aromatic and phenolic C (110–160 ppm), 11%
f carboxyl C (160–190 ppm) and 3% of carbonyl C (190–240 ppm)
15]. More information about the general characteristics of this
umic acid can be found elsewhere [16].

The methodology employed in the dissolution kinetic experi-
ents is very similar to that employed and thoroughly described in

arlier publications [14]. Briefly, the experiments were performed
n a cylindrical, temperature-controlled (25.0 ± 0.2 ◦C) reaction ves-
el covered with a glass cap. Fifty milliliters of an aqueous 10−3 M
Cl solution with or without the addition of a dissolving agent
ere placed in the reaction vessel. This solution was constantly

tirred (450 rpm) and purged with N2, and its pH was adjusted to
he desired value with KOH and/or HCl solutions. The dissolution
xperiment was started by adding a known weight (around 8 mg)
f solid HA to the mentioned solution. At different reaction times, a
mL aliquot was withdrawn, the particles were separated from the

upernatant either by sedimentation or centrifugation [14] and the
upernatant was immediately analyzed to quantify the concentra-
ion of dissolved HA. After the quantification (see below), that took
round 30 s, the supernatant and the HA particles were reintro-
uced into the reaction vessel. This procedure (aliquot withdrawal,
eparation, quantification of HA and reintroduction of the aliquot
nto the reaction vessel) was repeated during several hours in order
o achieve complete dissolution of the sample or to gather enough
ata points. The pH was checked periodically and kept constant by
dding minute volumes of concentrated KOH or HCl solutions when

ecessary. In all experiments, the pH was measured with a Crison
LP 22 pH meter and a Crison 52-02 combined pH electrode. The
issolving agents that were added to the 10−3 M KCl solution were
hree different monocarboxylic (formic, acetic and propionic) acids,
hree herbicides (glyphosate, 2,4-dichlorophenoxyacetic acid (2,4-
cochem. Eng. Aspects 347 (2009) 180–186 181

D) and paraquat), and four divalent metal chlorides, MCl2, where M
represents Mg, Ca, Sr, or Ba. Analytical grade chemicals were used
in all experiments.

Quantification of dissolved HA was performed by UV–Vis
spectroscopy, using an Agilent 8453 UV–VIS diode array spec-
trophotometer equipped with a Hellma 1 cm quartz cell. The
supernatant of the withdrawn aliquot was placed into the cell and
the spectrum was recorded in the 300–900 nm wavelength range.
The concentration of HA, cHA, in the supernatant was then esti-
mated from the absorbance at 400 nm. Calibration curves at the
working pH were constructed with several HA solutions having
concentrations that ranged between 2 mg L−1 and 200 mg L−1. A
uniform absorption coefficient was assumed for the different dis-
solved fractions, which gives rather accurate concentration values
[14].

The dissolution kinetics of the studied HA was evaluated by
plotting the degree of progress of the dissolution reaction, ˛, as
a function of time, t. ˛ is defined as

˛ = cHA

cT
(1)

where cHA is the HA concentration in the supernatant and cT is the
total concentration of HA that would be present in the supernatant
after complete dissolution of the solid. The magnitude of cT was cal-
culated from the initial weight of HA and the volume of KCl solution
used in the dissolution run. The values ˛ = 0 and ˛ = 1 mean respec-
tively that 0% and 100% of the solid has been dissolved. A plot ˛ vs.
t will be called dissolution curve.

3. Results and discussion

3.1. Effect of pH on the dissolution rate

In Fig. 1 several dissolution curves of the studied HA are shown.
Fig. 1a show the curves obtained at different pH values between
4 and 11 [14]. The dissolution rate is strongly dependent on the
pH, being relatively high at pH 11 and becoming lower by decreas-
ing the pH. At pH 11, for example, complete dissolution took place
in around 30 min, whereas at pH 4 even after 6 h of reaction only
5–6% of dissolution could be achieved. The dissolution rate, R, is
defined as R = d˛/dt and was estimated from the maximum slopes
of the dissolution curves. Examples of these slopes are given by the
straight lines drawn in the figure. R is almost 400 times larger at
pH 11 than at pH 4, demonstrating the very strong effect of pH on
the dissolution behavior of HA. The dissolution curves indicate that
complete dissolution was obtained at pH 9 or higher, but not at pH
8.5 or lower. Weng et al. [17] and Kipton et al. [18] have shown that
the solubility of HA decreases by decreasing the pH. Therefore, it
may be possible that dissolution is slow and incomplete at low pH
because solubility equilibrium is being reached at these low pH val-
ues, and thus some backward precipitation reaction is decreasing
the net dissolution rate. Long-term experiments trying to approach
solubility equilibrium from dissolution and precipitation allowed
to discard this possibility [14]. This is exemplified in Fig. 1b, which
shows the dissolution behavior of the HA at pH 4 during a 3-week
period, compared with the precipitation–coagulation behavior of
a sample whose pH was decreased to 4 after complete dissolution
at pH 10. Dissolution at pH 4 increases monotonously in time and
no signs of equilibration could be observed even after 3 weeks of
reaction. Precipitation–coagulation, on the contrary, took place very
quickly after decreasing the pH from 10 to 4. ˛ decreased from 1 to

0.78 in less than 10 min and then remained at this last value during
the 3 weeks of the experiment. The trends of the curves suggest
that during dissolution the system was always far from solubility
equilibrium. Therefore, the slow dissolution observed at low pH is
because of the intrinsic slowness of the dissolution process and not
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Fig. 1. Dissolution curves of the studied HA particles. (a) Effect of pH: solid dia-
monds, 11; open circles, 10.5; solid squares, 10; open triangles, 9.5; stars, 9; solid
circles, 8.5; plus signs, 8; open diamonds, 7; crosses, 6; open squares, 5; dashes,
4. Some straight lines, whose slopes represent the dissolution rate are shown as
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[21–23]. In the case of dissolution of HA particles promoted by car-
xamples. (b) Comparison of the dissolution curve (open circles) at pH 4 with
he precipitation–coagulation curve (solid diamonds) of a sample whose pH was
ecreased to 4 after complete dissolution at pH 10.

ecause solubility equilibrium is being reached. Moreover, if linear
hape is assumed for the dissolution curve in Fig. 1b and ˛ = 0.78
s taken as the “equilibrium” value, extrapolation of this curve sug-
ests that more than 10 years are needed to reach equilibration
uring the dissolution experiment at pH 4. Although this may be a
rude approximation, it gives the feeling of how slow a dissolution
eaction can become at low pH.

Besides giving information on the dissolution behavior of solid
A particles, data such as those shown in Fig. 1 give also important
ractical information regarding manipulation of solid HA samples

n laboratory experiments. Many studies such as proton binding to
A, metal ion binding to HA, HA adsorption and molecular mass
etermination are usually performed by using HA solutions that
ere obtained by “dissolving” solid HA particles purified accord-

ng to the IHSS recommendations or other purification protocol.
lacing the solid samples in neutral or acidic solution without a
revious treatment at high pH may lead to incomplete dissolution
nd misinterpretation of the obtained results because a changing
ix of dissolved and undissolved humics is obtained under these

onditions.
The strong effects of pH on the dissolution rate of HA particles

ave been attributed to reactions and processes that take place at
he surface of HA particles [14]. Surface HA molecules are interact-
ng with molecules located at the surface and molecules located

ithin the particle. When a particle is immersed in an aqueous
olution, surface HA molecules become also in contact with water
olecules and dissolved ions, and thus sorption–desorption reac-

ions may take place at the surface. It is well known that HA and

ther HS molecules contain functional groups (mainly carboxylic
nd phenolic groups) that can deprotonate by increasing the pH
f the aqueous solution. In the dissolved state, this deprotonation
ives rise to the development and continuous increase of the nega-
Fig. 2. Effect of propionate concentration on the dissolution curves of the studied HA
at pH 7. Propionate concentrations: open diamonds, 0 M; solid circles, 3 × 10−4 M;
stars, 1 × 10−3 M; solid squares, 3 × 10−3 M; open triangles, 6.5 × 10−3 M; crosses,
1 × 10−2 M; open circles, 2 × 10−2 M; solid diamonds, 3 × 10−2 M.

tive charge of the molecules as the pH increases up to values around
10 or 11 where most of the functional groups become deprotonated
[19]. Similar reactions should take place in HA molecules located at
the surface of a solid HA particle. These deprotonation reactions
will, on one side, decrease the number of H-bonds that contribute
to hold HA molecules together in the solid. On the other side, they
will increase electrostatic repulsion among the molecules as a con-
sequence of negative charge development. Both processes, which
become more important as the pH is increased, contribute to leave
surface molecules more susceptible to detachment and to increase
the dissolution rate by increasing pH.

3.2. Effect of anions on the dissolution rate

Fig. 2 shows the effect of the presence of propionate on the dis-
solution curves of the studied HA. All the curves were obtained
at constant pH 7 and at different concentrations of propionate. The
dissolution is relatively slow in absence of propionate, but becomes
faster as the propionate concentration increases. A very similar
behavior was shown previously for the dissolution of the same HA
in the presence of acetate at pH 7 [20]. Although not shown here,
this kind of behavior is also shown by dissolution curves in the pres-
ence of a third monocarboxylate anion (formiate) and two anionic
herbicides (2,4-D and glyphosate). The relatively strong effect of
these anionic organic species on the dissolution rate can be bet-
ter analyzed and compared by plotting the dissolution rate R as a
function of the anions concentrations. This is done in Fig. 3a for
monocarboxylates and in Fig. 3b for herbicides. For the case of car-
boxylates, R increases by increasing the anion concentration up to
around 0.01 M, and then remains nearly constant and almost inde-
pendent on the anion concentration. The capacity to increase the
dissolution rate of propionate is only slightly higher than that of
acetate but significantly higher than that of formiate. In the case
of herbicides (Fig. 3b), the general shape of the curves is similar
to that of monocarboxylates, showing a levelling off at high con-
centrations. Glyphosate is more active than 2,4-D in increasing the
dissolution rate.

The increase in R in the presence of anionic species and the shape
of the R vs. concentration curves can be rather well explained if
a surface-controlled dissolution process is assumed. This kind of
processes is common for dissolution of minerals in aqueous media,
where there is at least one fast adsorption step followed by a slower
and rate-determining release of molecules to the solution bulk
boxylics or anionic herbicides, the fast sorption step is probably the
attachment of these molecules to the surface of HA particles. This
attachment leads to the formation of surface species that weaken
the interactions between HA molecules at the surface of the par-
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Table 1
Best-fit parameters for Eqs. (5) and (7).

pH Dissolving ions kLb (min−1) log(K/L mol−1) r2

7.0 Formic acid 0.0171 2.0 0.99
7.0 Acetic acid 0.0269 2.4 0.99
7.0 Propionic acid 0.0270 2.6 1.00

7.0 2,4-D 0.0026 3.4 1.00
7.0 Glyphosate 0.0185 3.7 0.99

9.0 PQ2+ – 3.3 0.97
9.0 Mg2+ – 4.4 0.90

2+
ig. 3. Effect of the concentration of carboxylates and herbicides on the dissolution
ate at pH 7. (a) Crosses, formiate; open circles, acetate; solid diamonds, propionate.
b) Solid diamonds, glyphosate; open circles, 2,4-D. Lines show predictions of Eq. (5)
ith parameters from Table 1.

icles. The following and rate-determining step is the release of
hese surface molecules to the solution bulk. This release includes
he breakage of attractive interactions induced by the presence of
he sorbed molecules and the passage of HA molecules to solu-
ion. A simple model for a surface-controlled dissolution can be
ormulated to describe the results. The dissolution rate is expressed
s

= ROH + RL, (2)

here ROH is the rate promoted by deprotonation reactions and RL is
he rate promoted by anionic species or ligands. Eq. (2) is similar to
hat proposed by Furrer and Stumm [24] for surface-controlled dis-
olution kinetics of mineral particles. At constant pH ROH is assumed
o be constant and its value is directly the dissolution rate in absence
f anionic species. In addition, since the adsorption step is assumed
o be much faster that the detachment of HA molecules, RL can be
ritten in terms of the adsorbed anions concentration [Lads]

L = kL[Lads] (3)

here kL is the rate constant of the rate-determining step [25]. [Lads]
an be then related to the anion concentration in solution through
n adsorption isotherm. The Langmuir isotherm has been selected
ere as a first approximation:

Lads] = bK[Lsol]
1 + K[Lsol]

(4)

here b is the maximum concentration of anion that can be
dsorbed at the surface, K is the Langmuir adsorption constant and
Lsol] is the anion concentration in solution. Combining Eqs. (2)–(4)
he following expression that relates R and [Lads] is obtained:

k bK[L ]
= ROH + L sol

1 + K[Lsol]
(5)

Plots according to Eq. (5) are shown by lines in Fig. 3a and b
nd compared to experimental points. Best fitting parameters are
hown in Table 1. Unfortunately, the values of kL and b cannot be
9.0 Ca – 4.5 0.95
9.0 Sr2+ – 4.4 0.92
9.0 Ba2+ – 4.4 0.90

separately determined, thus only the values of K and the product
kLb were estimated. Even though the formulated model is rather
simple, it can fit reasonably well the dissolution behavior of HA.

A question arises here on how the studied anionic species bind
surface molecules of HA particles and why this binding promotes
dissolution. Piccolo et al. [8,12,13,26] have proposed that carboxylic
acids (and carboxylates) can interact with HA molecules forming H-
bonds between HA and carboxylics. Such interaction modifies the
previously existing H-bonds between HA molecules and disrupts
the hydrophobic forces. These authors concluded that carboxylics
were able to penetrate HA aggregates and produce disaggregation.
For the case of glyphosate, Piccolo and Celano [4] have reported
by using infrared spectroscopy the formation of multiple H-bonds
between the glyphosate phosphono-group and the oxygen groups
of humic acid. As in the case of carboxylics, 2,4-D could also form
H-bonds with HA molecules via its carboxylic group. Therefore, sim-
ilar processes may take place at the surface of solid HA particles
and induce dissolution, i.e., the investigated anions may bind sur-
face HA molecules disrupting H-bonds and leaving the molecules
susceptible for detachment.

According to Piccolo et al. [13], the extent of the interactions of
carboxylic compounds having aliphatic chains of different lengths
with HA molecules and the extent of conformational changes
caused on HA aggregates depend on the hydrophobicity of the
reactant compounds. The larger the number of carbon atoms in
the aliphatic chain of the carboxylic, the greater is the affinity
for the hydrophobic components of HA, and the greater is their
capacity to alter the humic associations [13]. This is in line with
the results found here, since according to K values in Table 1 the
affinity of carboxylates for the HA surface increases in the order
formiate < acetate < propionate.

Besides hydrophobic interaction, Brigante et al. [20] have sug-
gested that carboxylate anions may also coordinate metal ions such
as Fe(III) and Al(III) which are impurities of the HA sample. These
cations surely act as bridges between adjacent molecules in the
solid phase impeding their passage to solution. If carboxylates coor-
dinate metal ions at the surface, some bonds that the metal ions
establish with functional groups of HA molecules will be replaced
by bonds with the reactant molecules favoring the dissolution. This
seems also to be in agreement with the trends observed for the K
values in Table 1, because the complexation constants of carboxy-
lates with Fe(III) and Al(III) in solution increase slightly in the order
formic < acetic < propionic [27]. This also explains why glyphosate,
which is known to form very stable and strong complexes with
metal ions [28,29] is so good in dissolving the HA. Although there is
no data in the literature for complexation constants between 2,4-D
and metal ions, Larrivee et al. [30] have reported using fluorescence

spectroscopy the formation of an Al3+–2,4-D complex in aqueous
solutions. This kind of complexation could also take place at the sur-
face of the studied HA and thus dissolution could be also promoted
by the presence of this herbicide.
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Fig. 4. Effects of divalent cations on the dissolution behavior of the studied HA at
pH 9. (a) Dissolution curves at different Mg2+ concentrations: solid diamonds, 0 M;
open circles, 3 × 10−5 M; stars, 1 × 10−4 M; open squares, 3 × 10−4 M; solid triangles,
1 × 10−3 M. (b) Effect of concentration on R: open triangles, PQ2+; stars, Mg2+; solid
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The effects at low pH are not clearly understood. The fact that the
ircles, Ca2+; crosses, Sr2+; open diamonds, Ba2+. Lines show predictions of Eq. (7)
ith parameters from Table 1.

.3. Effects of cations on the dissolution rate

Fig. 4 shows the effects of cations on the dissolution behavior
f the studied HA. Fig. 4a shows the dissolution curves at constant
H 9 in the presence of varying concentrations of Mg2+. Contrar-

ly to the behavior shown for propionate and other anions, Mg2+

ecreases the dissolution rate of the humic. A very similar behavior
as shown previously for the dissolution of the same HA in the pres-

nce of Ca2+ [14]. Although not shown here, this kind of behavior
s also observed in the presence of other divalent inorganic cations
uch as Sr2+ and Ba2+ and an organic cation, the herbicide paraquat
PQ2+). Fig. 4b compares the effects of the five studied cations on
he dissolution rate of HA. The inorganic cations have a stronger
ffect on the kinetics than PQ2+.

Carboxylate and phenolate groups of HA are known to have a
onsiderable affinity for divalent inorganic cations, which can bind
o HA molecules in solution [1], or at the surface of solid HA parti-
les [31,32]. Narine and Guy [33] have also demonstrated that PQ2+

an bind to humics in solution. Therefore, it seems that adsorption
f these cations is the responsible for the decrease in the dissolution
ates. The state of divalent cations at the surface of HA particles is
ot well known yet, but it may be speculated that adsorbed cations
an (i) decrease the net negative charge of HA molecules decreas-
ng the electrostatic repulsion between them, and (ii) act as bridges
etween functional groups of two adjacent molecules at the sur-

ace increasing the attractive forces between them. Both effects will
nd up with a decrease in the dissolution rate. Therefore, it may
e assumed in a simple model of surface-controlled dissolution
hat cations adsorb according to the Langmuir equation inhibit-

ng dissolution by blocking the fraction of the surface that contains
dsorbed cations. This will cause a decrease in the dissolution rate
ecause of the increase in cation adsorption. Cation adsorption is
hen assumed to be fast, and the detachment of HA molecules with
cochem. Eng. Aspects 347 (2009) 180–186

adsorbed cations is assumed to be completely blocked. The disso-
lution rate can be written as:

R = ROH(1 − �) (6)

R = ROH

(
1 − K[Csol]

1 + K[Csol]

)
(7)

where � represents the fraction of the surface that is blocked by
cations and [Csol] is the cation concentration in solution. Similar
models have been proposed for the inhibition of mineral dissolu-
tion by metal cations [34]. It is clear that the model is very simple
and that it has to be used just as a first approximation. More elabo-
rated models should take into account surface heterogeneity, since
cations should bind with different affinity to carboxylate groups
and phenolate groups of HA. The binding of cations to two adjacent
groups in order to act as bridging cations, and electrostatic effects
could also be considered to improve the modeling. Predictions of Eq.
(7) with parameters presented in Table 1 are shown together with
experimental points in Fig. 4b. In spite of the simplicity of the model,
it can predict reasonably well the general trends of the curves and
the inhibitory effects of cations. All inorganic cations have very sim-
ilar adsorption constants and no trend is observed by moving from
Mg2+ to Ba2+. Unfortunately, there are no data for binding constants
of alkaline earth cations for the studied HA. There are, however,
generic data published by Milne et al. [35] which show that these
four cations have similar binding constants to humics, with no spe-
cial trend, in agreement with the data found here. This is also in
line with complexation constants of monocarboxylates (e.g. formi-
ate and acetate) with alkaline earth cations in solution, which are
also similar [27]. Fig. 4b and Table 1 show that the inhibitory effect
of PQ2+ is weaker than those of the inorganic cations. According
to these results, the small inorganic cations seem to accommodate
better between adjacent HA molecules at the surface of the particles
than the larger PQ2+ ion, decreasing more effectively the dissolution
rate.

3.4. Combined effect of ions and pH on the dissolution rate

Fig. 5 shows the effects of carboxylics and herbicides on the
dissolution rate at different pH. Fig. 5a compares R vs. pH curves
obtained by dissolving HA particles in absence and presence of
10−3 M solutions of carboxylics. Carboxylics strongly increase the
rate at almost all investigated pH, except at pH >10 where the
effects are very weak (or even absent). This weak effect may be
due to the electrostatic repulsion between carboxylates and the
highly charged HA molecules, which impedes significant adsorp-
tion. Fig. 5b, on the other hand, compares R vs. pH curves obtained
by dissolving HA particles in absence and presence of 10−3 M solu-
tions of herbicides. It must be said that 10−3 M divalent inorganic
cations were very effective in decreasing the dissolution rate. They
were so effective that at pH <9 no dissolution could be detected, and
thus the data are not included in the figure. Glyphosate and 2,4-D
behave as carboxylics, increasing significantly the dissolution rate
at most investigated pH, except at pH >10 where the effects are
weak. Paraquat, however, decreases the dissolution rate at high pH
but increases it a pH <7. This herbicide is then having a dual effect,
behaving as divalent inorganic cations do at high pH, but acting as
anions do at pH <7. The effects at high pH can be well understood
assuming that PQ2+ is blocking part of the surface upon adsorption.
dissolution rate is modified by this herbicide strongly suggest that
it interacts with the HA particle surface. However, the mechanism
by which it weakens or disrupts attractive forces between humic
molecules needs still to be investigated.
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Fig. 5. Effect of pH on the dissolution rate of the studied HA in the presence of
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v, 10−3 M propionic acid; (b) i, 10−3 M KCl; ii, paraquat; iii, 2,4-D; iv, glyphosate. In all
ases where either carboxylics or herbicides are present, the solution also contains
0−3 M KCl.

. Conclusions

HA particles can be regarded as large aggregates of HA molecules
hich are held together by different interaction forces. The study

f their dissolution kinetics gives information on the factors that
odify these interactions and on the dissolution mechanism.

The dissolution rate of HA particles is significantly affected
y pH and the presence of monocarboxylic acids, herbicides, and
etal ions. Simple modeling assuming a surface-controlled disso-

ution kinetics can reproduce reasonably well the effects of anions
nd cations. Surface protonation and cation adsorption reduce the
issolution rate apparently because they reduce electrostatic repul-
ion between surface molecules and because divalent cations also
ct as bridges between adjacent molecules. Anions, such as car-
oxylates and anionic herbicides increase the dissolution rate. They
eem to adsorb at the HA particle surface disrupting H-bonds
etween HA molecules and also complexing with metal ion impu-
ities in the solid phase.

The obtained data are useful to understand the factors that pro-
ote aggregation or disaggregation of HA constituent molecules.

hey are also helpful to establish the right dissolving conditions in
xperiments where HA solutions are prepared from purified and
olid HA samples.
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