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HIGHLIGHTS GRAPHICAL ABSTRACT

» Low pH and high ionic strength may
destabilize Fe-M suspensions.

» High concentrations of AH stabilize
suspensions of Fe-M.

» For all pH, steric and electrostatic
effects have an influence on Fe-M
stabilization.

» The steric effects are more important
at pH 4.5 and high ionic strength.

» The DLVO energy profiles support the
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ABSTRACT

Aggregation and disaggregation of particle colloids are one of the most important surface-driven
phenomena encountered in the aquatic and terrestrial environments and a key factor controlling a num-
ber of important environmental processes. This study investigates the effects of pH, ionic strength, and
humic acid concentration on the stability behavior of Fe(Ill)-montmorillonite, a natural colloid commonly
present in natural waters. Time-resolved dynamic light scattering was used to monitor the increase of the
aggregate size over time in the aggregation kinetics experiments. Aggregation rate, stability ratio, and
CCC (critical coagulation concentration) were calculated to quantify the experimental results, and the
DLVO theory was employed to explain the observed behaviors. The effect of humic acid on the colloidal
electrosteric stability was also investigated. This study demonstrates that low pH and high ionic strength
may destabilize Fe(Ill)-montmorillonite suspensions, while increasing humic acid concentrations has
the opposite effect, stabilizing the suspension at any pH. Comparing the steric and electrostatic effects
on the Fe-M stabilization, both have an important influence for all pH levels studied, although steric is
more pronounced at low pH and high ionic strength. DLVO energy predictions support the experimen-
tal results. The obtained results contribute to the understanding of the behavior of colloidal particles in
saline or freshwater natural environments as well as the role of humic acid in the mobility of contaminants
associated with natural colloids.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

media [1]. Both natural waters such as lakes and streams and
pore water found in sediments and soils contain natural colloids

The occurrence of natural colloids (particles with an effective
diameter of less than 10 pm) is very common in natural aquatic
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and dissolved ions. A variety of organic and inorganic materials
exist as colloids, including humic substances, “biocolloids” such
as microorganisms, mineral precipitates, and weathering products.
The occurrence of colloids may be detrital (contained in the original
parent geologic material) or authigenic (formed in situ through geo-
chemical alteration of primary mineral solids) [2]. Layer silicates,
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as well as iron and aluminum oxides, can be detrital in subsurface
sediments, while secondary hydrous oxides, silica, calcite and other
complex mixtures and solid solutions of theses phases are authi-
genic colloidal particles [2]. Regardless of their origin, dispersed
colloids can remain a stable suspension in water. Due to their small
size, they do not settle by gravitation. Furthermore, at the pH val-
ues of natural water, the particles are charged; so the electrostatic
interactions, the van der Waals forces, and the steric forces main-
tain the stability of the colloidal suspension. Any changes in such a
system with respect to pH, ion concentrations, or other factors may
destabilize the suspension. Besides, colloids have a large specific
surface area which makes them an important absorbent in natural
waters. Hence, their potential to affect and modify the transport of
many pollutants in natural aquatic systems is significant [1,2,3].

The colloidal mobility depends on its stability. To be mobile over
a distance and thus facilitate contaminant transport, suspended
colloidal material must be resistant to aggregation with other simi-
lar particles. Aggregation, the process of producing large aggregates
by collisions induced by interparticle motion, is an important pro-
cess which occurs among colloids. Although nanoparticles have
been recently the focus of the aggregation studies [4-8] the impor-
tance of the aggregation process has been documented during
decades [2,9-16]. Colloid stabilization is influenced by the parti-
cle mineralogy, surface charges, and by the extent of the electrical
double layer. According to the theory proposed by Derjaguin and
Landau, [17] Verwey and Overbeek [18], (DLVO theory), the sta-
bility of a homogeneous colloidal suspension is determined by
the balance between van der Waals attractive forces that pro-
mote aggregation, and by electrostatic repulsive forces that drive
particles apart. Studies have shown that aggregation causes rapid
deposition of suspended sediments in rivers and may change the
sediment transport properties, both in terms of the particle size
and flocdensity [19,20]. Another consequence of aggregation is that
fewer surface sites could be available for adsorption. Thus, aggre-
gation and disaggregation also impacts the sorption-desorption of
contaminants, and therefore in the transport in the aquatic media.

A number of studies have been conducted to evaluate the aggre-
gation behavior of natural colloids particles via dynamic light
scattering. Many of them involve experimental studies on the effect
of ionic strength, pH and organic matter in the aggregation of oxide
nanoparticles [5-8,21-25]. Fewer studies focused in the aggrega-
tion of clay minerals particles [26-30] and less in a theoretical and
experimental approach of the effects of humic acid on the aggrega-
tion of clays [16,31,32] or Fe(Ill) modified clays.

The goals of this study are to investigate the stability of a Fe(III)-
montmorillonite at different pH and ionic strength conditions, and
the effect of humic acid on its stabilization using dynamic light scat-
tering. A series of batch experiments were conducted to measure
the hydrodynamic size of Fe(Ill)-montmorillonite via dynamic light
scattering under a variety of experimental conditions. Aggrega-
tion rate, stability ratio, and critical coagulation concentration were
estimated using the experimental results, and the DLVO theory
was employed to explain the observed behaviors. Because sedi-
ment particle’s composition is mostly clay minerals, Fe/Mn (hydr)
oxide and organic matter which often exists as coating of clays, the
system Fe(Ill)-montmorillonite employed in this work is used with
the intention of representing the colloid behaviour of natural sedi-
ments particles. The obtained results may contribute to describe the
behavior of colloids particles in saline or freshwater natural envi-
ronments, as well as to understand the role that humic acid plays
in the mobility of contaminants associated with natural colloids.

2. Material and methods

All solutions were prepared from analytical reagent grade chem-
icals and purified water (Milli-Q system).

2.1. Fe(lll)-montmorillonite (Fe-M) and humic acid (HA) samples

The Fe-M sample employed was the same one used in previous
research [33,34,35]. 550 mL of a clear fresh solution were mixed
with 250 mL of a 2.2% Na-M dispersion in water, whose pH was
adjusted to 3.5 before the mixing. After 2 h of vigorous magnetic
stirring at this pH, a NaOH solution was added drop wise until pH
9. Once at pH 9, the dispersion was stirred for other 3 h and then
the solid was washed with water and dried at 60 °C for 3 days. The
chemical and mineralogical characteristics of the Fe-M obtained
were described elsewhere [33]. The solid had an iron content of
77.3mgg! and a specific surface area of 567 m2 g1, measured by
the methylene blue adsorption method [36]. More than 60% of the
total Fe(IIl) in this sample corresponded to interlayer/sorbed Fe(III)
as XRD pattern and Mdssbauer spectra indicated. The remaining
fraction was already present in Na-M (structural Fe). If some ferri-
hydrite was formed as an associated phase, it has not been detected
in the diffraction pattern [33].

HA suspensions were prepared from a Fluka humic acid (code:
1415-93-6), which had been previously purified according to the
methodology proposed by the International Humic Substances
Society [37]. Once the purification was completed, a concentrated
stock solution of 2gL~! was prepared by dissolving a weighted
amount of HA at pH 10 during 2 h. The HA stock solution was stored
in dark conditions at 5°C.

2.2. Aggregation kinetic measurements

The aggregation kinetics of the Fe-M and Fe-M-HA suspensions
was investigated by the time-resolved dynamic light scattering
(DLS) measurements (Delsa Nano 2.20, Beckman Coulter Inc.). The
equipment was operated at a controlled temperature (25+1°C)
and all light scattering experiments were conducted at 165° scat-
tering angle. Using DLS, the average hydrodynamic radius R}, of
the aggregates was measured as a function of time t. From the
diffusion coefficient, the Ry could then be calculated using the
Stokes-Einstein equation: R, = kgT/6nD where kg is the Boltz-
mann constant, T is the absolute temperature, and 7 is the viscosity
of the medium. The method of cumulants was used to extract
the average diffusion coefficient from the intensity autocorrelation
functions [31].

For the aggregation kinetics experiments, the increase of the
Ry with time was recorded. The initial change in particle radius
with time (the aggregation rate constant) is proportional to the
particle concentration [38]. It is difficult to determine the abso-
lute aggregation rate constants for the suspensions of nonspherical,
polydispersed particles, such as montmorillonite. However, aggre-
gation rates are often expressed in relative terms as the so-called
stability ratio, W, by normalizing them to the rate of fast aggrega-
tion. Therefore, for a series of suspensions having the same mass
concentration and the same initial particle sizes, W can be deter-
mined directly from the initial slopes of aggregation curves as:

~ [(dRy/d),_o/C1"
~ [(dR,/dt),__o/C]

where (dRy,/dt),__ ¢ is the initial change in particle radius with time
(innmmin~1), Cis the particle mass concentration (in mgL-1), and
(f) indicates the regime of fast aggregation, as explained below.
For each experiment, a dilute suspension containing
8.0-20.0mgL~! of Fe-M was prepared in a 0.01M NaNOs
electrolyte solution at the desired pH. The suspensions were
agitated to maximize particle dispersion. A subsample was then
quickly transferred into a glass cuvette; where R;, was monitored
for 40 min and a complete autocorrelation function was recorded
every 60s. Aggregation rate constants were calculated from

(1)
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the initial slope of the ratio between the hydrodynamic mean
radius and time, (dRy/dt),_ . Because of the lag time between
sample preparation (pH adjusted and agitation) and the first
measurement of R, was approximately 1-2min; a correction
scheme was implemented to include the initial aggregation values
in the analysis. Firstly, a simple kinetic equation was used to
fit experimental data. This process was performed only for the
purpose of simulating the kinetic aggregation curve, especially
in the initial stage of aggregation which is very rapid and where
less data were available. After that, the slope of the function was
extrapolated to the time where R}, is equal to the initial particle
size. This process is usually conducted over a time range from t=0
until the time at which Ry (t) reaches 1.25Ryq [22,27,39], where
Rno (=402 nm) is the initial hydrodynamic radius from the stable
Fe-M suspension, determined by DLS method. For all the cases
evaluated, the value of the hydrodynamic radius extrapolated
through the linear regression to t=0 is within 20 nm of Ryg [22,27].
In cases where extremely rapid aggregation takes place, especially
at higher electrolyte concentrations (0.04 and 0.05 M) and low pH
(pH<4.5), the regression analysis was performed to values greater
than 1.25 Ry (+~2.5Ry}g), and therefore more data are available to
calculate the initial rates.

The effects of suspension pH and ionic strength on the aggrega-
tion kinetics of Fe-M were studied by conducting experiments at
different pH (4.5, 7.0, and 9.0) in NaNOj3 solutions of varying ionic
strengths (0.01,0.02 and 0.04 M). Suspensions containing 20 mg L~!
of Fe-M were prepared and adjusted to the desired pH values by
appropriate additions of HNO3; or NaOH. The aggregation was fol-
lowed as described and the pH of the suspension was not corrected
during the experiment.

In addition, a set of experiments was conducted to establish the
initial slope of the aggregation curves in the regime of fast aggre-
gation. In this case, a suspension of Fe-M (20mgL-1) in 0.05M
NaNOs solution at pH 4 was prepared, and aggregation was mon-
itored as described above. The initial aggregation rate from these
experiments, obtained as was previously mentioned, was used to
calculate the stability for all other samples according to Eq. (1).

To investigate the influence of HA on the aggregation of Fe-M, a
suspension containing 20 mg L~ of Fe-M with 2, 10, and 20 mgL~!
of HA was prepared. The pH suspension was adjusted to 4.5, 7.0,
and 9.0 by additions of HNO3 or NaOH, and the ionic strength
was varied over the same range, as varied in the Fe-M aggregation
experiments.

2.3. Zeta potential ({)

The zeta potential measurements were carried out using
the Delsa Nano Size (Beckman) apparatus. Fe-M suspensions
(20mgL-1) were prepared by dispersing the samples in 0.01, 0.02,
and 0.04 M of NaNOs. The suspension pH was raised to approx-
imately 9 with NaOH, and the zeta potential measurement was
carried out. After that, the pH was slightly decreased with HNO;
and a new measurement was performed. This procedure was con-
tinued until the pH reached approximately 3.5. To investigate the
effect of HA on the zeta potential of Fe-M particle suspension, the
same procedure was repeated by preparing a suspension contain-
ing 20mgL-! of Fe-M with 2 and 20mgL-! of HA.

2.4. DLVO theory: particle-particle interaction energy

The DLVO theory [17,18] was applied in this study to provide a
theoretical framework to explain the aggregation behavior of the
Fe-M suspension under different ionic strengths and pH condition,
in the presence or absence of different HA concentrations. The total
potential energy of interaction is the sum of two contributions,

the electrostatic double layer repulsion (V,;) and van der Waals
attraction (Vypw ):

Vi = Ve + Vipw (2)

In the case of identical spherical particles (r{ =r, and &1 = {3),
low potential and large values of double layer thickness, the elec-
trical double layer repulsive energy [40] and the van der Waals
attractive energy [41] are expressed as the following:

V, = 2megore? In(1 + e~*He) (3)
A 1 1 X2 4 2x

Viow = — = 21In 4

W=D o Tl S 2t 1 )

The Eq. (4) is the complete Hamaker expression where x = H/2r,
A (J) is the Hamaker constant, H is the particle interdistance, r (m)
is the radius of particles, €gg is the dielectric permittivity of the
solution, and « (m~1) is the reciprocal double layer thickness. The
zeta potential of the charged particles, ¢, is assumed to equal the
surface potential [42] and, as an estimate value of particle radius,
the experimental value of R;, was used. The effective separation
(Hg) for the interacting particles is given by [41]:

He = H — 2s[m] (5)

where H is the particle interdistance and s is the Stern layer thick-
ness. A value of 0.1 nm was chosen, which could be estimated from
the half interdistance between plates of Fe(Ill)-montmorillonite in
water with a (dgo; ) basal spacing of 11.45 A [33], after subtracting
the alumino-silicate plate thickness of 0.95 nm [43].

The Hamaker constant (A) is an intrinsic property of the mate-
rial that the colloidal particles are composed, in the solvent that
are dispersed. It is indicative of the strength of long-range mutual
attraction between two small volumes of the material. In this study,
the value of 7.30E~21 ] was used, which had been previously pro-
posed for the face-to-edge montmorillonite surface interaction
[44]. Because clay aggregation is predominantly face-to edge, this
value is adequacy to be used in the calculation of the van der Waals
attractive energy.

The contribution of HA to the stabilization of Fe-M particles
was also investigated and modeled with a simple model of steric
stabilization. HA is expected to adsorb onto edge surface of Fe(III)-
montmorillonite, alters the physicochemical properties and thus
the interfacial forces/energies between them. It has been suggested
that HA might introduce a steric force [45] and a bridging force
[46,47] as well as perturb the van der Waals attraction [47]. Using
the Vold approach [48], the van der Waals energy of the spherical
particles of a given radius (r), bearing a homogeneous surface layer
of thickness (L) is given below:

| (AvA) (vaevA)
H

Voow = 73 H+ 2L

(VA=va) (VA Vo)

H+L (8)

+2

where Aw, As and Ap refer to the Hamaker constants of the water,
the surface layer, and the particle, respectively. Regarding the L
value, the average adsorbed hydrodynamic layer thicknesses of the
organic matter measured at the iron oxide surfaces was 1-2 nm
[23,49]; this layer thickness depends on the solution pH. According
to Au et al. [49], the value of 2 nm of layer thicknesses for pH 4.5
and 1 nm for pH 7.0 and 9.0 were used. As the Fe-M shows a similar
adsorption behavior than the iron oxides [33], the same values were
adopted here. Concerning the Hamaker constant of HA, the value
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estimated by Bergstrom et al. [50] for hydrophilic cellulose was
employed (3.7 E-20]). Considering that the cellulose is a long-chain
polymer, similar to HA, the value of Hamaker constant of cellulose
could well represent the value for HA. The same approach was used
by Séquaris [32].

It should be noted that the DLVO model has some limitations.
Much evidence indicates that even in a simple system, classical
DLVO theory is limited when attempting to describe the parti-
cle aggregation quantitatively; a sizable discrepancy still exists
between theoretical predictions and experimental observations [8].
Even when other forces (i.e.: hydration, structural, hydrophobic,
Born forces) are included in the model, the DLVO model does not
fully match the experimental data. Some other possibilities of dis-
crepancies are the dynamics of the interactions, surface roughness,
discreteness of surface charge or the surface potential, and associ-
ation in secondary minima [51]. This is why DLVO theory is seldom
applied to clay mineral [30-32,52]. However, the DLVO model is
widely used and applied to explain and predict the aggregation
and deposition behavior of colloids and nanoparticles in aquatic
environments [5-8,15,21,22,24,53]. In this work the DLVO model
is only used as a theoretical framework to interpret the changes in
the energy curves of Fe-M, related to the aggregation process under
different experimental conditions, and not to assess quantitatively
the aggregation of the Fe-M particles. That’s beyond the scope of
this work.

3. Results and discussion

3.1. Aggregation kinetics of colloidal aggregates of Fe-M: effect of
particle concentration, pH, and ionic strength

The aggregation kinetics behavior of Fe-M depends on the effect
of particle concentration, pH, and ionic strength. The effect of par-
ticle concentration was studied in order to evaluate the optimal
particle concentration to use in aggregation experiments at dif-
ferent conditions (see supplementary material, SMI). The results
obtained demonstrate that an increase in the particle concentration
leads to a faster growth of aggregates, as indicated by an increase in
Ry, with time. To obtain the initial rate of aggregation, a linear least
squares regression analysis was conducted, as was mentioned in
Section 2.2. A significant change in the hydrodynamic radius with
time was obtained for the highest concentration (20 mgL-1), so this
concentration was selected for all of the experiments (see SM1).

Fig. 1a shows the pH-dependent aggregation rate of Fe-M at
0.01 M NaNOs, At pH higher than 7, the initial rate of aggregation
seems to be very similar, as the change in the hydrodynamic radius
is almost the same (see SM2). As pH decreases, an increase in the
hydrodynamic radius (and aggregation rate) is observed and aggre-
gation of Fe-M is favored. This enhancement is important until pH
3. For pH < 3, the initial aggregation rate increases slowly (Fig. 1a),
and the aggregation kinetic curve shows little change between pH
3 and 2.5 (see SM2). At very low pH (i.e: pH 2.5-3.0), the montmo-
rillonite particles may dissolve [54], so that pH 4.0 was selected to
obtain the rate of coagulation of Fe-M in the regime of fast aggrega-
tion (see next section). The aggregation behavior can be explained
by the different nature of the surface charges that Fe-M was able
to develop. As Fig. 1b shows, at all points of the studied pH range,
the Fe-M has a dominant negative structural charge, present on
the basal faces of Fe-M platelets. Only at pH lower than 5.0, a small
decrease in zeta potential is observed, but the net charge remains
negative. This slight decrease in zeta potential is a consequence of
the pH-dependent surface charge on the edges. Although the devel-
opment of a positive charge on the surface of the edges produced
a little change in the negative net charge of Fe-M, this change was
enough to generate some aggregation. Positively charged edges and
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Fig. 1. (a) Initial aggregation rate as a function of pH, for Fe-M samples dispersed at
0.01 M NaNOs. Solid concentration: 20 mgL-'. (b) The zeta potential as a function
of pH, for Fe-M samples dispersed at 0.01 M NaNOs.

negatively charged faces of Fe-M could attract each other, resulting
in the edge-to-face aggregation by electrostatic and van der Waals
attractive interaction. When the suspension pH is increased above
pH 6, the Fe-M surfaces are predominantly negatively charged
and therefore edge-to-face aggregation by electrostatic attraction
is no longer favorable; thus Fe-M particles are electrostatically
stabilized. Under this situation, it would be expected that a con-
centration of electrolyte greater than 0.01 M is required to produce
a face to face aggregation.

To investigate the effect of ionic strength in aggregation, the
same experiment was conducted at a higher electrolyte concen-
tration (0.02 and 0.04 M NaNOs). The aggregation kinetic curves
clearly show that the initial aggregation rate (and the change in the
R;,) increase with electrolyte concentration (see SM3). The increase
in aggregation with electrolyte concentration also depended on
pH and, as seen with 0.01 M NaNOs this dependence is similarly
correlated with surface charge (see SM4).

3.2. Stability ratio and critical coagulation concentration

The stability ratio for each experiment at different ionic
strengths is shown in Fig. 2. The solid line represents fast aggre-
gation (W=1) and was determined for Fe-M suspended in 0.05M
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Fig. 2. Dependence of ionic strength on stability ratio (W) at pH 4.5 (solid circles),
7.0 (solid triangles) and 9.0 (open circle). The fast aggregation rate (W= 1) was deter-
mined experimentally as the aggregation rate of Fe-M suspended in 0.05 M NaNOs3
at pH 4.0.

NaNOs at pH 4. At such a high electrolyte concentration the sur-
face charge is well-screened, so every particle collision results in an
attachment and W=1. At lower electrolyte concentrations, where
fast aggregation is not produced, the colloidal stability increases.
As mentioned previously, the higher stability was obtained at pH
9.0in 0.01 M NaNOs. Thus, to produce a well-dispersed suspension
of Fe-M, the optimal required conditions are a low ionic strength
and a high pH value.

The critical coagulation concentration (CCC) can be determined
from the graphic of log;¢ W as a function of log;gofelectrolyte con-
centration [55]. This graph consists in two intersecting straight
lines, which represents two distinct regimes: reaction and diffusion
limited regimes. The CCC can be obtained by determining the inter-
section point between these regimes. It is noteworthy here that
other experiments were carried out at higher ionic strength (e.g.:
60 mM). However, there was a large scatter in the data obtained (the
upper limit of the equipment used for determining the particle size
is 6000 nm-diameter). For the experiments performed, these two
regions could not to be distinguished (Fig. 2) ; therefore the CCC
value was obtained by extrapolating the value of the electrolyte
concentration for which W=1 (Fig. 2). According to the experimen-
tal results, the CCC values obtained for Fe-M at each pH studied are
55, 64, and 71 mM for pH 4.5, 7.0, and 9.0 respectively. The CCC
values obtained in this study are of the same order of magnitude as
the values obtained for other similar montmorillonites, informed
by other authors. Tomback and Szekeres [56] obtained values of 25,
52 and 97 mM for a Na-M in NaCl at pH 4, 6 and 8.5 respectively.
Golberg et al. [57] found a slightly lower value (32 mM) for a Na-M
at pH 9, similar than the value obtained by Lagaly and Ziesmer [58]
(20mM) at pH 6.5. By using a kinetic aggregation method, Garcia
et al. [30] obtained a value of 0.7 M at pH 8, which is higher than
the value obtained in this study.

As mentioned above, the effect of ionic strengths on aggrega-
tion is related with a well-screened surface charge that promotes
aggregation. At low pH values, attractive electrostatic forces
predominate and edge-to-face aggregation is produced. As pH
increases, edge surface is negatively charged and edge-to-face
aggregation is limited, and the dispersion is electrostatically stabi-
lized. When the electrolyte concentration is increased, the negative
surface charge of Fe-M could be well-screened; the thickness of the

3.0
27 F
24t
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g 21
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2 st
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R =0.9968
1.5
y=-0.69x +3.6
R*=0.9997
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Fig. 3. Initial aggregation rate vs. the thickness of the double layer. Solid circles: pH
4.5, solid triangles: pH 7.0 and open circles: pH 9.0.

double layer is reduced and the face-to-face or edge-to-face aggre-
gation is promoted. This effect is displayed in Fig. 3. Here, the log
values of the initial aggregation rate (logv,) appear to be linearly
dependent on the thickness of the double layer (k). The relation
between them seems to be very similar for pH levels of 7.0 and 9.0,
while for pH 4.5 is less intense. These differences are related to the
conditions that the system has for each pH; low pH is not entirely
dispersed (in 0.01 M NaNOs), while the system at pH 7.0 and 9.0
was well dispersed.

3.3. Effect of pH and ionic strength on the stability of Fe-M:
analysis with the DLVO theory

The DLVO theory was employed to explain the changes in
the total potential energy of Fe-M particles, and their interaction
under different conditions. Short-range forces, such as the Born
and hydration forces, are not taken into account, as they are sig-
nificant only at distances shorter than the position of the maxima
displayed by the balance between the electrostatic and the van der
Waals energies [55]. As was mentioned, the spherical geometry was
used to approximate the shape of the Fe-M particles. Prior to mak-
ing this approach, the corresponding equations describing the van
der Waals interaction between two plane surfaces was attempted
[55]. However, the DLVO energy profiles obtained do not depict
the experimental results (i.e.: the net interaction energy obtained
was always attractive, whatever the pH evaluated). Garcia et al.[30]
also mentioned that if using planar geometry, the DLVO theory fails
to describe previous experimental observations on the montmoril-
lonite system, which can be excellently reproduced using spherical
geometry. Therefore, the approximation of a spherical geometry
has also been adopted here.

In order to simulate the general trend of the experimental
aggregation data, the theoretical stability ratio (or the attachment
efficiency, a) could be calculated using the DLVO theory and then be
compared with the experimentally obtained value. Some authors
use this approach [6,59]. When the system is relatively monodis-
persed, DLVO theory can explain the experimental values [6,59].
However, in many other cases, predictions are different from the
measured values [60]. Hahn and O’Melia [60] used a Maxwell
approach to estimate the particle collision efficiency. They pointed
out that predictions of the attachment efficiency are many orders
of magnitude smaller than measured values, and that the inclu-
sion of hydration, structural, hydrophobic, Born, or other forces in
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modeling does not fully correct the predictions. The authors men-
tioned that other possibilities, such us the dynamics of the interac-
tions, surface roughness, discreteness of surface charge or surface
potential, and association in secondary minima may be responsible
of the discrepancy between theoretical and experimental values.
This seems to be the situation for the Fe-M particles, where the
attachment efficiency predictions are smaller than the experimen-
tal values. Therefore, as noted above, DLVO profiles obtained in this
study were used only for the purpose of qualitatively explaining and
describing the aggregation of particles of Fe-M. Bearing in mind this,
the DLVO energy profiles for Fe-M-Fe-M particle interactions as a
function of solution pH and ionic strength are shown in Fig. 4. As a
general feature, the total interaction energy profiles presents a deep
attractive primary energy minimum (® ;) of theoretically infi-
nite depth at short separation distances (not shown here), a primary
repulsive energy maximum (®pax) at a larger separation distance
and a comparatively smaller attractive secondary energy minimum
(Pomin) at an even larger separation distance. The energy barrier,
which is used to estimate stability, refers to the difference between
D max and Dy in [16,60,61]. Particles that overcome the energy bar-
rier will aggregate irreversibly with other particles in the deep pri-
mary energy minimum, at a short separation distance (<3 nm). The
secondary minimum, in which weak aggregation is possible, can
occur at a larger separation distance. DLVO profiles shown in Fig. 4
clearly illustrate that the attractive interaction increases markedly
with ionic strength and low pH values; the particles become
attracted to each other, so the colloid turns unstable. In addition,
for pH 4.5 at 0.04 M NaNOs,an effective low ®nax height (1.7 kT)
for coagulation can be obtained. Under solution conditions where
®nax is lower than the average thermal energy of particles (1.5 kT),
an effective coagulation of the Fe-M particles can be expected [61].
However, the hallmark of all Fe-M-DLVO profiles is the presence
of the secondary minimum. It could be also observed in Fig. 4 how
the magnitude of the secondary minimum is enhanced, when the
ionic strength and pH increases. The energy barriers observed for
all the conditions are very high (above 10KkT) preventing aggre-
gation into the primary energy minimum [61]. Therefore, the
secondary energy minimum should control colloid aggregation in
this system.

Hahn et al. [62][62 and references therein] explained how the
aggregation can occur in the primary or secondary minimum,
depending on the particle size of the colloid particle. For particles
less that a few tens of nanometers in diameter, the aggregation
occurs in primary minimum. For particles larger, stability decreases
with increasing particle size and the aggregation occurs in the sec-
ondary minimum. The R}, of Fe-M in the stable condition is large
enough to justify that the association in the secondary minimum
may occur. In general, colloids that associate in the secondary
minimum are considered reversibly attached, when the secondary
energy minimum (®5,i,) is comparable to the average Brownian
kinetic energy [62]. This means that, if the energy barrier height
is higher than 10 kT and the particles have enough kinetic energy,
they could be aggregated in the secondary minimum and then be
disaggregated again. Under these conditions the process is readily
reversed. For the Fe-M particles, the value of the secondary energy
minimum is higher than the average particle Brownian kinetic
energy, suggesting that the attraction within the secondary min-
imum was not reversed.

The relationship between ®max, Po1in and ionic strength is dis-
played in Fig. 5. In any of the pH and ionic strength ranges studied,
not a linear relationship is observed. The energy barrier decreases
slowly as the ionic strength increase, but starting at 0.04 M the
interaction energy falls fast until reaching the zero ®n,,x energy.
This energy value is corresponds to the CCC value, where the fast
aggregation process occurs and the interactions between colloids
are attractive at any separation distance. Fig.5 shows that the ® .«
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Fig. 4. DLVO interaction energy profiles for suspensions of Fe-M at pH 4.5 (a), 7.0
(b) and 9.0 (c). Solid line: 0.04 M NaNOs; dash line: 0.02 M NaNOs; dot line: 0.01 M
NaNOs.

energy of Fe-M at pH 4.5 and 0.04 M is very low and close to CCC
conditions, and the transition from the slow to fast aggregation
requires an increase of ionic strength. A similar behavior is dis-
played in the Fe-M particles at pH 7.0 and 9.0, but in these cases
the decrease in the interaction energy seems to be less pronounced
due to the improved stability conditions of the system at higher pH
values.

Considering all the above, the following assumptions can be
made: under at all conditions evaluated, the energy barrier is not
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Fig. 5. Dependence of energy barrier with ionic strength for pH 4.5 (solid circles) ;
pH 7.0 (solid triangles) and pH 9.0 (open circles).

high enough to produce aggregation in the primary minimum.
Hence, the secondary energy minimum controls the aggregation
process for the Fe-M particles. Besides, the secondary energy mini-
mum value suggests that this process is not reversed. In view of the
above, it is possible to assume that the aggregation rate of the ini-
tial Fe-M particles is always high enough to produce several small
aggregate nuclei, irreversibly on the secondary minimum. How-
ever, the particles have enough potential energy to maintain stable
the suspension and not coagulate. Then, when pH or ionic strength
is strongly modified, these small nuclei aggregates may aggregate
further, resulting in the coagulation of the suspension.

It is worth noting that the application of the DLVO model to
the prediction of the clay colloidal stability at pH 4.5 implies some
uncertainty [63]. At pH <6.5, the layers and the edges are opposite
signs and aggregation effects between edges and faces are respon-
sible for lower stability. Since the absolute value of the charge
developed at the edges of the particle is much smaller than the
permanent negative value, it can only induce a very small variation
in the magnitude of the zeta potential. The magnitude of the pH-
dependent charge is very small compared to that of the permanent
charge, so in the DLVO model its effects can be observed, but only
slightly.

3.4. Effect of HA on the colloidal stability of Fe-M: experimental
and DLVO prediction

The effect of HA on Fe-M aggregation as a function of solution
pH and ionic strength was evaluated. Data for aggregation rates
at pH 4.5, 7.0, and 9.0 and for 0.01 M NaNOs are present in SM5.
Small amounts of HA in the Fe-M suspension result in a decrease of
aggregation rates. This effect is more intense at pH 4.5 (see SM5),
where the suspension is less stable. For all pH values, the addi-
tion of 2mg L1 produces a decrease in the aggregation rates, while
amounts of 10-20 mg L~ almost doesn’t change the colloidal sta-
bility, since the R, (and the aggregation rate value) obtained at pH
4.5 are close to the values obtained at pH 9.0, in absence of HA (see
Fig. 1). This effect is more pronounced at higher ionic strengths (not
shown here). For pH 7.0 and 9.0, the effect of HA on aggregation was
less important.

It is well known that humic substances are negatively charged
polyelectrolyte with predominantly carboxylic and phenolic type
functional groups. Because they are negatively charged at all pH,
its adsorption onto oxides and clays is depended on pH, increasing
as pH decrease [64]. HA adsorption affects particle stability in two

principal ways. First, it modifies the effective interfacial charge and
thus the magnitude and possibly signs of the electrostatic inter-
actions between the surfaces. Second, steric barriers (due to the
large size of HA molecule) which prevent interparticle approaches
and diminish the impact of attractive van der Waals interactions
[22]. Stericrepulsion is dominant at very small separation distances
(<10nm), at high ionic strength, as well as at pH values near the
pHpzc when electrostatic repulsion is absent or minimal [65].

The degree to which HA adsorption alters particle stability is
dependent on the solution chemistry and the characteristics of the
particle and the HA molecule. Under acidic conditions, the adsorp-
tion of HA to the edges of Fe-M particles can cause changes in the
net surface charge; the protonated surface of the edges reverses its
positive charge to negative. This effect can barely be observed in the
zeta potential data in presence of different HA concentrations at pH
7.0 and 9.0, but is more evident at pH 4.5 (see SM5). As a result of
this adsorption, edge-to-face aggregation is prevented. The electri-
cal charges of attached HA screen the attraction; thus the colloidal
stability is increased due to the electrostatic stabilization produced
by the reversal of the edge positive charge.

The steric stabilization of colloids due to the adsorption of HA
molecule have been also investigated and modeled [24,26,32]. To
evaluate the significance of the steric stabilization for the Fe-M sys-
tem, a simple model was applied [48]. The model takes into account
the effect of the bearing surface layer thickness of the HA attached
to the Fe-M particles.

Fig. 6 shows the DLVO energy profiles for the Fe-M-HA parti-
cles’ interactions as a function of solution pH and ionic strength in
the presence of HA. For comparative purposes, only the data for 2
and 20mgL-! of HA added and 0.01 and 0.04 M NaNOj3 has been
plotted. In all studied cases, the stabilization occurs and the sys-
tem becomes more stable with higher values of energy barrier, in
contrast to those results obtained in absence of HA (Fig. 4). The
increase in stability is more important for pH 4.5 at 0.04 M NaNOs,
where the suspension stability is very low and very near to the con-
dition of fast aggregation. For pH 7.0 and 9.0, the addition of HA did
not increase the Fe-M stability as much, since the energy barriers
were large enough to maintain the stability of the suspension. In
terms of energy interactions, the increased electrostatic repulsion
between particles, due to the adsorption of HA, results in higher
repulsive energy barriers and in shallower attractive secondary
minima.

Comparing the steric stabilization due to adsorbed HA with the
electrostatic effect in stabilizing the Fe-M suspension, HA absorbed
has an important influence at any pH studied, although it is more
important at pH 4.5 and higher ionic strength (i.e.: at pH 4.5 and
ionic strength of 0.04 M the steric stabilization is more important
than the effect of reducing only the ionic strength from 0.04 to
0.01 M). Less influence has at 0.01 M; under such conditions the
system is already stable and the addition of HA does not increase
so much the stability of the system. However, for the three pH levels
studied, the suspension of the Fe-M reached similar values of the
total interaction energy due to the combination of both factors,
so the same stability could be achieved suggesting that the Fe-M
reached the most stable colloidal conditions.

It is worth mentioning here that, beyond 5nm distances
between the Fe-M particles the second minimum is also present.
As was mentioned above, this secondary minima is shallower
as the HA diminish the attractive interaction. However the sec-
ondary energy minimum value is still high enough to produce an
irreversible aggregation in the secondary minima.

Fig. 7 shows the increase in CCC values as the amount of HA
increases. As previously noted, for the higher amounts of HA added
to the system, the CCC values obtained for the three pH studied
are very similar, indicating similar states of stability under these
conditions.
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4. Conclusions and environmental implications of particles
aggregation

The aggregation kinetics of Fe-M particles under different levels
of organic matter, ionic strengths and pH conditions were inves-
tigated through experimental techniques and DLVO calculations.
This study demonstrates that low pH and high ionic strength may
destabilize Fe-M suspensions by altering the surface charge, which
results in a minor energy barrier which must be overcome and
a deeper secondary minimum energy. HA has an opposite effect,
stabilizing the Fe-M suspension at any pH. The stability of the sus-
pension for the three pH levels studied increases as HA increases
until reaching a maximum of level of stabilization, where the con-
centration needed to produce aggregation is almost the same. The
concentration effect of HA has further been proved via the observ-
ing the change of the energy barrier in DLVO profiles, when the
concentration of HA is increased. When comparing the steric and
electrostatic effects on the Fe-M stabilization, both have an impor-
tant influence for all pH levels studied, although steric is more
pronounced at pH 4.5 and high ionic strength.

To a large extent, the transport of common environmen-
tal pollutants occurs through water, either directly as dissolved
compounds, or by using suspended materials as vectors. Soils, sed-
iments and water bodies contain solid and dissolved matter which
can be powerful geo-adsorbents. Environmental factors such as
pH and ionic strengths, together with the physical-chemical prop-
erties, structure and concentration of such geo-adsorbents may
determine whether pollutans are bound within or transported out
of soils and sediments. Fe-M is a natural colloid which is commonly
present in natural waters. All of these factors influence its adsorp-
tion capacity, but its ability to transport pollutants over distances
canalsodepend onits stability. The results obtained show that at pH
7.0 and 9.0 (pH range of natural water) the Fe-M particles are stabi-
lized. Under more acidic conditions, edge-to-face aggregation could
be occurring, causing two main effects: (1) particles may set down
and therefore stop their transport over distances; (2) surface groups
that could adsorb contaminants are blocked. Experimental data and
predictions also show that the presence of an HA layer with an aver-
age thickness of about 1-2 nm can produce a steric stabilization of
dispersed Fe-M particles. This means that not only surface-coating
stabilized clay minerals but also blocked surface sites available for
adsorption. On the other hand, an increasing salt concentration may
ignite the Fe-M aggregation. This process typically occurs when
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river water reaches the high salt concentrations of the sea. For our
system, a concentration of 55 mM, 64 and 71 mM for pH 4.5, 7.0 and
9.0 are necessary to produce coagulation of Fe-M particles. These
values are commonly found in naturally saline médiums.
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