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Abstract—Critical-zone reactions involve inorganic and biogenic colloids in a cation-rich environment.
The present research defines the rates and structure of purified Mg-montmorillonite aggregates formed in
the presence of monovalent (K+) and divalent (Ca2+, Mg2+) cations using light-extinction measurements.
Time evolution of turbidity was employed to determine early-stage aggregation rates. Turbidity spectra
were used to measure the fractal dimension at later stages. The power law dependence of the stability ratios
on cation concentration was found to vary with the reciprocal of the valence rather than the predicted
reciprocal of valence-squared, indicating that the platelet structure may be a factor influencing aggregation
rates. The critical coagulation concentrations (CCC) (3 mM for CaCl2, 4 mM for MgCl2, and 70 mM for
KCl) were obtained from the stability ratios. At a later time and above a minimal cation concentration,
turbidity reached a quasi-stable state, indicating the formation of large aggregates. Under this condition, an
approximate turbidity forward-scattering correction factor was applied and the fractal dimension was
determined from the extinction spectra. For the divalent cations, the fractal dimensions were 1.65 � 0.3 for
Ca2+ and 1.75 � 0.3 for Mg2+ and independent of cation concentrations above the CCC. For the monovalent
cation, the fractal dimension increased with K+ concentration from 1.35 to 1.95, indicating a transition to a
face-to-face geometry from either an edge-to-edge or edge-to-face orientation.

Key Words—Aggregation Rates, Critical Coagulation Concentration, Fractal Dimension, Montmor-
illonite, Smectite, Stability Ratio, Turbidity.

INTRODUCTION

The aggregation of colloidal clay particles is of

widespread interest to industry and terrestrial ecology.

Remediation applications often depend on manipulating

conditions that lead to clay aggregation and aggregate

stability (Kornilovich et al., 2005; Ravera et al., 2006).

In the critical zone and in ecologic setting, clays play an

important role in the interaction of inorganic nutrients,

RNA, and proteins with dissolved organic compounds,

soil clots, and other components of natural systems

(Lagaly, 2006). The ubiquity of dissolved cations in the

environment is a pivotal factor to understanding the

aggregation rate, specific structure, and overall cohe-

siveness of aggregates and, therefore, dictates sequestra-

tion rates of suspended and dissolved species into

sediment beds.

During aggregation, colloidal particles form a mass

fractal structure (Meakin, 1983) at a rate determined by

the potential barrier between particles. In the DLVO

model (Derjaguin and Landau, 1941; Verwey and

Overbeek, 1948), the potential is the sum of the

attractive van der Waals potential and the repulsive

Coulomb potential. The Coulomb potential, C, decreases

exponentially with distance, x, from the platelets, i.e.

C ! exp(–kx), where k is the Debye-Hückel parameter

and 1/k is a measure of the double layer thickness

(Hunter, 1993). The thickness of the electrical double

layer is inversely proportional to the cation valence and

the square root of the cation concentration (Luckham

and Rossi, 1999). In distilled water or at low electrolyte

concentrations, the charged double layer extends for

several tens of nanometers and the energy barrier is

much greater than kBT where kB is the Boltzmann

constant and T is the absolute temperature. In order to

aggregate, particles must overcome this energy barrier

and, therefore, multiple collisions are necessary for

particle adhesion. This regime is referred to as reaction

limited colloidal aggregation (RLCA) or slow aggrega-

tion. At elevated cation concentration the double layer

thickness decreases causing the potential barrier to also

decrease, thus augmenting the probability of particle

cohesion. At sufficiently high cation concentrations, the

energy barrier disappears and every collision results in

particle adhesion. This is the diffusion limited colloidal

aggregation (DLCA) or fast aggregation regime. The

concentration at which the energy barrier disappears is

referred to as the critical coagulation concentration

(CCC). The Schulze-Hardy rule predicts that the CCC

varies with the valence of the coagulating ion raised to

the sixth power (Hunter, 1993).

Smectites are highly reactive, expandable, negatively

charged, hydrous 2:1 layered phyllosilicates; mont-
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morillonite is the common dioctahedral smectite

(aluminous) clay mineral. While the theory for cluster-

ing within colloids is well understood, aggregate

formation within clay minerals is less well defined and

the derivation of accurate aggregation rates remains a

challenge. In fact, van Oss et al. (1990) applied

electrophoresis measurements to determine that DLVO

theory does not adequately describe the flocculation of a

smectite in NaCl solution and that polar forces must be

included to explain the data for smectite. Individual

clay-mineral platelets are conceptually assumed to be

disk shaped with diameters of several hundred nm and

thicknesses up to 5 nm (Plaschke et al., 2001; Tournassat

et al., 2003; Ploehn and Liu, 2006). Platelet edges have a

pH-dependent positive charge while the faces are

negatively charged. This distribution of charge influ-

ences the structure of the aggregates and makes

aggregation rates strongly dependent on cation valence

and concentration. Three modes of smectite flocculation

are possible (van Olphen, 1977; Keren and Sparks, 1995;

Luckham and Rossi, 1999): (1) edge-to-face (E-F)

aggregates in which the edge of a platelet associates

with the face plane of another platelet; (2) face-to-face

(F-F) aggregates formed by the association of parallel

planes of platelets; and (3) edge-to-edge (E-E) aggre-

gates formed by association of platelets along their

edges. E-F aggregation occurs at lower cation concen-

tration while at greater cation concentration F-F

aggregation dominates (Stawiński et al., 1990; Keren

and Sparks, 1995).

The aggregation kinetics and the role of electrolytes

and/or pH in aggregation have been investigated for

different clay minerals, including kaolinite, smectite,

and illite (Ferreiro and Helmy, 1974; Novich and Ring,

1984; Goldberg and Glaubig, 1987; Stawiński et al.,

1990; Goldberg et al., 1991; Pierre and Ma, 1999;

Derrendinger and Sposito, 2000; Tawari et al., 2001;

Lagaly and Ziesmer, 2003; Berka and Rice, 2004, 2005;

Morris and Żbik, 2009; Nasser and James, 2009). In each

of the studies listed, some aspect of CCC, fractal

dimension, and sticking probability has been examined,

though these studies have not applied turbidity measure-

ments to ascertain aggregation rates and aggregate mass

fractal dimension. In natural systems where clay

minerals are suspended in complex solutions containing

salts, organic compounds, and microbes, aggregation

kinetics may have significant implications for carbon

storage and pollutant transport (e.g. von Wachenfeldt et

al., 2009; Bouchelaghem and Jozja, 2009). Time-

resolved optical measurements allow one to probe the

dynamics of clay colloidal stability for different

environmental scenarios. Turbidity measurements pro-

vide information as to aggregate size, fractal dimension,

and aggregation rates.

In the work presented here, the influence of Ca2+,

Mg2+, and K+ cations on smectite flocculation were

investigated over two time frames. At an early time,

flocs were much smaller than optical wavelengths (kr << 1,

where k = 2p/l is the optical wavenumber and r is the

aggregate radius) and forward scattering can be ignored

(g & 0, in equation 5). In this situation, the turbidity t
! N, where N is the number of primary particles per

aggregate (Berry and Wills, 1986) and is also linear in

time, leading to estimates for aggregation rates from the

slope of dt/dt. At later times, when flocs were large

(kr >> 1), the forward scattering correction factor lent

itself to an approximation which allowed the fractal

dimension to be extracted from the wavelength depen-

dence of the turbidity.

MATERIALS AND METHODS

Accofloc1 montmorillonite

A high-purity Na-montmorillonite (referred to by the

commercial name ‘Accofloc1’ and with the chemical

formula: (Na,Ca)0.33(Al1.67Mg0.33)Si4O10(OH)2n(H2O);

American Colloid Company, Arlington Heights,

Illinois, USA) was processed as described below to

obtain <0.2 mm clay particles and made homoionic with

Mg2+ using the cation substitution technique described

by Moore and Reynolds (1997). The Accofloc1 was

initially washed in 5% sodium hypochlorite (bleach) to

remove organic contaminants and then triple washed in

distilled water to rinse out the bleach. Large particles

and non-clay minerals were removed by centrifugation at

3600 rpm (2700 g) for 20 min. This process resulted in

the elimination of particles >0.2 mm (Moore and

Reynolds, 1997; Środoń, 2006) and the supernatant

comprising the <0.2 mm size fraction was collected for

further optical analysis. The purified clay mineral was

suspended in 0.1 M MgCl2 overnight and centrifuged at

1300 rpm for 30 min and rinsed in distilled water 8�10

times. Two drops of AgNO3 were added to the

suspension after the rinses to verify that all chloride

had been removed. The suspension was then autoclaved

to ensure sterility. The concentration (w/v) of the stock

suspension was 3.1 g/L in the MgCl2 and CaCl2
experiments and 2.2 g/L in the KCl experiments, as

determined by light extinction and confirmed by drying

and weighing. Visual inspection of the Accofloc1

suspension confirmed the absence of noticeable aggre-

gation during storage.

Light-extinction measurements

Light-extinction measurements were performed by

first preparing suspensions of KCl, CaCl2, and MgCl2 in

distilled water. Salt concentrations ranged from 0.2 mM

to 1000 mM. Two mL of salt solution was placed in a

1 cm path-length quartz cuvette and the transmission

integrated for 60 s to provide a reference signal. Next,

0.5 mL of Accofloc1 suspension was added to the

cuvette and the post-mixing transmission measured over

a time period of 3000 s. This procedure resulted in a

five-fold dilution of the Accofloc1 and a 0.8-fold
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dilution of the salt solution. The Accofloc1 concentra-

tion was sufficiently dilute so as to be in the single

scattering region. Addition of the salts had no significant

effect on the pH, which remained neutral. Specimens

were illuminated by a halogen lamp coupled to an

optical fiber. The transmitted light was collected by a

second fiber coupled to a spectrometer (Ocean Optics)

and computer. A 1 mm aperture was placed on the

collection fiber coupler which was located 5 cm from the

sample. This geometry limited the collection solid angle

to 0.001 sr (steradian). A magnetic stirrer was used to

prevent settling of the clay mineral aggregates during

data collection. Experiments were performed at room

temperature (20ºC) and at pH = 7. Spectra were

integrated for 1 s intervals and each spectrum was

saved separately. Spectra were analyzed in the 420 to

950 nm range, a region in which the Accofloc1 optical

absorption was negligible and light extinction was due

entirely to scattering. The lack of structure in the

extinction spectrum of Accofloc1 in distilled water

(not shown) confirmed that absorption is negligible at

the wavelengths used in the data analysis (Banin and

Lahav, 1968).

RESULTS AND DISCUSSION

Turbidity and aggregation

The early stages of clay mineral aggregation can be

described by a bimolecular reaction process in which the

kinetics is dominated by joining of individual particles

(Garcı́a-Garcı́a et al., 2006, 2007): N’ + N’ ? N2’. The
rate equation can be written as:

dN 0ðtÞ
dt

¼ �KN 02ðtÞ ð1Þ

where N’(t) is the particle concentration and K is the

aggregation rate per particle concentration. Integration

of equation 1 gives:

1
N 0ðtÞ ¼

1
N 0

0
þ Kt ð2Þ

where N’0 is the density of particles at t = 0. The average

number of primary particles in an aggregate is N =

N’0/N’(t) and thus

N(t) = 1 + KN’0t (3)

From equation 3, in this early growth region,

aggregate growth is linear in time (Puertas and Nieves,

1997; Kobayashi and Ishibashi, 2011).

Colloidal aggregates form a mass fractal structure in

which the number of primary particles per aggregate is

proportional to rDf where Df is the fractal dimension of

the aggregate and r is the aggregate radius of gyration.

In the DLCA regime, aggregates have a fractal dimen-

sion in the range of 1.7 to 1.9, while in the RLCA

regime, the fractal dimension ranges from 2.1 to 2.3 (Lin

et al., 1989, 1990a, 1990b). Static light scattering

techniques are frequently employed for measuring Df

(Sorensen, 2001). Recently, broadband light scattering

was demonstrated to be useful in the investigation of

Df (t) with ~1 s time resolution (Alimova et al., 2009).

Both aggregate size and fractal dimension could be

obtained from the spectral dependence of the turbidity in

light-extinction measurements. The advantage of turbid-

ity measurements over angle-resolved scattering spectro-

scopy is the potential to determine the aggregate size and

related growth rates as well as the fractal dimensions of

aggregates. The turbidity (t) for a system of colloidal

aggregates was given by (M. Xu, in prep.):

t ¼N 0NLc0k4a6
2N

ðDf � 1ÞðDf � 2Þ
1

ðkrÞ2

1� ð1þ ðkrÞ2Þ1�Df =2 cos ðDf � 2Þ arctanðkrÞ� �h i
ð4Þ

where L is the optical path length; c0k
4a6 is the scattering

cross-section of a single platelet; a is the effective primary

particle radius; Df is the fractal dimension of the

aggregate; and r is the radius of the aggregate. Note that

N’N is the number density of clay platelets and is a

constant for each individual experiment.

The large extent of forward scattered light from clay

mineral aggregates requires a correction to the Beer-

Lambert law (Spinrad et al., 1978; Wind and Szymanski,

2002). The correction factor depends on the aggregate

size as larger particles exhibit greater forward scattering.

The turbidity correction factor, g, is given by equation 5,

below, where Is is the total scattered light intensity and y
is the beam divergence. The relationship between the

true transmitted intensity, IT, and the measured trans-

mitted intensity, IM, is given by:

IT ¼ IM � gI0
1� g

ð6Þ

where Io is the source intensity. The turbidity corrected

for forward scattering is given by:

t ¼ ln
IT
I0

8>:
9>; ¼ ln

IM
I0
� g

1� g

8>>>:
9>>>; ð7Þ

g ¼ IsðyÞ
Is

¼
1� 1þ ðkrÞ2 sin2ðy=2Þ

h i1�Df =2
cos ðDf � 2Þ arctan kr sinðy=2Þð Þ� �

1� 1þ ðkrÞ2
� �1�Df =2

cos ðDf � 2Þ arctanðkrÞ� � ð5Þ
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Turbidity: three cases

Coagulation with three cation species, Ca2+, Mg2+,

and K+, was investigated. The coagulation dynamics in

all experiments was divided into temporal subsets

reflective of different aggregation states, i.e. linear

growth and quasi-stable end point. Turbidity plots at l
= 650 nm for typical low, medium, and high concentra-

tions of CaCl2, MgCl2, and KCl (Figure 1a�c) for 3000 s

illustrate the transformations between the linear and

rapid growth regions. The case of Mg-montmorillonite

in distilled water is shown in Figure 1a.

For each cationic species, measurements fell into

three groups: non-aggregating, slow-aggregating, and

rapid aggregating. Turbidity increased for all the studied

concentrations except over the lowest concentration

ranges, indicative of growth in aggregate size. The

time-evolution patterns of the turbidity exhibited one of

three different configurations. In the lower cation

concentration range (<0.2 mM CaCl2; <0.4 mM

MgCl2; <12 mM KCl), t remained constant over the

3000 s duration of the experiments, indicating a lack of

aggregation. At slightly greater concentrations (second

configuration), t increased linearly over a period of

several minutes to tens of minutes, after which t
increased more rapidly. At still more elevated concen-

trations, t(t) exhibited linear behavior for a short interval

after which t rapidly approached its near-final (3000 s)

value.

Early time/linear region

The brief duration of the linear growth region was

considered an obstacle to turbidity measurements of

aggregate growth rates (Puertas and Nieves, 1997). In

the present exercise a wide range of cation concentra-

tions was explored to provide an extended coverage of

the linear growth region. During the initial post-mixing

phase, aggregates produced were small (kr << 1) and N

grew linearly with time (equation 3), leading to a linear

increase in turbidity. The duration of this ‘linear’ region

decreased as the cation concentration increased

(Figure 2). The slope of the growth parameter, t(t),
over the linear period varied with both cation concen-

tration and valence; increasing concentration drives the

slope upscale until it reaches a saturation point. The

linear region slope is plotted in Figure 3. Note that the

slope of t(t) is proportional to the aggregation rate and,

therefore, proportional to the probability of particles

adhering upon collision. This linear region behavior is

consistent with the DLVO model. At reduced cation

concentration, the diffuse layer of charge is thick and the

potential barrier is substantially greater than kBT. In this

situation, aggregation is in the RLCA regime and

aggregate growth rate is slow. At greater cation

concentration, the double layer thickness was decreased,

reducing the potential barrier height and resulting in an

increased probability of platelets overcoming the barrier

and adhering. Elevated cation concentration lowered the

potential barrier, resulting in an increased sticking

probability. At the CCC, the repulsive barrier is zero

and every collision results in particle adhesion, i.e. the

DLCA regime. Further increase in cation concentration

above the CCC does not favor increased aggregation

Figure 1. Changes in Accofloc1 turbidity at 650 nm for 3000 s

after addition of low, medium, and high concentrations of

(a) CaCl2, (b) MgCl2, and (c) KCl. The turbidity value for

Mg-montmorillonite in distilled water is shown.
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rates. A CCC of 3 mM for CaCl2, 4 mM for MgCl2, and

70 mM for KCl was observed (Figure 3), in reasonable

agreement with the Schulze-Hardy rule.

The stability ratio (W) was defined as the ratio of the

number of total collisions to the number of collisions

resulting in adhesion (Hunter, 1993). The ratio is equal

to the reciprocal of the aggregation rate after normal-

izing the rate such that for concentrations greater than

the CCC, the rate is unity. At the lowest concentrations

for which aggregation was observed, the stability ratio

was ~104 (Figure 4). A linear fit to the log-log data at

concentrations below the CCC yielded slopes of

�3.2�0.7 for CaCl2, �3.3�0.4 for MgCl2, and

�6.7�1.7 for KCl. The resulting monovalent to divalent

slope ratio of ~2 indicates that the stability ratio varies

as 1/z rather than the 1/z2 model proposed by Reerink

and Overbeek (1954), where z represents cation valence.

Experimental slope results frequently fail to follow the

predicted 1/z2 relationship (Elimelech et al., 1998). The

observed 1/z dependence appears to be a result of the

non-spherical shape and the unique charge distribution

found in clay platelets. These factors may result in

Figure 2. Duration of linear region.

Figure 3. Slope of turbidity in linear growth region.
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different potential barriers for F-F, E-F, or E-E platelet

associations. Czigany et al. (2005) also observed a

departure from the 1/z2 model in montmorillonite,

though the ratio of the stability slope in NaCl to CaCl2
calculated by those authors was 0.5.

Later time/larger aggregates

For the three cations, the linear region transitioned

ultimately into an equilibration interval characterized by

a turbidity which is generally stable for most cation

concentrations. That the turbidity remained relatively

constant for the higher concentrations does not necessary

imply that aggregate growth had discontinued. In the

limit of large aggregate size, t becomes approximately

independent of r for Df < 2 but increases as t ! r2�Df for

Df > 2. Thus, a constant turbidity can be used as an

indicator that Df < 2, i.e. aggregation is in the DLCA.

This case allows the appropriate approximations of

turbidity and forward scattering factors to be applied to

the analysis of fractal dimension. From equation 4, in the

limit kr >> 1, and Df < 2 (DLCA), t ! k4�Df can be

shown. For Df > 2, t becomes proportional to k2;

therefore, the fractal dimension can be extracted more

readily from the turbidity spectrum for DLCA than for

RLCA. The slopes of t(k) at 3000 s (not corrected for

forward scattering) for all studied cation concentrations

are shown in Figure 5. At the greater cation concentra-

tions (i.e. DLCA) the slope is <2, while for lower

concentrations (i.e. RLCA) the slope is >2, demonstrat-

ing the necessity to correct the turbidity for forward

scattering. For kr >> 1 and Df < 2, the forward scattering

correction factor was approximated as g & (siny/2)2�Df

to simplify the correction to the turbidity. Under this

assumption, Df can be calculated directly from the

turbidity. The fractal dimension for cation concentra-

tions that satisfy these conditions are shown in

Figures 6a�c. All concentrations above the CCC were

characterized by Df < 2. For cation levels at some degree

below the CCC, Df < 2. This indicates that although

multiple collisions are needed for particle adhesion, the

mass fractal dimension of the aggregate is more

consistent with DLCA than RLCA. For the DLCA

datasets, the Ca2+ and Mg2+ groups correspond to fractal

dimensions of 1.65�0.3 and 1.75�0.3, respectively,

except for the lowest concentrations. In contrast, the

f r a c t a l d im e n s i o n f o r t h e K + - a g g r e g a t e d

Mg-montmorillonite increased consistently from 1.35

to 1.95. This can be a consequence of a preponderance of

the more loosely packed E-F and E-E associations in the

aggregates at lower KCl concentrations, while the

aggregates in the divalent cation suspensions were

predominantly F-F associations. The differences in

fractal characteristics between the monovalent and

divalent cations can also be related to the effects of

the cations on tactoid structure (Schramm and Kwak,

1982; Whalley and Mullins, 1991). Similar results were

found by Tombácz and Szekeres (2004), who observed

that montmorillonite formed E-F aggregates at concen-

trations above 25 mM NaCl and F-F aggregates above

100 mM NaCl at pH 4.

Notably, turbidity reached a maximum in tandem

with concentration for the monovalent system whereas

for the divalent system the turbidity maximum occurred

at mid-level concentrations (Figure 7). This may be a

consequence of increased water viscosity at very high

cation concentrations and subsequent effects on aggre-

gation. For the divalent cations at concentrations greater

than the CCC, Df is independent of cation concentration

Figure 4. Stability ratios, CCC, are indicated.
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and, therefore, from equation 4, the greater turbidity

associated with mid-level concentration of divalent

cations implies that aggregate size is greater at mid-

concentration. This is in contrast to the monovalent

cation in which the largest aggregates occur at elevated

K+ concentrations.

An unusual feature of KCl aggregation relates to

differences in the temporal location of the maximum

tu rb id i t y . Fo r t he mid - l eve l concen t r a t i on s

(100�500 mM), tmax occurs at an early time (<10 min)

but for high-level concentrations (>500 mM), tmax is

found at the end of the experiment (50 min, Figure 8).

This may indicate that at mid-level K+ concentrations,

either the flocs exhibit a degree of partial disaggregation

or a decrease in Df over time, a result not observed in

divalent experiments.

CONCLUSION

An improved understanding of the conditions neces-

sary for the consolidation of cohesive smectite aggre-

gates is of great importance to environmental and

industrial concerns. The baseline for the conditions

where flocculation is induced has been established here

through an analysis of turbidity measurements in the

linear growth region. These values were employed to

determine relative aggregation rates, the relevant stabi-

lity ratios for aggregate growth, and a working definition

for the CCC range.

A key finding of this investigation pertains to a

comparison of the stability ratio of the log-log slope for

the divalent cations relative to the monovalent case

which shows that smectite aggregation rates differ

substantially from those implied by DLVO theory. This

indicates that the impact of plate-like geometry in a

natural system produces a condition that is less sensitive
Figure 6. Aggregate fractal dimension as a function of cation

concentration at t = 3000 s for (a) Ca2+, (b) Mg2+, and (c) K+.

Figure 5. Slope of log–log plot of t(k) at 3000 s. t is not corrected for forward scattering.
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to cation valence than in idealized experiments con-

ducted with spherical primary particles. The DLVO

theory was also found (Missana and Adell, 2000) to be

unable to accurately predict clay colloidal stability, a

result of pH-dependent charge distribution and the role

of edge-to-face effects in aggregation.

The CCC is considered the boundary condition that

separates rapid from slow aggregation rates where the

rapid condition corresponds to DLCA and the slow

condition to RLCA. This data set demonstrates that for a

range of concentrations below the CCC the DLCA

regime prevails. This is expected to hold true for

different homoionic clay minerals (Na+, K+, or Ca2+),

although variation in surface charge may result in a

different CCC value. Greater fractal dimension at greater

cation concentration indicates more F-F associations,

while lower cation concentration appears to favor E-F

and E-E platelet associations. The greater effectiveness

of divalent cations on aggregation has a bearing on the

coalescence of particulate aggregates in systems with

significant variations in the flux of dissolved species,

such as estuaries and lacustrine environments and in

areas subject to upward migrations of water through pore

solutions.
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