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The early stage aggregation kinetics of bare and
alginate-coated hematite nanoparticles are acquired
through time-resolved dynamic light scattering (DLS).
Varying concentrations of monovalent (NaCl) and divalent
(MgCl, and CaCly) electrolytes are employed to induce
aggregation. Inthe presence of NaCl and MgCl,, the alginate-
coated hematite nanoparticles undergo aggregation
through electrostatic destabilization as described by the
classic Derjaguin—Landau—Verwey—0Overbeek (DLVO)
theory. This is ascertained through examination of the
favorable and unfavorable regimes of the stability curves
depicting the attachment efficiency as a function of

salt concentration. Additional evidence may be found in
the aggregation kinetics of alginate-coated particles, which,
under favorable aggregation conditions, are reasonably
close to that of bare hematite nanoparticles. However, in
the presence of CaCly, the aggregate growth rate of alginate-
coated hematite nanoparticles is much higher than that which
conventional diffusive aggregation predicts. Dispersed
hematite primary particles and lower-order aggregates
enmeshed within extended alginate gel networks were
observed under transmission electron microscope (TEM).
The proposed mechanism for enhanced aggregation suggests
an apparent increase in the collision radii of alginate-
coated hematite nanoparticles through alginate gel network
formation from the particle surface. Additionally, cross-
linking between unadsorbed (suspended) alginate
macromolecules may form bridges between hematite-
alginate gel clusters. Itis further established that the presence
of background electrolyte NaCl in solution is detrimental
to the calcium-induced enhanced aggregation.

Introduction

The role of natural organic matter (NOM) in the fate and
transport of inorganic colloidal particles in natural aquatic
systems has been extensively studied (I—7). NOM is ubiq-
uitous in natural waters and readily adsorbs to the surfaces
of colloidal nanoparticles and suspended particulate matter.
Adsorption of NOM modifies the surface characteristics of
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the colloidal particles, thus playing a critical role in their
stability and aggregation behavior.

NOM in natural aquatic systems mostly comprises humic
substances and polysaccharides (8). Systematic studies
demonstrated that adsorbed humic and fulvic acids can have
a profound effect on the stability of colloidal particles (2,
4—7,9). Studies have shown that humic substances stabilize
colloidal particles via steric or electrostatic repulsion in the
presence of monovalent salts, but this has not been the case
for divalent cations such as Ca?*, Cu?*, and Pb?*, possibly
due to cation complexation with the humic substances (2,
3, 6, 9). While a limited number of studies suggest that
polysaccharides can destabilize colloidal particles (7, 10),
their role in influencing the kinetics and mechanisms of
colloid particle aggregation is still not well understood.

Polysaccharides make up 10—30% of the NOM in lakes (7,
10). In marine environments, the polysaccharide content may
be as high as 50% of the dissolved organic carbon (DOC) (11,
12). Alginates are naturally occurring polysaccharides com-
monly found in marine environments (13, 14). They are
produced by brown algae species, such as Laminaria
hyperborea, Ascophyllum nodosum, and Macrocystis pyrifera
(13). These alginates may be found as components of some
algae cell walls, and are also likely to be excreted by the algae
in the form of extracellular organic matter (15). Some bacteria,
such as nitrogen-fixing Azotobacter vinelandii which can be
found in soils (16, 17), and mucoid strains of Pseudomonas
aeruginosa, also produce alginate as part of the extracellular
polymeric substances (EPS) (13, 18—22). For these reasons,
we used alginate as the model polyelectrolyte for polysac-
charides in natural waters in this study.

Alginate is an unbranched block copolymer that comprises
1,4-linked p-p-mannuronic acid and a-L-guluronic acid
residues. There are only three different block types that make
up the polymer: mannuronic acid blocks, guluronic acid
blocks, and the alternating mannuronic and guluronic acid
blocks (13, 23). The proportions of the block types depend
on the source of alginate (13). With the exception of Mg?*,
divalent cations such as Ca?*, Sr?*, and Ba?* can complex
with the guluronic acid blocks of two neighboring alginate
polymers. This form of binding is commonly referred to as
the “egg-box structure”, whereby each divalent cation is
coordinated with the guluronic acid residues (13, 14, 24).
This results in the cross-linking of alginate polymers to form
an extended gel network.

The objective of this study was to investigate the early
stage aggregation kinetics of alginate-coated hematite nano-
particles in the presence of common monovalent (NaCl) and
divalent (MgCl, and CaCl,) electrolytes through time-resolved
dynamic light scattering (DLS). The absolute aggregation rate
constants of alginate-coated hematite nanoparticles were
measured over a range of salt (NaCl, MgCl,, and CaCl,)
concentrations and compared with those of bare hematite
particles. The obtained aggregation kinetics results, along
with the inspection of aggregate structure with a transmission
electron microscope (TEM), were used to elucidate the
aggregation mechanisms of hematite in the presence of
polysaccharides. In particular, we highlight the critical role
of alginate gel formation in controlling the aggregation
behavior of hematite colloidal particles.

Materials and Methods

Alginate Source and Characterization. Commercially avail-
able sodium alginate (A2158, Sigma-Aldrich, St. Louis, MO)
extracted from a brown algae species Macrocystis pyrifera
was used in our study. According to the supplier, the alginate
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comprises approximately 61% mannuronic and 39% gulu-
ronic acid, and has a molecular weight ranging from 12 to
80 kDa. Size exclusion chromatography confirmed the
molecular weight of the alginate to be between 20 and 80
kDa, with an average molecular weight of 49 kDa. The total
organic carbon (TOC) content of the alginate was determined
to be about 31% of its mass by high-temperature oxidation
(TOC-V CSH/CSN, Shimadzu, Kyoto, Japan).

Potentiometric titration was conducted on sodium algi-
nate using an auto-titrator (794 Basic Titrino, Metrohm,
Herisau, Switzerland). A 100 mL solution of sodium alginate
(100 mg/L) was purged with argon gas for at least 5 min to
remove dissolved CO, before dilute HCl was added to lower
the pH to 3. The alginate solution was then titrated with 0.1
M NaOH to pH 10. By comparing the amount of NaOH
required to raise the pH of the alginate solution from 3 to
10 with that required to raise the pH of a blank solution, the
carboxylic acidity of the alginate was determined to be 2.7
meq/g-alginate.

Hematite Nanoparticle Synthesis and Characterization.
Hematite nanoparticles were synthesized by forced hydrolysis
of FeCls (25), as described in our previous publication (2).
The hematite stock concentration was found to be 5.5 g/L
by gravimetric analysis. The hydrodynamic radius of the
hematite nanoparticles was determined to be 37.4 nm (£ 1.1
nm) through DLS (ALV-5000, Langen, Germany). TEM
imaging of the hematite particles verified that the diameter
of particles was about 75 nm, and that the particles were
monodisperse and reasonably spherical with slight angular
features. Assuming the nanoparticles to be perfectly spherical
with diameter of 75 nm, and hematite specific gravity to be
5.3, we estimated the stock suspension to have a concentra-
tion of 4.5 x 10'? particles/mL.

The alginate-coated hematite nanoparticles were prepared
by adding 10 mL of the hematite stock solution to 35 mL of
a solution of sodium alginate (700 mg/L) at pH 5.2. The
resulting suspension was left aside for at least one month.
The solution pH was maintained at 5.2 because this pH is
favorable for alginate adsorption onto the hematite particles,
which have an isoelectric point between pH 8 and 9 (26, 27).
Note that the mannuronic and guluronic acids of alginate
have pK; values of about 3.2 and 3.6, respectively (28, 29).
Stock solutions comprising hematite nanoparticles and
alginate were centrifuged, and the TOC content of the
supernatant was measured to determine the amount of
alginate adsorbed onto the hematite. The unadsorbed
alginate content of the stock solution was found to be 494
mg/L, and the degree of adsorption was 42.5 mg-alginate/
g-hematite.

The electrophoretic mobilities of the bare and alginate-
coated hematite nanoparticles were measured in the presence
of 10 mM NaCl with the ZetaPALS analyzer (Brookhaven
Instruments Corp., Holtsville, NY) at pH 12.2 and 5.2,
respectively, at 25 °C. Electrophoretic mobilities were
converted to § potentials by employing the tabulated values
provided by Ottewill and Shaw (30), and the ¢ potentials of
the bare and coated hematite were determined to be —45
and —35 mV, respectively. The high ¢ potentials ensured
that the colloidal particles were stable prior to introduction
of any destabilizing electrolyte.

Dynamic Light Scattering. The multi-detector light
scattering unit (ALV-5000, Langen, Germany) was employed
to conduct the DLS measurements. This unit utilized a solid-
state diode-pumped, frequency-doubled Nd:vanadate
(Nd:YVO,) laser (Verdi V2, Coherent, Santa Clara, CA) that
provided a single-frequency output with a wavelength of 532
nm. This unit also included 8 optical fiber photodetectors
mounted on a compact goniometer system, and a thermo-
stated index matching quartz vat filled with toluene doubly

filtered with 0.1 um filters (Puradisc 25 TF, Whatman,
Middlesex, UK). The room temperature was maintained at
23 °C.

New glass vials (Supelco, Bellefonte, PA) were soaked in
cleaning solution (Extran MAO1, Merck KGaA, Darmstadt,
Germany) overnight, thoroughly rinsed with deionized water
(Barnstead), and oven-dried under dust-free conditions
before use. All vials were used only once. The bare and
alginate-coated hematite stock suspensions were diluted
between 3000 and 30 000 times with deionized water adjusted
to the required pH with either HCI or NaOH. After dilution,
the suspension concentration ranged from 7.5 x 107 to 1.5
x 10% particles per mL. In the case of the alginate-coated
nanoparticles, the resulting unadsorbed alginate concentra-
tion in solution ranged from 37.4 to 74.8 ug/L after dilution.
Toinduce aggregation, a predetermined amount of electrolyte
stock solution, filtered with 0.1 um filters (Anotop 25,
Whatman, Middlesex, UK), was added to the vial holding 2
mL of diluted colloidal sample. The solution was vortexed
briefly, inserted into the index matching vat, and DLS
measurements were started immediately.

All light scattering measurements were conducted by
employing the detector positioned at a scattering angle of
90° from the incident laser beam. The detector signal was
fed into the correlator, which accumulated each autocor-
relation function for 15 s. The intensity-weighted hydrody-
namic radius of the colloidal aggregates was determined with
second-order cumulant analysis (ALV software). The mea-
surements were performed over time periods of between 20
min and 4 h because appropriate analysis of time-resolved
DLS data requires approximately a 30% increase in the
hydrodynamic radius. This provides adequate data to derive
the aggregation kinetics of doublet formation, since the
effective doublet hydrodynamic radius has been reported to
be about 1.38 times the primary particle hydrodynamic radius
3D).

Solution Chemistries. The aggregation experiments with
the bare and alginate-coated hematite nanoparticles were
conducted with monovalent (NaCl) and divalent (MgCl, and
CaCl,) electrolytes over a range of concentrations. The pH
conditions of the bare and alginate-coated hematite nano-
particles were maintained at 12.2 £+ 0.1 and 5.2 + 0.1,
respectively, under which the colloidal particles were stable
at low ionic strengths.

Determination of Absolute Aggregation Rate Constant
and Attachment Efficiency. Early stage aggregation kinetics
can be described by the rate of doublet formation, which
dominates over other higher-order aggregate formation. The
loss in primary particles during the early stage of aggregation
can be expressed as a second-order rate equation (32)

dan, ,
)0~ il M

where N;(?) is the concentration of primary particles as a
function of time ¢, k1, is the absolute aggregation rate constant,
and N, is the initial primary particle concentration, that is,
N;(0) = Ny. Since the loss of primary particles is primarily
due to doublet formation at the initial aggregation stage, the
rate of doublet formation can be expressed as

dN. 1
(th)t—o = EkuNO2 )

where N, (#) is the concentration of doublets as a function of
t.

Within the Rayleigh—Gans—Debye (RGD) approximation,
which is valid for primary particles that are relatively small
compared to the incident wavelength (31, 33), the absolute
aggregation rate constant, ki;, can be determined through
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time-resolved DLS measurements conducted at a fixed
scattering angle based on the relationship (31, 34)

L_(dr h(t"”) _ [ sin (2aq)]( - 1)
rh(qu)(T —0 - kllNO 1+ W 1 5 (3)

Here, g is the scattering vector defined by (47n/1)sin(6/2),
with n being the refractive index of the medium, 1 the
wavelength of light, and 6 the scattering angle; (¢, g) is the
hydrodynamic radius as a function of ftand g; a is the primary
particle radius; and ¢ is the relative hydrodynamic radius of
the doublet, which is approximately 1.38 (31). Since all DLS
measurements were carried out at a fixed angle, the only
independent variable in eq 3 is t, with r, as the dependent
variable.

To obtain ki; through eq 3, alinear least squares regression
analysis of the increase in r, with £ was made. The boundary
conditions for analysis required r,(0) to be within no more
than 3 nm in excess of a and final i, to be equal to
approximately 1.3a, where there are sufficient doublets
formed and few higher-order aggregates. By constraining
our analysis to these conditions, we were able to ensure
consistency in our approach. The slope of the best fit line
gives (dr/df),—o, which is used in eq 3 to obtain k.

The attachment efficiency, o, otherwise known as the
inverse stability ratio, 1/W, is used to quantify the aggregation
kinetics of colloidal systems. Attachment efficiencies are
calculated by normalizing the measured ki, by the diffusion-
limited aggregation rate constant (ki) determined under
favorable aggregation conditions (2)

o= kll
(kll)fast

4

The attachment efficiency «, ranging from 0 to 1, is the
probability of an irreversible attachment resulting from the
collision of two colloidal particles.

Observation of Aggregate Structures. Bare and alginate-
coated hematite aggregates were observed through TEM. A
Formvar- and carbon-coated nickel grid (100 mesh) was
placed on a drop of aggregate sample (about 25 uL) on a
clean piece of laboratory film (Parafilm M, Pechiney Plastic
Packaging, Menasha, WI) for about 2 min. Aggregation of the
hematite nanoparticles was induced at particle concentra-
tions 10—20 times higher than those employed in DLS
experiments to allow for adsorption of a sufficient number
of aggregates onto the grid. The grid was air-dried and
examined under a Tecnai 12 Biotwin electron microscope
(FEI) at 100 kV. Aggregate images were then captured on film
or digitally recorded.

Results and Discussion

Aggregation of Bare Hematite in the Presence of Sodium
Ions. We examined aggregation over a range of NaCl
concentrations (6.4—283.0 mM) at pH 12.2 where the bare
hematite nanoparticles are negatively charged and stable at
low salt concentrations. Particle concentrations were de-
termined depending on the electrolyte concentrations em-
ployed to achieve adequate aggregate growth over a rea-
sonable time period. Figure la presents representative
aggregation profiles of bare hematite nanoparticles at a
concentration of 1.5 x 108 particles per mL for 4 different
NaCl concentrations. DLVO-type interactions clearly domi-
nate the aggregation behavior. At these low electrolyte
concentrations (11.9 and 15.9 mM), any increase in the
electrolyte concentration leads to a corresponding increase
in the aggregation rate. However, at higher electrolyte
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FIGURE 1. Aggregation of bare hematite nanoparticles in the
presence of NaCl at pH 12.2. (a) Aggregation profiles at various
NaCl concentrations at particle concentration of 1.5 x 10 particles
per mL. (b) Attachment efficiencies as a function of NaCl
concentration obtained over particle concentrations of 1.5 x 10 to
1.5 x 10° particles per mL. The CCC based on Figure 1b is 20 mM
NaCl.

concentrations (39.2 and 192.3 mM), an increase in the
electrolyte concentration has no influence on the aggregation
rate.

To cover the broadest range of aggregation kinetics, DLS
measurements were conducted with particle concentrations
ranging from 1.5 x 108 to 1.5 x 10° particles per mL. Figure
1b presents the attachment efficiency a as a function of NaCl
concentration. The attachment efficiency is dependent on
NaCl concentration in the reaction-limited (unfavorable)
regime (oo < 1), whereby an increase in the electrolyte
concentration reduces the electrostatic energy barrier to
aggregation between the negatively charged particles. How-
ever, in the diffusion-limited (favorable) regime (o = 1), the
electrolyte concentration is high enough to eliminate the
energy barrier completely, resulting in diffusion-controlled
aggregation. The critical coagulation concentration, CCC,
where the energy barrier is just eliminated, demarcates the
two regimes. For our bare hematite particles at pH 12.2, the
CCC is about 20 mM Nac(l, can be obtained from Figure 1b.
Under favorable conditions, (ki1)t.s: is determined to be 7.4
x 1071% m3/s. A simple theoretical determination of the
aggregation rate constant under diffusion-limited conditions
yields (ki)mst of 1.22 x 10717 m3/s at 23 °C (32). Our
experimentally derived (ki1)ss: is smaller than the theoretical
value, which is consistent with other studies employing
various colloidal particles (31, 35).

Changes in Alginate Conformation with Ionic Strength.
The average hydrodynamic radius determined by DLS for
stable alginate-coated hematite nanoparticles in both the
absence and presence of NaCl and CaCl, electrolytes was
measured prior to the aggregation studies. About 20 mea-
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FIGURE 2. (a) Attachment efficiencies of alginate-coated hematite
nanoparticles as a function of NaCl concentration at pH 5.2. The
CCC based on these data is 180 mM NaCl. (b) Attachment efficiencies
of alginate-coated hematite nanoparticles as a function of MgCl,
concentration at pH 5.2. The CCC based on these data is 5 mM
MgCl,. For all aggregation experiments in a and b, the particle
concentration employed is 1.5 x 10° particles per mL, and the
unadsorbed alginate concentration in solution is 74.8 ug/L.

surements of the hydrodynamic radius were made under
each condition to determine the average hydrodynamic
radius. With no added electrolytes, the average hydrodynamic
radius of the alginate-coated hematite was 45.5 nm (+ 1.3
nm). When the ionic strength was increased by introducing
NaCl or CaCl, (19.8 and 1.0 mM, respectively), both at
concentrations insufficient to induce aggregation, the average
hydrodynamic radius of the alginate-coated particles de-
creased to 40.9 nm (£ 0.7 nm) and 38.1 nm (+ 1.0 nm),
respectively. At these solution conditions, the alginate-coated
particles were only slightly larger than the bare particles,
which had an average hydrodynamic radius of 37.4 nm. This
behavior is likely due to a change in the alginate polymer
conformation on the hematite surface. Initially, the adsorbed
alginate polyelectrolytes extend into bulk solution due to
repulsive forces experienced between negatively charged
functional groups along the polymers. The introduction of
electrolytes results in electrostatic shielding (NaCl) and charge
neutralization (CaCl,) of alginate functional groups. Under
these conditions, the polyelectrolytes can fold and retract
toward the hematite surface, thus effectively reducing the
hydrodynamic radius of the nanoparticles.

Aggregation of Alginate-Coated Hematite in the Pres-
ence of Sodium Ions. The attachment efficiency of the
alginate-coated nanoparticles as a function of NaCl con-
centration (122.1—454.6 mM) at pH 5.2 is shown in Figure
2a. As described earlier, at this pH the alginate-coated
nanoparticles possess a relatively high negative { potential
and are quite stable at low and moderate NaCl concentration.
The aggregation rate constants were measured at a single
particle concentration of 1.5 x 108 particles per mL in order
to maintain a constant unadsorbed alginate concentration

in solution of 74.8 ug/L. The distinct favorable and unfavor-
able regimes, demarcated by a CCC of about 180 mM Nacl,
demonstrate electrostatic destabilization as the aggregation
mechanism of the alginate-coated hematite nanoparticles
in the presence of NaCl. Another piece of supporting evidence
for this mechanism is that, under favorable conditions, (k1) ast
is 6.9 x 107'® m3/s, which is comparable to that of bare
hematite (7.4 x 1078 m3/s).

Aggregation of Alginate-Coated Hematite in the Pres-
ence of Magnesium Ions. The aggregation kinetics of
alginate-coated nanoparticles were examined over a range
of MgCl, concentrations (2.2—13.0 mM). Experimental
conditions were similar to those in the presence of Na*. Figure
2b presents the attachment efficiency of the alginate-coated
hematite as a function of MgCl, concentration, revealing
aggregation behavior similar to that in NaCl. Electrostatic
destabilization is the primary aggregation mechanism of the
alginate-coated nanoparticles in MgCl,, as verified by the
two distinct regimes in the stability curve. The CCC observed
was about 5 mM MgCl,, and (k11)ns Was determined to be
8.1 x 107 m3/s. The small difference in the fast absolute
aggregation rate constants for Mg?>" and Nat is acceptable,
and has also been observed previously in other light scattering
studies (31).

Enhanced Aggregation of Alginate-Coated Hematite in
the Presence of Calcium Ions. The aggregation kinetics of
alginate-coated nanoparticles have been studied at a CaCl,
concentration of 9.0 mM. The aggregation behavior was
compared with bare and alginate-coated hematite nano-
particles aggregated under the same experimental conditions
in the presence of other electrolytes (NaCl and MgCl,) under
favorable conditions (Figure 3a). The aggregation profiles of
the bare and alginate-coated nanoparticles in the presence
of NaCl and MgCl, clearly overlap because aggregation occurs
through electrostatic destabilization in the diffusion-limited
regime. However, in the presence of CaCl,, the aggregate
growth rate of the alginate-coated nanoparticles was sig-
nificantly higher. This enhanced aggregation behavior strongly
suggests that the alginate-coated nanoparticles undergo a
different aggregation mechanism in the presence of Ca?*
ions.

DLS measurements were also carried out with the alginate-
coated nanoparticles over a range of CaCl, concentrations
at pH 5.2. The particle concentration was decreased by 50%
so that aggregate growth was slow enough to accurately
capture the enhanced aggregation kinetics. This resulted in
a concentration of 7.5 x 107 particles per mL and an
unadsorbed alginate concentration in solution of 37.4 ug/L.

Because DLS results indicate that the alginate-coated
nanoparticles do not undergo conventional aggregation
through electrostatic destabilization in the presence of CaCl,,
an apparent aggregation rate constant, kapp, is used in place
of ki, to quantify aggregation kinetics. The apparent rate
constant replaces k;; in eq 3, and is derived in the same
manner as discussed previously, with the other constants
remaining unchanged. It is imperative to recognize that kapp
no longer describes an absolute rate constant of doublet
formation as does ki;. Instead, it serves to quantify the rate
of aggregate growth in the early aggregation stage, without
invoking any assumption regarding the aggregation mech-
anism. Likewise, an apparent attachment efficiency, oy, is
used to express the enhanced aggregation kinetics relative
to diffusive aggregation kinetics, despite differences in their
aggregation mechanisms:

kapp
Ay = 2 5)
P (kl l)fast

where (k11)rs Of the alginate-coated nanoparticles (6.9 x 10718
m?/s) was determined with NaCl under favorable conditions.
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FIGURE 3. Enhanced aggregation of alginate-coated hematite
nanoparticles in the presence of CaCl,. (a) Comparison of aggregation
profiles of bare and alginate-coated hematite nanoparticles in the
presence of monovalent and divalent electrolytes. The bare hematite
and alginate-coated hematite nanoparticles are aggregated at pH
12.2 and 5.2, respectively. For the four aggregation profiles, the
particle concentration employed is 1.5 x 108 particles per mL, and
the unadsorbed alginate content for the alginate-coated hematite
samples is 74.8 #g/L. (b) Apparent attachment efficiencies of alginate-
coated hematite particles as a function of CaCl, concentration at
pH 5.2. For all the aggregation experiments, the particle concentration
employed is 7.5 x 107 particles per mL, and the unadsorbed alginate
content is 37.4 ug/L.

Equation 5 is similar to the common method of normalizing
the initial slopes of aggregation profiles by the slope under
favorable conditions, all derived at the same particle con-
centration (2, 6).

Figure 3b shows the apparent attachment efficiency of
the alginate-coated nanoparticles as a function of CaCl,
concentration, ranging from 1.7 to 6.1 mM. It was impossible
to derive the aggregation kinetics at CaCl, concentration
higher than 6.1 mM as the aggregate growth was too fast to
capture sufficient hydrodynamic radius measurements before
reaching 1.3a. Within the concentration range of CaCl,
employed, no distinct favorable and unfavorable regimes
were observed. The apparent attachment efficiency seems
to increase linearly with CaCl, concentration. At concentra-
tions above 2.9 mM, the experimental rate constant for
aggregate growth was higher than what was previously
observed under pure diffusion-limited aggregation, that is,
Oapp > 1. At the highest CaCl; concentration (6.1 mM), our
measured rate constants of aggregate growth were 10.7 times
greater than those observed under pure diffusion-limited
aggregation. This marked enhanced aggregation kinetics is
very likely due to the ability of alginate to undergo gelation
in the presence of Ca?* cations, as will be discussed later in
this paper. Table 1 summarizes the absolute aggregation rate
constants under favorable aggregation conditions (ki1)tas: for
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TABLE 1. Summary of Absolute Aggregation Rate Constants,
(k11)tast. Obtained under Favorable (Non-Repulsive)
Aggregation Conditions

electrolyte bare hematite alginate-coated hematite
NaCl 7.4 x 1078 m3/s 6.9 x 1078 m3/s
MgCl, NMa 8.1 x 1078 m3/s
CaCl, NMa 7.4 x 1077 m3/sb

2 Not measured. ® Apparent aggregation rate constant k,,, obtained
in the presence of the highest CaCl, concentration used (6.1 mM). K,pp
is used in place of kq1, because the aggregation mechanism of alginate-
coated hematite in the presence of CaCl, is not the same as that of
conventional diffusive aggregation.

0 0.00 0.04 0.08 0.12 0.16 0.20
NaCl Concentration (M)

FIGURE 4. Apparent attachment efficiencies of alginate-coated
hematite nanoparticles as a function of NaCl concentration at pH
5.2. CaCl; concentration is maintained at 4.7 mM for all the
aggregation experiments. For all the aggregation experiments, the
particle concentration employed is 7.5 x 107 particles per mL, and
the unadsorbed alginate content is 37.4 ug/L.
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both the bare and alginate-coated nanoparticles in the
presence of the different electrolytes used in this study.

Detrimental Effect of Background Sodium Ions on
Enhanced Aggregation. We have also examined the ag-
gregation kinetics of alginate-coated nanoparticles in the
presence of both NaCl and CaCl; electrolytes. For these runs,
CaCl, concentration was fixed at 4.7 mM for all the DLS
measurements, while NaCl concentration was increased up
to 179.0 mM. The experimental procedure was similar to
previous DLS experiments, except that NaCl followed by CaCl,
were introduced into the vial containing the particle suspen-
sion. Over the range of NaCl concentrations used, the rate
of aggregation was extremely low. Hence, there was no
concern that significant aggregation would have occurred
within the time period between introductions of NaCl and
CaClg.

The apparent attachment efficiency as a function of NaCl
concentration is presented in Figure 4. At low NaCl con-
centrations, small increases in NaCl concentration resulted
in substantial decreases in the apparent attachment ef-
ficiency. The apparent attachment efficiency tended toward
1 at NaCl concentrations higher than 80 mM, indicating
diffusive aggregation to be the dominant aggregation mech-
anism. It is likely that Na* ions compete with Ca?" ions for
the binding sites on the alginate polymers, thus reducing the
extent of gel formation required for enhanced aggregation.
This mechanism will be discussed in more detail in a later
part of the paper.

Structure of Alginate-Coated Hematite Aggregates. TEM
images revealed that aggregates of bare hematite nanopar-
ticles formed under favorable conditions had open fractal
structures that are consistent with previous studies (36, 37).
Since the universal relationship of aggregate structures to
the kinetics of colloid particle aggregation has been exten-
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FIGURE 5. Alginate-coated hematite aggregate in the presence of
391.7 mM NaCl at pH 5.2. This corresponds to favorable aggregation
conditions. Particle concentration is 1.5 x 10° particles per mL, and
unadsorbed alginate content is 748 ug/L. Aggregation of the alginate-
coated hematite particles is initiated about 3 to 4 h hefore the TEM
images of the aggregates are captured. Aggregate structure is similar
to ones found in the presence of 6.1 mM MgCl; at pH 5.2, which
also corresponds to favorable aggregation conditions.

sively detailed and verified (38—41), it is not our intention
to report the aggregate structure of bare nanoparticles. With
the DLS experiments indicating differences in aggregation
mechanisms of alginate-coated hematite nanoparticles in
the presence of different cations (Na™ and Mg?* vs Ca?"),
greater interest lies in observing the aggregate structure of
alginate-coated hematite with various cations. Studying the
aggregate structure of alginate-coated hematite with various
cations may provide more insights into the respective
aggregation mechanisms.

For the TEM imaging studies, alginate-coated hematite
nanoparticles were aggregated at a concentration of 1.5 x
109 particles per mL, with an unadsorbed alginate concen-
tration of 748 ug/L at pH 5.2 in NaCl, MgCl,, and CaCl,. The
particle concentration employed was about an order of
magnitude higher than that used in the DLS runs to generate
more aggregates for sufficient adsorption onto the nickel
grid. The aggregate structures were observed 3—4 h after
aggregation was induced.

Figure 5 shows a representative aggregate structure of
the alginate-coated hematite nanoparticles aggregated in
391.7 mM NaCl, which corresponds to favorable aggregation

500 nm
I
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conditions. The structures in 6.1 mM MgCl,, which also
corresponded to favorable aggregation conditions, were
similar to the ones in 391.7 mM NaCl. The aggregates had
linear dimensions of about 1 um, and open fractal structures
which resulted from fast aggregation under favorable condi-
tions. These results confirm that, with NaCl and MgCl, (not
shown), the alginate-coated hematite had undergone ag-
gregation through the same mechanism of electrostatic
destabilization.

In 6.1 mM CacCl,, we observed hematite primary particles
and lower-order aggregates held together within an extended
network of an alginate gel. The combined hematite—alginate
gel aggregates had linear dimensions 2—3 um (Figure 6a and
b). Focusing the electron beam on the aggregates under the
microscope was done as quickly as possible before images
were captured, because the electron beam used in the TEM
may dehydrate or oxidize the alginate gel network. We noticed
the gradual disappearance of a portion of the gel network if
left focused under the electron beam for more than a few
minutes.

The aggregate structures formed in the presence of Ca?*
in our study were interestingly similar to NOM—inorganic
colloidal particle clusters found in lake waters (8). The strong
similarity in both structures indicates that low concentrations
of alginate/polysaccharide are sufficient for the enhanced
aggregation to take place. In our systems, we were able to
observe enhanced aggregation in solutions where the alginate
concentration was as low as 37.4 ug/L. Due to the ubiquitous
nature of alginate/polysaccharide in natural waters, it is likely
that enhanced aggregation may be predominant in natural
aquatic systems, especially when moderate concentrations
of Ca?" ions are present. Aggregates of the type we observed
may be analogous to large polysaccharide heteroaggregates
or the precursors to transparent exopolymer polysaccharides
(TEP) in ocean waters (11, 12, 42).

Proposed Mechanism of Enhanced Aggregation with
Calcium Ions. Enhanced aggregation is only observed in the
presence of Ca?* ions, but not with Nat and Mg?* ions. From
the TEM images, it was evident that the enhanced aggregation
was due to the alginate gel network formation in the presence
of Ca?" ions.

Based on our results from the DLS experiments and TEM
images, we propose the following enhanced aggregation
mechanism. In the initial stage, the alginate-coated hematite
nanoparticles and the suspended alginate content are stable
in the absence of Ca?" ions. Following the addition of CaCl,,
some of the suspended alginate polymers undergo bridging

g™

P |
-.ﬂ’ +

e 5N (b)

FIGURE 6. Combined hematite—alginate gel aggregate in the presence of 6.1 mM CaCl at pH 5.2. a and b are TEM images of the same
aggregate, but at different magnifications. Particle concentration is 1.5 x 10° particles per mL, and unadsorbed alginate content is 748
p19/L. Aggregation of the alginate-coated hematite nanoparticles is initiated about 3 to 4 h hefore the images of the aggregates are captured.
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with the alginate on the hematite surface via calcium
complexation. This effectively enlarges the collision radii of
the suspended particles. Simultaneously, other suspended
alginate polymers bind to each another via calcium com-
plexation to form an alginate gel cluster. The alginate gel
cluster acts as a bridge that binds the hematite clusters
together. The combined effects of the larger collision radii
of the alginate-coated nanoparticles and the alginate gel
cluster formation significantly accelerate the rate of aggregate
growth. The occurrence of direct attachment between the
enlarged coated nanoparticles without the alginate gel
bridging cannot be ruled out. The observation of lower-order
hematite aggregates caught within the combined hematite—
alginate gel aggregates (shown in Figure 6a and b) may be
due to the simultaneous occurrence of aggregation of the
nanoparticles while gel formation takes place in the early
stage. This occurrence of lower-order aggregates has also
been reported elsewhere (10) and observed within NOM—
inorganic colloidal particle clusters in lake waters (8).

Although alginate has a higher affinity for Ca?* than Na*
cations due to the presence of guluronic acid blocks (14, 43),
when the Na* concentration is large enough, the competition
for binding sites between Na* and Ca?* cations may have an
effect on the alginate gel that is formed through calcium
binding (13). Consequently, the influence of background
electrolyte NaCl on the calcium-induced enhanced aggrega-
tion can be explained by the following ion-exchange rela-
tionship:

n(=SNa") + Ca** < (=S),Ca** + nNa* (6)

where =S represents a binding site on an alginate polymer,
and n is the number of binding sites bound to a single Ca?*
cation. In the absence of Na*, all the binding sites are bound
to Ca?* ions, leading to the formation of egg-box structures
binding the alginate polymers to form a gel network, thus
resulting in enhanced aggregation. However, as the Na*
concentration increases, Na* competes with Ca?" ions for
the binding sites along the alginate polymers, leading to less
sites being available for calcium binding, which results in a
smaller degree of enhanced aggregation. At high enough Na*
concentration, the significant majority of sites are bound to
Na*, and calcium binding of alginate polymers is no longer
important. Instead, the presence of Nat and Ca?* leads to
shielding of the electrostatic repulsion experienced by the
alginate-coated hematite nanoparticles. Thus, aggregation
of the coated nanoparticles occurs through electrostatic
destabilization, with diffusion controlling aggregation kinet-
ics.
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