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ABSTRACT

More than 2,000,000 tons of silica nanoparticles
(NPs) are produced annually in the world to
cover the needs of nanotechnologies. Inevitably,
a quantity of NPs, will be in industrial discharges
and domestic, or even in water resources. Share
their high surface reactivity, these NPs may also
carry with them through a specific adsorption of
other toxic chemical pollutants inherent to the
industrial sectors. To preserve public health and
the environment from this pollution, it is nec-
essary to remedy the potential pollution. In this
context, the main motivation of this work is to
answer this environmental issue by proposing a
scheme of remediation based on the use of a
conventional treatment process. The process of
elimination nanoparticles by coagulation/floccu-
lation was selected for its simplicity and also for
its universal use. The NPs of industrial silica
S30R50 were used as support to develop the
process. The optimization of coagulation/floccu-
lation, was greatly facilitated by the use of laser
diffraction online. This technique allowed to
follow the dynamic character of the treatment
and to determine the size and the most relevant
textural parameters (density, porosity and fractal
dimension) of the flocs depending on the nature
of the used reagents. The critical concentrations
of different coagulants and flocculants used
were determined by electrophoresis and turbid-
ity. The ratio of their charge density/molecular
weight has conditioned the quality of separation,
the floc size and their texture. Excellent coagu-
lation/flocculation performances are reached
using organic reagents authorized by the Di-

rectorate General for Health of several countries.

After optimization of the process, the size dis-
tributions are between 10 pm and 1 mm, with
fractal dimensions (compactness) ranging from
2.3to 2.5. The performances obtained show that
the use of cationic polymers is a promising
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potential route to treat other types of NPs. The
treatment proposed to reach a ratio of average
diameters dgoc/dye Of 3500, and therefore it
facilitates the elimination of these NPs agglo-
merated by filtration

Keywords: Bridging Flocculation; Coagulation;
Nanoparticles; Nanotechnologies; Silica; Zeta
Potential

1. INTRODUCTION

The current surge in nanotechnologies has been made
possible by recent technological progress. They are al-
ready widely used in industry to synthesize new products
with new properties, making it possible to satisfy the
expectations of the consumer society. The nanomaterials
on the market are therefore used in many fields, from
electronics to medicine, including textiles and surface
coatings. It is expected that NPs will soon be omnipres-
ence in products used in every-day life, and this will en-
tail a remarkable socio-economic revolution.

The factors that confer these materials with new prop-
erties and might present a risk are size, particle shape,
form factor (ratio between extreme dimensions), size
distribution, specific surface, chemical composition, sur-
face charge, surface reactivity, stability, dispersion be-
haviour and crystallinity [1,2]. Particles are considered to
be nanometric when one of their dimensions is between 1
and 100 nm.

The most common nanoparticles used for consumer
products are metallic nano-oxides (SiO,, TiO,, ZnO,
Ce0,, AL)O;, etc.), gold, nano-silver and nano-clays.
Silica, for example is used in tyres, paints, solar panels,
sports equipment, cleaning products and dietary supple-
ments. It is by far the most vastly produced. In France, it
represents around 500,000 tonnes, or 2 times more than
TiO,, the second type of NP manufactured.

Nevertheless, this enthusiasm for nanotechnological
progress goes hand in hand with a growing awareness of
the inherent environmental and toxic impacts. The
nanometric size of nanoparticles makes them relatively
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mobile in the environment, bioavailable to living organ-
isms, and therefore potentially toxic. Furthermore, their
large specific surfaces and surface reactivity facilitates
their bio-physico-chemical interaction with environ-
mental components. Special attention must therefore be
paid to the fate of nanomaterials when they are dis-
charged into the environment, either accidentally or in
the course of their normal use. They will inevitably end
up in industrial waste, then solid municipal waste, or
even water resources. In the environment, NPs can dis-
perse, aggregate, adsorb other soil pollutants or be ab-
sorbed by organisms depending on the media’s physico-
chemical properties.

At the present time, no monitoring is being done to
take into account risks that might be caused by gaseous,
solid or liquid waste containing NPs. However, in all
industrialized countries, governments recommend the
treatment of this waste at the source. For example, Arti-
cle 191 concerning the environment in the consolidated
version of the Treaty on European Union states, “Union
policy on the environment shall aim at a high level of
protection taking into account the diversity of situations
in the various regions of the Union. It shall be based on
the precautionary principle and on the principles that
preventive action should be taken, that environmental
damage should as a priority be rectified at source and
that the polluter should pay.”

In this context, and considering the quantities of silica
produced and its various uses and methods of manufac-
turing, it is crucial that industrial waste rich in silica NPs
be treated. Treatment processes must also be developed
and implemented at the source of effluents.

Silica NPs can also transport, by specific adsorption,
other chemical pollutants inherent in the original Indus-
trial sectors. Their reactivity with pollutants is much
greater than that of larger silica particles [3]. The hy-
drated silanol groups at the surface of silica induce
strong polarity and high surface free energy. Our aim is
to reduce the risk of pollution by eliminating silica
nanoparticles in water. We suggest using flocculation—
the least-expensive solid/liquid separation method.

The basic material chosen for this study is a nanomet-
ric amorphous silica used by industry in catalysis, coat-
ing/paint, polishing and textiles [4,5]. Nanosilica is mar-
keted as a pulp and meets the specifications of these in-
dustries. It is pure (>99%), its particles are spherical, and
they have an almost uniform size distribution.

In terms of pollution, the example most often cited is
that of post-polishing effluents. The major contamination
is metallic. During chemical mechanical polishing (CMP),
around 10'? at./cm? of metallic atoms are liberated [5]. In
effluents, depending on mechanical, electric and phys-
ico-chemical properties, the silica NPs can be single or
complexed with any pollutants present.

Copyright © 2012 SciRes.

This paper is an introduction to all initiatives to treat
effluents of industries using NPs, with and without con-
tamination. Its aim is to evaluate the behaviour of NPs
when subjected to solid/liquid separation by coagulation
and flocculation. It addresses the key points of a future
global environmental study:

* The basic characterization of this product;

* The stability of this silica as a function of pH;

* The methodology of treatment at the source of an ef-
fluent rich in silica NPs, which requires that suitable
materials be identified.

The originality of this work resides in the treatment of
a nanometric product widely used in industry, smaller
than 100 nm, as a highly diluted suspension (0.1 g/L).
The use of reagents that are currently certified and au-
thorized by the Directorate General of Health is one of
the strengths of this procedure.

2. MATERIALS AND METHODS
2.1. Material

The silica nanoparticle suspension used was supplied
by the Clariant Corporation. It is marketed under the
name “Klebosol 30R50”. It is made up of spherical
amorphous silica nanoparticles with an average diameter
of 50 nm, according to Clariant, and is 30% in solid
concentration. The suspension is stabilized in an alkaline
environment where total Na,O is less than 0.2%. It has a
pH of 8.7 £ 0.1. “R” indicates antibacterial protection

[4].

2.2. Methods Used to Characterize Silica
NPs

The NPs were diluted to 10 mg/L and observed di-
rectly with a Philips C200 Transmission Electron Micro-
scope (TEM). Density and specific surface were deter-
mined on a sample that was freeze-dried and degassed at
110°C to a residual vacuum of 2 Pa.

The density was determined by helium pycnometry
using a MicroMeritics AccuPyc 1330. The specific sur-
face was measured by nitrogen adsorption using the BET
method [6] with a MicroMeritics ASAP 2010 adsorp-
tometer for relative pressures between 0.02 and 0.2. The
size of the nitrogen molecule at 77 K is set at 0.162 nm?.

The particle size distribution, zeta potential and treat-
ment were done on a secondary suspension prepared
from the stock solution with Milli-Q water (resistivity 18
MQ/cm) at a concentration of 0.1 g/L and an equilibrium
pH of 6.1 £ 0.1 at 20°C. The turbidity of this diluted
suspension is 18 + 1 NTU (the suspension is almost
transparent). It was measured with turbidity meter Turb
555 IR (A= 860 nm).

Size distribution as a function of pH was determined
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with a Zetasizer Nano ZS (Malvern Instruments Ltd.,
UK). This apparatus determines the size by first meas-
ureing the Brownian motion of the particles in a sample
using Dynamic Light Scattering (also know as Photon
Correlation Spectroscopy or PCS). It does this by illu-
minating the particles with a laser and analysing the in-
tensity fluctuations in the scattered light. The rate of the
intensity fluctuation is used to calculate the size of parti-
cles. The relationship between the size of a particle and
its speed due to Brownian motion is defined in the
Stokes-Einstein equation (Eq.1). The particle size meas-
ured is the hydrodynamic diameter of the sphere that
diffuses at the same speed as the particles being meas-
ured. The basic distribution obtained from a DLS meas-
urement is intensity. All other distribution is generated
from this.

kT

= M
3nnD,

H

where dy is the average hydrodynamic diameter, D; is the
average diffusion coefficient, k£ is the Boltzmann con-
stant, 7T is the absolute temperature and 7 is the dynamic
viscosity of the solvent.

For consistency when analysing data obtained before
and after flocculation, size distributions are all given in
volume.

The refractive index used for the determination of par-
ticle size is 1.467 (~1.47). This value was obtained from
the linear relationship (EQ.2) between the refractive in-
dex and the density of silica (silica polymorphs) with no
chemical impurities [7]. Measuring the refractive index
at a wavelength of 632.8 nm by m-line spectroscopy on
an amorphous silica substrate having a density of 2.203
g/em’ gives an index of 1.4702 [8], which is almost iden-
tical to the calculated value.

n=0.189p +1.047 with R* =0.999 2)

where 7 is the refractive index, pg is the average density
of the solid and R? is the coefficient of determination.
Electrokinetic potential (zeta potential) was measured
with a Zetasizer IV (Malvern Instruments Ltd.). The
Zetasizer IV uses electrophoresis to determine this po-
tential. The electrophoretic mobility is related to the zeta
potential of the particles by the Henry Equation [9].
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Ohshima’s approximation [10]
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Hiickel’s formula

f(xr) is the Henry correction factor. It depends on the
size of the particles, their form factor and the ionic
strength of the environment by taking into account the
thickness of the diffuse layer (1/x).

Knowledge of the sign and value of the zeta potential
is important since the surface charge governs the stability
or state of dispersion, the choice of the type of coagulant
and/or flocculant to be used to obtain a good agglomera-
tion and the reagent concentration. This parameter must,
therefore, be determined as a function of pH.

Silica immersed in water acquires a pH-dependant
surface charge. The extent and the sign of this surface
charge depend on the H" and OH™ concentrations in the
solution. The surface charge appears during immersion
as silanol surface sites become hydrated [11,12]. They
can then be ionized, depending on pH, as described by
the following reactions:

Si—OH+H" = SiOH} ®)
Si—OH+OH™ = Si0” +H,0 )

The solid can therefore be considered to be an ion ex-
changer whose exchange capacity is pH-dependent. To
these acid-base equilibria associated with the Si—OH
surface sites, we must introduce reactions of the charged
sites (SiOH,", SiO") with counterions in solution (CI” and
Na") introduced to control the pH [13].

Si— OH; +Cl” = SiOH; ---CI” (10)
Si—0 +Na’ =8i0 ---Na* (11)

This suite of equilibrium reactions leads to a given
surface charge as well as to a distribution of charge far-
ther from the interface.

This potential was measured at 20°C and the pH was
adjusted with HCI or NaOH.

2.3. Nanoseparation

Solid/liquid separation by coagulation and flocculation
is done to provide clean water containing no NPs. The
basic principle is to agglomerate the NPs, turning them
into visible entities that can settle rapidly and/or be re-
moved by classical filtration, which is already part of
water treatment processes. We must, therefore, use non-
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toxic reagents that respect the environment and develop
dense flocs larger than 10 um, with low permeability and
a fractal dimension of around 3. To do this, a well-tar-
geted set of reagents was selected. Combinations of 4
organic coagulants and 3 flocculants supplied by SNF-
FLOERGER were tested. The coagulants are in liquid
form and the flocculants are powders. They were pre-
pared at concentrations of 2 g/L and 0.5 g/L, respectively.
Tables 1 and 2 give their main characteristics. The best
combination was determined by jar test with 6 identical
reactors. Each of these was equipped with 4 orthogonal
baffles and a 5.1 x 5.1 mm square, single-blade, leaf-type,
stainless steel agitator [14]. The volume of the suspend-
sion in each reactor was 0.8 L at a concentration of 0.1
g/L. Coagulation was done at 300 rpm (G = 583 s ') for
10 min, followed by flocculation at 100 rpm (G =133 s')
for 5 min. The average gradient values applied were cal-
culated using the power curve of these reactors [14].
During conditioning, the contact between particles is
caused by the differences in velocity gradients created in
the suspensions by mechanical mixing. This is an or-
thokinetic mechanism. Under these conditions, periki-
netic aggregation (particle collisions caused by Brownian
motion) is insignificant.

In the nomenclature for coagulants and flocculants, the
first two numbers indicate molecular mass, FL.4520 hav-
ing a lower mass than FL4820. The proportion of active

Table 1. Main characteristics of the cationic coagulants used.

matter is indicated by the 2 last numbers. The charge
density is expressed as a percentage of ionogenic group
relative to all groups. When the exact information about
charge density and molecular weight is not accessible for
the commercially available materials, the approximate
categories of high, medium and low will be used, as de-
fined in Table 2.

Polyamines and PolyDADMACs are organic coagu-
lants that may completely or partially replace the inor-
ganic coagulants (aluminium sulphate, aluminium per-
chloride, ferric chloride, etc.). These substances are ap-
proved for drinking water in many countries. For confi-
dentiality reasons, SNF-FLOERGER does not provide
the molecular weight of coagulants.

These flocculants are used to treat drinking water,
waste process water, municipal sewage and ores.

The solid/liquid separation method used here is based
on the neutralization of the negative charge of the silica
with the coagulant, followed by bridging flocculation.

The concentration needed to neutralize the charge of
the silica was determined by testing with solutions hav-
ing increasing cationic coagulant concentrations, after
which the zeta potential and turbidity were measured.
The optimum coagulation concentration (OCC) is the
quantity of coagulant that results in zero zeta potential
and maximum turbidity.

This was determined by observing the evolution of the

Parameter FL2250 FL2565 FL4520 FL4820
Composition L. Polyamine L.Polyamine PolyDADMAC PolyDADMAC
Charge density Very high Very high Very high Very high
Active content % 50 65 20 20
Molecular weight 0.03.M 0.2.M 0.89.M .M
Specific gravity 1.14 1.20 1.04 1.04
Approximate Brookfield viscosity (cps) 25-35 1000 - 3000 200 - 500 1000 - 3000

M: standard molar mass not given; L: Linear.

Table 2. Main characteristics of the flocculants used.
Parameter FO4190 FO4550 FO4990SH
Charge type Cationic Cationic Cationic
Charge density Low High Very high
Cationicity in mole % 10 45 100
Molecular weight in 10° Dalton 4.1 4.5 4.9
Size (mm) 1 1.25 2
Approximate bulk density 0.8 0.85 0.68
Approximate Brookfield viscosity (cps) at 0.5 g/L 36 53 25

Copyright © 2012 SciRes.
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electrophoretic mobility and turbidity of the suspension
of NPs in the presence of increasing concentrations of
coagulant. On an industrial treatment site, a turbidimeter
can be used instead of a zeta potential meter. These are
easy to use and very inexpensive.

The test with each coagulant was done for each con-
centration on 100 mL of NP suspension at 0.1 g/L, mixed
with a magnetic stirrer at 500 rpm for 15 min in a 125
mL beaker with an internal diameter of 5 cm. Turbidity
and electrophoretic mobility measurements were done on
samples collected during mechanical mixing.

The optimum flocculant concentration (OFC) is esti-
mated by jar testing. The experimental matrix investi-
gated is made up of 4 coagulants and 3 flocculants se-
lected. The three flocculants were tested for or each pre-
viously determined OCC. For each combination, condi-
tioning was done at a velocity gradient of 583 s~ for 10
min for coagulation and then at 133 s' for 5 min for
flocculation. The same stirring rate was used in the 6
beakers of the jar test. The OFC was determined after
stirring had been stopped by measuring the turbidity in

the supernatant in the suspensions after 15 min of settling.

It is the quantity of flocculant that results in the lowest
turbidity.

2.4. Method Used to Characterize Floc Size
and Structure

After the optimum coagulant concentration for neu-
tralization had been determined and the best flocculants
had been selected by jar test, flocculation was optimized
by measuring the particle size with a Malvern Master-
Sizer S laser granulometer. This apparatus was equipped
for the study with a 1 L vessel with a tap in its bottom
that enabled the drawing off of the suspension to the
analysis cell. Circulation through this cell is done in a
fully hydraulic open circuit with a flowrate controlled by
the head and by the centrifugal pump at the outlet.

This reactor tank is also equipped with four orthogonal
riffles and a single-blade sheet-type impeller (tangent-
ial-flow system). The impeller makes it possible to reach
high velocity gradients for fairly low speeds while de-
creasing the turbulence heterogeneity in the stirred vol-
ume. This flocculation tank configuration reproduces
quite well the hydrodynamic characteristics of an Indus-
trial flocculation box. The mean gradient values during
the conditioning are calculated on the basis of its power
curve [14].

The granulometer’s short optical bench with an analy-
sis cell having a 2.4 mm optical path was used for sizes
between 0.1 and 878 um. For sizes between 4.2 and 3473
pum, the long bench was used with a specially manufac-
tured cell having a 10 mm optical path. Optical data was
exploited using the Fraunhofer optical model for diame-
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ters greater than 3.2 pum (5 Ay) and the Lorentz-Mie the-
ory [15] for smaller particles. The refractive index for
silica is 1.47 and the extinction index is 0.

The laser diffraction measurements also provide in-
formation on the average porosity, the average density
and the average fractal dimension of the flocs according
to the following equations [14]:

Gl (12)
107G, - ps
pF:ps'(l_gF)+pL'5F (13)

where eris the average floc porosity, C; is the solid con-
centration kg/m’, py is the average floc density kg/m’, p,
is the average solid density in kg/m’, p; is the fluid den-
sity in kg/m® and C, is the volume concentration of the
flocs measured by the granulometer in %.

For fractal aggregates, it can be shown that [16-18] the
total scattered intensity will exhibit a power law de-
pendency on the amplitude of the scattering vector g i.e.

For

n/R, <q<n/r,,1(q)ecq™” (14)
q= 4Z° sin[gj (15)

where ( is the amplitude of the scattering vector, R, is
the radius gyration of the aggregate, ry is the primary
particle radius and Dy the mass fractal dimension. ( is a
function of the wavelength of the incident beam (A4, =
0.632 um), the refractive index of dispersion medium
and the scattering angle.

It is therefore possible to determine the mean fractal
dimension of the aggregates from the curve of log(/(q))
versus log(q). Over the interval [n/ R, .m/ rOJ , the curve
then displays a linear segment with a slope equal to —DF.

3. RESULTS AND DISCUSSION

3.1. Morphological Characterization of Silica
NPs

Various enlargements were made of the microscope
images (Figure 1). The analytical approach entailed
characterizing the material at different scales in order to
see granulometric details. Minor magnification shows
that the material is homogeneously distributed. Major
magnification (x50,000 to x88,000) reveals the pres-
ence of several particles in groups of, at most, 2 or 3 par-
ticles. There are relatively few of these in the images
studied. The strings of beads observed in a magnification
x20,000 very probably formed when the grids were dried.
On all of the images studied, particles appear to be al-
most circular and, for the most part, between 50 and 80
nm in diameter. The largest size observed is about 190
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Figure 1. TEM image of S30R50.

nm. This corresponds to the Feret’s diameter of 3 con-
nected particles.

The density of this material measured by helium
pycnometrie is 2.222 £ 0.001 g/cm’ and its BET specific
surface is 45 + 2 m%/g.

3.2. Physico-Chemical Stability of Silica NPs

To monitor the mobility of NPs in the environment, it
is necessary to determine NPs stability boundary condi-
tions as a function of pH and ionic strength. We therefore
investigated, as a reference study, the behaviour of these
NPs in terms of size and zeta potential as a function of
pH with no salt added. The NPs were dispersed in MilliQ
water at a concentration of 0.1 g/L (SiO, at 0.01 wt%).
The appearance of the prepared suspension is between
opalescent and transparent. Its turbidity is 18 + 1 NTU
and its natural pH is 6.1 £ 0.1. The pH was then modified
with HCl or NaOH. Measurements were done at 20°C
after one day of stirring.

3.2.1. Size Distribution

The evolution of the hydrodynamic diameter (dy) de-
termined with NANOZS as a function of the suspension

Copyright © 2012 SciRes.

pH is given in Figure 2. The particles: 1) Aggregate for
pH below 3; 2) Are stable at +£1 nm for pH between 3 and
9; 3) Decrease in size from pH 9 to 11.

The increase in the mean diameter between pH 3 and
1.8 indicates an increasing agglomeration of particles
fostered by the drop in pH. This monotonic increase also
implies that the zero point of charge pHzpc is certainly
below pH 1.8. The flocculation yield in this acid pH in-
terval hardly exceeds 30%, a maximum value obtained
for pH 1.8 (Figure 2). At pH 1.8, the size is between 44
and 340 nm.

The decrease in size beyond pH 9 is due, to some ex-
tent, to the compression of the diffuse double layer and,
to a large extent, to a partial solubility of the particles.
These NPs that have a very small diameter and a high
surface tension are therefore particularly sensitive to
dissolution phenomena. This point corresponds perfectly
to the beginning of silica solubilization [19].

The size of these NPs is between 100 and 44 nm for
pH between 3 and 9. They have a stability range much
broader than those of magnetite, CeO, or TiO, NPs [20].
This great stability implies that the surface charge of this
product is high within a rather broad pH range.

3.2.2. Zeta Potential

Figure 3 shows the evolution of nanosilica zeta poten-
tial in water as a function of suspension pH. For f(xr)
Ohshima approximation is used (EQ.4). The potential be-
comes increasingly negative with increasing pH.

In the acidic pH range, the zeta potential is linear with
pH. Consequently, there is almost no complexation of
charged sites with the CI” counterions. An increase in the
HCI concentration only reduces the negative charge. The
contribution of the complexation with Na' is significant
only beyond pH 9.

Since the silica surface charge is negative, the problem
can be simplified by disregarding EQs.8 and 10 concern-
ing the formation of positive sites. For pH values greater
than pHgzpc, therefore, the contributions of [SiO] and
[SiO ---Na'] are largely predominant. The surface charge
oy 1s the sum of these two terms.

The result obtained is therefore largely attributed to:

Si—OH + OH = SiO + H,0 )
Si—O +Na" = SiO--Na’ (11)

Many authors have reported that the surface charge of
silica is negative for a very wide range of pH values [21].
It is also accepted that the structure of silica is open
enough so that the coordination number of each surface
atom can still increase [22,23].

For pH values between 1 and 6, the zeta potential can
be represented by a straight linear regression line that
intersects the x-axis at pH 1.47 £0.03 ({' = —14.68pH +
21.55, R* = 0.997). This point is, by definition, the pH of
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Figure 2. Evolution of the average diameter as a function of pH and the size distribution of S30R50 for the most significant

pH values.

zero point of charge (pHzpc) of this silica sample. This
value is in agreement with literature data. The pHzpc of
quartz is 1.4 [24]. This point is defined as the pH value
for which the surface of particles is globally neutral. In
this case, the repulsive forces between the particles are
too weak to oppose aggregation. The agglomeration

Copyright © 2012 SciRes.

threshold is set at pH 3 according to the particle size
analyses (Figure 2).

When pH increases, the state of the suspension goes
progressively from maximum flocculation (= 0 mV) to
good stability, which it reaches in a strongly basic envi-
ronment. This state is well illustrated by the results of the
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Figure 3. Estimation of zeta potential based on H. Ohshima’s
approximation.

particle size analysis as a function of pH Figure 3.

The solubility of amorphous silica becomes significant
at pH values above 9 [19]. This dissolution process forms
silicate HSiO; ions that behave like an electrolyte, in-
creasing the charge. Therefore, at high pH, the increase
in the surface charge is due to both the addition of so-
dium hydroxide and silica dissolution.

3.3. Nanoseparation

3.3.1. Optimization of Coagulant Concentration

Before we can set up the solid/liquid separation proc-
ess for a given physico-chemistry, we must determine the
optimum concentrations of the reagents to be used. The
first phase consists therefore in determining the optimum
concentrations of coagulant and then of flocculant.

When coagulants are added, pH variations remain in-
significant (less than 0.1 pH unit). The variations in elec-
trophoretic mobility as a function of added amounts of
cationic polymers correspond to the classic neutralization
curves. Increasing the polymer concentration (Figure 4)
results in a decrease in the absolute value of the electro-
phoretic mobility, going through the isoelectric point,
and then an increase of up to a horizontal asymptote lo-
cated at an electrophoretic mobility lower than that of the
uncoagulated product. In turbidity (Figure 4), the func-
tion increases up to a given value, decreases forming se-
condary maxima, and then stabilizes, plateauing slight-
ly above the initial turbidity. The isoelectric point and the
maximum turbidity for each coagulant correspond to the
optimum coagulation concentration.

The shape of these curves reflects the various coagula-
tion states. The reactions can be broken down into three
states:

* Simultaneous neutralization and bridging between the
beginning and the isoelectric point (IEP) (maximum
turbidity).

* A combination of 2 conditioning mechanisms be-
tween the IEP and the first plateau (turbidity between
the first and last maxima). There is competition be-
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tween neutralization/bridging and steric stabilization
beyond the IEP. Steric stabilization increases with the
coagulant concentration to the detriment of neutrali-
zation/bridging.

* Total steric neutralization corresponding to the indi-
vidual neutralization of each particle. This mecha-
nism causes a redispersion of particles in solution as a
result of a reversal of charge within the solution. The
near-environment of a particle surface can then be en-
tirely occupied by hydrophilic polymer chains that
generate a repulsive hydration force. This is observed
when the coagulant concentration is high enough so
that all of the particles are rapidly covered.

The non-return to the initial turbidity after steric stabi-
lization is due to the coating of the particles by the
polymer and to the presence of free coagulant in solution.
In this way, the value of the refractive index for the sus-
pension is modified and, consequently, also that of the
turbidity [25,26]. These configurations are represented
by figure 5. The first state corresponds to the path from
“a” to “c1” and the last to a path from “a” to “c2”.

The transition from destabilization (IEP) to steric sta-
bilization follows a competition between the increase in
the number of individual coated nanoparticles and the
decrease in the formation of aggregates.

The optimum concentration is the quantity of coagu-
lant that does not adsorb uniformly on the entire surface
of each particle and that produces electrically neutral
aggregates (Figure 5). Each active cluster of coagulant
adsorbs on at least two particles and the neutrality of the
electrical charge of each particle is ensured by at least 2
active clusters. The particles having surfaces with oppo-
site charges can therefore touch, leading to the formation
of an aggregate by neutralization of surfaces with oppo-
site charges. The number of NPs per aggregate, its di-
ameter and its texture depend on the nature of the coagu-
lant and the applied hydrodynamic conditions.

Figure 6 shows the influence of the ratio of charge
density to molar mass. Below the IEP and for high charge
densities (FL2250 and FL2565), the adsorption curve is
concave (rapid recovery) and the adsorption kinetics are
rapid. Conversely, for low charge densities and high mo-
lar masses (FL4520 and FL4820), the adsorption curve is
convex (slow recovery). These two behaviours corre-
spond to two different adsorbed polymer conformations.
The presence of long hooks and loops for 20% cationic-
ity, and a flat conformation for cationicities between 50%
and 65%. The molar mass associated with cationicity
enables us to explain the behaviour of the 2 coagulants
and these two last cationicities. For the same concentra-
tions, the FL2250 coagulation performance is lower than
that of FL2565. This is due to the difference in the length
of the chains of these two coagulants. The free, non-ad-
sorbed parts of the polymers are not the same
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Figure 4. Influence of coagulant concentration on the electrophoretic mobility and on the turbidity of S30R50 nanoparticles.
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Figure 5. Mode of action and conformation of organic coagulants with

the particle surface.
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Figure 6. Shape of the electrophoretic mobility curve concavities below the OCC.

size and therefore their agglomeration efficiency is dif-
ferent (Table 3).

The OCC of the polymers can therefore be optimized
with reference to the molar mass and the cationic charge.
The OCC obtained are given in Table 4. The lowest
value is given by coagulant FL2565, which has the high-
est charge density. The OCC obtained decrease with the
percentage of active matter and therefore the effective
charge used for coagulation (Figure 7).

3.3.2. Coagulation-Flocculation

3.3.2.1. Coagulant Performance

It is difficult to predict, based on the physico-chemical
characteristics of a suspension, which reagent will give
the best results. Indeed, the efficiency of a flocculant
depends on numerous, and in some cases contradictory,
factors related mainly to the nature of the suspension to

Copyright © 2012 SciRes.

Table 3. Main size parameters after coagulation.

dl0 d50  d90  dmL
(pm)  (um)  (um)  (um)

S + FL2250 0.2 0.4 28.0 7.3 36.7 196

Coagulant DSI Dr

S + FL2565 6.4 8.1 12.3 8.5 04 288

S + FL4520 7.4 9.1 15.2 10.6 04 287

S + FL4820 7.4 9.1 15.2 10.6 04 286

Table 4. Optimum coagulant concentrations (OCC) at +0.1
(mg/g).

Méthode FL2250 FL2565 FL4520 FL4820
Turbidimétrie 5.2 3.9 10 10
Electrophorése 53 4.0 9.9 10.1
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Figure 7. Evolution of the OCC as a function of the percentage of the coagulant’s active matter.

be treated, to the design and use of the installation and
how the flocculant is used.

In order to optimize our search for the best reagent for
the suspension studied, 8 flocculants were tested using
the jar test. These polymers are all cationic, with differ-
ent molar masses and cationic charges. Their references
are FO4115, FO4115SH, FO4190, FO4190SH, FO4990,
FO4990SH, FO4550 and FO4800SH. The experimental
protocol therefore included 4 coagulants and 8 floccu-
lants. Each test involved coagulation followed by floc-
culation. The efficiency of the various reagents was
evaluated in terms of supernatant clarity. The lowest tur-
bidities were obtained with FO4190, FO4550 and FO4990-
SH with optimum flocculant concentrations (OFC) of be-
tween 2.8 and 3.12 mg/g. This last value was used for the
study of floc texture in spite of the fact that it is in excess
in the case of FO4990SH.

Coagulation and flocculation were done in the 1-liter
reactor described above. The performance of this reactor
is similar to those of industrial flocculation containers
[27]. Moreover, this one-dimensional reactor is energy
efficient.

The coagulants were conditioned under a gradient of
583 s for 10 min. This set of parameters was selected
following a kinetic and hydrodynamic study that is not
discussed in detail here. An example of the impact of the
duration of conditioning on the mixing efficiency and on
the fractal dimension is summarized below (Table 5).
After 10 minutes, we observed a very compact popula-
tion of aggregates having a very high fractal dimension
and a very limited size distribution. 10 minutes is a turn-
ing point after which the size of microflocs and their
fractal dimensions vary relatively little. After 10 minutes,
the microflocs are more resistant than those obtained in
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less than 10 minutes and are similar to the microbeads
obtained after 120 minutes.

Where ¢ is the time, dmL is the average diameter
measured by laser diffractometry, DSI is the spread index
expressed by the ratio (d90 - d10)/(2d50) and Dr is the
masse fractal dimension.

dx: diameter corresponding to x% of cumulative un-
dersize by volume (x = 10, 50 or 90).

The performances of the 4 coagulants selected in
terms of size and fractal dimension are given in Table 3.
FL2250, a polyamine with a low molar mass (Table 1),
gave the poorest results. It aggregated the mineral parti-
cles much less well. The flocs obtained with this coagu-
lant were weak (Figure 8) [28], had a fractal dimension
of 1.96 and a very broad size distribution, DSI = 37. In-
deed, with short chains (low molar mass), the surfaces
are isolated without causing a great formation of bridges
between mineral surfaces. The performances of the other
coagulants are similar, even identical for FL4520 and

Table 5. Fractal dimension and principal size parameters after
coagulation.

t min dmL (um) DSI Dyr
1 17.6 0.51 2.75

2 14.3 0.43 2.79
25 13.4 0.40 2.81
35 12.1 0.37 2.82
5 11.0 0.37 2.83
10 9.6 0.37 2.86
120 7.0 0.38 2.96
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Figure 8. Two-dimensional projections of typical three-dimen-
sional aggregates of 4096 primary particles obtained for Dy =
1.5t02.5[28].

FL4820. The fractal dimensions of these 3 reagents are
similar and represent very compact structures (Figure 8).
In light of these results, we chose to continue the coagu-
lation/flocculation treatment only with FL2565 and FL-
4820.

3.3.2.2. Flocculant Performance

The main characteristics of the flocculants used are
given in Table 2. The coagulation required a rather rapid
stirring rate in order to mix the suspension well and bring
the various small entities (NPs/polymers) into contact.
Flocculation, however, requires a relatively slow stirring
rate in order to foster contact and the aggregation of the
microflocs into larger flocs without breaking the flocs
that have already formed.

The most relevant textural parameters are given in Ta-
ble 6. In terms of particle size distribution, the treatment
used for the 3 combinations selected conditions the pro-
duct in populations of large homogeneous, almost mono-
modal flocs (Figure 9). The proportion of small flocs is
almost insignificant compared to the central population.
The smallest diameter observed in the 3 particle size
analyses is about 4 pm, which is 47 times larger than the
average diameter of the untreated product.

Where ¢ is the time, dmL is the average diameter
measured by laser diffractometry, dx is the diameter cor-
responding to x% of cumulative undersize by volume (x
=10, 50 or 90), DSI is the spread index expressed by the
ratio (d90 - d10)/(2d50), Dr is the masse fractal dimen-
sion, ¢ is the average floc porosity, pr is the average floc
density and 7 is the turbidity.

The existence of a population of small flocs is related
to the flocculation process. As flocculation proceeds, the

Copyright © 2012 SciRes.

Table 6. (a) Turbidity and texture after coagulation and floccu-
lation; (b) Turbidity and texture after coagulation and floccula-
tion.

(a)

d10 d50 d90 DmL (d90-d10)
(pm) (pm) (pm) (um)  (um)

S + FL2565 + FO4990SH 74 269 576 300 502

Traitement

S + FL2565 + FO4550 36 92 203 107 167
S + FL4820 + FO9190 59 173 367 166 308
(b)
Traitement tNTU &  pr(geem®) Dp
S + FL2565 + FO4990SH 2 0.98 1.02 2.28
S + FL2565 + FO4550 1.5 094 1.07 2.51
S + FL4820 + FO9190 1.9 097 1.03 2.46

formation of large flocs decreases, the number of particle
collisions drops and, as a result, a certain number of mi-
croflocs are not aggregated. The shapes of the 3 distribu-
tions is similar (Figure 9). This suggests that the floc
formation conditions are identical and the observed dif-
ferences in size range are a result of the nature of the
reagent used. The smallest variation is observed with the
FL2565/F0O4550 combination, which also fosters the
formation of the densest and most compact flocs (Figure
8). Table 6 shows that the density decreases rapidly as
size increases, which indicates the formation of increase-
ingly open structures characterized by an increasingly
low fractal dimension. This shows that the average frac-
tal dimension is a constant that reflects both the initial
state of particle coagulation and the role and nature of
the added flocculant.

The best criterion for flocculant selection is good clar-
ity and a high sedimentation rate. The most relevant
measurements are given in Table 6. For turbidity meas-
urements, 3 other suspensions were prepared under the
same coagulation and flocculation conditions and sedi-
mentation was monitored. The turbidity of the settled
solids, collected 20 mm beneath the surface of the liquid
after 5 minutes of decantation, was measured. The results
obtained for the 3 tests are equivalent to or lower than 2
+1 NTU (Table 6(b)). DLS particle size analyses done
on these samples after sieving at 10 pm did not reveal the
presence of NPs. The measured intensities are nil.

Concerning sedimentation, the size of the flocs and
their size distribution, d10 in particular, govern most of
the variation in the floc decantation rate. Literature ref-
erences indicate that water flow through porous intra-floc
space can also influence the decantation rate of the most
porous, granular flocs that have sufficient permeability.
For a given density and size, the sedimentation rate of a
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Figure 9. Size distribution after coagulation-flocculation.

porous and permeable sphere is greater than that of a
compact sphere. Fluid circulation in the pores increases
the velocity, under laminar flow and at the beginning of
transient flow, for a porous sphere compared to a non-
permeable sphere having the same size and average den-
sity [29].

This criterion, based solely on clarity, does not, by it-
self, enable us to select a combination. In the absence of
measured decantation rate data, it is preferable not to
make a selection, especially since this treatment will be
part of a solid/liquid separation process that includes
filtration.

4. CONCLUSIONS

The aim of this work was to contribute to the study of
the stability of silica NPs (nanosilica) and to the devel-
opment of a methodology for their destabilization by
coagulation-flocculation. The aggregation process pro-
posed here uses standard organic reagents and involves
the characterization on line by laser diffractometry of the
aggregates formed. The results obtained depend on the
nature of the solid phase, the physico-chemical proper-
ties of the NP suspension, the nature of the aggregation
reagents and the hydrodynamic conditions of stirring and
mixing.

In an effort to attain good performance, we used cati-
onic organic coagulants. These have advantages com-
pared to common reagents like iron or aluminium salts.
They are used in low concentrations and have a low im-
pact on the pH of the suspension. Under fixed hydrody-
namic and physico-chemical conditions, the nature of the
coagulants chosen was a determining factor for the suc-
cess and the optimization of the separation process. The
ratio of their charge density to their molar mass governs
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the quality of the separation and the floc size and texture.
Aggregation was also fostered by the NPs’ surface en-
ergy.

Reaching our objective was greatly facilitated by the
use of laser diffractometry on line. This technique also
enabled the determination of the porosity, density and
fractal dimension of the flocs, although not the size dis-
tributions.

The performances obtained show that the use of cati-
onic polymers is a promising process for treating other
types of NPs. However, prior to industrial use, a hydro-
dynamic study of the process should be carried out in
order to determine the impact of the process on floc ag-
gregation and rupture phenomena and on their structure.
Efforts must be made in this direction to better under-
stand the relationship between structure and size, the
consequences on floc cohesion and permeability and,
lastly, on filtration.

Future work might involve the inclusion of this proc-
ess in an industrial flowsheet entailing coagulation-
flocculation and filtration.
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