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ABSTRACT: Ballasted aggregation, a process using the addition of a ballasting agent to
improve the settling performance of flocs, appears particularly appropriate for the treatment
of humic rich waters that leads to low-density aggregates. In that context, using an aquagenic
humic acid coagulated by ferric chloride in the presence of pozzolana particles as ballasting
agent, we show that the origin of improved floc settling in ballasted aggregation is not simply
related to an increased specific weight of flocs, but also to a significant restructuring of flocs
to a more compact structure induced by the added particles. The floc restructuring is
evidenced from the increased lag time before measurable floc growth in the presence of the
ballasting agent, the higher fractal dimension of flocs above the micron scale range after
incorporation of the particles into the aggregates, and a much smaller sediment volume after
settling. A simple model of floc compaction based on the turbulent viscous effects that act on

an elastic floc, is described.
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1. INTRODUCTION

In water treatment, the primary objective of coagulation-flocculation process is to
gather the finely divided matter suspended in the raw water within large flocs that can settle
rapidly. However, because of the fractal organization of flocs, the aggregate growth is
necessarily accompanied by a decrease in floc density which impairs the performance of floc
settling (Bache and Gregory, 2007; Tambo and Watanabe, 1979). Such effect becomes
particularly challenging for coloured raw waters rich in humic substances, that lead to light
and fragile structures with poor settling characteristics (Eikebrokk, 1999; Jarvis et al., 2005;
Sieliechi et al., 2008).

To improve the removal efficiency of fractal flocs, two main approaches have been
considered: (i) the aggregate can be compacted upon exposure to increased shear, (ii) a high-
density particle - the ballasting agent — is attached to the aggregate, thus directly increasing its
specific weight. While the former has been adressed in numerous simulation and experimental
studies (Becker et al., 2009; Clark and Flora, 1991; Oles 1992; Selomulya et al., 2001; Seto et
al., 2012; Spicer et al., 1998, Thill et al., 2001), the approach has received little attention in
industrial ~ practice. Indeed, if coagulated latex flocs submitted either to
growth/breakage/regrowth cycles or prolonged shearing show an increased compaction of
aggregates (Jarvis et al., 2005; Oles 1992; Selomulya et al., 2001; Selomulya et al., 2003;
Serra and Casamitjana, 1998; Spicer et al., 1998), these results do not systematically apply to
aggregates formed using hydrolyzing metal coagulants (Clark and Flora 1991; Jarvis et al.,
2005; Yukselen and Gregory, 2004). In some cases, a reduced fractal dimension is even
observed during floc re-growth after the breakup stage (Jarvis et al., 2005; Spicer et al., 1998).

In contrast, ballasted-aggregation is now widely used for the treatment of surface

waters, wastewaters, and combined sewer overflows, most often under the trade name



ACTIFLO® (Gasperi et al., 2012; Plum et al., 1998). However, if the most pertinent process
parameters — concentration and size distribution of ballasting agent, velocity gradient and
stirring time, polymer dosage — can be optimized according to the type of water to be treated
(Cailleaux et al., 1992; de Dianous and Dernaucourt, 1991), the scientific literature
investigating the detailed mechanims of ballasted floc formation remains scarce (Desjardins et
al., 2002; Ghanem et al., 2007; Lapointe and Barbeau, 2016; Young and Edwards, 2003).
Thus, whether the ballasting agent may act as a nucleus during floc growth (Cailleaux et al.,
1992; Chaignon et al., 2002; Ghanem et al. 2007), the origin of enhanced binding strength of
ballasted flocs (Young and Edwards, 2003), or the role of surface hydrophobicity on the
attachment of ballasting agent to the forming aggregate (Defontaine et al., 2005; Piirtola et al.,
1999), remain matters of debate.

In order to reach a better understanding of the mechanisms underlying ballasted
aggregation in the case of strongly coloured waters, we investigate in this paper the
coagulation of humic acid with ferric chloride in the presence of pozzolana particles as a
ballasting agent. The removal of humic acid was evaluated by jar-testing, the kinetics of floc
growth and the structural characteristics of ballasted aggregates were monitored with a laser
sizer, and the nature of association reached between pozzolana and humic floc was examined
using Transmission Electron Microscopy on resin-embedded samples. We show that the
addition of a ballasting agent induces a significant compaction of flocs that can be modelled

by considering the turbulent viscous effects that act on an elastic floc.

2. EXPERIMENTAL SECTION

2.1 Materials. The humic acid used in this study, referred to as NHA hereafter, was extracted

from Nyong river sediment (Cameroon) following the procedure described in Thurman and



Malcom (1981), which was adapted to yield the natural extract in a sodium form (Jung et al.,
2005). The main characteristics of NHA (chemical composition, FTIR and CP/MAS spectra)
have been detailed in a previous paper (Sieliechi et al., 2008). The potentiometric titration
yielded a total titratable charge of 2.97 meq/g.

The pozzolana used as a ballasting agent comes from Djoungo quarry (4.35°N,
9.37°E) in southwestern Cameroon. If microsand is the usual particle in ballasted aggregation
(Ghanem et al., 2007), pozzolana, commonly used in water treatment as a filter material,
represents a potential alternative to microsand. The pozzolana was first crushed with a
hammer-crusher (Retsch, Germany) to obtain particles of size lower than 600 um, and after
quartering, further ground with a vibratory disk mill (Retsch, Germany). The resulting powder
was then screened through a 38 pum sieve, the passing fraction being collected for the
ballasted aggregation experiments. The median particle size of pozzolona ballast is 10.4 um
(Mastersizer, Malvern Instruments), and the BET specific surface area measured by nitrogen
adsorption at 77 K using a lab-made instrument is 2.6 m*/g. The major element contents (ICP-
AES — Jobin Yvon 70), expressed as weight percent of oxides in Table S1 (See supporting
information), falls within the range of typical pozzolana compositions (Cetin and Mehta,
1999; Sersale, 1980). X-ray diffraction analysis (Bruker DS8) revealed that plagioclases
((Na,Ca)(Al,Si1)405) and augite ((Ca,Na)(Fe,Mg)(Si,Al)20¢) are the dominant crystalline

minerals with a lesser amount of hematite (Fe;Os).

2.2 Preparation of synthetic waters and aggregation procedure. The humic acid suspensions
were obtained by dissolving NHA (25 mg/L ie. a 10 mg C/L dissolved organic carbon
concentration) and NaHCOs (4 107 mol/L) in deionised water (Millipore - MilliQ). Sodium
hydrogenocarbonate was added to provide a carbonate alcalinity similar to that of natural

river waters. Prior to coagulant injection, the pH of synthetic waters was adjusted to pH 6 or 8



with dropwise addition of 0.1 M HCI. The coagulant, a commercial ferric chloride kindly
supplied by Groupe Arkema (France), is a 38%wt FeCl; unhydrolyzed solution.

The aggregation experiments were conducted in 1 L reactors (90 mm diameter, 150
mm high) fitted with 4 plexiglas baffles (12 x 150 mm). Stirring was carried out with a
rectangular paddle (15x55 mm) located at one-third of the reactor height from the bottom.

The mixing procedure started with a rapid mix period for 3 min at 250 rpm (mean velocity

gradient )_’ = 452 s, followed by slow stirring at 60 rpm ;= 84 s) for 30 min. The
coagulant was added under agitation as pure solution using a micro-pipette (Eppendorf). In
the presence of pozzolana, a given amount of particles was first added to the NHA suspension
for 5 min at 250 rpm, before the usual mixing procedure was triggered. At the end of mixing,
the coagulated suspension was allowed to settle in graduated Imhoff cones. After 30 min and
24 h settling, 50 mL of supernatant were withdrawn with a syringe from about 25 mm below
the free surface, for the monitoring of residual turbidity (Ratio XR Turbidimeter Hach), pH
(Meter Lab PHM 210 Tacussel), and conductivity (CD 810 Tacussel). The sediment volume

was also measured at both sampling times.

2.3 Aggregate size measurements and floc structure. After coagulant addition, the
aggregation dynamics of NHA in the presence or in the absence of pozzolana particles was
studied by following the temporal evolution of floc size distribution using a laser sizer
(Malvern Instruments) in the 1.2-600 pum range. The suspension, agitated in the baffled
reactor, was passed through the analyzer beam with a peristaltic pump located downstream of
the measurement cell, and then recycled to the reactor. A pumping flow rate of 44 mL/min
and a tubing (Masterflex) of 4.6 mm in internal diameter, were selected for the experiments.
Under these operating conditions, the floc size distribution is not significantly affected by the

shear in the tubing, and the relative variations in aggregate size observed in the measurement



cell can be related to the stirring speed in the reactor (Chaignon et al., 2002). Nevertheless, in
the presence of ballasting agent, some settling of large pozzolana particles was found to occur
in the tubing, which then limited the duration of valid measurements to about 3 minutes. Size
measurements were averaged over 1 s and taken every 2 s to allow for a complete renewal of
aggregates in the measurement cell.

In addition to the floc size distribution, the particle sizer provides an estimate of the
apparent volume fraction ¢ of aggregates contained in the measurement cell. In the
Fraunhofer approximation, the particles are viewed as opaque discs and ¢ can be determined
from the obscuration of the laser beam using a Beer-Lambert law (Weiner, 1984). The fractal

(3-D)

structure of aggregates is then characterized by the equation ¢ ~dso” ', where dso is the

median floc diameter and Dy is the mass fractal dimension of aggregates (Oles, 1992).

2.4 Imaging of coagulated sediment. Transmission Electron Microscopy (TEM) observations
of coagulated sediment were performed with a Phillips CM20 microscope on ultrathin slices
cut from resin-embeded samples. Resin-embedding was carried out following a classical
procedure (Sieliechi et al., 2008): in brief, coagulated samples were first chemically fixed
with 2% osmium tetroxide for 1 h, excess fixative being removed by washing with
centrifuged treated water. Stepwise acetone dehydration (5 min at 10%, 20%, 40%, and 60%,
15 min at 80%, 2x15 min at 95%, and 3x20 min at 100% acetone) was then conducted.
Finally, acetone was exchanged with a graded series of epoxy resin monomers (Kit Embed
812, Euromedex), and the resin-impregnated samples were polymerized in molds at 60°C for
12 h. The ultrathin sections (~ 1000 A) were cut using an ultramicrotome and a diamond knife

(Reichert OM U2), and were placed on carbon-coated copper grids (Mesh 200, Euromedex).



2.5 Electrophoretic measurements. The electrophoretic mobilities of pozzolana particles and
aggregates of NHA/hydrolyzed coagulant, were measured with a Zetaphoremeter 111 (Sephy,
France) equipped with a CCD camera. About 50 ml of supernatant were pumped into the
electrophoretic cell. The velocity of particles located at the stationary layer was then

computed from frames taken at fixed time intervals under an 80 mV voltage.

2.6 Adsorption isotherms. Batch adsorption tests were conducted at pH 6 and 8 to assess the
amount of NHA fixed on pozzolana particles. 250 mg (i.e. 0.65 m”) of pozzolana were
introduced into 50 mL polycarbonate centrifuge tubes containing 40 mL of synthetic
suspension at the investigated pH and at a given NHA concentration. The suspensions were
then agitated with an orbital shaker at room temperature for 5 min and 24 h. After
centrifugation at 5000 rpm (Ependorf Centrifuge) for 2 minutes, the supernatants were
analyzed for dissolved organic carbon (Dohrmann DC-190 analyser). Blank tests were also
run to estimate the amount of NHA adsorbed on walls of centrifuge tubes. The adsorbed NHA
amount was then calculated from the difference between the total added NHA concentration

and the supernatant concentration.

3. RESULTS

3.1 Interaction of NHA with pozzolana particles. The electrophoretic measurements revealed
that the Djoungo pozzolana particles possess a negative surface charge from pH > 3 (figure 1).
The shape of the electrophoretic mobility curves - slight initial decrease at low pH followed
by a steeper decrease around pH 7 that stabilizes at higher pHs - implies the presence of at

least two kinds of ionizable surface groups on the surface of pozzolana particles.



Nyong humic acid is also negatively charged at pH 6 and 8 due to the deprotonation of
carboxylic and phenolic groups (Sieliechi et al., 2008). Nevertheless, as illustrated in figure 2,
a small amount of NHA (~ 0.2 mg C/m” at the plateau) is adsorbed on Djoungo pozzolana at
both pHs 6 and 8 for only a 5 minute conditioning time. Langmuir-type isotherms are
obtained in all cases, and although the assumption of an energetically homogeneous surface is
certainly not valid for pozzolana particles, a Langmuir analysis was performed (Table 1).
After 24 h, the adsorbed amounts at the plateau reached 0.97 mg C/m” and 0.22 mg C/m” at
pH 6 and 8, respectively. Such values are of the same order of magnitude as those reported in
the literature for the adsorption of humic substances on hematite and kaolinite in a similar pH
range (Gu et al., 1994; Hur and Schlautman, 2003; Tipping, 1981; Vermeer et al., 1998).

The increased adsorption with decreasing pH is generally attributed to (i) a higher positive
charge of the mineral oxide surface at acid pH, and (ii) a change to a more compact
conformation of humic acid. A specific adsorption of humic substances and a possible
hydrophobic interaction are also frequently invoked to explain the results obtained at basic pH
since an electrostatic repulsion between humic colloids and negatively-charged particles
should occur under those conditions (Vermeer et al., 1998). In our case, it is likely that the
divalent cation impurities, i.e. Ca and Mg, brought by the addition of hydrogenocarbonate to
the synthetic water, actively participate to the humic acid adsorption (Tipping, 1981). Indeed,
ICP-AES measurements of the major ion contents of the supernatant (not shown here)
revealed Ca and Mg concentrations in the ppm range after only 5 min adsorption. A small
increase in those divalent concentrations was also noted after 24 h adsorption that may be

attributed to a slight dissolution of pozzolana volcanic glass.

3.2 Destabilization of NHA with ferric chloride in presence of pozzolana particles. In a

previous paper on the coagulation of Nyong humic acid with ferric chloride, Sieliechi et al.,



(2008) showed that, at a given coagulant concentration and independently of pH, the
formation of NHA aggregates is mainly governed by two dynamics aspects, namely the
reconformation of humic network upon neutralization of the anionic functional groups with
the oppositely charged Fe-coagulant species, and the collision rate of destabilized humic
nanocolloids that determines the time scale allowed for the reconformation. Such interplay
was found to determine drastic variations in the sediment volume according to the initial
mixing conditions of the coagulated suspension (Sieliechi et al., 2008).

In the presence of varying concentrations of pozzolana particles (fig. 3a), the evolution
of residual turbidity at pH 6 as a function of coagulant concentration reveals that: (i) the
turbidity of the uncoagulated suspension increases with pozzolana addition, which obviously
corresponds to the addition of fine mineral particles which stability may be enhanced by the
adsorption of humic acid (Tipping and Higgins, 1982). (ii) The optimal coagulant
concentration (OCC), taken as the intersect with the x-axis of the extrapolated steep
decreasing portion of the turbidity curve, remains primarily determined by the presence of
humic colloids even though a minor increase of OCC can be detected with pozzolana
concentration. (iii) In the range of optimal dosing, the quality of the clarified water resulting
from ballasted-aggregation is equivalent to that achieved without pozzolana except for the
highest amount of ballasting agent added, for which a slight deterioration of the residual
turbidity is noted; the latter observation is in accordance with previous studies of ballasted
aggregation (Young and Edwards, 2003). (iv) The restabilization concentration notably
increases with the largest amount of added pozzolana.

The jar-tests conducted at pH 8 with a 500 ppm addition of pozzolana (fig. 3c) are
consistent with those carried out at pH 6. The higher OCC and the broader destabilization
domain determined at pH 8 have been attributed to a combination of various factors including

an increased deprotonation of NHA functional groups, a change to a stretched conformation



of humic network that makes more binding sites available to coagulant species, and a smaller
charge of hydrolyzed-Fe species at basic pH which necessarily implies that a larger amount of
coagulant is needed to compensate the charge of humic colloids (Sieliechi et al., 2008).

According to the adsorption isotherms, the maximum amount of NHA adsorbed to the
pozzolana particles only reaches 1 mg C/L at the highest ballast concentration used (2000
ppm), i.e. less than 10% of the initial dissolved organic carbon. In other terms, the removal of
NHA by adsorption is negligible compared with that performed by coagulation. As illustrated
in figure 3b, the sediment volume measured in the region of optimum coagulation strongly
diminishes at first with the addition of a small amount of ballasting agent, and then more
slightly with further addition of mineral particles. Such a decrease in sediment volume is not
influenced by a change in pH since a similar 50 % reduction is achieved at both pH 6 and 8
using a 500 ppm addition of pozzolana (fig. 3d). Moreover, and surprisingly, the gain
percentage in sediment volume resulting from the use of a ballasting agent does not
significantly depend on settling time (fig. 4). Therefore, the decrease in sediment volume
obtained after balasting agent addition is not primarily related to the time during which the
pozzolana particles may compress the coagulated sediment, but mainly depends on the floc
properties acquired before settling. In other terms, during floc growth, some restructuring of
NHA aggregates must occur in the presence of ballasting agent, which then leads to a lower
sediment volume.

It can also be noted that the small amount of sediment recorded before OCC
corresponds to pozzolana not incorporated within NHA aggregates, and as a corollary, that
the mineral particles are predominantly associated with the humic flocs within the range of
optimum dosage. Figure 4 also clearly indicates that the influence of ballasting agent

concentration on sediment volume levels off above 0.5g. Such a value, slightly lower than the

microsand injection rate of 1.5 g/L used in the ACTIFLO® process (Cailleaux et al., 1992), is

10



consistent with the break in the evolution of floc water content versus ballast concentration

reported by Ghanem et al. (2007).

3.3 Floc size and floc structure during ballasted-aggregation. A 0.5 g/L. addition of
pozzolana particles was used to investigate the effect of ballast particles on the characteristics
of NHA-hydrolyzed Fe aggregates. Figure 5 shows the temporal evolutions of the floc size
distribution during the coagulation of NHA in the presence or in the absence of pozzolana
particles at pH 6 and pH 8 at or slightly below OCC. Except at the beginning of ballasted
aggregation where the size distribution curve of ballasting agent can be evidenced (fig. 5b),
the floc size distributions during floc growth are monomodal, similar in shape, and
characterized by a pronounced skewness toward the smaller aggregate sizes. Such features are
characteristic of the asymptotic growth in cluster-cluster aggregation (Friedlander, 1977). The
size distribution curves superimpose when the x-axis is normalized by the median floc
diameter dso, and hence, the aggregation dynamics of NHA can be characterized by the time
dependence of dso. As the median floc diameter increases proportionally with time during floc
growth (fig. 5a-b), an aggregation rate coefficient can be calculated from the slope of the
linear part. It should be noted that for coagulant concentrations higher than 2.34 10™* mol/L
and 5.1 10™* mol/L at pH 6 and 8, respectively, the maximum diameter reached at the end of
floc growth is determined from a floc size distribution that is partially outside the size range
allowed by the particle sizer. Therefore, the median floc diameters inferred from those size
distribution curves are not reliable, and were not taken into account for the calculation of
aggregation rate coefficients.

Interestingly, the lag time before the aggregate growth starts, defined as the intercept
of the tangent to the dso-versus-time curve with the x-axis (fig. 5a-b), significantly increases

in the presence of pozzolana particles. The lag time includes the time to transport the

11



coagulated suspension to the measurement cell (less than 5 seconds), and the time for the
growing aggregates to reach the lower size detection limit of the laser sizer, i.e. 1.2 pm.
Therefore, the increased lag time observed in the case of ballasted aggregation likely
corresponds to a restructuring/compaction stage of NHA aggregates in the presence of
pozzolana particles, that significantly delays the initial floc formation.

Figure 6a presents the evolution of aggregation rates at pH 6 and 8 as a function of
coagulant concentration in the presence and in the absence of pozzolana particles. Two
aggregation regimes can be distinguished: below OCC, the aggregation kinetics during
ballasted coagulation is either slower than (pH 6) or equivalent (pH 8) to that of conventional
coagulation. In the vicinity of the optimum coagulant concentration and above OCC, the
aggregation rate in the presence of pozzolana particles becomes significantly higher than that
measured in absence of ballast particles. At first approximation, such higher aggregation rate
coefficients can be explained by an enhanced participation of pozzolana particles to the
formation of NHA aggregates, i.e. the ballasting agent is indeed incorporated within the flocs,
whereas the lower growth kinetics recorded below OCC should reflect the initial floc
restructuring in the presence of ballasting agent.

Typical determinations of the aggregates fractal dimension from the log-log plot of
suspended floc volume versus dso, are shown in figure 6b. Obviously, the limited ranges of dsg
used to calculate Dy, i.e. at best one decade in size, are not sufficient to provide a reliable
estimate of slopes, and hence, it seems preferable to refer to Dy as a fractal exponent rather
than to a true fractal dimension. In addition, the method used implies that all the diffracted
light by the flocs and the particles is counted by the detector, which may not be the case
below OCC when part of the humic nanocolloids are not completely aggregated. Nevertheless,
figure 6b reveals contrasted situations in terms of aggregate structure for ballasted and

conventional coagulation. The fractal exponents are about 2.0 and 1.5 in the presence and in
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the absence of pozzolana particles, respectively. These values, little affected by a change in
pH or coagulant concentration, are lower than those previously reported in the literature for
flocs formed from natural organic matter and hydrolyzing metal salts (Jarvis et al., 2005).
However, the latter fractal dimensions, in the 2.2-2.5 range, were measured by small angle
laser light scattering which generally provides a structural information at the micron scale of
aggregates.

The higher fractal exponent found in the case of ballasted aggregation suggests a floc
compaction induced by the presence of pozzolana particles, and is then fully consistent with
the previous observations of a much lower sediment volume after settling and a longer lag
time before floc growth or slower growth kinetics that can be detected by the laser particle
sizer. Previous modelling studies have indeed shown that an increased fractal dimension

decreases the initial aggregate growth rate (Flesch et al., 1999; Selomulya et al., 2003).

3.4 TEM imaging of coagulated NHA. Figure 7 presents typical TEM micrographs of Nyong
humic acid coagulated in the presence and in the absence of ballasting agent (fig. 7a). Close to
the OCC, the NHA aggregates appear as relatively tenuous structures essentially made of
nanometer size humic colloids and a few dispersed electron dense spots with a mean diameter
of 5 nm (fig. 7a). According to Sieliechi et al. (2008), those electron-dense granules result
from the reconformation of anionic humic colloids upon binding with the positive Fe-
hydrolyzed species, and their number and size increase at lower coagulant concentration. The
pozzolana corresponds to the highly fractured electron-opaque particles (fig. 7b-d), the
microfracturation of particles with part of material wrenched away occurring during the
cutting of 80-100 nm thick slices with the diamond knife.

Even though the resin-embedding procedure is certainly not artifact-free, the

quantification of the fractal dimension of NHA aggregates using ImagelJ, yielded similar D¢
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values of 1.5 + 0.5 at the micron scale, for both structures obtained in the absence and in the
presence of pozzolana particles (fig. 7a-b). If such D¢ value is consistent with the fractal
exponent estimated by laser diffraction during the conventional coagulation of NHA, a higher
fractal dimension might be expected for ballasted aggregation. Actually, the two-dimensional
projection of an aggregate of fractal dimension equal to (or greater than) 2 should lead to a
compact pattern on a TEM micrograph (Meakin, 1988). This suggests that the restructuring of
NHA aggregates induced by the presence of ballasting agent occurs beyond the micron scale.
A similar effect, i.e. an increase of fractal dimension with floc size due to restructuring above
the micron scale, has been reported for iron hydroxide flocs (Jung et al., 1996) and for
coagulated latex particles (Oles, 1992). Confirmation of a larger scale restructuring can be
found in fig. 7b-d where no particular differentiation of NHA aggregates may be detected in
the vicinity of pozzolana particles. Examination of figures 7b-d also indicate that the
ballasting agent is simply incorporated in the aggregate during floc growth and do not seem to

play a nucleus role as has been suggested in previous literature (Cailleaux et al., 1992).

4. DISCUSSION

The primary goal of ballasted aggregation is to form flocs of high specific weight in
order to improve the clarification performance. It is generally acknowledged that, in addition
to an increased density due to the incorporated ballast particles, such process should generate
more compact flocs to withstand the stronger agitation required to maintain in suspension the
ballasting agent (Cailleaux et al., 1992, Young and Edwards, 2003). This study provides
experimental evidences - higher fractal dimension of aggregates above the micron scale,
increased lag time before measurable floc growth, smaller sediment volume - of such

restructuring in the case of coloured water treated with ferric chloride. Previous literature had
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demonstrated that an aggregate compaction can be obtained with neutralized latex particles
(Oles, 1992; Selomulya et al., 2002; Selomulya et al., 2003), but until now, the generalization
of such results to colloidal systems relevant to water treatment had not been fully satisfactory
(Jarvis et al., 2005; Mark and Flora, 1991).

Current thinking suggests that larger aggregates should be more sensitive to fluid shear
stress, and hence to restructuring, than smaller flocs (Bache, 2004). However, the lag time
before ballasted floc growth is effectively initiated, implies that most of the aggregate
restructuring occurs at the start of floc formation. In turbulent flow conditions, the
Kolmogorov length scale 1 separates the inertial subrange from the viscous subrange:

1/

n= [%]

in which vis the kinematic viscosity and 7 is the mean velocity gradient in the reactor. In our

(1

case, v=10° m’s” and ;= 452 s, and hence M=47 um, which suggests that the floc
restructuring in the presence of pozzolana particles should be dominated by viscous effects.
Within that framework, an average degree of floc compaction  can be estimated as follows: a
floc will be rearranged during the collision with a single particle of ballasting agent if the
resulting shear stress texceeds the floc yield stress. The shear stress Tcan be assessed by

(Thomas, 1964; Tomi and Bagster, 1978):
T=ApU" (2)
in which Ap=p;, - pw, Pp-and py referring to the pozzolana density and the density of water,

respectively, U' represents the turbulent velocity fluctuations over the size Dy, of a pozzolana

particle, i.e. the root mean square value of the difference in relative velocity over the length

scale Dy,, and ApU is the variation of momentum during the floc/ballasting agent collision.
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In the viscous subrange, U' = D, Y and hence, for a number N, pozzolana particles that act

onto a floc, the shear stress is given by:

T=N,ApU" =N, ApD*y (3)

Previous studies have shown that an elastic floc model adequately describes the
viscous flow behaviour of a coagulated colloidal suspension (Ekdawi and Hunter, 1983; Firth
and Hunter, 1976) and the evolution of the floc cohesive force with floc size (Frappier et al.,
2010). Let E and G be the Young's and shear modulus of the floc, respectively, and let D be

the characteristic floc size. E and G satisfy (Denn, 1980; Metzener 1961):

A2 2T ()
D G

As G and E are of the same order of magnitude, equation (4) can be rewritten as:

szr: (5)
D G-

When the viscous shear stress reaches the floc yield stress, G ~ p 7, in which p is the fluid

viscosity. Hence, using equation (3), equation (5) can be expressed as:

(N ;APD:;?)‘ N*Ap*Diy’
AD=2 P _:’ =2 pxpjp:y (6)
D (uy)y iy

Let ¢rand ¢, be the floc and pozzolana volume fractions, respectively. By definition:

o =Yy ®=—E®)
f 174 vV
and

in which V¢ is the floc volume, V,, is the volume of a single pozzolana particle, and V a
reference volume of fluid. By dividing equation (8) by equation (7), we obtain:

oV, © ’
p=Elo2nl 2| (g)
o, v, ©,|D,

p
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Finally, the average degree of floc compaction y can be written:

_D'-(D-AD)’ _ (. ADY
X 3 1 (1 D)(m)

By substituting equation (9) to equation (6), we find:

3
—2

® 2 a6
x=1- 1_2(41.0:] APZDEY (11)
. ) w2

J

Two variables, i.e. D and 0,,/0r, are particularly difficult to estimate as they strongly
depend on when the floc restructuring occurs. If early restructuring at the micron scale range
is favoured, both ¢,, and ¢, and D and D,,,, should be of the same order of magnitude. Using
Ap = 1400 kg/m3, n= 10° pa.s, Dp, = 10 pm, and ¢, = ¢5, values of  equal to 0.024, 0.25,
and 0.88 are calculated for D equal to 10 um, 15 pm, and 20 pum, respectively. Therefore, our
simple model can predict values of floc compaction in the presence of pozzolana particles that
are consistent with the experimental results (e.g. % of about 0.5 for a 500 ppm addition of
ballasting agent in figure 4).

Nevertheless, it is difficult at the moment to provide more precise values of D or ¢, especially
that our model do not take into account the change in floc mechanical properties during
compaction, and in particular the increase in floc yield stress that occurs with increased

compaction (Seto et al., 2012).

5. CONCLUSION

The results presented in this paper shed new light on the mechanisms involved during
ballasted aggregation. In particular, the addition of particles induces a floc compaction that

contributes to the increased settling velocity of ballasted flocs. If the coagulation of humic
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acid is not significantly affected by the presence of pozzolana particles - the higher initial
turbidity of suspensions only slightly increases the optimal coagulant concentration - the
incorporation of ballast particles drastically modifies the timescale of floc growth and the
fractal structure of flocs, which eventually leads to a smaller sediment volume for a residual
turbidity equivalent to that observed in the absence of ballast particles. It is also worth noting
that the pozzolana particles do not seem to act as a nucleus during floc formation.

Such observations open up new possibilities to further improve clarification processes
based on ballasted aggregation. In industrial practice, a polymer is usually added to maintain
an adequate cohesion of flocs. Our study reveals that both a good settling performance and an
efficient turbidity removal may be obtained in the difficult case of humic-rich raw waters
without adding polymer. As the presence of polymer might interfere with the phenomenon of
floc compaction induced by the ballast particles, further research should address the complex
interplay between polymer-enhanced floc cohesion and increased compaction of ballasted

flocs.
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Table 1: Fitting parameters of Langmuir adsorption isotherms.

Adsorption time Qmax (mg/mz) K (L/mg)
5 min 0.23 0.54
pH 6 24h 0.97 0.65
5 min 0.20 0.17
pHS 24h 0.22 0.47

Electrophoretic mobility (xitm’V's™)

pH

Figure 1: Electrophoretic mobility of Djoungo pozzolana as a function of pH:
® KCI 10" M, O KCI 102 M, ¥ KCI 103 M.
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Figure 2: Adsorption isotherms of NHA onto Djoungo pozzolana after an
equilibrium time of 5 min (O) and 24h (O). (a) pH 6 and (b) pH 8.
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Figure 3: Residual turbidity and sediment volume after 30 min. settling as a function of coagulant
concentration in the presence of various concentrations of pozzolana. (a) and (b) pH 6; pozzolana
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pozzolana concentrations of 0 ppm (CJ), 500 ppm (A). The arrows indicate the optimum coagulant
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Figure 5: Temporal evolution of mean floc size in the presence (open symbols) or in the absence of
pozzolana particles (filled symbols).

(a) [Fe] = 2.57 10 mol/L and pH6; (b) [Fe] = 5.5 10 mol/L and pH 8.

The inset shows the evolution of monomodal floc size distribution at the beginning of floc growth.
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Figure 6: Evolution as a function of Iron (lll) concentration of (a) the aggregation rate and
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L “hi N

Figure 7: Typical electron micrographs of NHA flocs in the absence (a) and in the
presence of pozzolana particles (b-d). (a) [Fe] = 2.34 104 mol/L at pH 6; (b) [Fe] =
5.5 10 mol/L at pH 8 and 500 ppm of added pozzolana; (c) [Fe] = 2.34 10 mol/L
at pH 6 and 500 ppm of added pozzolana; (d) Close-up of the contact between
NHA aggregate and pozzolana particle.
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Table S1: Chemical composition of Djoungo pozzolana (Oxides are expressed as weight

percentage and trace elements as ppm)

Si0, |ALO; |Fe,O3 {[MnO |MgO |CaO |Na,O [K,O |TiO, |P,Os |P.F. Total
46,08 16,43 12,65 |0,18 |5,51 [9,62 (3,9 1,51 2,88 0,52 [-0,28 |99

Sr=689.8 | Ba=423.8 | Zr=273.8 | V=206.7 |Cr=145.5 |Zn=116.1 | Ce=89.4 |Cu=49.61 |Nb=57.1
Ni=49.1 |La=45.2 |Nd=42.2 |Co=34.4 |Rb=33.1 |Ga=21.5 |Y=26.1 |Sm=8.3 |Gd=7.1
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