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Rapid settling of a colloidal gel
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We study the rapid collapse of gels formed from strongly aggregating colloidal suspensions. This gravity-
driven collapse is associated with the apparition of fractures in the bulk of the gels that provide an easy route
to the gel-supernatant interface for the solvent and are the cause for the strong increase of the settling velocity.
We propose a model that connects the apparition of a fracture in the gel to the settling velocity of the interface.
This description takes into account the microscopic structure of the gel and is consistent with the experimental
results.
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The gravity-driven collapse of gels formed from aggregat- The colloidal particles are spherical calcium carbonate
ing colloidal suspensions has been observed in systems jarticles(radiusa=35 nm) that are dispersed in deionized
which aggregation is induced by different natures of interacwater. A strong stirring of the suspensions during two weeks
tions (van der Waals forces, depletion-induced attractipn...ensures that the particles are in a well-dispersed state prior to
[1-5]. Despite these differences, the settling behavior of theach experiment. The experimental conditi¢8$ are such
resulting gels displays common features whose specificitfhat once in solution the particles are weakly charged, par-
has recently aroused interest. The sedimentation is charactdicle interactions therefore result in van der Waals attractive
ized by the succession of three velocity regimes: after a peforces. As a consequence, the particles irreversibly aggregate
riod during which little or no settling occurs, a rapid collapseas soon as the stirring of the suspension is stopped. The
is observed that is further followed by the slow compactionparticle volume fractiorP ranges from 0.4% to 0.8%, which
of the gel. Formation of channels in the bulk of the gel ascorresponds to the intermediate range within which the
well as volcanolike structures at the gel-solvent interface haformed gel settles®* <d<P** ).
been observed in different systems during the phase of rapid The settling cells are made of Plexiglas. They are of rect-
collapse[1,2,5. The origin and the mechanism of this col- angular section, of useful height=70 mm and inner width
lapse remain unclear. Although a model has recently beed=12 mm. Three cells of different lengthis have been
proposed to describe the processes involved in the suddersed: a small onénner length 30 mrj) a medium ond60
collapse[6], it is limited to the case of weakly aggregated mm), and a large on€l20 mm). Before each experiment the
suspensions in which the gel restructures under the action @klls are entirely filled with the suspension and sealed such
thermal motion. Moreover, the link between the apparition ofas to eliminate the air from the sample. We thus avoid the
channels within the gel and the sudden increase in the sepresence of an air-suspension meniscus that could hinder the
tling velocity has not been investigated yet. displacement of the interface. The settling of all the used

In this paper we focus on gels formed from strongly ag-suspensiongb ranging from 0.4% to 0.8%has been studied
gregating suspensions, that do not evolve under the action d@f the small cell, while experiments in the medium cell were
thermal motion once they are formdtpermanent gels). performed ford =0.7% and experiments in the large cell for
The particle density being large, the action of gravity can® =0.5%, 0.7%, and 0.8%.
nevertheless affect the gel stability. We have shown in a pre- The motion of the gel is recorded through a charge-
vious papef?2] that the behavior of such gels depends on thecoupled devicd CCD) camera that takes views of the width
particle volume fraction®: at small volume fractionsd to height plane of the cell. Space vs time diagrams are further
<®*), aggregates form that further settle individually, built from the video images by placing side by side one-
whereas at large (®>d**) a stable gel fills the whole pixel-wide lines recorded at successive times. The line is
cell. At intermediate values @b, a gel constituted by a close parallel to the height of the cell and is placed at a distance
packing of fractal aggregates quickly forms, but it is sod/4 of one side wall. The position of the interface as a func-
brittle that it further settles under the action of its own tion of time, h(t), is extracted from the space vs time dia-
weight. The settling behavior then follows the three regimeggrams. The eruptions are located at the midwidth of the cell
described above. Taking into account the microscopic strucand can significantly deform the water-gel interface, this de-
ture of the gel and its specific mechanical properties we havérmation is, however, negligible at a distand& from the
successfully modeled the first and final settling regimes in aide walls, and thus does not appear on the space vs time
previous worK 7]. In the present work we propose a descrip-diagrams. Side viewflength to height of the cell are also
tion for the settling velocity in the fast settling regime. taken by another CCD camera in order to observe the appa-

rition of eruptions at the interface.
A typical space vs time diagram is shown in Fig. 1. The
*Present address: Laboratoire PMMH, ESPCI, 10 rue Vauquelinposition of the interfac@(t) is given by the frontier between
75005 Paris, France. the dark(supernatantand white(gel) zones. The three suc-
TCorresponding author. Email address: talini@fast.u-psud.fr cessive regimes described above can be distinguished. Only
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FIG. 2. Close view of an eruption at the surface of the settling
gel at different successive timéa)—(d). The gel appears in gray
and the supernatant in black. The width of the photographs corre-
sponds to 7.5 mm and the time interval between two photographs is

4s.
rows). The first one appears at the beginning of the second
- 3 regime and is later followed by a second eruption. After each
time eruption the settling velocity is constant and is of the order of

FIG. 1. Space vs time diagram of a settling gél<€0.5%). The Ilr:/e tlr?ttla_s Iargler f[tha_ms._lgghe ca_sle ?{ Fltgh. 1f,' thte vaIL:_e of
diagram is obtained by recording a vertical single-pixel line at suc- € setlling velocily 19 ¢=-,oums = altér the nirst eruption

cessive times. The dimensions of the diagram corresponds horizot_"fl-nd 35ums " after the second one. A close side view of the

tally to 1770 s and vertically to 74 mm. The frontier between the/Nt€rface showing the apparition of an eruption is displayed
dark and white zones corresponds to the water-gel interface positidft Fig- 2. The eruptions are the signature of the opening of
as a function of time. It is enhanced by a white line in the first andffactures within the gel, forming channels that provide an
second settling regime. The white arrows indicate the occurrence ¢asy route for the upward flow of the solvent. As this flow
eruptions at the surface of the gel. erodes the channel, colloidal material is carried to the inter-
face and forms the observed volcanolike structure. We have
the beginning of the final regimeorresponding to the slow found that the number of eruptions depends on the cell ge-
compaction of the gglappears in Fig. 1. Equilibrium is ometry, whereas it remains constant when the volume frac-
reached within a time scale much larger than that of Fig. 1tion varies. Two eruptions are observed in the small cell. In
(several hours Note that owing to the fractal structure of the the larger cells, the number of eruptions can slightly vary
aggregates the final height of the sediment is large even &om one experiment to another: 5-7 eruptions occur in the
the moderate volume fractions we wdrK]. For instance, it medium cell, and 11-12 in the large cell. In all cells, the
is of the order of half the initial suspension height fbr ~ eruptions appear along a line parallel to the length of the cell
=0.7%. and situated at a distana¥2 from the walls. Since it is
Let us now focus on the first and second regimes. The gedlifficult to separate the influence of the formation of the
first settles at a constant velocity, that depends on the different fractures on the motion of the interface, we will

volume fraction such that herein focus on the settling velocity resulting from the appa-
rition of a single fracture denoted as.
v~ @1 DIE-D) 1) To model its influence on the settling kinetics, we con-

sider a fracture as a vertical cylindrical channel of radius

whereD is the fractal dimension of the aggregaf@é Note  as schematized in Fig. 3. Similarly, to macroscopic suspen-
that numerical and experimental workd,10] have shown sions, the settling gel can be roughly divided into two parts:
thatD can vary with the volume fractiotalthough the nature a compacted sediment lying in the bottom of the cell and an
of this variation is still an open matberthis variation is, upper part within which compaction is negligible. Although
however, expected to be smaller than 2% within the limitedthe particle volume fraction is larger thdnin the bottom of
range of volume fractions we conside]. the cell, it can be considered as uniform and can be taken

In the case of Fig. 1, the slow velocity i®s  equal tod in the other part. The channel of heidhtextends
=5.1ums 1. The slow settling regime is followed by the over the part of the gel that is not compacted at the end of the
rapid collapse of the gel. The beginning of this fast regimefirst settling regime, thus of volume fractich.
always coincides with the apparition of a small volcanolike Let us now describe the flow field within the gel. The
structure at the gel-water interface. Other eruptions can lategolvent is assumed to freely flow upward through the frac-
appear, their total number depending on the cell size. Figurture. As a result, in a zone centered on the fracture, the sol-
1 corresponds to an experiment performed in the small ceNent is drained toward the fracture that provides an easy
in which two eruptions are observed as indicatethite ar-  route to the surface. We therefore consider a zone of radius
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FIG. 3. Schematic representation of the fracture as considered :,Bointed out in what precedes, the use of a constant fractal

the proposed model. It consists of a vertical cylindrical channel ofjimension to describe the experimental data of Fig. 4 is rel-

heighth, and radiug  through which the solvent flows toward the o, - 1 \yithin the small range of volume fractions we are con-
gel-water interface. The arrows indicate the direction of the domi-

nant flow in each region: within a cylindrical zone of radiys CergedFWIth.< - that th dial t
centered on the fracture the flow is horizontal, whereas it remains (2) Forresr<y, we assume that the radial componen

vertical outside this zone. V, _of the solvent velocity doe_s not depend on the height
which corresponds to a negligible pressure loss along the
fracture. The radial component of the pressure gradient fol-

such that inside this zone the solvent flow is mainl
€ y lows Darcy’s law such that

radial. Outside this zoneg & x), the influence of the fracture
is negligible and the solvent flows vertically, as it would in
the absence of fractures. Let us now write the pressure gra- dj _ ﬁ(l—(b)v (r) 3)
dient in the different zones. ar  k ne

(1) Forr >y, the description is identical to that of the first
settling regime that is detailed elsewh¢g7]: considering  Conservation of the fluid flow toward the channel yields
that the close packing of fractal aggregates of sjzthat  r v (r.)=rV,(r). Moreover, the displacement of the inter-
constitutes the gel is analogous to a porous medium of peface at the velocity ¢ being the consequence of the flow in
meability k, the vertical component of the pressure gradienthe channel, the flow rate in the channel is equivalent to the
is related to velocity of the solvent in the gel frame throughflow rate resulting from the settling of the zone of radjys

Darcy’s law i.e., 2mrcho(1—®)V,(ro)=—mx%;. The radial compo-
5 nent of the pressure gradient finally writes
n
4= kL O(Vetv), @ B g
dar K 2rh @

where is the solvent viscosity/, the vertical component of
the solvent velocity in the laboratory frame, angthe ab- Finally. f the definiti f th dial and ical
solute value of the particles velocity in the same frame. Us- inally, Trom he detinition oly, the radial and vertica

ing flow conservation, the pressure gradient can furthermor&oMponents must be equalrat . Using Eq.(2) ar)d(4) we
be expressed as a function af, only, i.e., dP/dz obtain a relation between the slow and fast settling velocities

= — nu, /K. Taking into account the fractal nature of the ag-that writes

gregates and using the relation between the permeakility

and size¢ eventually yields Eq(1), which is in good agree- vf _ ZL‘C )
ment with the experimental data, as shown in Fig. 4. As vs X
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Let us now compare Ed5) to the experimental results. Fig. 1, small cracks indicated by darker lines appear at the
Figure 4 shows the variations of both settling velocities  cell wall. These cracks slowly evolve with time at the bottom
andv; as a function ofD. The ratiov¢ /v remains constant of the cell, whereas they reproduce the fast interface motion
within the experimental uncertainty and its mean value is 4.5n the upper part of the gel. We identify, with the height of
for volume fractions ranging from 0.4% to 0.8%. Note that inthe gel that follows this fast motion and we have systemati-
Eq. (5), the velocityv represents the interface velocity in cally measured it from the space vs time diagrams. We have
the vicinity of the fracture, vyhereas e_xperimentally we meathys found thah,=30+3 mm, which gives B./y=5=1.
sure a mean velocity of the interface in the whole cell. How-Tpjs value is in good agreement with that found for the ratio
ever, since the velocity; is much larger thaws and the , ,,  which shows the relevancy of the model we propose.
experiments of Fig. 4 have been performed in the smallefge " that the channel radius can moreover be estimated
cell, the values of the mean and local velocities are Very,m the gel properties. It is found to be of the order of a few
close. . . hundreds of micrometers, which is consistent with the ex-

In order to check the validity of EqS), we have esti-  orimental observations and further validates the model.

mated the distancg and heighth.. An evaluation ofy is Using a simple hydrodynamical model allowed us to de-
provided by the observation of the spatial location of thegqripe the increase in the settling velocity of a colloidal gel

eruptions in thg different cells. Singerepresents _the radius  -5used by the apparition of fractures within the gel. The
of the zone of influence of a fracture, two eruptions are eXgescription we propose could be compared to experimental

pected to be separated by a distance larger halle have  roqits obtained with other colloidal systems that exhibit
found in all cells that the distance separating active eruptiong;miiar settling behavior.

is 12+2 mm. This value being consistent with the fact that

only one eruption occurs along the widtl+ 12 mm of the “Laboratoire Fluides, Automatique et Systes Ther-
cells, we thus estimate thgt=12+2 mm. The heighh, can  miques”is a laboratory of Universities Paris VI and Paris XI
be deduced from the space vs time diagrams, as shown and of CNRS(UMR 7608.
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