Colloidal flocculation



Flocculation

Double layer and vdw interactions (DLVO, 1941 & 1948)
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Doublet formation
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Flocculation kinetics

Polystyrene latex flocculation
using Coulter counter

Smoluchowski, 1917
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Floc structure

£~ aklr d¢ Fractal dimension

7.2nm Au particles

Diffusion limited Reaction limited
df ~ 17—18 df %20—22

D. Weitz and M. Oliveria, Phys. Rev. Lett. 52, 1433 (1984).
D. Weitz, ). Huang, M. Lin, and |. Sung, Phys. Rev. Lett. 53, 1657 (1984).



Percolation

Flocs close-packed:
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Gauthier-Manuel et al., J. Phys. 48:869, 1987.



Gel rheology



Gel rheology

® FElastic modulus, yield stress, yield strain

® Model and “real” systems:

polystyrene latices in water
flocculated (salts) or with non-adsorbing polymer

poly(methyl methacrylate) in organic solvents
with non-adsorbing polymer — “depletion” gels

“organophilic” silica in organic solvents
with non-adsorbing polymer or “thermoreversible”

mineral suspensions
typically aqueous, flocculated by addition of salts



Gel rheology — flocculated polystyrene latices

Buscall, R. et al. “The rheology of strongly-flocculated suspensions.” |. Non-Newtonian Fluid Mech. 24, 183-202 (1987).

103
]

102
Py.oy/Pa

10 -

.

0.1

Polystyrene latex in salt solutions

Py

compressive
yield stress

P, < G x ¢”
x~4.0-5.0

Compression — dewatering and filtration

© 2022 Eric M. Furst—Chemical & Biomolecular Engineering, University of Delaware—furst@udel.edu 112



Gel rheology — Stober organo-silica

Chen, M. & Russel, W. B.“Characteristics of flocculated silica dispersions.” | Colloid Interface Sci. 141, 564-577 (1991).
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Gel rheology — Stober organo-silica

Rueb, C. . & Zukoski, C. F, “Viscoelastic properties of colloidal gels.” J. Rheol. 41, 197-218 (1997).
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TABLE II. Power-law exponents for gel mechanical properties.
Temp 0°C 1°C 1.5°C 2°C 3°C 35°C 4°C
x? 44 4.8 47 44 5.1 50 5.6
* —40 —-42 -39 -37 -18 -0.8 -0.7
3Ppower-law exponent relating G, to volume fraction: G, ~ ¢*. Uncertainties in x are =0.4.

bPower-law exponent relating y,, to volume fraction: y,; ~ ¢'. Uncertainties in ¢ are +0.2.
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Gel rheology — Stober organo-silica

Rueb, C.]. & Zukoski, C. F,Viscoelastic properties of colloidal gels. . Rheol. 41, 197-218 (1997).
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Johnson, S. B, Franks, G.V, Scales, P. |. & Healy, T.WV.“Surface chemistry—rheology relationships in concentrated mineral
suspensions.” Int. ]. Miner. Process. 58,267-304 (1999); Buscall, R., Ettelaie, R. & Healy, T.W.,*“Yield stress and contact forces
in coagulated oxide dispersions.” ]. Chem Soc. Faraday Trans 93,4009—4015 (1997).
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Depletion gel — silica, non-adsorbing polymer

H. K. Chan, et al., Phys. Rev. E, 85,041403 (2012).
N. Koumakis, et al., Soft Matter, 7,2456-2470 (201 1).
S. Ramakrishnan, et al., Phys. Rev. E, 70, 040401 (2004).
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Colloid-polymer mixtures

Laurati, M. et al. Structure, dynamics, and rheology of colloid-polymer mixtures: From liquids to gels. J. Chem. Phys. 130, 134907 (2009).

co[rad/s] Y
10? 10" 10° 10' 10° 2.0 i r
IIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 7 r
= 2] eecoc0000® | 1
g 10 cec0c00000c000000000000 maf 1.54 ° -
— ] 0000000000 g [ * ]
1 _| | [a% i
o 10 3AR200000Doe00 3 () i
_ T - —  1.04 ° r
> i r o 1 [ J
o 1073 3 © ‘ °
~ ] JP i 05j gelation boundary .. r
o e 3 1
10 E 3 B !A
) 10-2_- .ot B 0.04‘ L B L "
|||||||-4 T T |||||||_3 T T |||||||_2 T T IIIIIII_] T T |||||||0 O 30 0.35 0.40 0.45 O 50
10 10 10 10 10
2
o R/ D, q)
4 | T L Lo IR B
o [rad/s] 10" - E
107 10" 10° 10' 10° ] :
_IIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII N 103; ;
';' o0® % E
o 10° .................00000000 L |_m ] L
EE XXX XX F )
- A;AAAAAAéé““‘AAAAAéAAAAAAA;; % 10° 3 3
S *50«0:::::::mmwmm:gs i o z :
- 1 oooévo&BOOo 0000°°% Lo T o - i
- 000000000000 R X JGIL (qN - L
O 10?5 gumpp et .k — 10 3 :
. 1 ohfabarsf YIS : = ] :
- 1 %9%99eg aohh 609 F o ] i
R ] v v%@@@%}gg%% é}v%%%%%%%vvv L 100 E E
o ®) | ] 1
-1
(D 101 _IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII_ 10 4[ T T T [ T T T T [ T T T T [ T T T T [ T Vk
10 107 107 10" 10° 0.0 0.5 1.0 1.5 2.0
2 *
c./cC
o R”/ D, p p

© 2022 Eric M. Furst—Chemical & Biomolecular Engineering, University of Delaware—furst@udel.edu 118



Gel rheology — challenges

® Poor reproducibility

® Sensitivity to method of preparation

® Sensitivity to shear history (thixotropic)

® |imited range of linear viscoelastic response
® Slip in rheometers

® Sedimentation
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