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How do we bridge the gap 
between rheology and structure? 

Which parameters (micro- or 
macroscale) are relevant?
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The capillary suspension phenomenon

Two immiscible liquids

Micro- or nanoparticles

0.00 wt% H2O 0.10 % 0.20 %

0.30 % 0.40 % 0.50 %

Capillary
suspension

1 µm

E. Koos and N. Willenbacher, Science 331(6019), 897 (2011)
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Colloidal network Capillary 
suspension

Wet granular 
matter

Composition Solid-liquid Solid-liquid-liquid Solid-gas-liquid

Bulk transmits 
force Yes Yes No 

Particle size Small Small Large

Attractive force van der Waals Capillary Capillary

Interaction range Short (≪ ") Longer (~") Longer (~")

Relative strength Weak (~ diffusion) Strong Weak (~ gravity)

Solid loading Low Intermediate High

Interesting new material

E. Koos, Cur. Opin. Colloid Interface Sci. 19(6), 575 (2014)
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Contact angle and bridge structure
! = 40° ! = 61° ! = 94°

funicular state

Silica particles in oil with added aqueous glycerol, 
)*+,-. = 0.25, )*23 = 0.0225 F. Bossler and E. Koos, Langmuir 32(6), 1489 (2016)

25 µm

capillary statependular state
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A network-level view

F. Bossler, J. Maurath, K. Dyhr, N. Willenbacher and E. Koos, J. Rheol. 62(1), 183 (2018)

50 µm

Interfloc region

Floc

Backbone

Interfloc
connecting
region

2aξ
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Influence of size on fractal dimension

à Fractal dimension (partially) captures the rheological response

F. Bossler, J. Maurath, K. Dyhr, N. Willenbacher and E. Koos, J. Rheol. 62(1), 183 (2018)

Granular
(!" = 3)

Large radius

Colloidal
(!" ≈ 2)
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SiO2  : Confocal image analysis
Al2O3: Wu/Morbidelli model (G0 and γcrit) 
Al2O3: Piau model (σy)

Nimages = 8
ϕsolid =  0.26 ± 0.04
image size ≈ (45a)3

'() *+,- = 8
/-01(2 = 0.26 ± 0.04
Image size ≈ 459 :

! "
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Variation of secondary fluid volume

(Fig. 2e and f) show that the PEO phase tends to form compact
aggregates whose size drastically increase with PEO concentra-
tion. Numerous dark spots appear in the uorescent regions of
Fig. 2e and f, indicating the crowding of the non-uorescent
silica particles in the bulk PEO phase. SEM observations
(Fig. 2h, i, k, l) conrm the presence of compact PEO–SP
aggregates with an ellipsoid-like shape, which feature a rasp-
berry-like morphology. Importantly, these compact aggregates

are not Pickering emulsions (i.e. drops with a particle-jammed
surface) because the silica particles partition into the volume of
the PEO phase as well as to its surface. Instead, this structure is
similar to the capillary state of saturation in wet granular
materials. We recently showed that the formation of capillary
aggregates can result from particle transfer into PEO drops
when the drop size widely exceeds that of the particles.5 This
phenomenon can occur at a much lower 9 than in the present

Fig. 2 Flow behavior and morphology dependence on the wetting fluid phase (PEO) content for fSP ¼ 0.10. (a) Steady-state flow curves
(viscosity versus shear stress) showing the yield transition of the ternary systems, (b) yield stress as a function of the PEO-to-SP volume fractions
ratio 9. (c) DIC micrograph for 9 ¼ 0.16. Fluorescent (CLSM) micrographs showing the partitioning of the PEO phase in the ternary blends: (d) 9 ¼
0.4, (e) 9 ¼ 0.63, (f) 9 ¼ 1. SEM observations of the SP–PEO aggregates structures after selective dissolution of the PIB matrix are shown at both
the aggregate scale (upper row) and particle scale (lower row): (g and j) 9¼ 0.4, (h and k) 9¼ 0.63, (i and l) 9¼ 1. Red arrows in (j) point towards the
coalesced menisci holding several particles together.

This journal is © The Royal Society of Chemistry 2015 Soft Matter

Paper Soft Matter

Pu
bl

is
he

d 
on

 1
1 

D
ec

em
be

r 2
01

4.
 D

ow
nl

oa
de

d 
by

 K
IT

 o
n 

16
/0

1/
20

15
 0

9:
08

:1
3.

 

View Article Online

T. Domenech and S.S. Velankar, Soft Matter.
11(8), 1500 (2015)

• Glass in polyisobutylene (PIB) + 
polyethylene oxide (PEO)

J. Dittmann and N. Willenbacher, J. Am. Ceram. 
Soc. 97(12), 3787 (2014)

• Alumina in paraffin oil + 
aqueous sucrose 
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Variation of secondary fluid volume

⁄"#$% "#&'() = 0.00 0.001 ± 0.0001 0.010 ± 0.003 0.03 ± 0.01

0.09 ± 0.02 0.19 ± 0.03 0.40 ± 0.090.04 ± 0.01

Porous silica particles in oil with added aqueous glycerol, 
"#&'() = 0.20, . = 87°
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Rheological characterization

⁄"#$% "#&'() = 0.001

⁄"#$% "#&'() = 0.04

Peak in *+?
Pendular à funicular 

transition
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• Suspension rheology:
• Assign particles 

and bonds to nodes 
and edges of a 
network

• Result is an 
unweighted and 
undirected graph

• A weighted graph 
can be produced by 
considering bond 
strength

Graph theory

Edge (bond)

Node
(particle)

S. Bindgen, F. Bossler, J. de Graaf and E. Koos, Manuscript in preparation
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• Coordination number !": 
number of edges (neighbors) of node n

• Clustering coefficient $": Measure of group clique-ishness

$" = & '(
)(()(+,) , ." = edges between neighbors

• Number of flocs: number of independent sets

• Other concepts from graph theory? 

• Connectivity, Centrality, … 

Useful parameters

! = 6
0 = 1

! = 3
0 = ⁄2 3 0 = 0

! = 0
0 = 0

S. Bindgen, F. Bossler, J. de Graaf and E. Koos, Manuscript in preparation

Micro

Macro



6/22/18
D epartm ent of C hem ical Engineering

Section Soft M atter, R heology and Technology
14

Variation of secondary fluid volume

Porous silica particles in oil with added aqueous glycerol, 
!"#$%& = 0.20, + = 87°

⁄!"01 !"#$%& = 0.01 ⁄!"01 !"#$%& = 0.09 ⁄!"01 !"#$%& = 0.19 ⁄!"01 !"#$%& = 0.40
Pendular state Funicular state BicontinuousTransitional
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Agreement between microstructure and 
rheology
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Gravitational sedimentation 
(Joost de Graaf, Utrecht University)

Low volume fraction High volume fraction

S. Bindgen, F. Bossler, J. de Graaf and E. Koos, Manuscript in preparation
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• Clear difference in final sediment structure with initial 
volume fraction

à Difference in re-dispersibility?

Gravitational sedimentation
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• Sharper determination of the interface 
between the gel-rich and gel-devoid regions

• Width of only 2" without and 8" with 
hydrodynamic interactions

• Versus 15" using &(() or 20" using +, (

Gravitational sedimentation

S. Bindgen, F. Bossler, J. de Graaf and E. Koos, Manuscript in preparation
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• Graph theory can be applied to particulate systems
• New parameters to characterize micro- and 

macroscales

• Predictive of rheological transitions
à Number and type of interactions

• Particularly useful for inhomogeneous systems
• Capillary suspensions
• Sedimenting gels

Conclusions
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Join us in Leuven (Belgium)
for the 33rd Conference of

The European Colloid and Interface Society

Visit ecis2019.com
for more information and registration 


