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100 um

� Charged resin bead excluding suspension of microspheres to a distance of > 
200 um. The resulted exclusion zone is surprisingly much larger than the 
prediction of the double layer theory being ~1 um.

� A potential gradient is also observed however across the exclusion zone.

Exclusion zone



Old references on exclusion zones
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Time evolution of exclusion zone

PAGE 35-11-2012

Top:   N = Nafion, thickness 200 μm
EZ = exclusion zone
B = beads (Ø 1.0 μm)

1. The exclusion zone expands as a 
function of time

2. The width of the exclusion zone is 
proportional to the square root of time

Zone width α √time 



Counter flow

PAGE 45-11-2012

Beads flow from outside the EZ towards the beads creating 
vortices near the nafion surface

S. Musa et al., submitted to Physical Review E 



Viscosity of EZ-water: Optical tweezing
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Viscosity of EZ-water: Optical tweezing
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Viscosity

� 3 methods:
� Measuring stokes drag under sinusoidal movement 

of the bead
� Measuring Brownian motion of the bead
� Measuring Brownian motion of the bead while the 

bead is moving sinusoidally.
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Viscosity of the EZ-water

We have conducted experiments to examine existence of ordered layer next 
to the surface by
1.Measuring whether there is a change in viscosity inside and ouside the 
exclusion zone
2.Measuring whether there is a change in optical density inside and outside 
the exclusion zone
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Applications: confined flow generation 

1. When the edge of the Nafion film is structured confined flow lines of 
bead can be generated with different beads velocities

2. The flow which continues for several hours can be used in application 
where slow flow generation is needed

nafion

20 m
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Flow between surfaces of different 
polarity

Beads flow between resins with different charged polarities
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Large crystals of micro-spheres could form between hydrophilic surface and 
gloss.

Colloidal crystal formation
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Colloidal crystal formation



Possible causes of EZ formation
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1. Crystal formation in the EZ-zone

2. Diffusiophoresis moves the beads away from the nafion and causes
the vortices.

3. Frohlich coherence mechanism/Coherent domains



Diffusiophoresis

� What is diffusiophoresis?

� It is the movement of a colloidal particle as a 
consequence of a concentration gradient of a solute
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Diffusiophoresis
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Hexagonal water crystal formation. (Pollack)
Hexagonal Bilayer Water tends to dissociate OH � (Anick)
Crystalline scaffold becomes positively charged and therefore sticks to the Nafion.
Crystalline scaffold is saturated with negatively charged liquid water.
The OH � ions move away from the Nafion because of electrophoresis.
The liquid water is convected in the same direction because of electro-osmosis
The H+ accumulates outside the exclusion zone because of  Donnan exclusion.  
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Charge accumulation

According to Maxwell�s equations, charge accumulation can only
occur over a time period equal to :

tyConductivi

tyPermittivi

In the case of the atmosphere this ratio is O(minute)
In the case of water this ratio is O(ns)
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Conclusions

�The optical tweezing experiment measured a viscosity 
of the EZ- water equal to the viscosity of regular water.
�The particle tracking system measured the movement of
beads at the border of the EZ-zone. Within the EZ-zone the beads 
were moving away from the Nafion. Away from the EZ-zone 
the beads were moving towards the Nafion.
�Different explanations were explored for the observed vortices: 
Diffusiophoresis, electrophoresis and electro-osmosis.
�The most plausible explanation was found to be electro-osmosis
in a positively charged cristalline scaffold of HBW.
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Future work..
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1. Investigating the root cause of the EZ formation and 
2. Understanding the confined flow 
3. Determining the conditions that leads to crystal formation


