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Classical	
  colloid	
  stability	
  	
  and	
  evoluCon	
  

Start	
  with	
  parCcles	
  in	
  the	
  fully	
  dispersed	
  state.	
  	
  

The end	
  

Thermal	
  agitaCon	
  
Surface	
  forces	
  

(ionic	
  interacCons,	
  VdW,	
  hydraCon)	
  
	
  
	
  

AggregaCon	
  threshold	
  
	
  
	
  

Growth	
  processes	
  
	
  
	
  

Some	
  reorganizaCon	
  (?)	
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The	
  reverse	
  problem	
  has	
  not	
  been	
  extensively	
  studied	
  

Start	
  with	
  parCcles	
  in	
  the	
  fully	
  aggregated	
  state.	
  	
  

Once upon a time…	
  

ConCnuaCon	
  to	
  single	
  parCcles	
  
	
  
	
  

Erosion	
  or	
  fragmentaCon	
  processes	
  
	
  
	
  

SeparaCon	
  threshold	
  
	
  
	
  

Thermal	
  agitaCon	
  
Surface	
  forces	
  

(ionic	
  interacCons,	
  VdW,	
  hydraCon)	
  
	
  
	
  

3	
  Are	
  the	
  ingredients	
  the	
  same	
  as	
  for	
  the	
  classical	
  colloid	
  stability	
  problem?	
  



Ingredient	
  1:	
  ionizaCon	
  of	
  surfaces	
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IonizaCon	
  through	
  acid-­‐base	
  equilibria	
  of	
  surface	
  sites:	
  nothing	
  new	
  

Si-­‐OH	
  

Si-­‐O-­‐	
  

Na+	
  

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0 1 2 3 4 5 6 7 8 9 10

p H

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0 1 2 3 4 5 6 7 8 9 10

p H

Si-­‐OH	
  +	
  OH-­‐ 	
  	
  	
  	
  	
  	
  	
  	
  	
  Si-­‐O-­‐	
  +	
  HOH	
  

Ti-­‐OHH+	
  

Ti-­‐OH	
   NO3
-­‐	
  

Ti-­‐OH	
  +	
  H+ 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Ti-­‐OHH+	
  

H2O	
  



Ingredient	
  2:	
  repulsions	
  of	
  counterion	
  layers	
  

At	
  the	
  i.e.p.:	
  	
  
The	
  surface	
  sites	
  are	
  uncharged	
  	
  
(amphoteric	
  surface)	
  
	
  
Or	
  there	
  are	
  equal	
  numbers	
  	
  
of	
  +	
  and	
  –	
  sites	
  
	
  
Either	
  way	
  the	
  counterions	
  are	
  relased	
  
No	
  «	
  bumpers	
  »,	
  no	
  repulsions	
  
	
  
The	
  parCcles	
  will	
  aggregate	
  
Through	
  VdW	
  a[racCons	
  	
  
And	
  chemical	
  reacCons	
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IonizaCon	
  through:	
  
	
  	
  	
  
Acid-­‐base	
  equilibria	
  of	
  surface	
  sites	
  
Release	
  of	
  exchangeable	
  ions	
  
	
  
Far	
  from	
  the	
  i.e.p.:	
  
	
  
Large	
  number	
  of	
  counterions	
  
near	
  the	
  parCcle	
  surfaces	
  
=	
  «	
  bumpers	
  »	
  
Strong	
  repulsions	
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Two	
  colloidal	
  parCcles	
  

Usual	
  problem:	
  control	
  aggregaCon	
  CB	
  -­‐	
  	
  	
  the	
  key	
  is	
  the	
  potenCal	
  barrier	
  B	
  

Reverse	
  problem:	
  control	
  separaCon	
  AB	
  	
  -­‐	
  	
  	
  the	
  key	
  is	
  the	
  iniCal	
  state	
  A	
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For	
  the	
  reverse	
  problem,	
  
the	
  iniCal	
  state,	
  A,	
  
is	
  not	
  well	
  known	
  
and	
  it	
  depends	
  on	
  how	
  the	
  
system	
  was	
  prepared	
  
(history)	
  

A	
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Usual	
  problem:	
  	
  
Dispersed	
  	
  aggregated	
  
This	
  is	
  used	
  when	
  making	
  materials	
  
e.g.	
  coaCngs,	
  ceramics,	
  catalyzers	
  
	
  
The	
  iniCal	
  state	
  is	
  well	
  known	
  
We	
  can	
  prevent	
  the	
  transiCon	
  
We	
  can	
  trigger	
  it	
  
We	
  control	
  the	
  thresholds	
  
	
  
	
   7	
  

A	
  collecCon	
  of	
  colloidal	
  parCcles	
  

Aggregated	
  

Reverse	
  problem:	
  	
  
Aggregated	
  	
  dispersed	
  
Ex.	
  :	
  	
  synthesis	
  of	
  colloidal	
  pastes	
  
Erosion	
  of	
  natural	
  colloidal	
  aggregates	
  
	
  
The	
  iniCal	
  state	
  is	
  not	
  well	
  known	
  
How	
  is	
  the	
  transiCon	
  prevented?	
  
How	
  is	
  it	
  triggered?	
  
Can	
  we	
  control	
  the	
  thresholds?	
  

Dispersed	
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IniCal	
  state	
  

What	
  do	
  we	
  need?	
  

We	
  need	
  to	
  know	
  and	
  	
  
control	
  the	
  strength	
  of	
  
bonds	
  between	
  parCcles?	
  
	
  
We	
  need	
  protocols	
  for	
  	
  
creaCng	
  a	
  parCcular	
  type	
  of	
  	
  
surface-­‐surface	
  adhesion	
  

We	
  need	
  to	
  know	
  and	
  	
  
control	
  the	
  stresses	
  
applied	
  to	
  these	
  bonds?	
  
	
  
We	
  need	
  protocols	
  for	
  	
  
applying	
  a	
  parCcular	
  type	
  
of	
  force	
  to	
  the	
  network	
  

TransiCon	
  state	
   Final	
  state	
  

We	
  need	
  to	
  evaluate	
  the	
  
rate	
  of	
  success	
  of	
  the	
  
redispersion	
  process	
  
	
  
We	
  need	
  protocols	
  for	
  	
  
measuring	
  the	
  fracCon	
  	
  
of	
  single	
  parCcles	
  

This	
  talk	
  is	
  going	
  to	
  be	
  about	
  protocols	
  =	
  procedures	
  that	
  make	
  the	
  difference…	
  



Controlling	
  the	
  iniCal	
  state-­‐1:	
  primary	
  parCcles	
  

Source	
  of	
  parCcles:	
  AKP50	
  alpha-­‐alumina	
  powder	
  
Problem:	
  the	
  parCcle-­‐parCcle	
  contacts	
  	
  
were	
  made	
  at	
  high	
  temperature	
  
They	
  are	
  much	
  too	
  strong	
  
Very	
  strong	
  forces	
  are	
  needed	
  to	
  break	
  them	
  

Protocol	
  
High	
  power	
  ultrasound	
  or	
  high	
  shear	
  
 Erode	
  these	
  aggregates	
  
 Dispersion	
  of	
  «	
  primary	
  par<cles	
  »	
  in	
  water	
  

In summary, a standard protocol was designed, which included
agita t ion through tumbling, sedimenta t ion , sampling, homog-
enizing through ult rasound ir radia t ion , turbidimet ry, and a lso
pH measurements a t var ious stages. This protocol applies a
minimal amount of mechanica l energy to the aggrega tes before
sampling, so tha t the effect s of changes in the sta te of sur faces
or in solu t ion condit ions show up clear ly.

III. Resu lts
The resu lt s a re presen ted according to the sequence of

opera t ions per formed on each powder : in it ia l dispersion
in water a t pH 5, floccula t ion a t the iep or drying, and
redispersion in water a t differen t pH values.
A. In itia l Dispers ion of the Raw Powder. Ultra-

sound (Prim ary Particles). Two minutes of ir radia t ion by
high-power ult rasound was sufficien t to cause fu ll redis-
persion of a concent ra ted suspension of the raw powder .
The high efficiency resu lt s from the fact tha t u lt rasound
irradiat ion produces, through cavita t ion, large mechanical
forces a t the sca le of the elementary par t icles. This is in
agreement with ear lier repor ts of the redispersion of oxide
par t icles in water .25,26
S tirring. The raw powder could a lso be dispersed by

st ir r ing a t pH 5, either with a st irbar or a propeller , bu t
th is took much longer t imes. After 8 h , about 60-70% of
the tota l mass was redispersed, and complete redispersion
was achieved in 10 days. Both types of agita t ion (st irbar
and propeller ) produced the same effect on the size
dist r ibu t ion of the or igina l aggrega tes. A popula t ion of
rela t ively la rge aggrega tes (10-30 µm) was found to give
way direct ly to a popula t ion of elementary par t icles (0.2
µm), as shown in Figure 4. At in termedia te t imes the
dist r ibu t ion was bipopula ted, with few aggrega tes of
in termedia te sizes and with a cont inuous decrease of the
size of the largest aggregates. Accordingly, the redispersion
to elementary par t icles did not occur through fragmenta-
t ion of the aggrega tes, bu t ra ther through erosion of
par t icles loca ted a t their per iphery.
The only difference between the two agita t ion processes

was the init ia l character ist ic size of the popula t ion of large
aggrega tes. With the magnet ic st ir rer , th is popula t ion
was centered a t 10 µm, whereas it was a t 20 µm in the
case of the propeller . These sizes must be compared with
the or iginal size of the aggregates in the dry powder , which
is la rger than 100 µm. This compar ison suggests tha t the
redispersion occurs in two stages. In the fir st stage, the

aggregates of the dry powder (>100 µm)are quickly eroded
to a size which is determined by the type of agita t ion , i.e.,
the vor tex size. In the second stage, these smaller
aggrega tes are eroded by a slower process, which does not
depend on the type of agita t ion .
Redispersion at Rest. The spontaneous redispersion a t

pH 5 of the raw powder as a concent ra ted suspension (10
wt %) was a lso followed using granulomet r ic measure-
ments. In th is case, the only shear applied to the system
was tha t required to homogenize the suspension before
sampling for granulomet r ic measurements. The resu lt s
show a much slower redispersion than in the case of
st ir r ing (Figure 5). Indeed, a fter 8 h , only 12.5% of the
tota l mass is redispersed, instead of 70% by st ir r ing; a fter
11 days, st ill on ly 50% of the tota l mass is redispersed,
whereas complete redispersion is achieved by cont inuous
st ir r ing.
Tumbling, S hort T im e Lim it. The redispersion of the

raw powder by the tumbling protocol was a lso examined
for shor t tumbling t imes (2 h). The mass fract ion of
redispersed part icles was determined through the turbid-
ity test descr ibed above. It was found tha t the amount
redispersed in 2 h was ext remely small. A compar ison
with redispersion by st ir r ing (50% redispersed after 4 h ,
as shown in Figure 4) demonst ra tes tha t the tumbling
protocol br ings a much smaller amount of mechanica l
energy.
The tumbling test was repea ted with the raw powder

a t differen t pH values, and the resu lt s a re presen ted in

(25) Suzuki, T. S.; Sakka , Y.; Nakano, K. Mater. T rans. J IM 1998,
39, 689.
(26) Velamanakanni, B. V.; Chang, J . C.; Lange, F . F .; Pearson , D.

S. Langmuir 1990, 6, 1323.

Figure 3. Turbidity versus solid content for a lumina suspen-
sions tha t were dispersed with ult rasound.

Figure 4. Dispersion kinet ics of the raw powder , agita ted with
a propeller in water a t pH5. The ver t ica l axis refers to the
cumula ted mass (solid lines). The poin t s indica te the mass
dist r ibu t ion (der iva t ive of the cumula ted mass).

Figure 5. Dispersion kinet ics of the raw powder a t rest . Note
that some spontaneous dipersion takes place, but over extremely
long t ime sca les.

10498 Langmuir, Vol. 16, No. 26, 2000 Desset et al.
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Controlling	
  the	
  iniCal	
  state-­‐3:	
  dry	
  aggregates	
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Controlling	
  the	
  transiCon	
  state	
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Redispersion	
  at	
  rest 	
   	
   	
  Redispersion	
  through	
  sedimentaCon	
  

∂	
  

Set	
  pH	
  and	
  salt,	
  
and	
  wait	
  
(chemistry	
  only)

	
   	
  	
  

Set	
  pH	
  and	
  keep	
  
tumbling	
  the	
  samples	
  
(chemistry	
  and	
  physics) 	
  	
  

∂	
  



Measuring	
  the	
  redispersion	
  in	
  the	
  final	
  state	
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SeparaCon	
  by	
  sedimentaCon	
   	
   	
  Ultrasound	
  	
  break	
  doublets	
  and	
  triplets	
  

Top	
  layer	
  =	
  single,	
  
doublets,	
  triplets	
  

∂	
  

Turbidity	
  	
  measure	
  the	
  number	
  of	
  parCcles	
  

The	
  measurement	
  of	
  aggregate	
  size	
  distribuCons	
  is	
  too	
  Cme	
  consuming	
  
Need	
  a	
  quanCtaitve	
  method	
  that	
  is	
  fast	
  and	
  uses	
  small	
  amounts	
  of	
  dispersion	
  
	
  



Results:	
  redispersion	
  thresholds	
  
FracCon	
  (%)	
  of	
  redispersed	
  parCcles	
  in	
  the	
  tumbling	
  protocol,	
  as	
  a	
  funcCon	
  of	
  pH	
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There	
  is	
  a	
  well-­‐defined	
  threshold	
  for	
  redispersion	
  at	
  low	
  pH	
  (caConic	
  surfaces)	
  
Aner	
  drying	
  (P2O5)	
  the	
  threshold	
  is	
  at	
  lower	
  pH	
  (need	
  a	
  higher	
  surface	
  charge)	
  
At	
  high	
  pH	
  the	
  phenomea	
  appear	
  different	
  

i.e.p.	
  pH	
  =	
  9	
  

Threshold	
  pH	
  =	
  5	
  

100	
  %	
  redispersed	
  pH	
  =	
  3	
  

Flocculated	
  Dried	
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Results:	
  redispersion	
  thresholds	
  
FracCon	
  (%)	
  of	
  redispersed	
  parCcles	
  in	
  the	
  tumbling	
  protocol,	
  as	
  a	
  funcCon	
  of	
  pH	
  

The	
  threshold	
  for	
  redispersion	
  is	
  much	
  further	
  from	
  the	
  I.E.P	
  	
  
than	
  that	
  for	
  flocculaCon	
  =	
  it	
  is	
  a	
  much	
  harder	
  process	
  

FlocculaCon	
  
Threshold	
  
pH	
  =	
  8.5	
  

Dried	
  
redispersion	
   FlocculaCon	
  

Threshold	
  
pH	
  =	
  9.8	
  



Charge	
  density	
  >	
  0.27	
  nm-­‐2:	
  no	
  flocculaCon	
  
	
  
Charge	
  density	
  >	
  0.5	
  nm-­‐2	
  :	
  	
  dispersion	
  
	
  
 The	
  redispersion	
  threshold	
  is	
  at	
  a	
  pH	
  	
  much	
  further	
  from	
  the	
  i.e.p.	
  
 Because	
  the	
  process	
  takes	
  place	
  at	
  much	
  shorter	
  surface-­‐surface	
  separaCons	
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Redispersion	
  at	
  rest	
  vs.	
  redispersion	
  by	
  tumbling	
  
differen t redispersion behaviors for powders dr ied a t
differen t RH values.
In the following discussion , the powders tha t were dr ied

a t a set RH will be ca lled “powder with wet contacts”, and
the powders tha t were fu lly dr ied with P2O5 sha ll be ca lled
“powder with dry contacts”. All of these powders have
cont rolled in terpar t icle contacts, because chemica l bonds
have been broken , and the remain ing physica l forces
depend on the va lue of the in terpar t icle distances, which
are determined by the amount of residua l water .
C.Redispersion .The powders with controlled contacts,

prepared as descr ibed in the previous sect ion , do not
require the applica t ion of st rong mechanica l forces for
redispersion in water . Our a im was to find the condit ions
of spontaneous redispersion , or redispersion with a
minimum amount of mechanica l processing. For th is
reason , we used the tumbling test , and then the test for
redispersion a t rest , to character ize the redispersion of
these powders.
Redispersion from the Powder with Dry Contacts

through Tumbling. The redispersion of the powder with
dry contacts through the tumbling test is presen ted in
Figure 6. There is a st r iking dependence on pH: a t 4.3 <
pH < 12.5, a lmost noth ing is redispersed; a t pH values
below or above th is range, the powder redisperses
completely. These thresholds are quite differen t from the
floccula t ion thresholds (Figure 7). For instance, the
suspension is stable up to pH 8.5, where it floccula tes, bu t
the powder only redisperses a t pH 4.3. This hysteresis is
an impor tan t observa t ion . It is the signa ture of the
differen t processes tha t cause floccula t ion and redisper -
sion . In an energy bar r ier model, the threshold for
floccula t ion would be determined by the poten t ia l bar r ier
tha t two par t icles encounter when they approach each
other , E*, and by the ava ilable thermal energy. Simila r ly,
the threshold for redispersion would be determined by
the energy barr ier tha t two par t icles encounter when they
separate, E**, and by the available thermal and mechan-
ica l energy. Thus, the st rong hysteresis in the floccula t ion/
redispersion cycle would or igina te in a la rge difference of
magnitude between E* and E**.
Because the t ransit ion from no redispersion a t a ll to

fu ll redispersion takes place in a nar row pH range, a
cr it ica l pH value for redispersion can be defined. This
cr it ica l pH was determined using the standard tumbling
test with a par t icu la r t ime sca le for redispersion . Thus,
it was necessary to examine how the cr it ica l pH depends
on the t ime sca le of redispersion and on the type of
redispersion test .
The effect of t ime sca les was examined by compar ing

the redispersion obta ined after 0.5, 2, and 24 h. The results
show that the redispersion obta ined through the tumbling
protocol has a kinet ics tha t is either quite fast or quite
slow: a t pH 4.3, the mass fract ion of redispersed par t icles
increases sligh t ly between 0.5 and 2 h, and then remains
the same. The same t rend is observed a t other pH values.
Thus, the cr it ica l pH obta ined after 2 h of tumbling is
rea lly meaningfu l, in the sense tha t is separa tes no
dispersion from fast dispersion .
The effect of the redispersion procedure was examined

using a sligh t modifica t ion of the flow condit ions. In the
standard tumbling test , a bubble goes back and for th in
the test tube. A var ia t ion in the procedure consist s of the
suppression of th is bubble: with tubes tha t are completely
filled, the only mechanica l st ress on the aggrega tes is tha t
crea ted by their sedimenta t ion in the flu id. The resu lt s
show ident ical redispersion rat ios with or without a bubble
in the sample tube. Accordingly, both procedures erode
the aggrega tes in the same way, through the effect of the

force created by the relat ive motion of fluid and solid during
sedimenta t ion .
Redispersion From the Powder with Dry Contacts At

Rest. The dispersions with cont rolled contacts can a lso
redisperse spontaneously, i.e., without any input of
mechanica l energy, but the t ime sca les are much longer .
At pH 4, it t akes a week to achieve 80% redispersion ,
whereas the same ra t io is reached with 2 h of tumbling
(Figure 9). Fast redispersion is obta ined only a t pH < 3,
where the adhesive energy of par t icles must be much
smaller than at pH > 4. Thus, the kinet ics for spontaneous
redispersion is slow, and the long t ime limit of th is kinet ics
matches the resu lt s obta ined with the tumbling test . This
provides a qua lita t ive in terpreta t ion of the redispersion
processes. The supply ofmechanical energy lets the system
overcome the bar r ier E** more quickly. In the absence of
externa l mechanica l energy, the system has to wait for
thermal fluctua t ions. For a given redispersion t ime, the
mass fract ion of redispersed par t icles cor responds to
contacts for which the bar r ier E** was a cer ta in mult iple
of thermal energies, hence the shift of the curves in Figure
9 with changes in redispersion t imes.
Up to th is poin t , we have examined one type of powder

with cont rolled contacts, and we found tha t the redis-
persion of th is powder was uniquely determined by
solu t ion pH. At tempts were made to change the na ture
of the contacts by using powders with differen t sur face
sta tes (see Mater ia ls). Thus, in one powder the sur face
layer was turned in to hydroxide, in another it was
stabilized to the oxide sta te, and in the th ird it was
removed. The redispersion was per formed at rest , dur ing
29 h. Ident ica l redispersion ra t ios were obta ined for three
powders and for the powder with dry contacts used above,
despite the differences in sur face sta tes. Accordingly, the
forces between surfaces must be the same in the four cases.
For the elect rosta t ic repulsion , th is is not a surpr ise,
because a ll powders have the same iep.24 Fur thermore,
the hydra t ion was a lso found to be the same for these four
powders (F igure 8). F ina lly, the a t t ract ions must a lso be
the same because the different surface layers have similar
Hamaker constan ts (because the concent ra t ion of a lu-
minum ions is near ly the same). Thus, the fact tha t these
four “powder with dry contacts” ba tches have the same
redispersion behavior (despite their differen t sur face
sta tes) can be expla ined if the par t icles are not , in fact ,
in direct contact but separa ted by the same distance,
probably two layers of hydra t ion water .
Another a t tempt to change the na ture of in terpar t icle

contacts was made by using part icles that had a net surface

Figure 9. Redispersion kinet ics of the powder with dry
contacts, a t rest . For compar ison , the effect of redispersion by
2 h of tumbling is a lso shown (b).
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2	
  hours	
  tumbling	
  =	
  1	
  week	
  at	
  rest	
  

∂	
   ∂	
  



Summary	
  of	
  results	
  –	
  QuanCtaCve	
  interpretaCon?	
  

There	
  are	
  sharp	
  pH	
  thresholds	
  for	
  the	
  redispersion	
  
On	
  the	
  caConic	
  side,	
  these	
  thresholds	
  are	
  about	
  i.e.p.	
  –	
  4	
  
	
  
The	
  pH	
  thresholds	
  for	
  redispersion	
  at	
  rest	
  and	
  by	
  tumbling	
  	
  
are	
  the	
  same,	
  only	
  the	
  kineCcs	
  differ	
  
	
  	
  
Aner	
  drying	
  (surfaces	
  closer	
  to	
  each	
  other),	
  
the	
  required	
  pH	
  is	
  more	
  acidic	
  
	
  
At	
  each	
  threshold,	
  the	
  fracCon	
  of	
  redispersed	
  parCcles	
  
varies	
  in	
  the	
  same	
  way	
  
	
  
Can	
  we	
  make	
  a	
  model	
  that	
  reproduces	
  these	
  features	
  
And	
  predicts	
  the	
  correct	
  kineCcs?	
  



What	
  force	
  erodes	
  the	
  aggregates?	
  	
  

Tumbling	
  protocol:	
  the	
  aggregate	
  (radius	
  R)	
  sediments	
  constantly	
  
A	
  parCcle	
  at	
  its	
  surface	
  (radius	
  r)	
  is	
  eroded	
  by	
  the	
  hydrodynamic	
  force	
  

Vsedim	
  =	
  (2/9)	
  ∆ρ	
  R2	
  (g/η)	
  

∂	
  

RelaCve	
  fluid	
  velocity	
  Vr	
  =	
  (r/R)	
  Vsedim	
  	
  
Hydrodynamic	
  force	
  Fhydro=	
  1.7	
  (6	
  π η r	
  Vr)	
  

Combine	
  	
  Fhydro=	
  1.7	
  x	
  (4/3)	
  x	
  (	
  π R ∆ρ	
  g	
  r2)	
  



CondiCon	
  for	
  redispersion	
  

The	
  parCcle	
  at	
  the	
  aggregate	
  surface	
  is	
  	
  submi[ed	
  to:	
  
	
  	
  	
  	
  	
  Fhydro=	
  1.7	
  x	
  (4/3)	
  x	
  (	
  π R ∆ρ	
  g	
  r2)	
  =	
  4.3	
  x	
  10-­‐14	
  N	
  
	
  
	
  
It	
  is	
  bound	
  to	
  the	
  aggregate	
  by	
  a	
  contact	
  force	
  Fcontact	
  
	
  
The	
  parCcle	
  is	
  eroded	
  if:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Fhydro	
  =	
  -­‐	
  γ	
  Fcontact	
  
	
  
A	
  large	
  aggregate	
  is	
  eroded	
  unCl	
  a	
  criCcal	
  radius	
  Rc:	
  
	
  

∂	
  

sur face. At low Reynolds numbers, the force is para llel to
the flu id flow and can be writ ten :

Using the previous expression for Vr, we obta in the
expression of the force act ing on a par t icle a t the sur face
of an aggrega te:

With the preceding numer ica l va lues, th is gives: FH )
4.3 × 10-14 N. Note tha t th is va lue is smaller than the
sur face forces act ing between a lumina par t icles in water
a t a rea list ic distance d 0 from the sur face (van der Waals
a t t ract ion and elect rosta t ic repulsion). This sa t isfies a
const ra in t placed on the model in the sense tha t it will be
necessary to a lter the ba lance of sur face forces in order
to produce redispersion . The second step of the model is
to define a mechanica l condit ion for the detachment of a
par t icle from the aggrega te.
Condition for Redispers ion . The mechanism of

hydrodynamic detachment of par t icles from a fla t sub-
st r a t e is not t ot a lly under stood despit e numerous
studies.10-16 Three mechanisms are possible a pr ior i. First ,
the par t icle may slide a long the sur face; second, it may
simply lift off; and th ird, the par t icle may roll a long the
sur face. Never theless, whatever the mode of detachment ,
severa l studies9,12 have shown tha t the la tera l force FH
required to extract a part icle must exceed a certa in fract ion
of the contact force FC tha t keeps the par t icles bound:

The va lue of the numer ica l constan t γ depends on the
mode of ext ract ion . Sharma et a l.12 compared the hydro-
dynamic detachment of par t icles (exer t ing a la tera l force
on the par t icle-sur face bonds) with detachment by
cent r ifuga t ion (exer t ing a normal force). For polystyrene
and glass spheres adher ing to a glass subst ra te, they
concluded tha t the par t icle breaks the bonds by rolling
a long the sur face. Therefore, γ is smaller when the force
is tangent ia l ra ther than normal to the sur face. The
magnitude of γ a lso depends on par t icle size; in the
exper iments of Sharma et a l., γ increases from 10-3 to
10-2 when the par t icle diameter decreases from 20 to 5
µm. In our case, the hydrodynamic force is tangent ia l (γ
small) bu t the par t icles are small (γ la rge). Accordingly,
the g value must be in the range found by Sharma et a l.,
i.e., 10-3< γ < 10-2.
As the aggregate loses more part icles, it becomes smaller

and it s sedimenta t ion velocity diminishes. Accordingly,
the hydrodynamic force FH act ing on the par t icle a t the
per iphery decreases. The erosion process fina lly stops
when:

The fina l size R c of the aggrega te, a t the end of the
erosion process, is obta ined by combin ing eqs 3 and 5:

At th is stage, the mass fract ion FR of the or igina l
aggrega te tha t has been lost th rough erosion can be
eva lua ted as:

Because erosion by tumbling has a fast kinet ics, the
redispersed fract ion FR given by eq 7 must represen t the
fract ion tha t is measured a t the end of the tumbling
protocol. As shown by eq 7, FR is determined by a
parameter tha t descr ibes the hydrodynamic process, γ/R ,
and a parameter tha t determines the cohesion of the
aggrega tes, FC. In a ser ies of exper iments on a given
popula t ion of aggrega tes, the hydrodynamic condit ions
remain the same, therefore the hydrodynamic parameter
must remain the same as well. What is var ied is the
cohesion of the aggregates, because we change the solut ion
pH, and therefore the elect rosta t ic forces tha t promote
redispersion . Therefore, we may compare the predicted
FR on the basis of eq 7, as a funct ion of FC, with the
measured redispersion as a funct ion of pH. In both cases,
we sta r t from a situa t ion where the aggrega tes have a
high cohesion (pH near the iep, elect rosta t ic repulsions
vanish , FC is la rge because of van der Waals a t t ract ions)
and proceed to condit ions of reduced cohesion (pH away
from the isoelect r ic poin t , elect rosta t ic repulsions push
the sur faces apar t , hence, FC is smaller ).
The main fea tures of the predict ion are as follows. At

high contact force values, only very large aggregates could
be eroded by sedimenta t ion , because their radius must
exceed the R C va lue given in eq 6. In the actua l aggrega te
dist r ibu t ion , a ll of the aggrega tes have radii R tha t a re
smaller than R C, and therefore none are eroded. Then , if
the contact force is reduced, there is a threshold where R C
becomes equa l to the sizes of the la rgest aggrega tes, and
erosion sta r t s. This threshold is defined by:

Beyond this threshold, any fur ther decrease in FC causes
a fast increase in the mass fract ion of redispersed part icles.
This fract ion reaches 100% when the cr it ica l radius R C
becomes comparable to the par t icle radius r, and fur ther
decreases in FC have no effect .
Thus, eq 7 predict s tha t there will be a region of no

redispersion , a threshold where redispersion sta r t s, and
a fast increase of the redispersed fract ion until that reaches
100%. Qualita t ively, these fea tures are observed when
we change the pH of redispersion : there is a wide region
with no redispersion , a round the iep, a threshold near pH
) 4.5, and a fast increase of the redispersed fract ion up
to full redispersion below pH ) 3.5. This qualita t ive match
makes sense, because the pH changes the elect rosta t ic
repulsions, which tend to push the par t icles apar t , and
therefore reduce the contact adhesion force FC.
Because the main fea tures are in agreement , we may

now proceed to a quant ita t ive compar ison of predicted
and measured redispersed fract ions. For th is purpose, we
set the following const ra in t s:
(1) The hydrodynamic parameter γ/R must have the

same value for a ll exper iments done with the same
protocol, and th is va lue must range between 10 and 103
(indeed, R is in the range 10-100 µm and g is in the range
0.001-0.01 m-1).
(2) The contact force FC must conta in only DLVO forces

(e.g., elect rosta t ics and van der Waals), which are
calcula ted from known proper t ies of the alumina par t icles.

FR ) 1 - (RCR )
3

) 1 - ( 3
1.7 × 4π∆Fgr2

γ
R (-FC))

3
(7)

F C
/ ) 1.7 × 4π

3 ∆Fgr2Rγ (8)

Fx ) 1.7(6πηrVr) (2)

FH ) 1.7 × 4/3πR∆Fgr2 (3)

FH g -γFC (4)

FH ) -γFC (5)

RC )
3(-γFC)

1.7 × 4π∆Fgr2
(6)
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CondiCon	
  for	
  redispersion	
  

A	
  large	
  aggregate	
  of	
  radius	
  R	
  is	
  eroded	
  unCl	
  a	
  criCcal	
  radius	
  Rc	
  
IniCal	
  volume	
  R3,	
  final	
  volume	
  Rc3	
  
The	
  eroded	
  fracCon	
  of	
  the	
  aggregate	
  volume	
  is:	
  
	
  sur face. At low Reynolds numbers, the force is para llel to

the flu id flow and can be writ ten :

Using the previous expression for Vr, we obta in the
expression of the force act ing on a par t icle a t the sur face
of an aggrega te:

With the preceding numer ica l va lues, th is gives: FH )
4.3 × 10-14 N. Note tha t th is va lue is smaller than the
sur face forces act ing between a lumina par t icles in water
a t a rea list ic distance d 0 from the sur face (van der Waals
a t t ract ion and elect rosta t ic repulsion). This sa t isfies a
const ra in t placed on the model in the sense tha t it will be
necessary to a lter the ba lance of sur face forces in order
to produce redispersion . The second step of the model is
to define a mechanica l condit ion for the detachment of a
par t icle from the aggrega te.
Condition for Redispers ion . The mechanism of

hydrodynamic detachment of par t icles from a fla t sub-
st r a t e is not t ot a lly under stood despit e numerous
studies.10-16 Three mechanisms are possible a pr ior i. First ,
the par t icle may slide a long the sur face; second, it may
simply lift off; and th ird, the par t icle may roll a long the
sur face. Never theless, whatever the mode of detachment ,
severa l studies9,12 have shown tha t the la tera l force FH
required to extract a part icle must exceed a certa in fract ion
of the contact force FC tha t keeps the par t icles bound:

The va lue of the numer ica l constan t γ depends on the
mode of ext ract ion . Sharma et a l.12 compared the hydro-
dynamic detachment of par t icles (exer t ing a la tera l force
on the par t icle-sur face bonds) with detachment by
cent r ifuga t ion (exer t ing a normal force). For polystyrene
and glass spheres adher ing to a glass subst ra te, they
concluded tha t the par t icle breaks the bonds by rolling
a long the sur face. Therefore, γ is smaller when the force
is tangent ia l ra ther than normal to the sur face. The
magnitude of γ a lso depends on par t icle size; in the
exper iments of Sharma et a l., γ increases from 10-3 to
10-2 when the par t icle diameter decreases from 20 to 5
µm. In our case, the hydrodynamic force is tangent ia l (γ
small) bu t the par t icles are small (γ la rge). Accordingly,
the g value must be in the range found by Sharma et a l.,
i.e., 10-3< γ < 10-2.
As the aggregate loses more part icles, it becomes smaller

and it s sedimenta t ion velocity diminishes. Accordingly,
the hydrodynamic force FH act ing on the par t icle a t the
per iphery decreases. The erosion process fina lly stops
when:

The fina l size R c of the aggrega te, a t the end of the
erosion process, is obta ined by combin ing eqs 3 and 5:

At th is stage, the mass fract ion FR of the or igina l
aggrega te tha t has been lost th rough erosion can be
eva lua ted as:

Because erosion by tumbling has a fast kinet ics, the
redispersed fract ion FR given by eq 7 must represen t the
fract ion tha t is measured a t the end of the tumbling
protocol. As shown by eq 7, FR is determined by a
parameter tha t descr ibes the hydrodynamic process, γ/R ,
and a parameter tha t determines the cohesion of the
aggrega tes, FC. In a ser ies of exper iments on a given
popula t ion of aggrega tes, the hydrodynamic condit ions
remain the same, therefore the hydrodynamic parameter
must remain the same as well. What is var ied is the
cohesion of the aggregates, because we change the solut ion
pH, and therefore the elect rosta t ic forces tha t promote
redispersion . Therefore, we may compare the predicted
FR on the basis of eq 7, as a funct ion of FC, with the
measured redispersion as a funct ion of pH. In both cases,
we sta r t from a situa t ion where the aggrega tes have a
high cohesion (pH near the iep, elect rosta t ic repulsions
vanish , FC is la rge because of van der Waals a t t ract ions)
and proceed to condit ions of reduced cohesion (pH away
from the isoelect r ic poin t , elect rosta t ic repulsions push
the sur faces apar t , hence, FC is smaller ).
The main fea tures of the predict ion are as follows. At

high contact force values, only very large aggregates could
be eroded by sedimenta t ion , because their radius must
exceed the R C va lue given in eq 6. In the actua l aggrega te
dist r ibu t ion , a ll of the aggrega tes have radii R tha t a re
smaller than R C, and therefore none are eroded. Then , if
the contact force is reduced, there is a threshold where R C
becomes equa l to the sizes of the la rgest aggrega tes, and
erosion sta r t s. This threshold is defined by:

Beyond this threshold, any fur ther decrease in FC causes
a fast increase in the mass fract ion of redispersed part icles.
This fract ion reaches 100% when the cr it ica l radius R C
becomes comparable to the par t icle radius r, and fur ther
decreases in FC have no effect .
Thus, eq 7 predict s tha t there will be a region of no

redispersion , a threshold where redispersion sta r t s, and
a fast increase of the redispersed fract ion until that reaches
100%. Qualita t ively, these fea tures are observed when
we change the pH of redispersion : there is a wide region
with no redispersion , a round the iep, a threshold near pH
) 4.5, and a fast increase of the redispersed fract ion up
to full redispersion below pH ) 3.5. This qualita t ive match
makes sense, because the pH changes the elect rosta t ic
repulsions, which tend to push the par t icles apar t , and
therefore reduce the contact adhesion force FC.
Because the main fea tures are in agreement , we may

now proceed to a quant ita t ive compar ison of predicted
and measured redispersed fract ions. For th is purpose, we
set the following const ra in t s:
(1) The hydrodynamic parameter γ/R must have the

same value for a ll exper iments done with the same
protocol, and th is va lue must range between 10 and 103
(indeed, R is in the range 10-100 µm and g is in the range
0.001-0.01 m-1).
(2) The contact force FC must conta in only DLVO forces

(e.g., elect rosta t ics and van der Waals), which are
calcula ted from known proper t ies of the alumina par t icles.

FR ) 1 - (RCR )
3

) 1 - ( 3
1.7 × 4π∆Fgr2

γ
R (-FC))

3
(7)

F C
/ ) 1.7 × 4π

3 ∆Fgr2Rγ (8)

Fx ) 1.7(6πηrVr) (2)

FH ) 1.7 × 4/3πR∆Fgr2 (3)

FH g -γFC (4)

FH ) -γFC (5)

RC )
3(-γFC)

1.7 × 4π∆Fgr2
(6)
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pH	
  <	
  i.e.p.	
  -­‐	
  5	
  

Hydrodynamic	
  process	
   Aggregate	
  cohesion	
  

Keep	
  hydrodynamics	
  the	
  same,	
  change	
  pH	
  
	
  Eroded	
  fracCon	
  =	
  redispersed	
  fracCon	
  =	
  FR	
  	
  



Step-­‐like	
  effect	
  of	
  pH	
  on	
  redispersion	
  

Start	
  at	
  high	
  pH	
  	
  high	
  cohesion,	
  	
  
all	
  aggregates	
  have	
  R	
  <	
  Rc,	
  none	
  are	
  eroded	
  
	
  
	
  
Threshold:	
  Rc	
  =	
  size	
  of	
  largest	
  aggregates	
  
This	
  occurs	
  at	
  a	
  pH	
  such	
  that	
  the	
  contact	
  force	
  is:	
  

sur face. At low Reynolds numbers, the force is para llel to
the flu id flow and can be writ ten :

Using the previous expression for Vr, we obta in the
expression of the force act ing on a par t icle a t the sur face
of an aggrega te:

With the preceding numer ica l va lues, th is gives: FH )
4.3 × 10-14 N. Note tha t th is va lue is smaller than the
sur face forces act ing between a lumina par t icles in water
a t a rea list ic distance d 0 from the sur face (van der Waals
a t t ract ion and elect rosta t ic repulsion). This sa t isfies a
const ra in t placed on the model in the sense tha t it will be
necessary to a lter the ba lance of sur face forces in order
to produce redispersion . The second step of the model is
to define a mechanica l condit ion for the detachment of a
par t icle from the aggrega te.
Condition for Redispers ion . The mechanism of

hydrodynamic detachment of par t icles from a fla t sub-
st r a t e is not t ot a lly under stood despit e numerous
studies.10-16 Three mechanisms are possible a pr ior i. First ,
the par t icle may slide a long the sur face; second, it may
simply lift off; and th ird, the par t icle may roll a long the
sur face. Never theless, whatever the mode of detachment ,
severa l studies9,12 have shown tha t the la tera l force FH
required to extract a part icle must exceed a certa in fract ion
of the contact force FC tha t keeps the par t icles bound:

The va lue of the numer ica l constan t γ depends on the
mode of ext ract ion . Sharma et a l.12 compared the hydro-
dynamic detachment of par t icles (exer t ing a la tera l force
on the par t icle-sur face bonds) with detachment by
cent r ifuga t ion (exer t ing a normal force). For polystyrene
and glass spheres adher ing to a glass subst ra te, they
concluded tha t the par t icle breaks the bonds by rolling
a long the sur face. Therefore, γ is smaller when the force
is tangent ia l ra ther than normal to the sur face. The
magnitude of γ a lso depends on par t icle size; in the
exper iments of Sharma et a l., γ increases from 10-3 to
10-2 when the par t icle diameter decreases from 20 to 5
µm. In our case, the hydrodynamic force is tangent ia l (γ
small) bu t the par t icles are small (γ la rge). Accordingly,
the g value must be in the range found by Sharma et a l.,
i.e., 10-3< γ < 10-2.
As the aggregate loses more part icles, it becomes smaller

and it s sedimenta t ion velocity diminishes. Accordingly,
the hydrodynamic force FH act ing on the par t icle a t the
per iphery decreases. The erosion process fina lly stops
when:

The fina l size R c of the aggrega te, a t the end of the
erosion process, is obta ined by combin ing eqs 3 and 5:

At th is stage, the mass fract ion FR of the or igina l
aggrega te tha t has been lost th rough erosion can be
eva lua ted as:

Because erosion by tumbling has a fast kinet ics, the
redispersed fract ion FR given by eq 7 must represen t the
fract ion tha t is measured a t the end of the tumbling
protocol. As shown by eq 7, FR is determined by a
parameter tha t descr ibes the hydrodynamic process, γ/R ,
and a parameter tha t determines the cohesion of the
aggrega tes, FC. In a ser ies of exper iments on a given
popula t ion of aggrega tes, the hydrodynamic condit ions
remain the same, therefore the hydrodynamic parameter
must remain the same as well. What is var ied is the
cohesion of the aggregates, because we change the solut ion
pH, and therefore the elect rosta t ic forces tha t promote
redispersion . Therefore, we may compare the predicted
FR on the basis of eq 7, as a funct ion of FC, with the
measured redispersion as a funct ion of pH. In both cases,
we sta r t from a situa t ion where the aggrega tes have a
high cohesion (pH near the iep, elect rosta t ic repulsions
vanish , FC is la rge because of van der Waals a t t ract ions)
and proceed to condit ions of reduced cohesion (pH away
from the isoelect r ic poin t , elect rosta t ic repulsions push
the sur faces apar t , hence, FC is smaller ).
The main fea tures of the predict ion are as follows. At

high contact force values, only very large aggregates could
be eroded by sedimenta t ion , because their radius must
exceed the R C va lue given in eq 6. In the actua l aggrega te
dist r ibu t ion , a ll of the aggrega tes have radii R tha t a re
smaller than R C, and therefore none are eroded. Then , if
the contact force is reduced, there is a threshold where R C
becomes equa l to the sizes of the la rgest aggrega tes, and
erosion sta r t s. This threshold is defined by:

Beyond this threshold, any fur ther decrease in FC causes
a fast increase in the mass fract ion of redispersed part icles.
This fract ion reaches 100% when the cr it ica l radius R C
becomes comparable to the par t icle radius r, and fur ther
decreases in FC have no effect .
Thus, eq 7 predict s tha t there will be a region of no

redispersion , a threshold where redispersion sta r t s, and
a fast increase of the redispersed fract ion until that reaches
100%. Qualita t ively, these fea tures are observed when
we change the pH of redispersion : there is a wide region
with no redispersion , a round the iep, a threshold near pH
) 4.5, and a fast increase of the redispersed fract ion up
to full redispersion below pH ) 3.5. This qualita t ive match
makes sense, because the pH changes the elect rosta t ic
repulsions, which tend to push the par t icles apar t , and
therefore reduce the contact adhesion force FC.
Because the main fea tures are in agreement , we may

now proceed to a quant ita t ive compar ison of predicted
and measured redispersed fract ions. For th is purpose, we
set the following const ra in t s:
(1) The hydrodynamic parameter γ/R must have the

same value for a ll exper iments done with the same
protocol, and th is va lue must range between 10 and 103
(indeed, R is in the range 10-100 µm and g is in the range
0.001-0.01 m-1).
(2) The contact force FC must conta in only DLVO forces

(e.g., elect rosta t ics and van der Waals), which are
calcula ted from known proper t ies of the alumina par t icles.
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γ
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3
(7)
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Fx ) 1.7(6πηrVr) (2)
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Beyond	
  this	
  threshold,	
  any	
  decrease	
  in	
  pH	
  causes	
  
the	
  erosion	
  of	
  a	
  large	
  fracCon	
  of	
  the	
  aggregates	
  
	
  
This	
  redispersed	
  fracCon	
  reaches	
  100%	
  when	
  the	
  
criCcal	
  radius	
  reaches	
  the	
  parCcle	
  radius	
  r	
  



The	
  contact	
  force	
  

DLVO	
  forces	
  
VdW	
  a[racCons	
  
+ionic	
  repulsions	
  
	
  
 Reproduce	
  the	
  	
  
flocculaCon	
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therefore, redispersion cannot be expected with DLVO
forces only.
Hydration Forces. The fact tha t redispersion occurs

demonst ra tes tha t dur ing drying the par t icles never come
to a contact where the van der Waals a t t ract ions would
be close to diverging. Hence there is some fea ture of the
sur faces tha t prevents th is close approach . One obvious
source is the hydra t ion of the sur faces, because even the
powders with dry contacts have retained at least one mono-
layer ofwater . Therefore, we must now consider the effects
of hydra t ion , dur ing drying and dur ing redispersion .
As the drying proceeds, differen t forces compete. On

one hand, elect rosta t ic repulsions and hydra t ion forces35
oppose the close approach of the par t icles, which , on the
other hand, is promoted by van der Waals and capilla ry
forces. This compet it ion must resu lt in a minimal sur face
separa t ion , d 0, tha t is not the solid-solid contact (oth-
erwise there would be no redispersion). Also, d 0 must
depend on the RH at which the powder was dr ied, because
powders dr ied a t differen t humidity have differen t re-
dispersion thresholds a t rest (F igure 11).
Dur ing redispersion , the dry powder is immersed in a

la rge amount of liqu id water , which penet ra tes the empty
pores. Thus, the liqu id/vapor in ter faces tha t delimit the
water bridges between the part icles are annihila ted almost
instan taneously, and the capilla ry force vanishes from
the net force ba lance. The remain ing forces to consider

are therefore hydra t ion and elect rosta t ic (both repulsive)
in balance with the van der Waals a t t ract ion . At the in it ia l
t ime, the par t icles are separa ted from each other by the
minimal distance of approach d 0 result ing from the former
drying step. At th is separa t ion , the result ing in terpar t icle
force, FC, may be a t t ract ive in a cer ta in range of pH;
however , for erosion to occur the hydrodynamic force (due
to sedimenta t ion) has to, a t least , ba lance it (eq 5).
According to these arguments, we may approximate

the effect of hydra t ion forces as a steep (infin ite) repulsion
a t separa t ion d 0 between the solid sur faces. The or igina l
sh ift of 4 Å tha t was in t roduced in to the model could in
fact be par t ly caused by the hydra t ion force (a t least from
an elect r ica l poin t of view). We observe tha t the hydra t ion
force extends even fur ther than th is. This may be due to
the organiza t ion of water in the vicin ity of the in ter face.
The actua l d 0 va lue will now be determined from a
compar ison of ca lcu la ted and measured thresholds.
C. Predictions for Redispers ion . Redispersion by

S edim entation . For a quant ita t ive predict ion of the
redispersed fract ions according to eq 7, we need to know
the contact force FC and the hydrodynamic ra t io γ/R . The
force FC is ca lcu la ted as above, with a sh ift of 4 Å between
the solid-solid separa t ion and the separa t ion of the OHP,
but it is now calcu la ted a t the minimum separa t ion d 0
ra ther than a t the contact of the OHP. The choice of d 0
has to be the same for a ll pH because the powders used
for a redispersion curve were a ll dr ied under the same
condit ions. Simila r ly, the hydrodynamic ra t io must a lso
remain the same. Hence, a given set (γ/R , d 0) genera tes
a fu ll redispersion curve. Nine examples are repor ted in
Figure 15 and compared with the exper imenta l da ta for
a lumina par t icles dr ied a t the iep with P2O5. It is clear
from Figure 15 tha t some predict ions match the da ta and
others do not .
The ra t io γ/R cont rols the slope of the ca lcu la ted

redispersion curve. It is clear from Figure 15 tha t γ/R is
not free to take any va lue. When it is too high the slope
is too steep and vice versa , regardless of the d 0 va lue. The
best fit is obta ined for γ/R ) 20 m-1, which fa lls with in
the range est imated previously. Because the aggrega te
size R is a round 10-4 m, th is means tha t γ equa ls 2× 10-3.
This low γ value means tha t the hydrodynamic effect is
ra ther efficien t : a weak la tera l hydrodynamic force can
cause the detachment of a par t icle stuck by a st ronger
normal adhesive force. With th is determina t ion of γ, we
can now evalua te the contact sur face (given by eq 8) when
erosion sta r t s: th is threshold is -0.04 nN. This force is
lower than the adhesive force ca lcu la ted for sur faces tha t
would be separa ted only by their counter ions (contact of
the OHP, d 0) 4 Å) over the whole range of pH. Therefore,
the redispersion would not be possible if the sur faces were
a t th is separa t ion .
Once γ/R is selected, the minimum separa t ion is chosen

in order to cor rect ly loca te the threshold in pH where the
redispersion abrupt ly changes from 0 to 100%. The pre-
dicted threshold depends st rongly on d 0 and the best fit
is obta ined for d 0) 7.8 Å. Again , it is emphasized tha t the
model accounts for a ll the exper imenta l poin t s with a
unique set (γ/R , d 0). This was a st r ict request imposed on
the model, which has been indeed sa t isfied. The physica l
meaning of d 0 and it s ca lcu la ted va lue now deserve
comment .
With in the framework of the model, the distance d 0

represen ts twice the th ickness of the water layer tha t
remains after drying with P2O5. This should match the
amount of water tha t was measured in the powder : a fter
drying with P2O5, we found tha t there remains about one
monolayer of water on each sur face (Figure 8). The va lue

(35) Israelachvili, J . In term olecular and surface forces; Academic
Press: New York, 1992.

Figure 14. Force and potent ia l of interact ion between par t icles
versus pH, calculated with constant charge boundary condit ions.
Hamaker constan t A ) 9kT , ion ic st rength ) 5 × 10-5 M. The
or igin of separa t ion cor responds to the solid/solid contact .
Accordingly, the separa t ion a t which the OHP on each in ter face
are in contact is 4 Å.
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therefore, redispersion cannot be expected with DLVO
forces only.
Hydration Forces. The fact tha t redispersion occurs

demonst ra tes tha t dur ing drying the par t icles never come
to a contact where the van der Waals a t t ract ions would
be close to diverging. Hence there is some fea ture of the
sur faces tha t prevents th is close approach . One obvious
source is the hydra t ion of the sur faces, because even the
powders with dry contacts have retained at least one mono-
layer ofwater . Therefore, we must now consider the effects
of hydra t ion , dur ing drying and dur ing redispersion .
As the drying proceeds, differen t forces compete. On

one hand, elect rosta t ic repulsions and hydra t ion forces35
oppose the close approach of the par t icles, which , on the
other hand, is promoted by van der Waals and capilla ry
forces. This compet it ion must resu lt in a minimal sur face
separa t ion , d 0, tha t is not the solid-solid contact (oth-
erwise there would be no redispersion). Also, d 0 must
depend on the RH at which the powder was dr ied, because
powders dr ied a t differen t humidity have differen t re-
dispersion thresholds a t rest (F igure 11).
Dur ing redispersion , the dry powder is immersed in a

la rge amount of liqu id water , which penet ra tes the empty
pores. Thus, the liqu id/vapor in ter faces tha t delimit the
water bridges between the part icles are annihila ted almost
instan taneously, and the capilla ry force vanishes from
the net force ba lance. The remain ing forces to consider

are therefore hydra t ion and elect rosta t ic (both repulsive)
in balance with the van der Waals a t t ract ion . At the in it ia l
t ime, the par t icles are separa ted from each other by the
minimal distance of approach d 0 result ing from the former
drying step. At th is separa t ion , the result ing in terpar t icle
force, FC, may be a t t ract ive in a cer ta in range of pH;
however , for erosion to occur the hydrodynamic force (due
to sedimenta t ion) has to, a t least , ba lance it (eq 5).
According to these arguments, we may approximate

the effect of hydra t ion forces as a steep (infin ite) repulsion
a t separa t ion d 0 between the solid sur faces. The or igina l
sh ift of 4 Å tha t was in t roduced in to the model could in
fact be par t ly caused by the hydra t ion force (a t least from
an elect r ica l poin t of view). We observe tha t the hydra t ion
force extends even fur ther than th is. This may be due to
the organiza t ion of water in the vicin ity of the in ter face.
The actua l d 0 va lue will now be determined from a
compar ison of ca lcu la ted and measured thresholds.
C. Predictions for Redispers ion . Redispersion by

S edim entation . For a quant ita t ive predict ion of the
redispersed fract ions according to eq 7, we need to know
the contact force FC and the hydrodynamic ra t io γ/R . The
force FC is ca lcu la ted as above, with a sh ift of 4 Å between
the solid-solid separa t ion and the separa t ion of the OHP,
but it is now calcu la ted a t the minimum separa t ion d 0
ra ther than a t the contact of the OHP. The choice of d 0
has to be the same for a ll pH because the powders used
for a redispersion curve were a ll dr ied under the same
condit ions. Simila r ly, the hydrodynamic ra t io must a lso
remain the same. Hence, a given set (γ/R , d 0) genera tes
a fu ll redispersion curve. Nine examples are repor ted in
Figure 15 and compared with the exper imenta l da ta for
a lumina par t icles dr ied a t the iep with P2O5. It is clear
from Figure 15 tha t some predict ions match the da ta and
others do not .
The ra t io γ/R cont rols the slope of the ca lcu la ted

redispersion curve. It is clear from Figure 15 tha t γ/R is
not free to take any va lue. When it is too high the slope
is too steep and vice versa , regardless of the d 0 va lue. The
best fit is obta ined for γ/R ) 20 m-1, which fa lls with in
the range est imated previously. Because the aggrega te
size R is a round 10-4 m, th is means tha t γ equa ls 2× 10-3.
This low γ value means tha t the hydrodynamic effect is
ra ther efficien t : a weak la tera l hydrodynamic force can
cause the detachment of a par t icle stuck by a st ronger
normal adhesive force. With th is determina t ion of γ, we
can now evalua te the contact sur face (given by eq 8) when
erosion sta r t s: th is threshold is -0.04 nN. This force is
lower than the adhesive force ca lcu la ted for sur faces tha t
would be separa ted only by their counter ions (contact of
the OHP, d 0) 4 Å) over the whole range of pH. Therefore,
the redispersion would not be possible if the sur faces were
a t th is separa t ion .
Once γ/R is selected, the minimum separa t ion is chosen

in order to cor rect ly loca te the threshold in pH where the
redispersion abrupt ly changes from 0 to 100%. The pre-
dicted threshold depends st rongly on d 0 and the best fit
is obta ined for d 0) 7.8 Å. Again , it is emphasized tha t the
model accounts for a ll the exper imenta l poin t s with a
unique set (γ/R , d 0). This was a st r ict request imposed on
the model, which has been indeed sa t isfied. The physica l
meaning of d 0 and it s ca lcu la ted va lue now deserve
comment .
With in the framework of the model, the distance d 0

represen ts twice the th ickness of the water layer tha t
remains after drying with P2O5. This should match the
amount of water tha t was measured in the powder : a fter
drying with P2O5, we found tha t there remains about one
monolayer of water on each sur face (Figure 8). The va lue

(35) Israelachvili, J . In term olecular and surface forces; Academic
Press: New York, 1992.

Figure 14. Force and potent ia l of interact ion between par t icles
versus pH, calculated with constant charge boundary condit ions.
Hamaker constan t A ) 9kT , ion ic st rength ) 5 × 10-5 M. The
or igin of separa t ion cor responds to the solid/solid contact .
Accordingly, the separa t ion a t which the OHP on each in ter face
are in contact is 4 Å.

Redispersion of Alum ina Particles in Water Langm uir, Vol. 16, No. 26, 2000 10505

Minimal	
  separaCon	
  is	
  d0=	
  4	
  Å,	
  	
  
Adhesive	
  force	
  Fcontact	
  ≈	
  -­‐1	
  x	
  10-­‐9	
  N	
  
But	
  threshold	
  at	
  Fhydro	
  =	
  4	
  x	
  10-­‐14	
  N	
  

Minimal	
  separaCon	
  is	
  d0=	
  	
  8	
  Å,	
  	
  
Set	
  by	
  hydraCon	
  forces	
  



25	
  

Predicted	
  and	
  measured	
  redispersion	
  

of d 0 ) 7.8 Å, found by the fit t ing procedure is sligh t ly
above the th ickness of two water monolayers (5.4 Å).
Never theless, given the ra ther indirect way used to obta in
th is resu lt , it can be concluded tha t the agreement is good,
which makes us confident in the va lidity of the model.
The predict ions shown in Figure 15 are for redispersion

a t acidic pH only. Indeed, a t basic pH, the sur face charge
calcula ted from the TLM does not match the exper imenta l
va lues. This mismatch or igina tes because the a lumina
surface has more than one type of hydroxyl; consequent ly,
the protona t ion and deprotona t ion equilibr ia must be
descr ibed by more than 2 pK. Instead of adding these
parameters to the model and working out how to fit the
exper imenta l sur face charge, we can perform the analysis
in reverse order . Indeed, redispersion occurs a t pH 12.3,
where the redispersed fract ion becomes equivalent to tha t
found on the acidic side a t pH 4.3. Therefore, the contact
force must be the same at these two pH values. The
distance of closest approach , d 0, must a lso the same,
because it is set dur ing drying, before the powders are

immersed in solut ions of different pH. The only parameter
in the contact force tha t var ies with pH is then the sur face
charge. Therefore, the surface charge at the OHP, σD, must
be the same at pH 4.3 and a t pH 12.3. It s va lue is 0.045
e-/nm2. The sur face forces profiles cor responding to a
minimal separa t ion d 0 ) 7.8 Å are plot ted in Figure 16a .
Two poin ts deserve comments. F ir st , it can be seen tha t
the contact force is a t t ract ive over most of the pH range.
Moreover , the contact force FC* (0.04 nN) below which the
erosion process is efficien t is very low compared to the
average va lue of contact force a t pH > 4. This means tha t
the tumbling process does not provide a st rong help for
the redispersion because the hydrodynamic force is too
weak. In both processes, redispersion occurs when the
contact force is effect ively very close to zero. This expla ins
why redispersion by tumbling gives simila r redispersion
curves.
S pontaneous Redispersion . Given enough t ime, the

powders with cont rolled contacts a lso redisperse spon-
taneously. In the absence of any externa l force on the
aggrega tes, the redispersion is due to the thermal energy
of the system. Therefore, to ana lyze the redispersion
process, it is more appropr ia te to consider the energy of
in teract ion ra ther than the force of in teract ion between
two par t icles. Energy profiles a re plot ted in Figure 14b
(no hydra t ion forces) and Figure 16b (with hydra t ion
forces, act ing as a repulsive wall loca ted a t a solid-solid
distance d 0 ) 7.8 Å.
These figures can be read in two ways. Sta r t ing from

the dispersed sta te, there is an energy bar r ier E* tha t the
par t icles must overcome to reach the aggrega ted sta te.
For a ll pH values tha t a re away from the iep, th is bar r ier
is quite h igh . In fact , a t these pH values, the energy a t
contact is h igher than the energy for infin ite separa t ion .
Therefore, the aggrega te is a metastable sta te and the
dispersion is the stable sta te. Conversely, sta r t ing from

Figure 15. Theoret ica l redispersion curves obta ined for
differen t parameter set s (γ/R , d 0). Constan ts used: A ) 9kT ,
r ) 75 nm, sa lt ) 5 × 10-5 M. The poin ts a re the exper imenta l
resu lt s for the powders with dry contacts. The γ/R values are,
respect ively, (a ) 2 m-1, (b) 20 m-1, (c) 200 m-1.

Figure 16. Force and poten t ia l of in teract ion between two
par t icles under condit ions of constan t charge. d 0 ) 7.8 Å,
Hamaker constan t A ) 9kT , ion ic st rength ) 5 × 10-5 M.
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ibility of the adsorpt ion of small molecules onto minera l
sur faces was, to our knowledge, not clear ly established
before. It has impor tant consequences for the redispersion
processes, since it limit s the amount of elect r ica l charges
tha t can be brought by small molecule ligands.
(b) Adsorption Isotherm s. The equilibr ium amounts of

adsorbed cit ra te were measured in samples tha t had been
kept for 1 week, with regular pH adjustments to pH values
chosen between 4.2 and 10.5. The resu lt ing adsorpt ion
isotherms are shown in Figure 2. They show a fir st stage
of adsorpt ion with a very st rong affin ity of cit ra te for
R-a lumina and then a slower r ise to the pla teau of
adsorpt ion . At every pH, th is pla teau is reached when the
free cit ra te concent ra t ion is less than 2 mM. Moreover ,
the amount adsorbed a t the pla teau is lower a t h igher pH,
as observed ear lier by Hidber .20 F ina lly, it is wor th not ing
that , a t pH 10.5, there remains only 0.42 µmol/m2 adsorbed
and none a t pH 12.
Free cit ra te ions can a lso dissolve a luminum ions from

the a lumina par t icles. The measured concent ra t ions of
soluble a luminum are presented in Figure 3. This shows
tha t the solubiliza t ion process becomes significan t only
when the pla teau level of adsorpt ion has been reached.
Beyond th is poin t , the concent ra t ion of solubilized a lu-
minum rises with the concent ra t ion of free cit ra te; for
instance, a t pH 6.5 and with a free cit ra te concent ra t ion
of 3 mM, the concent ra t ion of a luminum in the solu t ion
reaches 2 mM.

2. Polyacrylic acid . The adsorpt ion of polymers30 on
colloida l par t icles is quite differen t from tha t of small
molecules. The macromolecules adsorb through a la rge
number of monomers (therefore the affin ity is h igher ),
bu t an even la rger number of monomers are not loca ted
a t the sur face (therefore the adsorbed layer is th icker ). A
complica t ion occurs when the macromolecules are long,
because they can br idge the sur faces together , causing
floccula t ion of the suspension . th is would make redis-
persion difficult . To avoid this problem, we have used short
polymers, with an average molar mass Mw ) 2000 g/mol.
(a) Adsorption and Desorption Kinetics. The effect s of

pH jumps on the amount of polyacrylic acid adsorbed on
alumina are presented in Figure 4. The adsorpt ion
kinet ics, measured in a jump from pH 9 to pH 5, was fast
in every case: in the fir st 5 min , the adsorbed amount
increased to a va lue tha t was close to it s fina l va lue,
measured after 10 h . On the other hand, the desorpt ion
kinet ics, measured in a jump from pH 5 to pH 9, was too
slow to be measured: a fter 10 h , the adsorbed amount
remained much higher than the equilibr ium value of the
adsorpt ion a t pH 9. This hysteresis is in sharp cont rast
to the reversibility observed with molecula r complexants.
It is due to the polymer ic na ture of PAAH2000, because
the desorpt ion of a macromolecule requires the simulta -
neous desorpt ion of many monomers.

(30) Fleer , G. J .; Cohen-Stuar t , M. A.; Scheut jens, J . M. H. M.;
Cosgrove, T., Vincent , B. Polym ers at In terface; Chapman & Hall: New
York, 1993.

Figure 1. Adsorbed amount of cit r ic acid versus t ime elapsed
after changing the pH of the suspensions: black circle, from 5
to 9; white circle, from 5 to 9 after drying; gray square, from
9 to 5; white square, from 9 to 5 after drying.

Figure 2. Equilibr ium adsorpt ion isotherms of cit r ic acid onto
a lumina for differen t pH values.

Figure 3. Soluble a luminum versus concent ra t ion of free cit r ic
acid in the a lumina suspensions.

Figure 4. Adsorbed amount of PAAH versus t ime elapsed
after a change in the pH for suspensions: black circle, from 5
to 9; white circle, from 5 to 9 after drying; gray square, from
9 to 5; white square, from 9 to 5 after drying.
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The redispersion test used in th is study was to immerse
a small amount of dry powder in a la rge amount of water
a t a fixed pH with 2 mM of free PAA and to tumble the
test tube dur ing 2 h. As the pH of redispersion can be
differen t from the pH at which the powder was dr ied, the
adsorbed amount of PAA 2 h after an in it ia l pH jump
were systemat ica lly measured. To do so, two dilu te
suspensions were fir st equilibra ted a t pH 5 and pH 9 with
2 mM of free PAA in the superna tan t . Both suspensions
were then divided in to 6 par t s and their pH shifted by an
addit ion of acid or base to fina l va lues of 5.5, 6.5, 7.5, 8.5,
9.5, and 10.5. After 2 h , the solid was separa ted from the
superna tan t through cent r ifuga t ion and the free amount
measured by COT. The deduced adsorbed amounts are
collected in Figure 5. Twomain conclusions can be drawn
from these exper iments: (i) When the fina l pH is lower
than the in it ia l pH, the adsorbed amount increases to the
equilibr ium amount which again means that the adsorp-
t ion is rapid (less than 2 h). (ii) When the fina l pH is
h igher than the in it ia l one, a measurable desorpt ion is
observed: jumping from pH 5 to pH 10.5 it decreases from
9.5 to 6.4 µmol/m2 meanwhile jumping from pH 9 to pH
10.5 it decreases from 3.5 to 2.4 µmol/m2. This shows tha t
a t pH 10.5 both coverage are not a t the equilibr ium since
the direct adsorpt ion a t pH 10.5 yields to a va lue of 1.64
µmol/m2.
This hysteresis a lso has consequences for the coverage

of a lumina sur faces dur ing redispersion exper iments:
cont ra ry to the case of small molecules, the amount of
PAAH adsorbed a t a given pH depends not only on the
tota l amount of PAAH in solu t ion but a lso on the sample
history and, par t icu la r ly, on the pH at which the in it ia l
adsorpt ion had been per formed.
(b) Adsorption Isotherm s. The isotherms obta ined a t

pH 5, 7, and 9 are presented in Figure 5. As with cit r ic
acid, the adsorpt ion a t the pla teau decreases when the
pH increases. At the same pH, the adsorbed amount is
twice as h igh as for cit r ic acid. The shape of the isotherms
is less abrupt , bu t th is is not sign ifican t , because th is
shape is cont rolled by the polydispersity of the polymer ,
as previously demonst ra ted by Cohen-Stuar t .31 F ina lly,
it is wor th not ing tha t , a t pH 10.5, there remains only
1.64 µmol/m2 adsorbed and none a t pH 12.

B.Redispersion of Complexed Particle s .The effects
of the ligands on the proper t ies of the suspensions are
presented in th is sect ion . There are three possible effect s:
(i) Ligands can be added to an aqueous suspension , and
they change it s colloida l stability (stabilizing effect ). (ii)
A powder of bare par t icles can be redispersed in water
tha t conta ins some ligands (pept izing effect ). (iii) Ligands
can be added to an aqueous suspension , which is dr ied to
yield a powder with protected sur faces, and then the
redispersion of th is powder in water is measured (pro-
tect ing effect ).
1. S tabilizing Effect.When citr ic acid is added to alumina

suspensions, it causes a change in the sur face charge of
the par t icles and a cor responding shift of the pH range
in which the suspension floccula tes, toward lower pH
values. A stability diagram was established by using
suspensions tha t were kept a t a set pH and adding
increasing amounts of cit r ic acid. F loccula t ion was ob-
served when the amount of cit r ic acid matched the end of
the fir st stage of adsorpt ion (h igh-affin ity binding). At
th is poin t , the ! poten t ia l of the par t icles had vanished.
Fur ther addit ion of cit r ic acid gave suspensions tha t
rega ined colloida l stability; in these suspensions the
par t icles had a nega t ive sur face poten t ia l according to
their elect rophoret ic mobility (-4.9 µm cm/Vs). This
behavior shows tha t the addit ion of cit r ic acid fir st cancels
and then reverses the sur face charge of the a lumina
par t icles. As a resu lt , the floccula t ion region appears in
the stability diagram as a band tha t crosses the diagram
at the loca t ion of charge cancella t ion (Figure 6).
The mobility of bare par t icles has been measured versus

pH and is repor ted in Figure 7.
The addit ion of PAA2000 also caused a simila r sh ift of

the pH range in which the suspension floccula tes. There-
fore, the added macromolecules a lso progressively cancel
and then reverse the sur face charge of the a lumina
par t icles
Fur ther exper iments were done in which the stability

diagram was crossed in the other direct ion . Alumina
suspensions were made with a fixed concent ra t ion of cit r ic
acid or PAAH (corresponding to sa tura t ing amounts a t
pH 4). Then the pH was var ied and the floccula t ion range
was determined by measur ing the fract ion of dispersed
par t icles th rough turbidimet ry. The resu lt s (F igure 8)
show the sh ift in the floccula t ion region , in compar ison
with the suspensions or bare par t icles. The bare par t icles
were floccula ted in a nar row pH range around the IEP at
pH 9. The addit ion of a sa tura t ing amount of cit r ic acid
sh ifted th is range to va lues below pH 4. With polyacrylic
acid, it was pushed below pH 3. This loca t ion is in

(31) Cohen-Stuar t , M. A.; Scheut jens, J . M. H. M.; F leer , G. J . J .
Polym . S ci. Polym . Phys. Ed . 1980, 18, 559.

Figure 5. Adsorpt ion isotherms for PAAH2000 onto a lumina
a t differen t pH values: 0, pH 5; O, pH 7; 4, pH 9; 9, pH 10.5.
The gray squares presen ts the remain ing adsorbed amounts 2
h after br inging the pH from 5 to the fina l va lue noted near the
poin t . The gray cercles are the remain ing adsorbed amounts
2 h after br inging the fina l pH from 9 to the fina l va lue noted
near the poin t .

Figure 6. Stability diagram versus pH and adsorbed amount
of cit r ic acid: O, stable dispersion ; b, floccula ted suspension .
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3. Protecting Effect. When ligands are added to an
a lumina suspension , and subsequent ly water is removed
through drying, the ligands may remain on the a lumina
sur faces. This would cause an increase in the minimal
separa t ion of a lumina sur faces and, consequent ly, make
redispersion easier . However , the ligands may also be
expelled from the in terpar t icle contact a reas by the
capilla ry pressures exer ted dur ing drying, or they may be
too small to keep the sur faces sufficien t ly fa r apar t .
For these exper iments, the a lumina suspensions were

prepared with differen t amounts of ligands: either the
sa tura t ing amount a t pH 9 (0.2% cit r ic or 0.4%polyacrylic
acid) or the sa tura t ing amount a t pH 5 (0.55% cit r ic or
0.85% polyacrylic acid). The suspensions were then
cent r ifuged for 5 min a t 9000 rpm. The sediments were
recovered, spread on glass pla tes, and dr ied with P2O5,
yielding powders with protected sur faces. The superna-
tan ts were ana lyzed by measur ing their TOC conten t ;
from this ana lysis we ca lcu la ted the coverage of the
par t icles by cit r ic acid (or polyacrylic acid) for each
suspension . F ina lly the dry powders (30-40 mg) were
immersed in solu t ions (55 g) of the ligands (cit r ic acid a t
2 × 10-4 mol/L or polyacrylic acid a t 2 × 10-3 mol/L of
monomer unit s) conta in ing the appropr ia te amounts of
HNO3 and NaOH. The redispersion protocol was then
applied.
(a) Protection by Citric Acid . The redispersion ra t ios for

powders with sur faces protected by cit r ic acid (either 0.6
and 1.5 µmol/m2) are shown in Figure 11. Both powders
have a marked redispersion threshold a t pH 10.7, even
if the bet ter protected par t icles presen t a ra te of redis-
persion around 30% in the range pH 5-10. The figure
a lso shows the redispersion ra t ios for the powder with
bare sur faces, redispersed in the same cit r ic acid solu t ion
(a lready shown in Figure 10): th is powder has a redis-
persion threshold a t pH 12.7. Since a ll samples were
redispersed in ident ica l cit r ic acid solu t ions, the lower
threshold a t pH 10.5 must or igina te from the presence of
cit r ic acid on the sur faces before the aggrega t ion of
par t icles, which amounts to 0.42 µmol/m2 as shown before.
At pH 10.5, the elect rophoret ic mobility is equa l to -5.3
µm cm/(V s) in the presence of cit r ic acid whereas it is on ly
of -2.8 µm cm/(V s) in pure pH solu t ion .
According to these resu lt s, the preadsorbed cit r ic acid

molecules provide a defin ite (but limited) protect ion
aga inst ir reversible aggrega t ion dur ing drying. This
protect ion is not improved a t the higher amount of

adsorbed cit r ic acid. A qualita t ive explana t ion is tha t the
adsorbed cit r ic acid molecules crea te a ster ic h indrance
when two par t icles approach . This ster ic h indrance is
obta ined a t par t ia l sur face coverage a lready; it is not
improved a t h igher coverage, because the th ickness of the
adsorbed layer does not depend on coverage.
(b)Protection by Polyacrylic acid . The redispersion rat ios

are shown in Figure 12, together with the result s obta ined
for a bare a lumina powder redispersed in a polyacrylic
solu t ion (Figure 12). The resu lt s show a large sh ift in the
redispersion thresholds for the powders made from
suspensions with differen t amounts of PAAH: the higher
the amount of adsorbed PAAH, the lower the redispersion
pH. Since a ll samples were redispersed in ident ica l PAAH
acid solu t ions, the lower thresholds must or igina te from
the presence of PAAH acid on the sur faces before the
aggrega t ion of par t icles.
The compar ison of resu lt s shown in Figure 11 and in

(Figure 12) indica tes tha t the protect ion offered by PAAH
molecules a t a coverage of 3.5 µmol/m2 (dr ied a t pH 9) is
comparable to tha t offered by cit r ic acid molecules.
However , it is possible to reach a much higher coverage
with PAAH (9.5 µmol/m2 dr ied a t pH 5), and th is resu lt s
in a more efficien t protect ion (threshold a t pH 8.5).
To quant ify the elect rosta t ic cont r ibu t ion to the redis-

per ison improvement , the mobilit ies of the par t icles a t
the redispersion pH were measured. To do so, two dilu te
suspensions were fir st equilibra ted a t pH 5 and pH 9 with
2 mM free PAA in the superna tan t . Both suspensions
were then divided in to 6 par t s and their pH shifted by an
addit ion of acid or base to fina l va lues of 5.5, 6.5, 7.5, 8.5,
9.5, and 10.5. After 2 h , the elect rophoret ic mobility of
each suspension was measured. The resu lt s a re repor ted
in Figure 7. They show tha t the mobility is nega t ive for
every pH. It s va lue is sa tura ted showing the ! poten t ia l
is h igh (unfor tuna tely, the Smoluchovsky and Henry
equa t ions cannot be applied for these sor t s of par t icles
(Κr ) 10) and high mobilit ies), except for the lowest pH
(5.5) which shows tha t the IEP is not fa r (4). In par t icu la r ,
there is noth ing marked a t pH 8.5 (for the par t icles
jumping from pH 5) nor pH 10.5 (for the par t icles jumping
from pH 9) corresponding to the threshold of redispersion .
(c) Other Molecular Ligands. Simila r redispersion

exper iments were per formed using powders made from
alumina suspensions with sur faces protected by t iron ,
tet racarboxylic acid, and glycolic acid. All redispersion
resu lt s have a common fea ture: the weight percentage of

Figure 11. Redispersion in a cit r ic acid solu t ion (0.2 mM) of
the a lumina powder dr ied in the presence of ligands with P2O5.
The cor responding sur face coverage dur ing drying are ([) no
cit r ic acid, (9) cit r ic acid dr ied a t pH 9 (0.6 µmol/m2), and (0)
cit r ic acid dr ied a t pH 5 (1.5 µmol/m2).

Figure 12. Redispersion in a polyacrylic acid solu t ion (a t 2
mM) of an a lumina powder dr ied with P2O5. Influence of the
polyacrylic acid coverage dur ing drying: [, no polyacrylic acid;
b, polyacrylic acid dr ied a t pH 5 (9.5 µmol/m2); O, polyacrylic
acid dr ied a t pH 9 (3.5 µmol/m2).
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boundary in the d 0, σ plane is shown in Figure 14: a t
sur face charges exceeding the boundary t raced in the
figure, it is predicted tha t sedimenta t ion (applied force
0.041 nN) will cause redispersion .
In pract ice, redispersion is produced by pH changes.

Therefore, it is necessary to rela te the sca le of sur face
charge densit ies to those pH changes. For par t icles with
“bare” surfaces (small counterions only, no specific ligands),
we found tha t the effect ive sur face charge density, σ, is
a quasi-linear funct ion of the change of pH from the IEP,
∆pH (inser t of Figure 14). This approximat ion is expected
to be accura te for sur faces tha t meet the following
condit ions: (i) The pK’s of the sur face sites are loca ted
symmetr ica lly on either side of the IEP. (ii) There is a
h igh density of sur face sites, and rela t ively few of them
have been ionized. (iii) There are no specifica lly bound
ions or ligands.
According to th is rela t ion between σ and ∆pH, the

redispersion boundary t raced in Figure 14 can be read in
d 0, σ or in d 0, ∆pH coordina tes. In our exper iments,
par t icles with bare sur faces were redispersed a t ∆pH )
5, which cor responds to σ ) 0.045 e/nm2. According to the
ca lcu la t ions, par t icles with th is sur face charge will
redisperse if their min imum separa t ion d 0 is a t least 8 Å
(Figure 14). This thickness is consistent with the measured
residua l hydra t ion of the par t icles. If the powder had a
lower residua l hydra t ion (d 0< 5 Å), an enormous increase
in sur face charge or ∆pH would be required to produce
redispersion . Conversely, if the sur faces were kept suf-
ficien t ly fa r apar t (d 0 > 20 Å), redispersion would occur
with very weak forces or none a t a ll.
Now we consider sur faces tha t have been protected by

ligands and examine whether a simila r ana lysis can be
made.
C. Redispers ion of Partic le s Covered w ith Citrate

Ions . The adsorpt ion of cit ra te ions produces a major
change in the sur face charge of the a lumina par t icles,
push ing the IEP from pH 9 to pH 4. As a resu lt , the
redispersion of a lumina par t icles is now obta ined on the
basic side of the IEP (near pH 10.5), instead of the acidic
side in the case of bare sur faces. In th is range of pH, the
“new”surface has a surface charge opposite to the or igina l
sur face (Figure 6); it may be descr ibed as follows. The

ionized sur face sites have bound cit ra te ions, and their
or igina l n it ra te counter ions have been released. The
sur face charge is reversed because each cit ra te car r ies 3
carboxyla te groups, some of which are not compensa ted
by the charge of the sur face sites. This excess nega t ive
charge is compensa ted by sodium counter ions, which may
be condensed on the new surface or dispersed in the diffuse
ionic layer .
According to th is simple view, the new surface is made

of “free”carboxyla te groups and sodium counter ions. This
new surface meets the cr iter ia listed above for a quasi-
linear var ia t ion of the effect ive sur face charge with pH
changes. Therefore, a t the same value of ∆pH, it should
car ry the same effect ive sur face charge as the or igina l
sur face.
Remarkably, the redispersion of a lumina par t icles

covered with cit ra te ions takes place a t the same ∆pH as
with bare surfaces. Accordingly, the surface charge density
must be the same, a t th is threshold, as for bare sur faces
a t their redispersion threshold. Therefore the repulsive
ionic force must have the same st rength in both cases.
According to the ba lance of sur face forces (Figure 14),
redispersion with th is ion ic repulsion is possible if the
minimum interpar t icle separa t ion is d 0 ) 8 Å, as in the
case of bare sur faces.
According to th is a rgument , the a lumina par t icles with

adsorbed cit ra te ions must have been aggrega ted a t the
same minimum separa t ion d 0 as the par t icles with bare
sur faces, and they redisperse a t the same threshold in
sur face charge density. Thus, the hydra t ion forces tha t
main ta in a water film between sur faces must have
remained the same, and the repulsive ionic forces a t the
redispersion threshold are a lso the same; the only th ing
tha t has changed in pract ice is the pH range where
redispersion takes place. This implies tha t the cit ra te ions
fit in to the water layers tha t a re adsorbed on the sur faces
and donot disturb the hydrat ion forces within these layers.
We now examine whether th is subst itu t ion is indeed
possible.
D. Molecu lar Scale Mode l of the Gap. The gap tha t

separa tes sur faces conta ins bound water , free water , and
ions. When par t icles are pulled toward each other by van
der Waals a t t ract ions or by capilla ry forces, free water is
expelled, and only bound water remains. Measurements
of the minimum distance of par t icles with bare sur faces
(d 0 ) 8 Å) indica te tha t the layer of bound water on each
sur face is 4 Å thick. This amount of bound water agrees
with direct measurements of the residua l hydra t ion for
a lumina sur faces tha t have been dehydra ted through
exchange with P2O5. Therefore, th is water is indeed
st rongly bound water .
In the classica l picture of ion ic dist r ibu t ions near

charged sur faces, a fract ion of the counter ions are
condensed on the charged surfaces, with in th is layer . This
layer is then ca lled the Stern layer . A refinement of th is
picture is the t r iple layer model, where some counter ions
lose water to form ion pa irs with the sur face sites, while
the others remain fu lly hydra ted and are condensed only
in the elect rosta t ic sense (Figure 15). The deta iled picture
of the sur face layers would then compr ise a fir st layer ,
with dehydra ted ions and some st rongly bound water ,
and a second layer , with hydra ted ions and hydra t ion
water . If the part icles were not pulled together , there would
a lso be a th ird layer conta in ing free counter ions and free
water . If the par t icles are pulled together by van der Waals
forces, the free water is expelled, bu t the fir st and second
layers of bound water a re reta ined.
Now we may examine how cit ra te ions fit in these layers.

Since they are ligands of the a lumina surfaces, we assume

Figure 14. Redispersion limit s of a lumina powders in the axis
effect ive charge distance of contact separa t ion d 0. The diam-
eter of the par t icle is 150 nm, and the Hamaker constan t is
equa l to 9 kT. The two lines repor t for two differen t ion ic forces
the distances d 0 for which , for the given effect ive charge, the
contact force is equa l to-0.041 nN, which was shown to be the
force threshold for redispersion in the preceding paper : (con-
t inuous line) I ) 1 mM; (dashed line) I ) 0.05 mM. The inser t
shows the variat ion of the structural and effect ive surface charge
for bare a lumina par t icles (ext racted from ref 4).
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Conclusions	
  

With	
  very	
  Cght	
  protocols	
  (and	
  very	
  cheap	
  experiments),	
  
the	
  efficiency	
  of	
  redispersion	
  processes	
  can	
  be	
  measured	
  accurately	
  
	
  
Alumina	
  parCcles	
  can	
  be	
  dispersed	
  in	
  water,	
  aggregated,	
  dried	
  	
  
and	
  redispersed	
  in	
  water	
  through	
  the	
  applicaCon	
  of	
  very	
  weak	
  forces	
  
or	
  even	
  no	
  forces	
  at	
  all.	
  
	
  
The	
  efficiency	
  of	
  redispersion	
  is	
  related	
  to	
  the	
  minimal	
  separaCon	
  of	
  surfaces	
  
Even	
  parCcles	
  that	
  been	
  dried	
  have	
  retained	
  one	
  water	
  layer	
  on	
  their	
  surfaces	
  
	
  
The	
  redispersion	
  occurs	
  when	
  repulsive	
  forces	
  (ionic	
  +	
  hydraCon)	
  
overcome	
  VdW	
  a[racCons	
  
	
  
Spontaneous	
  dispersion	
  has	
  the	
  same	
  thresholds	
  	
  
as	
  redispersion	
  by	
  slow	
  shear,	
  but	
  much	
  slower	
  kineCcs	
  
	
  
Adsorbed	
  molecules	
  (polyions)	
  may	
  change	
  the	
  range	
  of	
  pH	
  for	
  redispersion	
  


