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Particle size and sol stability in metal colloids*) 

By  G. F r e n s  

With 

The  ca lcu la t ion  o f  London-van der Waals 
dispers ion forces b e t w e e n  me ta l  surfaces  
leads  t o  Hamaker c o n s t a n t s  o f  a b o u t  
A = 5 • 10-~2ergs. (1, 2). I n  mode l  ex-  
p e r i m e n t s  (], 2, 3) a t t r a c t i v e  forces  o f  th is  
o rder  o f  m a g n i t u d e  h a v e  indeed  been  found .  
I t  is n o t  clear  h o w  colloidal  me ta l s  w i t h  
such  a large  a t t r a c t i o n  b e t w e e n  t he  par t ic les  
can  be s tabi l ized b y  the  repu ls ion  o f  electr ical  
doub le  l aye rs  i f  t he  doub le  l aye r  po ten t i a l s  
a n d  the  e lec t ro ly te  c o n c e n t r a t i o n s  are  a n y -  
whe re  nea r  t he  va lues  w h i c h  a re  p e r t i n e n t  
for  m e t a l  sols. Still, me ta l  sols are  t he  
t y p i c a l  e lee t rocra t ic  co l lo ids .  F o r  in s t ance  
t h e y  beau t i f u l l y  o b e y  t he  ru le  o f  Schulze 
a n d  Hardy, which  ind ica tes  t h a t  t he  s t ab i l i t y  
a n d  t he  coagu l a t i on  o f  these  sols are  g o v e r n e d  
b y  t he  s t a t e  o f  the  electr ical  doub le  layers .  

Pa r t i c l e  sizes o f  t he  o rder  o f  10 .8 cm 
a b o u n d  in me ta l  sols. I n  non -me ta l l i c  colloids 
the  par t ic les  are  t y p i c a l l y  l a rger  b y  a f ac to r  
o f  a t  leas t  ten.  So it  o c c u r r e d  to  us t h a t  t he  
e x p e r i m e n t a l l y  well k n o w n  b u t  t heo re t i ca l l y  
n o t  too  well u n d e r s t o o d  s t ab i l i t y  o f  colloidal  
me ta l s  m i g h t  h a v e  t o  do w i t h  the  smal lness  
o f  t he  par t i c les  in  me ta l  sols. I f  this  h y p o -  
thesis  p roves  cor rec t  c o a g u l a t i o n  concen t r a -  
t ions  in m e t a l  sols d e p e n d  on  t he  par t i c le  
size in such  a w a y  t h a t  t h e  h i g h l y  disperse 
colloids are  more  s tab le  t h a n  t he  coarser  
ones.  This  is a r a t h e r  u n o r t h o d o x  pos i t ion :  
i t  is t r a d i t i o n a l  (4) to  der ive  t h a t  c oa gu l a t i on  
c o n c e n t r a t i o n s  are  i n d e p e n d e n t  o f  pa r t i c le  
size. F r o m  the  ana lys i s  o f  c o a g u l a t i o n  
k ine t ics  on t he  basis  o f  t he  slope o f  log W 
- - l o g  c curves  (5) i t  can  e v e n  be in fe r red  
t h a t  in ac tua l  d e t e r m i n a t i o n s  o f  c oa gu l a t i on  
c o n c e n t r a t i o n s  the  coarser  suspens ions  will 
seem m o r e  s tab le  t h a n  those  w i t h  smal l  
par t ic les ,  a n d  n o t  t he  o the r  w a y  round .  

Experimental 
Series of monodisperse metal sols of increasing 

particle radius (50-1000_~) were obtained. In these 
series coagulation concentrations were determined. 

*) Presented at the 25th Colloid-Meeting in Munich, 
October 13-!5, 1971. 
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I t  was found that in such a series of chemically identical 
monodisperse metal sols the coagulation concentration 
decreases when the particle size increases. In mixtures 
of two monodisperse colloids with small and large par- 
ticles respectively it was observed that the larger 
particles coagulate at salt concentrations where the 
small particles remain as a stable sol. 

a) Preparation o] monodisperse metal sots 
Monodisperse gold sols were obtained with the citrate 

method (6, 7), or with Zsigmondys method (8) where 
very small (nuclear) gold particles serve as a catalyst 
for the reduction of HAuC14 with hydroxylamine. 
Small particle silversols were obtained with Carey Leas 
method and purified by repeated coagulation with Na~ 
citrate and NaNOa (9). Coarser silversols were prepared 
in a way analogous to the citrate method for gold 
sols: 2ml 1% Na3-citrate solution were added to 
100 ml of a boiling solution of 10 -a M AgN03 and boiling 
was continued for 15 rain. The large silver particles 
were centrifuged off, and the sediment was redispersed 
in water. After repeated centrifugation and redispersion 
in 50 ml water 1 ml 1% Na 3 citrate was added to the 
greenish brown silversol. 

I t  was observed that monodisperse gold sols of 
different particle sizes are obtained by the citrate 
method when the citrate concentration during the 
preparation is varied, and the amount of gold to be 
reduced is kept constant. Details will be published 
separately. I t  seems that the available gold is distributed 
over more or fewer particles, the initial number of 
nuclear particles being determined by the citrate 
concentration. 

b) The determination o] coagulation concentrations 
Colloids of different particle sizes were all brought 

to the same final concentrations (e.g. of gold and Na3 
citrate in sols prepared with the citrate method). In 
these sols coagulation concentrations were determined. 
I t  was used as a criterion for rapid coagulation that 
the color change which is typical for the coagulation 
of metal sols (10) was completed within a minute after 
the addition of inert electrolyte. Coagulating salts 
with monovalent, nonadsorbing ions (KNOs, NaNOa) 
were used. The lowest concentration at which rapid 
coagulation was observed will be called the coagulation 
concentration throughout this paper. 

c) Fractionated coagulation 
Mixtures were made of two chemically identical 

monodisperse metal (Au or Ag) sols of a rather different 
particle size (e. g. of sols with average radii of 75 _~ and 
800A respectively). These mixtures were left to 
equilibrate for a few days, but no changes were observed. 

The coagulation concentrations of the individual 
sols were determined (vide supra). I t  was found that 
highly disperse sols were more stable than coarse sus- 
pensions. The experiments with mixtures were under- 
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taken to show that this was indeed an effect of particle 
size, and not of the chemistry or the concentration of 
the individual sols. 

After the equilibration of the mixtures NaNOs was 
added to them in such amounts that the resulting salt 
concentration was near the coagulation concentration 
for the coarser particles, but well below the coagulation 
concentration which had been measured for the finer 
dispersion. The particle size distribution in the mixture 
before and at different times after the addition of salt 
was determined from electron mierographs. 

d) Electron microscopy 
Electron micrographs were made with a Philips 

EM 300 electron microscope, of sol droplets which were 
sprayed and dried on hydrophilic formvar. The particle 
size distributions of the mixed sols were obtained by 
counting at least hundred particles and assigning them 
on the basis of their markedly different size to one or 
the other of the original monodisperse sols. I t  was 
preferred to count all the particles that had been 
present in single droplets of the sol, so that the resulting 
distribution was independent of fraetionation into 
groups of particles of different size which sometimes 
accompanied the drying up of a sol droplet. 

R e s u l t s  

The  coagu l a t i on  c o n c e n t r a t i o n  as a func-  
t ion  o f  pa r t i c le  size in a t yp i ca l  series o f  
chemica l ly  iden t i ca l  (c i t ra te  gold) mono-  
disperse me ta l  sols is g iven  in fig. 1. Ana lo -  
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Fig. 1. Coagulation concentration qe as a function of 
the particle radius a in a citrate sol 

gous  resul ts  were  o b t a i n e d  wi th  o t h e r  col- 
lo idal  metals .  I t  follows f r o m  our  def ini t ion 
o f  a c o a g u l a t i o n  c o n c e n t r a t i o n  t h a t  we 
d e t e r m i n e d  c o n c e n t r a t i o n s  o f  m o d e r a t e l y  
r a p i d  coagu l a t i on  as coagu la t i on  concen t r a -  
t ions.  U n d e r  such  c i r cums tances  the re  m a y  
still be a smal l  m a x i m u m  in the  p o t e n t i a l  
energy curve. As the potential energy of two 
particles is proportional with their radius a 
sl ight  increase  wi th  the  rad ius  is e x p e c t e d  
o f  the  d e t e r m i n e d  coagu l a t i on  concen t r a t ions .  
I n s t e a d  we f o u n d  a m a r k e d  decrease  o f  t he  
coagu la t i on  c o n c e n t r a t i o n  as the  rad ius  
increases.  

The  obse rved  decrease  in the  coagu l a t i on  
c o n c e n t r a t i o n  in a series o f  i nd iv idua l  sols 
could  in pr inc ip le  still be r e l a t ed  to  t he  

c h e m i s t r y  or the  sol c o n c e n t r a t i o n  o f  these  
colloids. This  is n o t  the  case for  expe r imen t s  
wi th  mixed  equ i l ib ra ted  sols. 

The  f r ac t i ona t i on  o f  a m i x t u r e  acco rd ing  
to par t ic le  size is i l lus t ra ted  b y  fig. 2. The  
small  gold  par t ic les  o f  fig. 2 a a nd  the  larger  
ones o f  fig. 2b  were  mixed  (fig. 2c). Af te r  
the  add i t ion  o f  e n o u g h  N a N O  a (e.g. 
30mmol1-1)  for  the  coagu la t ion  o f  the  
larger  par t ic les  (eft fig. 1) the re  r e m a i n e d  a 
s table  sol w i th  the  par t ic le  size d i s t r ibu t ion  
o f  fig. 2d.  

The  process  o f  s epa ra t ion  ( f r ac t iona ted  
coagula t ion)  could  be fo l lowed visual ly .  The  
sol of  smal l  par t ic les  (2a) was  a clear o range-  

Fig. 2 (Legend vide p. 738) 
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or even days, which indicates t ha t  the small 
part icle colloid was complete ly  stable a t  this 
concentrat ion,  and t ha t  no aggregates had 
formed in it (10). 

The best  separat ion according to part icle  
size - wi th  the number  of small particles in 
the mix tu re  and the remaining stable super- 
n a t a n t  sol pract ical ly  the  same and complete 
removal  of the larger particles f rom the  
mix tu re  - was obta ined at  e lectrolyte  con- 
centrat ions slightly below the coagulat ion 
concent ra t ion  for the larger particles. At  
higher  salt concentrat ions the aggregating 
large part icles would car ry  small part icles 
with them into the  sediment  even though  the 
eventua l  supe rna tan t  was a stable sol of 
small particles. 

Fig. 3 is direct  exper imenta l  proof  t ha t  
the f rac t ionat ion of mixed monodisperse 
metal  sols is caused by  the selective coagula- 
t ion of the larger particles. I t  is a micro- 

Fig. 2. Fractionated coagulation: 2 a: the monodisperse 
sol of small particles; 2b: the monodisperse sol of large 
particles; 2 c: mixture of the sols 2 a and 2 b; 2 d: par- 

ticles of the remaining sol after fractionation 

red sol, bu t  the sol of larger  particles (2b) 
and by  consequence also the  mix tu re  (2c) 
gave a s t rong Tyndall  effect. W h e n  salt was 
added to the  mix tu re  a rapid  decrease of the 
Tyndal l  effect could be observed.  After  an 
hour  the  Tyndall  effect had  d isappeared 
completely.  The sol, which had  tu rned  violet  
upon  the  addi t ion  of salt was clear red again, 
and a black sediment  formed. The color 
of  the  supe rna t an t  red sol was the same as 
t ha t  of a sol with only  the small part icles 
and  of the same or a slightly smaller con- 
centrat ion.  This red color remained for hours, 

Fig. 3. An aggregate of large particles in a sol of stable 
small particles 

g raph  of a mix ture  of large and small 
(hydroxylamine)  gold particles. Enough  elec- 
t ro ly te  was added to bring about  the de- 
crease of the  Tyndall  effect in the  mix ture  
which is the visual indicat ion for f rac t iona ted  
coagulation.  This t ime however  the sol was 
sprayed  onto  the  fo rmvar  for electron 
microscopic invest igat ion shor t ly  af ter  the 
addi t ion of  salt and long before the aggre- 
ga ted  particles had  settled. In  the  electron 
microscope i t  was found t h a t  pract ical ly  
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M1 the  large part icles f rom ~he mix tu re  had  
formed aggregates like the  one in fig. 3, 
whereas the  small particles were spread 
out  on the fo rmvar  in the way  which is 
usual for a stable sol. Inspect ion of the  peri- 
meter  of the  aggregates revealed t h a t  ha rd ly  
any  smM1 particles take  pa r t  in them even 
if  the small particles ou tnumber  the larger 
ones in the original mix tu re  in a rat io of 
10: 1. In  such prepara t ions  where coagulat ion 
was in te r rup ted  m a n y  aggregates like the 
one in fig. 3 were found and  we have never  
observed t h a t  this t ype  of aggregat ion was 
b rough t  about  in stable sols b y  the  prep- 
ara t ion  techniques  for electron microscopy. 
We believe therefore,  t ha t  these aggregates 
are typica l  for the  s ta te  of affairs in a mix tu re  
of monodisperse metal  sols under  the  con- 
dit ions of f rae t iona ted  coagulation. 

Wi th  mixtures  of gold-(citrate or hydroxyl -  
amine) and  of silver sols we obta ined  the  
same results. I t  seems therefore  t ha t  the 
f rac t iona ted  coagulat ion of meta l  sols is 
not  dependen t  on the  chemis t ry  of the  
par t i cu la r  colloid, bu t  t ha t  it  is an effect 
common to  meta l  sols, and  perhaps  other  
systems. The  cause for f rae t ionat ion  appears  
no t  to lie in the  polydispers i ty  of the  system 
as such, bu t  in the  lesser s tabi l i ty  against  
electrolytes of the  larger part icles in a 
mixture .  

Discussion and conclusions 

Eq.  [1] gives the  non r e t a rded  van der 
Waals a t t r ac t ion  be tween two spheres ac- 
cording go Hama#er (11) : 

A F 2 2 S~--41 
v~ = - ~- [ ~  + ~ + ]n -~-~J .  [13 

VA is the potent ia l  energy of a t t rac t ion  ; A is 
the Hamaker constant .  S = R/a = 2 + (H/a), 
with R the  distance between the centers 
of  two spheres of (equal) radius a, and H 
the shortest  distance be tween the  metal  
surfaces. For  small values of  H/a the  approx-  
imate  eq. [2] can be used. 

aA 
VA -- 12H" [2] 

The  eqs. [1] and E2] are represented  in fig. 4. 
There  is an i m p o r t a n t  d iscrepancy between 
them for 0.1 < H/a. For  large H/a the  exact  
formula  [1] leads to a smM]er a t t rac t ion  
t ha n  [2]. 

The kinetics of coagulat ion are governed 
by  the  sum of VA and  the repulsion energy 

VR. This sum has a m a x i m u m  at  abou t  
~ H  = 1, when the particles are approx-  
imate ly  one Debye length apart .  In  our 
exper iments  coagulat ion concentra t ions  were 
at  Debye lengths of 20 A or thereabout .  Wi th  
the  small particles (100 A) of meta l  sols this 
makes H/a > 0.1 when the potent ia l  energy 
of in terac t ion  is at  its maximum.  In  the  
coarser non-metMlic systems eq. [2] can 
frui t ful ly  be applied for coagulat ion problems 
bu t  this is not  so for the  small part icles 
which are described in this paper.  At the 
m a x i m u m  of the  in terac t ion  of the  small 
particles VA is given b y  the  exact  eq. [1]. 

The repulsion energy VR has been cal- 
culated nmnerieal ly  (12, 13). I t  remains 
propor t ional  with a down to ~ H  = 1, 
H / a =  0.2 and  beyond.  VR at  ~ H =  1 can 
be represented  by  a s t ra ight  line in fig. 4, 
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Fig. 4. Interaction energies as a function of H/a. 
Curve I: eq. [2]; curve IIH: eq. [1]; curve IIL: -- VA 

for metals according to ref. (15) 

just  like - - V A  at  H = 1/~ according to 
eq. [2] since both  are at  a constant  inter- 
part icle  distance and propor t ional  wi th  a. 
These lines for VR and - - V A  are parallel. 
As long as VR > VA there  is a positive 
potent ia l  energy at  ~ H  = 1, near  the  maxi-  
mum.  I f  however  the line for V R at  z H  = 1 
is below th a t  for eq. [2] it must  intersect  
the exact  curve o f eq .  [1] for VA at H -= 1/~. 
In  t h a t  ease the  potent ia l  energy at  z H  =- 1 
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becomes negative with large particles and 
positive for small particle radii. Coarse sols 
are unstable under these circumstances, 
whereas highly disperse colloids on the other 
side of the intersection can remain stable 
if Vn @ VA at the maximum is large 
relative to kT. 

The arrows in fig. 4 are a measure for the 
effect of particle smallness on colloid stability. 
With 1/~ : 20 A, ~H : 1 andA = 5 • 10 -1~ 
erg they represent 20/~T, but with A = 
5 • 10 -la their length is only 2 leT and the 
effects of smallness on stability are negli- 
gible. This is only a crude example, but it 
illustrates tha t  Hamaker constants can in 
principle be obtained from experiments on 
the kinetics of fraetionated coagulation. 

The effects of particle smallness on colloid 
stability explain why there is such a dis- 
crepancy between the calculated Hamal~er 
constants and those obtained from coagula- 
tion experiments on metal sols when the 
smallness of the particles was left out of 
consideration (e.g. by the use of eq. [2]). 
I t  remains to be seen how this observation 
affects the data on coarser but crystalline 
materials with sharp edges on the particles. 

Our observation that  the separation of 
large and small particles by fractionated 
coagulation is most effective at salt con- 
centrations which are just enough to coagulate 
the larger particles is now readily explained. 
At the coagulation concentration the maxi- 
mum in VR + VA, which is approximately 
proportional with the particle radius vanishes. 
When this happens for the larger particles 
there is still a positive maximum in the 
interaction of small particles since their 
at traction is qualitatively smaller - as if 
they had smaller Hamak~er constants but 
obeyed eq. [2]. And although this maximum 
is rather small due to the small particle 
radii, it is still the highest when the salt 
concentrations are low. The smallest con- 
centration which can be used to coagulate 
the larger particles is therefore the best for 
fractionated coagulation. 

Since metal suspensions owe their stability 
at  least part ly to the smMlness of the par- 
ticles it should be all but impossible to 
repeptize coagulated metal sols. In a floc 
H/a is small, even for small a. To bring 
about repeptization it is not enough to 
make VR > --VA at z H =  1 - which is 
facilitated by the smallness of the particles. 
I t  is necessary for the repeptization of a 
floc that  VR > -  VA at the distance of 
closest approach, i.e. for small H/a (14). 

With A ---- 5 • 10 -12erg and reasonable 
double layer potentials this seems hardly 
possible. That the repeptization of metal 
sols is indeed very difficult is still another 
indication tha t  our working hypothesis is 
valid: metal sols rely for their stability 
on the smallness of their particles. 

Summary 
I t  is shown experimentally that  the stability of 

metal sols depends on particle size. Sols with small 
particles are more stable against electrolyte coagulation 
than coarser suspensions. I t  is possible to separate metal 
particles of different radii by fractionated coagulation. 
Results are explained from the diminished van der 
Waals attraction between small particles. Consequences 
for the repeptization of metal sols and for the meas- 
urement of Hamaker constants are discussed. I t  is 
concluded that  the smallness of the particles is a 
decisive factor for the stability of metal colloids. 

Zueammen/assung 

Es wird gezeigt, dab die Stabilitgt yon Metall- 
kolloiden yon der Teilchengr61~e abhgngig ist. Systemc 
aus kleinen Teilchen sind bei Elektrolytkoagulation 
wesentlich stabiler als Systeme mit grSBeren Tei]chen. 
Durch fraktionierte Flockung werden Kolloidteilchen 
dem Teilchenradius nach getrennt. Die Erki/irung 
dieser Ergebnisse folgt aus der verringerten van der 
Waalsschen Anziehung zwischen kleinen Teilchen. 
Konsequenzen fiir die Repeptisierung yon Metall- 
kolloiden und fiir die Bestimmung der Hamakerschen 
Konstante werden diskutiert. Die Stabilit~t der Metall- 
kolloide wird yon der Teilchengr613e weitgehend 
beeinfluBt. 
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Discussion 

J. Lyldema (Wageningen, Holland) : 
KSnnen Sie noeh ein wenig eingehender den physi- 

kalischen Untersehied zwisehen Metullen und Nicht- 
metallen behandeln ? 

Wenn man zeigen kann, dug die Effekte, woriiber 
Sie soeben berichtet haben, wirklich auf Metalle be- 
schr/ink~ bleiben, mug man fiir stabile Sole yon Nieht- 
metallen mit sehr kleinen Teilchen (z. B. Mikro- 
emulsionen) andere Ursaehen finden. 

G. $' rens (Eindhoven, Holland): 
In  der Theorie sind die Effekte der Geometrie (H/a) 

natiirlich nicht auf Metallteilehen beschriinkt. Im 
Vergleich mit der Energie der WKrmebewegung sind 
die geometrisehen Effekte aber nur grog bei Systemen 
mit starker Attraktion, wie bei den Metallen. Bei 
diesen Kolloiden erwartet man dann auch fraktionierte 
Koagulation. Bei sehr kleinen Teflehen mit kleinen 
Hamaker-Konstanten sind die Dispersionskr~ifte tiber- 
haupt sehr klein. 

Ihre Fruge naeh dem physikalisehen Unterschied 
zwisehen Metallen und Niehtmetallen hat aber weitere 
Aspekte: Ganz unabhgngig yon der Teilchengr6ge wi~re 
diskutabel, inwiefern die Hamakersche Anschauungs- 
weise in kondensierten Medien iiberhaupt zutrifft. Fiir 
Metalle gelten Formeln, wie z .B.  die yon Langbein, 
schon besser. Aueh in diesen alternativen Darstellun- 
gen der Theorie yon Dispersionskr~ften bleiben die 

geometrischen H/a-Effekte bestehen, wie das auch in 
Abb. 4 gezeigt wurde. 

Dann ist vom Standpunkt der FestkSrperphysik aus 
die Kleinheit selbst der kolloiden Metallteilchen inter- 
essant. Der Unterschied zwisehen Niehtmetallen und 
Metallen ]iegt in den frei beweglichen Leitungselektro- 
hen. Das ,,freie" Elektronengas in einem Metall wird 
charakterisiert durch KenngrSgen sowie die freie 
Weglgnge der Elektronen, welche die atomaren Di- 
mensionen weir iibersteigen. In  kolloiden Metallteilehen 
ist dieses Elektronengas in kleinen Kiigelchen - der 
GrS•enordnung der freien Wegl~nge eines Elektrons - 
ganz eng eingesehlossen, und dies kann die Eigenschaf- 
ten und damit den Anteil des Elektronenplasmas an den 
Dispersionskrgften beeinflussen. Bei quantitativer Deu- 
tung der experimentellen Ergebnisse aus Abb. 1 fanden 
wir, dab die Attraktionskonstante, die doch eine 
Materialkonstante ist, um einen Faktor 2 kleiner ist 
bei kleinen Teilchen als bei grogen. Wir sollen diese 
,,preliminary remark" nat/irlich noch griindlicher tiber- 
priifen. Es sieht aber so aus, dug es in der ,,Welt der 
vernachlgssigten Dimensionen" auch gegnderte Material- 
eigenschaften gibt. 

I. garuch (Basel, Sehweiz) : 
Was passiert, wenn man zur Flockung andere 

Flockungsmittel benutzt als die verwendeten Elektro- 
lyre ? K6nnte man es unhand yon Ihren Vorstellungen 
vorhersagen ? 

G. Frens (Eindhoven, Holland): 
Bei der l~'loekung mit Polymeren, wie sie z. B. yon 

_Fleer und Lyklema beschrieben wurde, kann man gegen 
die viel grSBeren Energien bei der Adsorption von 
Polymersegmenten an der Teilchenoberflgehe und bei 
der gegenseitigen AbstoBung yon Polymerketten die 
van der Waalssehen AttraktionskrEfte vernaehliissigen. 
Deher bleiben unsere Betrachtungen fiir Flockung 
dieser Art ohne Konsequenzen. 


