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With a stopped-flow method the rapid coagulation by electrolyte of several polystyrene 
latices is measured. By extrapolating back to zero time the initial process of two single particles 
forming a doublet is observed. We find an average rate constant kn = 6.0 ;< l0 -12 p-1 cm a sec-1 
at 20°C, where p is the number of particles; this constant is lowered to 4.9 ;< 10 -1~ p-1 cm a 
sec -1 when we assume that the particle diameters are 5% lower than the Dow values. These 
values are equal to 56 and 46%, respectively, of the yon Smoluehowski values. Using the 
theory of hydrodynamic interaction, this gives Hamaker constants A = 7.0 X 10 -21 J or 
1.5 X 10 -21 J, respectively, in good agreement with theoretical predictions. 

INTRODUCTION 

The rate of rapid coagulation of lyophobic 
colloids has been measured in the past  fifty 
years with various methods, such as direct 
counting in the ultramicroscope (la, 2, 3) or 
in the Coulter Counter (4, 5), light scattering 
(6, 7), and turbidimetry (2, 8). During co- 
agulation many  processes occur; they can be 
described in general as the combination of an 
aggregate of m monomers with an aggregate of 
n monomers to form one of m + r~ monomers. 
Since most  methods of observation give in- 
sufficient information to follow each reaction 
separately, and since the theory leads to the 
expectation that  rate constants are only weakly 
dependent on m and n, all rate constants are 
usually assumed to be equal. However, in the 
very beginning there is only one process: two 
single particles form one double particle. De- 
tailed theoretical predictions are available only 
for the rate constant of this process. The theory 
considers brownian motion (9), interparticle 
forces (lb, 10), and hydrodynamic  interaction 
(11, 12). 

1 Present address: AKZO Research Laboratories, 
Arnhem, The Netherlands. 

We observed this initial stage of coagulation 
immediately after mixing equal volumes of 
monodisperse polystyrene latex and electro- 
lyte in a stopped-flow spectrophotometer. 
Especially, rapid coagulation was observed 
for a range of particle diameters. 

MATERIALS AND METHODS 

We used a Durrum-Gibson stopped-flow 
spectrophotometer. This instrument has been 
designed to measure changes of consumptive 
absorption with time. The angle of illumina- 
tion of the cuvette and the angle of acceptance 
of the photomultiplier tube are rather large 
(3 ° ) for the measurement of turbidity caused 
by light scattering, when we want to prevent 
pr imary and multiply scattered light from 
reaching the photomultiplier tube. Thus these 
angles were diminished to less than 1 ° by 
introducing diaphragms into the light path 
before and behind the cuvette in a similar 
way as described by Heller and Tabibian (13) 
for a Beckman DU spectrophotometer. As a 
light source we used a tungsten lamp fed by a 
stabilized dc power supply, with interchange- 
able Balzer interference filters as monochroma- 
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tors (wavelengths 438, 546, 673, and 752 nm; 
bandwidth 12 nm). The output (anode) cur- 
rent from the photonmltiplier tube was passed 
to ground through a 100-kf~ resistor, and 
the resulting voltage was fed to a PAR Model 
113 low-noise preamplifier, and from there to a 
storage oscilloscope. The signal is proportional 
to the light transmission T; it appeared on the 
oscilloscope screen as a function of time and 
was photographed with a Polaroid camera. We 
used cuvettes with a 20- or 2.4-mm light path, 
made of blackened material (polychlorotri- 
fluoroethylene) in order to minimize reflec- 
tions at the cell walls. 

The mixing dead time is a few milliseconds. 
Reactions can be followed immediately there- 
after, and on the same time scale, if they cause 
large changes of transmission. This usually oc- 
curs with chemical reactions that have colored 
reactants or products. In our coagulation ex- 
periments a much longer time of observation 
was necessary in order to get a change of trans- 
mission (about 1%) large enough to be 
measured with some accuracy in spite of the 
noise of the signal. This experimental restric- 
tion set a lower limit to our time of observation. 

An upper limit was dictated by our own re- 
quirement to measure before one-tenth of the 
reaction half-time (Ti) would be over, as later 
the formation of triplets and larger particles 
becomes appreciable. Ti is the time that is 
necessary for the total number of particles to 
diminish by a factor of 2; it is inversely pro- 
portional to the concentration according to 
the relation (lc) 

= 2 / k j 1 ,  [i] 

where kn is the reaction rate constant of two 
primary particles forming a doublet and N1 is 
the initial concentration of primary particles. 
We performed all measurements at t = 0.07T½ 
and extrapolated back to t = 0. Our times of 
measurement ranged from 0.04 sec with the 
smallest particles to 3 sec with some of the 
larger particles, while Ti ranged from about 
0.6 to 50 sec. 

Theoretical calculations (15) show that at 
t = 0.07T½ coagulation is at its steady state; 
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it has passed the non-steady-state in which co- 
agulation is even faster than in the steady 
state. 

The instrument has a single-beam optical 
system and has a poor long-term stability. 
Thus very slow processes (which occur in 
dilute sols) could not be followed. In practice 
a minimum change in transmission of about 
0.2% T/sec was required. In addition, trans- 
mission below 30% T could not be measured 
accurately, so that an upper limit was set to 
the sol concentration, especially for large par- 
ticles. These two requirements set an upper 
limit of about 350 nm to the diameter of the 
latices we could use. 

Air bubbles in the cuvette were a chronic 
problem. They made the signal unstable during 
the first few seconds after mixing. Usually we 
managed to get rid of the bubbles by flushing 
the system with air-free water. As a control 
experiment we mixed latex with water in the 
cuvette and watched the transmission on the 
same time scale as the experiment with 
electrolyte. 

Monodisperse Dow polystyrene latices with 
diameters of 91 nm (Serva 41907), 109 nm 
(Dow LS-1044-E), 176 nm (Dow LS-1045-E), 
234 nm (Dow LS-1047-E), 312 nm (Dow LS- 
1018-E, Serva 41927), and 357 nm (Dow 
LS-1010-E) were used as supplied. From one 
quantity of latex (diameter 234 rim) the emulsi- 
fier (sodium dihexyl sulfosuccinate) was re- 
moved by ion exchange (14). 

The absence of aggregates was ensured with 
the following methods. (a) Centrifugation with 
a swinging bucket rotor in a preparative ultra- 
centrifuge: A thin layer of latex is brought 
upon an ethanol-glycerol mixture with a 
density gradient of 1.00-1.05 g m1-1. After 
centrifugation, doublets would be visible as a 
separate layer because they sediment faster 
than singlets do. The density gradient pre- 
vents convection during centrifugation; the 
viscosity of the mixture reduces convection 
during handling afterwards. (b) Centrifugation 
with a zonal rotor in a preparative ultracentri- 
fuge in a density gradient of water-glycerol 
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mixtures of 1.01-1.04 g ml -~. (This is also a 
very good preparative method for monodisperse 
sols; the product contains glycerol, which can 
be removed by dialysis.) 

As a preliminary experiment we coagulated 
latex with varying electrolyte concentrations. 
The main experiments were done with electro- 
lyte concentrations well beyond the critical 
coagulation concentration, where the plateau 
of rapid coagulation is reached. The electrolyte 
concentrations--after mixing with latex--were 
LaC13 0.0058 mole dm -3, BaC12 and MgC12 
0.05 mole dm -3, and NaC1 0.4 mole dm -3. 
Most experiments were done with BaC12, as 
other salts gave the same results. With NaCI, 
observation was possible only after 5 sec, as 
incomplete mixing gave a higher initial tur- 
bidity. This was caused by the high concen- 
tration and, consequently, the high density of 
this salt solution necessary for rapid 
coagulation. 

Latex from which all emulsifier had been 
removed by ion exchanging gave the same re- 
sults as latex with emulsifier. As the ion ex- 
change treatment is a rather tiresome procedure 
and moreover, as it destabilizes latices with 
low surface charges, we used latex with 
emulsifier in all further experiments. 

When one cuvette was used, the latex con- 
centration could be varied within narrow limits 
only, because the transmission should not be 
too low or too high--between 30 and 70%. The 
concentration could be varied one order of 
magnitude by using two different cuvette 
lengths: 2.4 and 20 mm. Within this narrow 
range we did not find variation of the rate 
constant with the sol concentration. 

Rate constants were calculated with Eq. 
I-6-] of Ref. (16): 

kn = (l/r0) (dr /d t )o /[{  (C2/2C~) -- l i n t ' ]  , 

[2-] 
where r is turbidity (related to the transmis- 
sion by T = exp ( - r l )  in a cuvette of length 
l), t is time, and C1 and C2 are the extinction 
cross sections of a singlet and of a doublet, 
respectively. The optical factor { (C2/2Ct) - 1 } 
is calculated with the Rayleigh-Gans-Debye 

theory. The subscript zero refers to the limiting 
case of t ~ 0. 

The initial particle concentrations -'¥1 were 
determined from the dry weight of the latices. 
They were between 7.4 ;< 109 and 5.5 )< 10 tl p 
cm -3, where p is the number of particles. These 
values of 2V1 were about 200-/0 higher than those 
determined from turbidity with r0 = CtN~; 
only for one of the latices used (2a = 312 nm) 
were both values equal. The disagreement 
between the dry weight values of N~ and the 
turbidity values of Nt  cannot be explained by 
the presence of coagulated particles, since then 
the turbidity would overestimate N1. Nor can 
it be explained by a small error in the par- 
ticle radius; this would cause deviations of 
the same sign and of the same order of magni- 
tude in Nt  as determined by turbidity and in 
.~V1 a s  determined by dry weight. Probably 
optical imperfections of our system lead to 
underestimation of the turbidity. This is 
confirmed by theoretical (17) and experimental 
(13, 18) studies on this subject. The deviation 
was larger than expected from these studies. 
However, we assume that any systematic 
error in r is present to the same extent in dr/dt ,  
and thus cancels itself in (1/ro)(dr/dt)o.  This 
assumption is acceptable because Beer's law 
was valid in the range studied, which meant 
that any error in r, and thus in dr/t i t  as well, 
would be a constant factor. 

Measurements were performed at a wave- 
length (in air) of 546 nm with all latices, and 
also at some other wavelengths (438, 673, and 
752 nm) with most latices. Changing the wave- 
length did not change the rate constant within 
the accuracy of the theory (16). We averaged 
the values of the rate constant obtained with 
various wavelengths. 

Salts were used as received. Water was dis- 
tilled twice ; dissolved air was removed by boil- 
ing at low pressure before use. All experiments 
were performed at 20 =t= I°C. 

R E S U L T S  

The resulting values of kll for different par- 
ticle sizes are given in Table I. The reproduci- 
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T A B L E  I 

THE COAGULATION RATE CONSTANT, EXPRESSED AS 

kl l  (p-1 cm ~ sec-1), AND AS A PERCENTAGE OF 

THE VON SMOLUCHOWSKI VALUE 

Experiments Dow Dow 
diameters diameters 

(2a) minus 5% 

k ~ l X l 0 ~  % kn ×10~2 % '  

2a = 91 nm 6.4 60 5.2 49 

2a = 109 nm 5.9 55 4.7 44 

2a = 176 nm 6.8 63 5.6 52 

2a = 234 nm 5.3 50 4.5 42 

2a = 312 nm 3.9 37 3.3 32 

2a = 357 nm 5.5 51 4.6 43 

Average  ~ 6.0 56 4.9 46 

T h e o r y  

A = 7.0 X 10 -~1J (12) 6.0 56 
A = 1.5 X 10-21J (12) 4.9 46 
von Smoluchowski 10.8 100 10.8 100 

Resul ts  of the  312-nm la tex have  no t  been included 

in the  average.  

bility for the results was about 15%. Though 
there is no complete agreement for different 
particle sizes, there is no clear dependence 
between kn and a. This is in agreement with 
the coagulation theory, which predicts that 
k l l  is independent of a, even when hydro- 
dynamic interaction is considered (11, 12). 

The particle radius (a) was given by Dow 
from their electron-microscopic measurements. 
The accuracy of these values is much disputed 
in literature (19-24). Many workers have 
reported somewhat lower values typically by 
about 5%, obtained with different methods. 
Lowering the radius by 1% gives a mass per 
particle that is 3o-/0 lower; thus it raises N1 by 
3% for a given dry weight. As it also raises the 
optical factor {(C2/2C~)- 1}, the resulting 
kn is over 3o-/o lower according to Eq. [2-t. We 
r e c a l c u l a t e d  k l l  for each latex assuming a 50-/0 
lower particle radius. 

DISCUSSION AND CONCLUSION 

The von Smoluchowski theory (9) consider- 
ing only brownian motion predicts kll = 10.77 
X 10 -I2 p-1 cm 3 sec-1 for water at 20°C. When 
van der Waals attraction and hydrodynamic 

interaction are taken into account (11, 12), 
kll is found to be 40-65% of the von Smol- 
uchowski value, dependent on the Hamaker  
constant (A). Double layer repulsion does not 
affect the rate of rapid coagulation, which fol- 
lows from the observation that increasing the 
electrolyte concentration does not increase the 
rate of coagulation. In principle, the Hamaker  
constant can be calculated from the measured 
values of kn, but kll is rather insensitive to 
variation of A ; doubling A raises kn by about 
10%. 

There is no complete agreement between 
theoretical calculations of the Hamaker  con- 
stant by various authors using the Lifshitz 
theory, part ly because of incomplete spectro- 
scopic data. Krupp, Schnabel, and Walter (25) 
give A = 3.5 X 10 -21 J for the polystyrene- 
water system. Gingell and Parsegian (26) 
find A = 9.0 )< 10 -21 J at interparticle dis- 
tances shorter than 10 nm, while at longer 
distances retardation lowers A gradually to 
the limiting value of A = 3.2 ;< 10 -21 J at 
very large separation. For our particles we can 
use the nonretarded value, since attraction 
energy is very small compared to the energy 
of brownian motion at distances where retarda- 
tion is important. Smith, Mitchell, and Ninham 
(27) find A = 11.6 )< 10 -21 J for short sepa- 
rations. Referring to unpublished data of 
Parsegian and Ninham, they indicate that 
conduction processes in salt water may at- 
tenuate the microwave contribution by a factor 
exp(--~d), where d is the distance between 
particle surfaces, and 1/K is the Debye length. 
Assuming complete damping, as would be 
justified for our system where 1/~ = 0.5 nm, 

they find A = 8.7 X 10 -~1 J. Evans and 
Napper (28) find A = about 5 X 1021 j for 

short distances; without the microwave con- 
tribution they find A = 3.5 )< 10 -21 J. They 

use a lower ionization potential for polystyrene 
in their calculations than some of the above 
authors (26, 27), who use the ionization po- 
tential of gaseous styrene. Using the latter 
(thus mistaken) value, Evans and Napper 
would find A = "" 7 X 10 -21 J. 
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We find kn = 6.0 X 10 -~ p-~ cm a sec -~ as 

an average over all experiments (the results of 

the latex with 2a = 312 nm, which are much 
lower than the other ones, are left out of con- 
sideration) ; this value corresponds to A = 7.0 
X 10 -zl J (12), in good agreement  with the 
predictions made by  the Lifshitz theory. If  
the sizes of all particles used were 5% lower, 
we would find k~l = 4.9 X 10 -~2 p-~ cm ~ sec -~, 
which corresponds to A = 1.5 X 10 -~1 J, 
somewhat  lower than the theoretical values. 

The  s tandard deviation (about 5%) of our 
average kn  is smaller than the possible system- 
atic error (about 18%) in the case of a 5% 
overestimation of all particle radii. 

Apar t  from giving a fair estimate of A, our 
results confirm strongly the theory of hydro- 
dynamic interaction. Old determinations of k~ 
for gold and selenium hydrosols (la,  2) give 
values tha t  are much higher, even higher than 
the yon Smoluchowski value. Our turbidimetric 
results (46-56% of the yon Smoluchowski 
value) are in good agreement  with recent light- 
scattering work of Lips, Smart,  and Willis on 
polystyrene latex in water  (6), who have found 
a rate constant of 67-69% of the yon Smolu- 
chowski value, and with recent low-angle 
light-scattering da ta  of Lips and Willis (7), 
who have found 48-62% of the yon Smolu- 
chowski value. 

In  conclusion, the stopped-flow spectro- 
photometer  makes  it possible to observe latex 
coagulation in its first stage which is usually 
dealt  with in theory. We find a rate constant  
tha t  is in good agreement  with calculations 
based on brownian motion, on hydrodynamic  
interaction, and on van  der Waals at t ract ion 
with a reasonable H a m a k e r  constant.  
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