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Abstract  

Experimentally determined heteroaggregation rates between charged and neutral colloidal particles are 

reported for the first time. Different positively and negatively charged polystyrene latex particles are 

investigated. The neutral particles are obtained through adsorption of an appropriate amount of 

oppositely charged additives, such as aliphatic oligoamines, iron cyanide complexes, or alkyl sulfates. 

Heteroaggregation rates were measured with time-resolved multi-angle light scattering. One observes 

that heteroaggregation between charged and neutral particles is always fast and diffusion controlled. 

These experimental values are compared with calculations of the Derjaguin, Landau, Verwey, and 

Overbeek (DLVO) theory, whereby one finds that this heteroaggregation process is highly sensitive to 

charge regulation conditions. The comparison with experiments shows unambiguously that the surface 

of the neutral particles regulates strongly, and probably behaves close to a constant potential surface. 

This observation is in line with direct force measurements on similar systems, and further agrees with 

the fact that for neutral surfaces the capacitance of the diffuse layer is expected to be much smaller 

than the one of the inner layer.  
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Introduction 

While aggregation between colloidal particles was studied for more than a century, these 

investigations mostly focused on homoaggregation, where the same (or very similar) colloidal 

particles are involved.
1-10

 These processes are relevant in certain applications, including ceramic 

processing, fabrication of paints, or drug delivery.
11-14

 Various techniques are currently available to 

study these processes experimentally, particularly, time-resolved light scattering, turbidity 

measurements, or single particle counting.
14-18

 Fundamental understanding of homoaggregation was 

already put forward with the landmark developments by Derjaguin, Landau, Verwey, and Overbeek 

(DLVO).
19,20,2,1

 For electrically charged particles, this theory predicts two main regimes for 

homoaggregation, namely fast and slow aggregation. Slow aggregation occurs at low salt levels, 

whereby the interplay between attractive van der Waals forces and repulsive double layer forces 

induces an energy barrier. This barrier is surmounted by thermal activation, which leads to a slow, 

reaction controlled aggregation process. Fast aggregation occurs at high salt levels, where double layer 

forces are screened, and particles interact through attractive van der Waals forces only. Particle 

encounters are now dictated by diffusion, which is a fast process. In this like-charged scenario, the 

transition between the slow and fast regime is rather abrupt, and referred to as critical coagulation 

concentration (CCC). When particles undergo a charge reversal, homoaggregation features two CCCs, 

whereby the charge neutralization point lies in between.
6,8

 At this point, homoaggregation is also fast, 

since the particles are electrically neutral, and thus the double layer interaction is equally absent.  

The continuing research focus on homoaggregation may seem surprising, as many systems relevant in 

applications contain various types of particles. Examples where such particle mixtures are particularly 

important include papermaking, waste water treatment, or food processing.
21-23

 Such heteroaggreation 

processes, which involve different types of colloidal particles, were studied much less frequently, 

however.
24-27

 The main reason is surely the experimental difficulty to distinguish the different 

aggregation processes occurring in mixed particle suspensions. Even in the early stages, where particle 

monomers and dimers dominate, homoaggregation and heteroaggregation may occur simultaneously, 

and the measurement of the corresponding heteroaggregation rates represents a major challenge. In the 

past, the use of different particles with similar optical response
28,25

, variations of the particle 

fractions
26,28,27

,  or single particle counting techniques
29,30

 were advocated to be capable to address 

these challenges. In our view, however, the only successful approach so far is multi-angle time-

resolved light scattering.
15,31,32

 When the respective particle pair is suitably chosen, this technique is 

capable to separate homoaggregation and heteroaggregation processes in the early-stages, and permits 

routine determination of heteroaggregation rates in a reliable fashion.  

Nevertheless, heteroaggregation was studied in one special situation in some detail, namely in 

mixtures of oppositely charged colloidal particles.
25,27,31

 The reason why such systems can be studied 
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rather easily is that only heteroaggregation occurs at lower salt levels, since both homoaggregation 

processes become very slow somewhat below the respective CCCs. The remaining heteroaggregation 

process can then be studied with analogous techniques as established for homoaggregation. These 

investigations conclude that in the oppositely charged scenario, heteroaggregation is fast in the whole 

concentration regime. In fact, it becomes even somewhat faster at low salt concentrations. When the 

DLVO theory is extended to this situation, the observed behavior is predicted well.
25,31

 The reason 

why heteroaggregation becomes faster with decreasing salt concentration is due to the strengthening of 

the attractive double layer force. However, this variation is weak, since the overall interaction forces 

remain attractive, and particle aggregation is governed by diffusion in the entire concentration regime. 

This oppositely charged heteroaggregation scenario appears rather robust with respect to modest 

charge asymmetries. Similarly, the like-charged heteroaggregation scenario featuring a well-defined 

CCC seems to tolerate modest charge asymmetries as well.  

However, one important heteroaggregation scenario not studied experimentally so far is the one 

involving charged and neutral particles. Some of us have published a computational study based on 

DLVO theory of this charge-neutral case.
33

 This study suggests that this heteroaggregation process 

could either resemble the like-charged homoaggregation scenario featuring a slow and fast regime 

with a CCC in between, or the oppositely charged heteroaggregation scenario, where the aggregation 

remains fast in the whole concentration regime. The transition between these two scenarios appears to 

be dictated by the regulation characteristics of the neutral particle. For constant charge (CC) boundary 

conditions, the like-charged homoaggregation scenario is expected, while for constant potential (CP) 

conditions, the oppositely charged heteroaggregation scenario should emerge. These suggestions are 

most surprising, since the few studies focusing on effects of charge regulation on particle aggregation 

concluded that such effects are always minor.
7,8

 We further remark that later stages of such 

heteroaggregation process might show interesting features, but here we focus on early stages only.  

 

Methods  

Materials. Experiments were carried out in suspensions of spherical amidine latex (AL) and sulfate 

latex (SL) particles of low polydispersity. Two different types of the latter particles are used, larger 

SL1 particles and smaller SL2 particles. Relevant properties of these particles are summarized in Table 

1. These particles were extensively purified by dialysis against pure water. Analytical grade 

K3Fe(CN)6, K4Fe(CN)6 , and pentaethylenehexamine (N6) with the chemical formula 

H2N(CH2CH2NH) 4CH2CH2NH2 was obtained from Sigma-Aldrich, and analytical grade sodium n-

octyl sulfate (OS) from Alfa Aesar. These compounds were dissolved in pure water, all solutions were 

adjusted to pH 4.0 with diluted HCl, and the salt level was further set by adding KCl or NaCl. MilliQ 

water (Millipore) was used throughout. All experiments were carried out at a temperature of 25°C. 
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Light scattering. Particle suspensions were characterized with static, dynamic, and electrophoretic 

light scattering. Electrophoretic mobility reveals that in suspensions containing monovalent ions only, 

the AL particles are positively charged, while the SL particles negatively. Respective measurements of 

the homoaggregation rate were carried out with time-resolved light scattering at a fixed angle of 90°. 

More details concerning the characterization of these particle suspensions are given elsewhere.
32,34

   

Heteroaggregation was followed by time-resolved multi-angle dynamic light scattering.
32,31

 The 

respective mixed suspensions were investigated at high concentrations of monovalent salts, and at 

various concentrations of the additives. Initially, the binary colloidal suspension contains only particle 

monomers, denoted as A and B. To probe the aggregation process between these particles, the 

apparent hydrodynamic radius ( , )R Q t  is extracted from the second cumulant of the intensity 

correlation function versus the experimental time t and is further simultaneously measured for 

different scattering vectors. The magnitude of the scattering vector Q is related to the scattering angle 

  through the relation (4 / )sin( / 2)Q    , where   is the wavelength of the light in the medium. 

The initial increase is of this quantity is linear, and can be expressed as the apparent dynamic rate  

 
0

1 ( , )
( )

( ,0) t

dR Q t
q

R Q dt 

     (1) 

In early stages of the aggregation, the three different particle dimers AA, AB, and BB form. As these 

processes occur independently, each of these dimers contributes in an additive fashion to the apparent 

dynamic rate as
31,32

 

 AA AA AB AB BB BB( ) ( ) 2 ( ) ( )Q k H Q k H Q k H Q      (2) 

where ijk  are the aggregation rate coefficients and ( )ijH Q  are characteristic functions that depend on 

the respective particle concentrations and the magnitude of the scattering vector Q. The subscripts i 

and j refer to the particles A and B. The particle concentrations can be conveniently expressed in terms 

of the total particle concentration 0N  and the number fraction of one particle type Ax  or Bx , whereby 

A B 1x x  . The Q-dependence arises through the scattering functions of the monomers and dimers, 

and the respective hydrodynamic properties. The characteristic functions can be accurately calculated 

through the T-matrix theory and low Reynolds number hydrodynamics for pairs of spheres.
32,31,35-37

 

These calculations rely on particle radii and polydispersities determined with static light scattering 

(see Table 1) and theoretical estimates of particle dimer diffusion coefficients.  As in previous studies, 

we report the measured aggregation rate coefficients in terms of the stability ratio
32,31
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where ijk  is the experimental aggregation rate coefficient, while (fast)

ijk  is the same quantity at high 

concentrations of monovalent electrolyte. 

Pressures in the plate-plate geometry. Double layer interactions between two charged plates 

separated with an electrolyte solution can be described with the Poisson-Boltzmann (PB) theory. This 

theory assumes that the electrostatic potential ( )x  in an electrolyte solution containing ions of type 

  with bulk number concentrations c  of ions of type and valence z  satisfies the PB equation
1
  

 
2

2

0

z qd q
z c e

dx

 

 




 


     (4) 

where x is the position between the plates located at / 2x h  , q is the elementary charge, 0  is the 

permittivity of vacuum, 80   is the dielectric constant of water, and B1/ ( )k T   is the inverse 

thermal energy, with Bk  being the Boltzmann constant and T the absolute temperature. Thereby, h 

denotes the separation distance between the plates. This equation must be solved with respect to the 

boundary conditions
7,32
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where    ,    , and ( )

inC   are the surface charge density, the diffuse layer potential, and the inner 

capacitance of the isolated surfaces, respectively. Thereby, + refers to the surface on the right, and – to 

the surface on the left. The parameters     and    are connected through the PB charge-potential 

relationship  
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where sgn(x) denotes the sign function. Note that equation (6) is only valid for the isolated surfaces. 

The regulation parameter of each surface is defined as
7,32
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where ( )

dlC   is the diffuse layer capacitance given by  
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The regulation parameter assumes simple values for the boundary conditions of constant potential (CP, 

0p  ) and constant charge (CC, 1p  ).  

Once the potential profile is known, the pressure generated by the double layer is then found from
1
 

   0
dl B

2

1
2

z q d
k T c e

dx

 




    
     

 
   (9) 

The PB equation was solved in two different ways. First, this equation was solved numerically without 

making any further approximations. Second, we have assumed that the electric potentials were 

sufficiently low in magnitude, whereby the PB theory reduces to the simpler Debye-Hückel (DH) 

theory. In this case, the electrostatic potential can be obtained from the DH equation
1
 

 
2

2

2

d

dx


    (10) 

where  is the inverse Debye length and is given by  

 
2

2

B 0

2q I
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

 
   (11) 

where the ionic strength expressed as number concentration is  

 21

2
I z c 



    (12) 

The charge-potential relationship given in eq. (6) simplifies within the DH theory to
1
 

 0      (13) 

and the diffuse capacitance given by eq. (8) to  

 ( )

dl 0C      (14) 

In the charged-neutral case, we assume that the plate on the right had side is charged and the one on 

the left hand side is neutral, and thus 0   and 0  . In this situation, the pressure between the two 

plates becomes
38,33
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  (15) 

DLVO theory suggests that the overall pressure vdW ( )h , which depends on the separation distance h, 

has two contributions. The first is the contribution from the double layer dl ( )h , and the second is the 

van der Waals pressure vdW ( )h , namely
1
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 dl vdW( ) ( ) ( )h h h     (16) 

The van der Waals pressure is calculated from the non-retarded model
1
 

 
vdW 3

1
( )

6

H
h

h
      (17) 

where H is the Hamaker constant. This constant is assumed to be independent on the surface charge.  

Calculation of particle aggregation rate coefficients. To obtain the aggregation rates for a given 

particle pair i and j , one must first know the interaction potential acting between these particles. This 

quantity can be obtained by means of the Derjaguin approximation.
1
 In particular, knowing the overall 

pressure acting between the two walls, a double integration leads to the interaction potential 

 
'

( ) ( ") " 'ij ij

h h
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where the abbreviation ij  is given by 1 1 12 ij i jR R     , whereby iR is the particle radius, and ( )h  

is the pressure acting between the two walls of identical material and surface properties as the particles 

in question. The aggregation rate coefficients can be calculated from the relation
1,31
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where ( )ijV h  is the interaction potential between the particles, 48.9 10    Pas  is the shear viscosity 

of water, and the hydrodynamic resistance function is
1
 

 

2 2

2
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  (20) 

Finally, the stability ratios are calculated from eq. (3) where (fast)

ijk  is obtained by considering van der 

Waals forces only.  

 

Results and Discussion  

This study presents experimental data for heteroaggregation in the charged-neutral case for the first 

time. Comparison of these measurements with DLVO theory demonstrates that the neutral particles 

must regulate close to CP conditions. These findings are based on a reanalysis of the original 

experimental data, which were published recently.
32,34

 However, the corresponding datasets were 

published in a fashion, which is not very useful for the present analysis. Therefore, we describe the 
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additional steps necessary to obtain the heteroaggregation rates in the charged-neutral case. We further 

demonstrate that systems that are chemically completely different behave in a very similar way. For 

completeness, the necessary experimental techniques are also summarized. 

Experimental results. Spherical and monodiperse polystyrene latex particles of different surface 

functionalities particles were used in these experiments, see Table 1. When suspended in solutions of 

simple monovalent electrolytes, the amidine particles (AL) acquire a positive charge, while the two 

types of sulfate particles (SL1 and SL2) investigated a negative one. Either of these particles can be 

made electrically neutral with a strongly adsorbing oppositely charged additive. One useful cationic 

additive is the aliphatic polyamine, pentaethylenehexamine (N6), which was used to neutralize SL1 

particles. The respective electrophoretic mobility is shown in the right panel of Fig. 1a. At low N6 

concentration, the SL1 particles are negatively charged, as suggested by the negative mobility. With 

increasing N6 concentration, the mobility increases to positive values, and passes though zero at a 

concentration around 0.70±0.05 µM (arrow). At this charge reversal point, the SL1 particles are 

electrically neutral. At the same time, the AL particles remain positively charged, as evident from the 

mobility measurements shown in the left panel of Fig 1a. The same situation persists in the presence of 

added monovalent salt, whereby the charge reversal point shifts for the SL1 particles towards higher 

N6 concentrations, see arrows in Fig. 1a. As evidenced by electrophoresis, the AL particles always 

remain positively charged under these conditions.  

Similar kind of charged-neutral particle pairs can also be realized with anionic additives. Short-chain 

anionic surfactant sodium n-octyl sulfate (OS) were used with together with AL and SL2 particles.
34

 

As illustrated in Fig. 1b, OS reverses the charge of the SL2 particles and the charge neutralization 

points are situated at concentrations near 0.5±0.1 mM. In contrast to the N6 system discussed above, 

the charge neutralization point shifts only slightly upon the addition of monovalent salt. This different 

sensitivity to the presence of salt suggests that the adsorption of the surfactants is governed by 

hydrophobic interactions, while the adsorption of N6 is mainly due to electrostatic forces. For the 

particle pair AL and SL1, the charge of the AL particles can be also neutralized with K3Fe(CN)6 or 

K4Fe(CN)6, see Fig. 1c. The charge neutralization occurs at 0.30±0.06 mM and 0.10±0.01 mM, 

respectively. The charge reversal in the presence of the latter salt occurs at lower concentrations, since 

the Fe(CN)6
4–

 anion adsorbs to the oppositely charged AL particle surface more strongly than the 

Fe(CN)6
3– 

anion.
32

 In the presence of all anionic additives used, the SL1 and SL2 particles remain 

negatively charged, as expected. The concentrations of the additives at the charge reversal point are 

summarized in Table 2 for all systems investigated.  

Consider now the time-resolved multi-angle dynamic light scattering measurements of the aggregation 

rate coefficients in the early stages in mixed suspensions containing two types of particles. The rate 

coefficients can be extracted by measuring the apparent dynamic rate versus the different scattering 
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vectors Q. Representative results are shown in Fig. 2. Consider first the situation at high concentration 

of monovalent salt shown in the left column in Fig. 2. In this situation, all three dimers form at 

comparable rates. The rate coefficient ABk can be extracted from the data shown by fitting eq. (2). The 

homoaggreation rate coefficients AAk and BBk are not fitted, since their values were independently 

determined in homoaggregation experiments in respective suspensions containing only one particle 

type. Fast homoaggregation rates were measured in the same suspensions with time-resolved multi-

angle dynamic light scattering at high salt concentrations, see Table 1. The fast heteroaggregation rates 

are given in the caption of Fig. 2, and they are close to the values for homoaggregation given in Table 

1. 

Similar light scattering measurements were carried out in the presence of the different additives near 

the charge neutralization point, and typical results are shown in the right column of Fig. 2. The results 

for N6 are shown in Fig. 2a, those for OS in Fig. 2b, and those for K3Fe(CN)6 in Fig. 2c. As evidenced 

by the appearance of zero lines in the figures, one of the homoaggreagtion processes does not occur, 

since the respective particles are highly charged. The heteroaggregation rate coefficient can be reliably 

extracted by fitting the observed apparent dynamic rate to eq. (2). Thereby, the homoaggregation rate 

coefficient was fixed again during the fit as it was determined by means of independent experiments in 

suspensions containing the AL particles only.  

The measured stability ratios for heteroaggregation and for homoaggregation versus the concentration 

of the additives are reported in Fig. 3. The results for N6 and OS with and without added monovalent 

salt are shown in Fig. 3a,b, respectively, and those for K3Fe(CN)6 and K4Fe(CN)6 in Fig. 3c. Under 

these conditions, the homoaggregation process involving the highly charged particles does not occur.  

In spite of the different chemical nature of the systems investigated, Fig. 3 shows that the 

dependencies of the stability ratios on the concentration of the additives are similar. For 

homoaggregation, this ratio goes through a broad minimum, which is situated around the charge 

reversal point, and is delimited by two CCCs on each side. For heteroaggregation, this ratio is below 

one at low concentrations, but increases strongly when the concentration exceeds the one at the charge 

reversal point. Heteroaggregation stability ratios for the charged-neutral case were obtained by 

interpolating the respective stability ratios, and by extracting their values at the charge reversal point. 

The same interpolations were carried out for different monovalent salt concentrations in the N6 and 

OS systems, some of which are shown in Fig. 3a,b.  

The resulting stability ratios involving heteroaggregation between charged and neutral particles are 

plotted versus the solution ionic strength in Fig. 4. The corresponding numerical values are also given 

in Table 2. For all systems investigated, the stability ratios are close to unity. These ratios also 
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decrease with decreasing ionic strength somewhat. Heteroaggregation between charged and neutral 

particles thus always seems to be fast. 

DLVO calculations. Let us now compare these results with calculations of the stability ratio for 

heteroaggregation between charged and neutral particles based on DLVO theory. While the classical 

superposition approximation suggests that double layer forces between a charged and a neutral surface 

vanish, a more detailed analysis of this situation reveals that these forces are also present. This effect is 

best illustrated with the simple exponential Debye-Hückel (DH) law for the osmotic pressure acting 

between two planar walls separated with a distance h, which can be obtained from eq. (15) for large 

distances, namely
38,33

 

 
2

2

dl

0

2
( ) (2 1) hh p e 

 


      (21) 

The charged surface is denoted with subscript + and the neutral one with –. The corresponding surface 

charge densities are    and   , whereby 0   and 0  . Both surfaces are further characterized 

with regulation parameters p  and p . Equation (21) is only correct for sufficiently large separations, 

but in this situation the pressure is simply proportional to the force acting between the two particles 

and also to their interaction energy. 

This pressure originates from the compression of the diffuse layer formed near the charged interface 

by the neutral surface and has some unusual features. First, its decay length is half the Debye length. 

Second, its magnitude depends on the regulation parameter p  of the neutral particle. In particular, for 

CP boundary conditions, where 0p  , this force is attractive, while for CC boundary conditions, 

where 1p  , this force is repulsive. Thus, depending on the regulation characteristics of the neutral 

surface, this pressure may become attractive or repulsive. 

These features suggest the following dependence of the respective stability ratio for heteroaggregation 

on the ionic strength. For CP conditions, double layer forces are attractive, and thus they lead to a 

decrease of the stability ratio. This decrease is only modest, since the aggregation remains fast and 

diffusion controlled. For CC conditions, on the other hand, the double layer force is repulsive, and thus 

induces an increase of the stability ratio. Under these conditions, however, this increase is very 

pronounced, since a repulsive energy barrier forms, leading to slow and reaction limited aggregation. 

Equation (21) further suggests that for an intermediate regulation parameter 0.5p  , the stability 

ratio remains unity, as under these conditions the double layer interactions vanish. 

These features can be quantitatively confirmed by means of respective calculations of the 

heterostability ratios, whereby the DH approximation given in eq. (21) was used. These results are 

shown as solid lines in Fig. 4. Indeed, CP conditions lead to a weak decrease of the heteroaggregation 
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stability ratio with decreasing ionic strength, while CC conditions lead to an abrupt increase of the 

stability ratio, and feature a CCC. For these calculations, the surface charge density of 10 mC/m
2
 was 

used. This value represents the average of the magnitudes of the charge densities extracted from the 

electrophoretic mobilities by means of the standard electrokinetic model
39

 and the PB charge-potential 

relationship for the isolated surface given in eq. (6). The actual charge densities are given in Table 2. 

Note that the results are independent of the sign of this charge. We have further used the particle radii 

of 150 nm and 120 nm for the charged and neutral particles, respectively. The Hamaker constant was 

chosen as 3.1×10
–21

 J. This value was used earlier in similar calculations
34,40

 and is close to values 

obtained from direct force measurements.
41 ,42

 

Since all experimentally measured stability ratios for heteroaggregation are below or close to unity, the 

comparison with the DLVO calculations demonstrate that the neutral particle surface must regulate 

close to CP conditions. While in this regime the dependence on the regulation parameter is weak, one 

can safely state that the regulation parameter must be below 0.5, and is probably close to zero. As 

detailed above, DLVO theory predicts major effects of charge regulation for heteroaggregation 

between charged and neutral particles. Based on the experimental heteroaggregation rates reported 

here it becomes possible to estimate an approximate value of the regulation parameter for the neutral 

surface. The charged-neutral case is thus the first situation described in the literature, where 

information on charge regulation can be obtained from measured aggregation rates.  

So far we have implicitly assumed that the long-distance DH approximation given by eq. (21) 

correctly captures the trends in the stability ratio for heteroaggregation. Let us now present results 

from additional model calculations, which demonstrate that this claim remains correct within the more 

general Poisson-Boltzmann (PB) model and for a wider range of parameters.  

These results are summarized in Fig. 5. First, one should realize that eq. (21) is exact within the DH 

approximation for 0.5p  . Within the same approximation, the stability ratio is exactly unity, when 

regulation parameters for both surfaces are + 0.5p p  . When the magnitude of the surface charge 

density is increased, the DH approximation fails, and the PB model must be used. These differences 

become appreciable for intermediate regulation conditions and charge densities near 10 mC/m
2
, see 

Fig. 5a. For the PB model, the double-layer forces become more repulsive, and the corresponding 

stability curves show an upturn and a well-defined CCC.  

The effect of the charge density of the charged surface    is illustrated in Fig. 5b. While the influence 

of this quantity is important for CC and CR boundary conditions with 0.5p p   , its effect is 

minimal for CP boundary conditions. Moreover, charge regulation effects of the charged surface are 

small too. This feature is illustrated in Fig. 5c. On the other hand, the effect of charge regulation for 

the neutral surface is major, as already suggested by eq. (21), and further exemplified in Fig. 5d. In the 
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latter two sub-figures, the PB theory was used with a surface charge density of 10 mC/m
2
. When the 

regulation parameter is decreased, one observes a continuous transition from the CC to the CP 

situation. Initially, the stability ratio increases with decreasing ionic strength abruptly, and shows a 

corresponding CCC. This CCC progressively shifts to lower concentrations until it disappears, 

approximately for 0.4p  . Below this value, one basically recovers the CP behavior. The above 

results were obtained for monovalent electrolytes, but additional PB calculations for asymmetric 

electrolytes demonstrate that the overall behavior basically remains the same. Equally, variations of 

the Hamaker constant and of the particle radii may induce shifts in CCCs, but close to CP conditions 

the behavior remains similar to the one discussed above.  

These model calculations thus confirm that the simple force law given in eq. (21) captures the 

dependence of the stability ratio in the charge neutral case very well, particularly when the neutral 

surface regulates with p  0.5, and definitely near CP conditions. When charge regulation is less 

pronounced, the charge density of the charged particle and other parameters become relevant, but on 

the basis of the experimental data presented, this situation can be excluded with confidence.  

Further evidence for CP conditions. The fact that neutral surfaces regulate close to CP conditions 

can be further verified by direct force measurements. Moazzami-Gudarzi et al.
43,44

 have measured 

forces in solutions containing N6 and K4Fe(CN)6 between latex particles with the same amidine and 

sulfate functionalities, albeit of larger size. These systems behave similarly to the ones discussed here, 

and in particular the sulfate particles show a charge reversal in the presence of N6, while the amidine 

particles in the presence of the iron cyanide complexes. Force measurements are much more sensitive 

to the actual value of the regulation parameter, and from such experiments their values can be 

extracted with confidence. For the N6 system, minor variations of the respective regulation parameter 

with the N6 concentration was found, but the values lie between 0 and 0.15. For the K4Fe(CN)6 

system, the regulation parameter was found to be near 0.07 and to be concentration independent. A 

related observation was made with the surface forces apparatus with highly charged mica and a gold 

electrode near the charge neutralization point.
45

 These authors report that the force profiles can be well 

explained when the gold surface is assumed to obey CP boundary conditions. Thus, direct force 

measurements independently confirm that neutral surfaces regulate close to CP conditions.  

Another argument why a neutral surface is expected to behave close to CP conditions can be based on 

the expression for the regulation parameter given in eq. (7). The diffuse layer capacitance given in eq. 

(6) has a minimum for a neutral interface and its value at this minimum decreases with decreasing 

ionic strength. On the other hand, one may expect that inner capacitance is approximately independent 

of these parameters. Based on this argument one finds that the diffuse layer capacitance is much 

smaller than the inner one, and under these conditions the regulation parameter should be close to 



Page 14 of 24 

 

zero. This argument again suggests that a neutral (or weakly charged) interface should regulate close 

to CP conditions.  

 

Conclusion  

Here we show for the first time that heteroaggregation process between charged and neutral particles is 

typically fast. This observation is based on a reanalysis of available experimental data and is 

confronted with calculations based on DLVO theory, which include effects of charge regulation. One 

finds that the neutral particles must regulate their surface charge strongly, likely close to the CP 

conditions. Such strong regulation behavior of neutral surfaces seems to apply quite generally to 

different systems, and is independently confirmed by direct force measurements. This charge 

regulation further follows by comparing the diffuse and inner layer capacitances of the interface. 

Should this behavior prove to be generally true, it provides a substantial simplification when dealing 

with heteroaggregation involving neutral particles. 

At this point, however, one cannot exclude that in some systems a neutral surface would regulate its 

charge more weakly, or even behave close to constant charge (CC). In this situation, heteroaggregation 

processes would become highly sensitive to the charge regulation effects, and these effects would be 

much more important than those suggested here. To us it is unclear, however, whether such surfaces 

could be ever realized or found.  

A further aspect that would require further study is the transition from the charge-neutral case 

discussed here to a pair of charged particles with different surface charge densities. In the former case, 

major effects of charge regulation are expected, while in the latter case, effects of charge regulation 

are likely to be small. The details of this transition are currently unknown, but would be worthwhile to 

investigate. 
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Table 1. Properties of the polystyrene latex particles used.
32,34

 

Abbreviation   AL SL1 SL2 

Mean particle radius (nm) 

TEM
 a
 151 300 125 

SLS
 b
 149 297 117 

DLS
c
 153 310 123 

Polydispersity, coefficient of variation (%) 
TEM

 a
 5.7 2.2 3.1 

SLS
 b
 6.5 3.0 7.2 

Fast homoaggregation rate coefficient  (×10
–18

 m
3
/s)

c
 2.8±0.2 3.1±0.3 2.8±0.2 

CCC (M) 0.15
d
 0.25

e
 0.40

e
 0.15

d
 

 

a
Obtained by manufacturer by transmission electron microscopy (TEM). 

b
Measured by angle-resolved 

static light scattering. 
c
Measured by dynamic light scattering (DLS) at a scattering angle of 90°.

32,34
 

Homoaggregation rate coefficients obtained by time-resolved multi-angle dynamic light scattering in 

monovalent salt solutions. Extracted from the stability ratios measured by time-resolved dynamic light 

scattering at a scattering angle of 90° in 
d
NaCl and 

e
KCl solutions.  
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Table 2. Properties of different charged-neutral systems investigated.  

Additive 
Concentration of 

additive (M) 
Ionic strength (M) 

Stability ratio for 

heteroaggregation
a
 

Charge density 

(mC/m
2
)

b 

N6
c
 

(7.0±0.5)×10
–7

 
 

1.1×10
–4

 
0.08

0.080.56


 +2.7 

(1.25±0.05)×10
–6

 1.6×10
–3

 
0.08

0.080.70


 +6.8 

(1.05±0.06)×10
–5

 0.015 
0.10

0.060.82


 +16 

(1.1±0.1)×10
–4

 0.070 
0.10

0.060.96


 +21 

K3Fe(CN)6 (3.0±0.6)×10
–4

 1.9×10
–3

 
0.4

0.21.2


 –12 

K4Fe(CN)6 (1.0±0.1)×10
–4

 1.1×10
–3

 
0.6

0.10.9


 –8.4 

OS
d
 

(4.0±0.3)×10
–4

 5.0×10
–4

 
0.5

0.11.1  –8.3 

(4.4±0.4)×10
–4

 0.010  
0.2

0.11.1  –8.4 

(6.4±0.6)×10
–4

  0.030  
0.2

0.11.2


 –8.6 

a
Superscripts and subscripts indicate asymmetric error bars obtained by error propagation from the 

standard deviations of the concentration of the additives at charge neutralization. 
b
Obtained from 

electrophoresis. The error is about 15%. 
c
KCl and 

d
NaCl used as background electrolyte. 
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Figure 1. Electrophoretic mobility versus concentration of the respective additives at pH 4.0.
32,34

 Data 

for AL particles are shown in the left column, the ones for the SL1 and SL2 particles in the right one. 

Solid lines interpolate the data, and arrows indicate the charge reversal. (a) Aliphatic polyamine (N6) 

and (b) octylsulfate (OS) at different additions of monovalent salt. (c) Iron cyanide complexes with 

different charge.  
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Figure 2. Apparent dynamic rates versus the magnitude of the scattering vector measured by time-

resolved multi-angle light scattering.
34,32

 Experimental data (points) are compared with best fits of the 

T-matrix theory (solid line). The contributions from the different aggregates are also indicated (broken 

lines). Data at high concentrations of monovalent electrolytes are shown in the left column, while the 

ones near the charge neutralization point in the right column. (a) AL and SL1
32

, (b) AL and SL2
34

, and 

(c) AL and SL1.
32

 The total particle concentrations and an AL particle number fractions are (a) 

5.4×10
13

 m
–3

 and 0.74, (b) 6.6×10
13

 m
–3

 and 0.51, and 1.1×10
14

 m
–3

 and 0.42. The measured 

heteroaggregation rate coefficients at high concentrations of monovalent salt are (a,c) (3.9±0.4)×10
–18

 

m
3
/s and (b) (3.1±0.2)×10

–18
 m

3
/s.  
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Figure 3. Stability ratios for heteroaggregation and homoaggregation near the charge neutralization 

point versus the concentration of the additives (a) N6 and (b) OS without (left) and with (right) added 

NaCl, and (c) iron cyanide complexes with different charge.
34,32

 The charge reversal points are 

indicated with arrows. The solid lines interpolate the experimental data.   
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Figure 4. Comparison of experimental heteroaggregation stability ratios involving charged and neutral 

particles with calculations based on DLVO theory. These calculations were carried out for neutral 

particles with a radius of 120 nm, and charged particles with a radius of 150 nm and a surface charge 

density of 10 mC/m
2
. The grey region is limited with the results for constant charge (CC) and constant 

potential (CP) boundary conditions.  
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Figure 5. Results of DLVO calculations of stability ratios for heteroaggregation with different 

boundary conditions, namely constant charge (CC), constant potential (CP), and constant regulation 

(CR). (a) Comparison between DH (dashed) and PB (solid) approximations for a surface charge 

density of 10 mC/m
2
. (b) Effect of the surface charge density   in the PB approximation. CR 

conditions use a regulation parameter of  p p    0.5 for both surfaces in (a,b). (c) Variation of the 

regulation parameter p  for the charged surface, while for the neutral surface p  0.5 was kept 

fixed. (d) Variation of the regulation parameter p  for the neutral surface, while for the charged 

surface p  0.5 was kept fixed.  
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