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Abstract 

Potential in the electric double layer is an important parameter that significantly affects a large 

number of physical, chemical and biological properties and processes. In the present study, a new 

approach for estimation surface potential and Stern potential considering ionic volume and polarization 

was developed. Ionic strong polarization in the diffuse layer increases its effective charge and 

determines the Stern potential, while ionic volume in the Stern layer strongly decreases its effective 

charge and determines the surface potential. For example, the effective charge of K+ is increased by 

0.699 (from 1 to 1.699) resulting from polarization, while that is decreased by 1.359 (from 1.699 to 

0.240) due to finite size. The determined surface potential is about 7 times as high as the Stern potential. 

The effects of volume and polarization on surface/Stern potentials were quantified respectively, and the 

former stronger than the latter. The new theory was verified by the experiments for aggregates stability. 

The present work also showed only introduction the strong polarization into DLVO theory can describe 

the interactions of colloidal particles.  
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1 Introduction  

Electrostatic potentials are directly related to adsorption and distribution of charged ionic species at 

the solid/liquid interface. Within the electric double layer (EDL), the potential decreases from the 

charged surface to the bulk solution was shown in Fig. 1. The surface potential is potential at origin 

plane of Stern layer, and the Stern potential is the potential at the onset of diffuse layer (Fig. 1).  
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Fig. 1 The schematic representation of potential (thick solid curve) and ion distribution in EDL. 

The thick red point represents hydrogen ion; the ellipses and circles represent the same species 

counterion with polarized counterion in EDL and unpolarized in bulk solution.  

The EDL is fundamental for electrochemistry, colloidal and interface science, geotechnical and 

geoenvironmental engineering. Potential in the EDL has significant effects on a large number of physical, 

chemical and biological properties and processes. More importantly, the potential in the EDL (e.g. Stern 

potential, zeta potential) is determined by the surface potential and permittivity, Stern potential directly 

dominates the interfacial reactions and interactions between particles. Therefore, the estimation of 

surface potential and Stern potential of nano-colloidal particles in aqueous solution is a very important 

issue.  

The estimation of surface potential was proposed by the Stern theory, which depends on the 

specific adsorption of counterions in the Stern layer.1,2 Based on the Stern theory, the closest distance of 

counterions to the charged surfaces is limited by the finite size of the ions. The center charge of 

counterions is separated from the surface by a layer of thickness, i.e. Stern layer, in which there is no 

charge.3 In the Stern layer, the electric potential drops linearly with distance from surface to the Stern 

plane.4 Hydrogen ion could arrive at the Stern layer, since the hydration volume in Stern layer could be 

neglected.5 Thus hydrogen ion of point charge obeys Boltzmann distribution both in the Stern layer and 

in the diffuse layer (Fig. 1). The permittivity in the Stern layer is much smaller than that in the diffuse 

layer, because the water molecules are strongly polarized by the high electrostatic attraction from the 

surface charges of colloidal particles 6. However, these effects are neglected in theories of surface 
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potential determination, which usually leads to overestimate the surface potential.  

Although many theories and methods have been developed to measure the Stern potential in the 

former studies,7-17 the strong polarizations of counterions are always ignored leading to an 

overestimation of the Stern potential. It is well known that the surface charges of nano and colloid 

materials18-28 could yield the strong electric field (usually 108 ~ 109 V m-1). Hence the adsorbed ions can 

be strongly polarized by such strong electric field, which could further increase the effective charge of 

ion and decrease the Stern potential. The relative difference of strong polarization between two 

counterions species was estimated in Stern potential determination20,28,29 (called Stern potential as 

surface potential in these publications). However, the polarization of single counterion species is not 

quantified, which would lead to the determined Stern potential is also overestimated or underestimated. 

Moreover, the steric effects of inorganic ions could be neglected in the diffuse layer.30 Therefore, the 

ionic strong polarization effects should be included in the current theories of electrostatic potential 

determination in EDL.  

In the present study, we aim to develop a new approach for estimation surface potential and Stern 

potential considering the ionic size and polarization. The effective charges and polarization of 

counterions in EDL were quantified, and our new theory was also verified by the experiments. This 

work would help us to clearly understand the structure of EDL, the inner driven forces of colloidal 

aggregates stability.  

2 Theory 

The Poisson-Boltzmann equation (PBE) is: 

 RTFZ

i

ii
ieFfZ

/)(02 4 rϕ

ε
π

ϕ −∑−=∇  (1) 

where π is the circumference ratio, ε is the dielectric constant, Zi is the valence of ion i species, ai
0 is the 

activity of ion i species in bulk solution, F is the Faraday constant, R is the gas constant, T is the 

absolute temperature, φ(r) is the potential distribution in diffuse layer. 

In mathematically:  

  ϕ
ϕϕ

d
dx

d

dx

d
d

2

22

2≡







 (2) 

Introducing Eq. (1) into Eq. (2) for a charged wall, we have: 

 ∑ −−= −

i

RTFZ

i
if

RT
y

dx

d
)1(exp

8
)sgn( /ϕ

ε
πϕ  (3) 

The potential distribution φ(x) was obtained by solving Eq. (3) at boundary condition,31 and then 

introduction the φ(x) into Boltzmann equation gives the concentration profile f(x) in EDL. The mean ion 

concentration in EDL can be calculated based on Stern-Gouy-double-layer model. Hydrogen ion could 
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be regarded as a pointlike charge, the mean concentration of hydrogen ion in the Stern layer is: 

 ∫==
r

s
s dxxf

rSr

N
f

0

H
H

H )(
1~

 (4) 

Introduction Boltzmann equation into Eq. (4), and the ion-ion interactions20 were considered (ion 

concentration is replaced by the activity), one gives: 

 







≈

s
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ra
RTFZ
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2
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σ
ϕ  (5) 

where σHs is the adsorption density of hydrogen ion in Stern layer, σHs = NHs/S, NHs is the adsorption 

number of hydrogen ion in Stern layer, S is the specific surface area of particles, r is the thickness of 

Stern layer, 
IF

RT
r s

28π

ε
= , εs is the mean dielectric constant in the Stern layer and εs ≈ 6.67×10-11 C2 J-1 

dm-1,1 aH
0 is the activity of hydrogen ion. 

The concentration of nonpoint ion in the Stern layer 
~
f s equals 0. Equation (5) shows that the 

surface potential could be determined through adsorption equilibrium of hydrogen ion on nano-colloidal 

particles. Although adsorption density in the Stern layer σHs could not be accurately determined, the total 

adsorption density σHT and adsorption density in the diffuse layer σHd could be determined easily, thus 

σHs could be calculated through the difference between σHT and σHd.  

The concentration of hydrogen ion in the diffuse layer is: 

 ∫
+

==
κ

κ

/1

H
H

H )(
1~ r

rd

d
d dxxf

V

N
f  (6)  

Introduction Boltzmann equation into Eq. (6) gives: 

 







≈

κσ
ϕ

d

Ma
RTFZ

H

0
H

0H ln2  (7) 

where )8( 21 IFRTw πεκ =− is the thickness of diffuse layer, φ0 is the potential at the original plane of 

diffuse layer and φ0 = φ(r), M is a function of counter-ionic concentrations in mixed electrolyte solutions, 

especially M=2 in symmetric electrolyte solution, M= 3 in 2:1 electrolyte solution and M= 6 in 1:2 

electrolyte solution,8 M=0.5259ln(f+
0/f++

0)+1.992 in 1:1+2:1 electrolyte solution (f+
0and f++

0 is 

concentration of monovalent and bivalentcounterions).28 

Furthermore, ionic polarization was found to strongly affect the adsorption of counterions in the 

double layer on a charged surface.32,33 The analytical solution of PBE cannot be derived when ion 

polarization is involved, thus here the ion polarization is involved in energy term of the analytical 

solution based on the classical PBE. The ions except hydrogen ion could be regarded as nonpoint 

charges, thus they could be taken as no adsorption in the Stern layer, i.e. the mean concentrations in 

Stern layer equal zero. For other ions, Eq. (7) is expressed as: 
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≈

κσ
ϕ
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Ma
RTFZ

0

0 ln2  (8) 

The total energy between ion and surface results from not only Coulomb energy, but also Ionic 

hydration, size,34 dispersion force,5 induction force, cavity energy35 and image charge interactions36-38 

and ion-ion correlations39-41 et al. The ionic steric effects are not significant in diffuse layer based on 

earlier study.30 The ion-ion and ion-surface correlations may decrease the surface charge (even charge 

inversion) for relatively high surface charge density at very high ion concentration.39-41 The polarization 

and dispersion effects play an important role only on the surface with low charge density or weak 

electric field. Thus the dispersion or induction interactions were stressed under high ion concentration 

(>0.1 mol L-1),42 the electrostatic effects was strongly screened in electrolyte solutions. Although image 

force between ion and the air-water interface may be the dominating contribution at the low 

concentrations, this force may be much weaker at the clay-water interface. A more important and 

neglected force, the strong non-classical polarization, exists in ion-surface interactions, which was 

induced by the strong electric field from surface charges of nano-colloidal particles.33 This polarization 

could decrease the surface and Stern potential. The ion size and some other non-electrostatic interactions 

were neglected in this study, which may result in slightly overestimates the contributions of the 

polarization. The adsorbed electron-inclusive ions could be strongly polarized in strong external electric 

field results from surface charges of nano colloidal particles. The polarization of ions is included and Eq. 

(8) could be rewritten as,33 

 







=−

κσ
ϕ

i

i
ii

Ma
RTEpFZ

0

0 ln2
~~  (9) 

where 
~
E is mean electric field strength in diffuse layer, 010 )10()(

~
κϕκϕϕϕ κ −=−−≈= dxdE , ~pi is 

the dipole moment of ith ion in diffuse layer.  

Thus Eq. (9) is changed as: 

 







==+

κσ
ϕβκϕϕ

i

i
iiii

Ma
RTFZpFZ

0

000 ln2~  (10) 

where FZp iii κβ ~1+= , it is called effective charge coefficient in diffuse layer. The coefficient β reflects 

the intensity of polarization at identical ion strength.  

Lithium ion is the smallest one for all non-valence electrons ions and its polarization is the weakest 

in inorganic cations, thus here we assume Li+ has no polarization, i.e. ~
pLi ≈ 0, one has: 

 







=≈+

κσ
ϕκϕϕ

Li

0
Li

0Li0Li0Li ln2~ Ma
RTFZpFZ  (11) 
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Based on Eqs. (11) and (10), we can see that the effective charge coefficient of Li+ βLi is taken as 1. 

The φ0 can be determined for adsorption of Li+ in binary cation exchange. Introducing the obtained φ0 

into Eq. (10) in Li+/i exchange equilibrium, we can calibrate the effective charge coefficient or dipole 

moment of counterions. Conversely, the φ0 can be determined in other i/j ion exchange equilibrium when 

their effective charge coefficients were obtained.  

Once the φ0 is determined accurately in H+/i exchange equilibrium, the adsorption density of 

hydrogen ion in diffuse layer can be calculated from Eq. (7), and then the σHs in Eq. (5) could be 

calculated: σHs = σHT ‒ σHd. The surface potential could therefore be determined using Eq. (5). The 

surface potential could be evaluated by the adsorption of nonpoint charge ion: 

 0ϕβϕΠ FZFZ iisii =  (12) 

where ( )[ ] siisii FZp ϕϕκϕϕβΠ 00
~1+== is called effective charge coefficient in the Stern layer, σi = 

Ni/S, S is the specific surface area of particles.  

The surface potential and Stern potential could be determined in i/j mixed counterionic solutions 

based on Eq. (12): 
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σ

κσκσ

ϕΠΠϕββ

 (13) 

where Kj/i is the selectivity coefficient and Kj/i = ai
0
Nj/aj

0
Ni.  

  

3 Materials and methods 

H/K and H/Na exchange experiments were conducted under the conditions of T=298 K in our study. 

Purified montmorillonite (from WuHuaTianBao mineral resources Co., Ltd. in Inner Mongolia, China) 

was used as the experimental material, and the specific surface area (S) is 731 m2 g-1.20 The 

montmorillonite sample was H-saturated in advance by using 0.1 mol L-1 HCl and sieved through 0.25 

mm sieve after dried at 70 ºC before adsorption study. At the low pH of 1.0, our preliminary experiments 

showed that before and after H+ treatment, no significant change for the montmorillonite structure was 

observed.43 

Approximately 1 g of the H-saturated sample was weighed in the 150 ml triangle bottle, to which 

adding 0.03 mol L-1 KOH or NaOH solution 25 ml. The suspension sample was allowed to equilibrate 

for 48 hours with continuous shaking at 298 K in an incubator shaker, and then, a standard 1 mol L-1 

HCl solution was used to adjust pH of the suspension (several drops). Then after shaking for another 12 

hours, the suspension was at equilibrium with pH=3~6 approximately.  

Page 7 of 16 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 

8 

 

The exchange equilibrium suspensions were centrifuged (4500 rpm) for 10 minutes and the 

supernatant decanted into clean plastic tubes. The activities of H+, Na+ or K+ in bulk solution were 

determined through pH, Na- or K-ion selective electrodes respectively for each experiment. Using the 

obtained activity values of Na+ and K+, the concentration of Na+ and K+ could be calculated with the 

iteration method based on the modified Debye-Hückel equation.20 

4 Results and discussion 

4.1 The calibration of β values for different ion species on montmorillonite 

Based on the Na/Li, K/Li, Na/Mg and Na/Ca exchange equilibrium on montmorillonite surface,20,44 

the relative charge coefficients β(re) for different counterion composition were calculated (Table 1), and 

then the effective charge coefficient β, effective charge Zeff=Zβ and the dipole moments ~
pn for different 

ion species would be calculated by combining the βLi = 1+pLiκ/ZLiF ≈ 1. The relative charge coefficient 

reflects the relative adsorption strength between two ion species involved in exchange adsorption, while 

the effective charge coefficient reflects the apparent adsorption strength of a given ion species. 

The data in Table 1 reflect the difference of polarization for ions. The larger β value represents the 

ionic stronger polarization in the diffuse layer induced by the electric field from surface charges. The 

contribution of polarization is quantified for each ion by the parameter β. The ratio of polarization and 

Coulomb effect ((Zeff-Z)/Z×100%) is 11.0% for Na+, 69.9% for K+, 34.0% for Mg2+and 103.4 % for Ca2+. 

When the charge coefficient or dipole moment of counterion was calibrated, the Stern potential only 

depends on selectivity coefficient that could be easily obtained by cation exchange equilibrium 

experiments.  

Table 1 The coefficients β for some alkali and alkali earth metal ions on montmorillonite 

ith ion jth ion Zj βi(re) βj(re) βi βj Zjeff 

Li+ Na+ 1 0.948±0.01644
 1.052±0.016 1 1.110 1.110 

Li+ K+ 1 0.741±0.00744 1.259±0.007 1 1.699 1.699 

Na+ Mg2+ 2 0.906±0.01644 1.094±0.016 1.110 1.340 2.680 

Na+ Ca2+ 2 0.706±0.02420 1.294±0.024 1.110 2.034 4.068 

 

4.2 The calibration of Π values for different ion species on montmorillonite 

The Stern potential φ0 was determined through the exchange equilibrium of K+ using Eq. (10), and 

then introduction the obtained φ0 values into Eq. (7) calculates the adsorption density of H+ in diffuse 

layer σHd. Table 2 shows that the adsorption ability of H+ is much larger than that of K+, because the 

selectivity coefficient KH/K = aK
0
NH/aH

0
NK >> 1. The σHd values are much smaller than σHT values, thus 

σHd values could be neglected and σHs ≈ σHT. The surface potential φs was determined by Eq. (5) and then 

introduction the obtained φs values into Eq. (12) calculates the ΠK values. H+ could be regarded as a 

point charge, while K+ has finite size. Therefore, a large number of H+ could arrive at charged surface or 

Stern layer, while K+ are only adsorbed in the diffuse layer.  

Page 8 of 16Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 

9 

 

 

Table 2 The ΠK is determined by H/K exchange equilibrium on montmorillonite 

*The adsorption number of hydrogen ion NH equal the difference between the surface charge number NT 

and adsorption number of potassium ion NK, i.e. NH = NT – NK.  

The surface potential is much larger than Stern potential. The effective charge coefficient of K+ 

increases because of the strong polarization effects in the diffuse layer (1.699 in Table 1), while that 

strongly decreases due to steric effects (0.240 in Table 2). The charge coefficient Π represents the 

combined effects of polarization and steric effects. Although ionic steric effects are non-significant in 

the diffuse layer for inorganic ions,30 while they are extraordinarily important in the Stern layer because 

there is no amount of effective charge for nonpoint ions. It should be note that the hydration of hydrogen 

ion is neglected for the strong polarization of water molecules in charged surfaces, and the dielectric 

constant in Stern layer is much smaller than in the diffuse layer.1 

Based on Eq. (12), we have βK/βj = ΠK/Πj. The βj values were showed in Table 1, thus the Πj values 

for other ions can be calculated though the obtained ΠK value and the results are showed in Table 3.  

Table 3 The Π values for ions 

Ion H+ K+ Na+ Li+ Ca2+ Mg2+ 

Π 1 0.240 0.157 0.141 0.287 0.189 

In comparison to the data in Table 3 and Table 1, we can see that the effective charge for ions 

much decrease considering the steric effects, yet they increase when ion polarization was taken account. 

In addition, the steric effects are stronger than polarization effects. For example, the effective charge for 

K+ is increased by 0.699 (from 1 to 1.699) resulting from non-classical polarization of K+, while that is 

decreased by 1.359 (from 1.699 to 0.240) due to finite size of K+. Based on Eq. (12), we have φs/φ0 = 

βi/Πi. Surface potential is therefore 7 times as high as the Stern potential. The dielectric constant in the 

Stern layer share the same value in the diffuse layer, which results in an inexact charge coefficient.45 On 

aK
0
 aH

0
 NK NH* 

σK σHT φ0 σHd φs ΠK 

mmol L-1
 mmol g-1

 C m-2 V C m-2 V  

15.5 1.14 0.313 0.837 0.0413 0.1105 -0.0531 0.001472 -0.341 0.264 

14.1 0.308 0.343 0.807 0.0452 0.1066 -0.0566 0.000459 -0.403 0.239 

13.2 0.141 0.375 0.775 0.0495 0.1023 -0.0602 0.000234 -0.439 0.233 

12.0 0.066 0.408 0.742 0.0539 0.0979 -0.0641 0.000123 -0.473 0.230 

11.3 0.0494 0.443 0.707 0.0584 0.0934 -0.0674 0.000102 -0.484 0.236 

10.6 0.0402 0.453 0.697 0.0598 0.0920 -0.0690 0.000088 -0.492 0.238 

10.4 0.0366 0.399 0.751 0.0526 0.0992 -0.0655 0.000076 -0.501 0.222 

8.92 0.0208 0.495 0.655 0.0653 0.0864 -0.0743 0.000056 -0.518 0.244 

8.34 0.0201 0.514 0.636 0.0678 0.0840 -0.0765 0.000058 -0.517 0.251 

6.54 0.0055 0.550 0.600 0.0727 0.0791 -0.0822 0.000020 -0.574 0.243 

    
  

 
  0.240±0.012 
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the other hand, the relative charge coefficient between counterions was used,46 which leads to 

underestimate the difference between surface potential and Stern potential.  

In order to verify the Π values of other ions in Table 3 from H/K adsorption equilibrium, we 

independently selected H/Na exchange on montmorillonite to determine the ΠNa values.  

 

Table 4 The ΠNa values determined by H/Na exchange equilibrium on montmorillonite 

fNa
0
 fH

0
 aNa

0
 aH

0
 NNa NH φ0 φs ΠNa 

mmol L-1
 mmol g-1 V  

21.9 0.20 18.8 0.17 0.202 0.948 -0.0553 -0.452 0.136 

19.0 0.017 16.5 0.015 0.267 0.883 -0.0710 -0.571 0.138 

16.1 0.0045 14.1 0.0040 0.347 0.803 -0.0866 -0.629 0.153 

11.5 0.0007 10.3 0.0006 0.446 0.704 -0.106 -0.708 0.165 

10.4 0.0011 9.32 0.0010 0.416 0.734 -0.105 -0.684 0.170 

        0.153±0.015 

Table 4 shows that the ΠNa (= 0.153) values by H/Na exchange equilibrium are agree well with the 

theoretical predictions (= 0.157), which indicating that the results in Table 3 are reasonable.  

4.3 The surface potential and Stern potential in j/Li mixed ion solutions 

Once the β and Π values of ions were calibrated, the Stern potential and surface potential only 

depend on the selectivity coefficient based on Eq. (13), and the results are showed in Fig. 2 for j/Li 

cation exchange (j represents Na+, K+, Ca2+ and Mg2+). Because the adsorption ability of Li+ is the 

weakest among Na+, K+, Ca2+ and Mg2+,44 thus each determined Kj/Li by experiments is larger than 1and 

Li+ is used as a reference. 
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Fig. 2 The surface potential and Stern potential as a function of selectivity coefficient Kj/Li in j/Li 

exchange 

Figure 2 shows the surface potential is much larger than Stern potential. The selectivity coefficient 

was determined easily by cation exchange experiments, thus the surface and Stern potential can be 
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calculated. It is worth to note that the difference of effective charge coefficients is relatively small 

between Li+ and Na+, thus the selectivity coefficient KNa/Li is slightly larger than 1. Therefore, in actual 

applications, we suggest that Na+-Li+ group is not the best optimum to determine surface potential and 

Stern potential.  

The electric potentials of model colloids were affected by the ion dispersion forces through Monte 

Carlo simulation study.47,48 The ion specificity due to ion polarizability was strongly influenced by 

hydrated ion size. However, some researchers hold that the ions at near colloidal surface may be 

dehydration.5 Furthermore, most of current researches underestimate the polarization contribution, 

which ignored the strong electric field at the surface.  

The effective charge and selectivity coefficients have to be experimentally determined on 

montmorillonite surface, which is a phenomenological character. Based on our previous experiments, 

the prediction capability of the theoretical procedure is proved to be valid for nano TiO2 surface.20,29 

Therefore, we believe the new theory can also be extended to other colloidal particles.  

4.4 Application of the new theory to interactions between particles 

Once the Stern potential was determined, the electrostatic repulsive pressure could be investigated 

based on the work of Langmuir.49 The electrostatic repulsive interactions between colloidal particles 

strongly rely on potential at the overlapping position of two EDLs for the adjacent two particles. The 

relationship between potentials at midpoint of particles and at Stern plane could be derived from ref.:9 

 RTZFRTZFRTZFRTZFZF dddd erdeee
2422)( 22220 )(

4

1

64

9

4

1
1arcsin

2
ϕϕϕϕϕ κ

π −− +=






 ++




 −  (14) 

Although Eq. (14) was deduced from classical DLVO theory, the Stern potential determination 

includes the effects of ionic polarization and steric volume, thus we conclude that the specificity of 

colloidal particles interactions in different ion species could be quantified by the new theory. The 

potentials at midpoint of particles in different electrolyte solutions were determined and showed in Fig. 

3. The differences of φd/2 in Fig. 3 result from ionic valence and polarization. Clearly, under the same 

electrolyte concentration, the series of φd/2 value (negative) is: Li+ > Na+ > K+. when the φd/2 value was 

obtained, the electrostatic repulsive pressure could be calculated:49  

 







−








= 1cosh2 20

EDL
RT

F
RTfP

dϕ
 (15) 
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Fig. 3 The midplane potential between particles in different counterion system, the specific surface 

area of particle is 73100 dm2 g-1, surface charge number is 115 cmol(-) kg-1, concentration of electrolyte 

is 0.0001 mol L-1.  

Figure 4 shows the distribution of electrostatic repulsive pressure in different counterion system. 

From this figure it is clear to see that the electrostatic repulsive pressure in Li+ system is the largest, 

followed by Na+, and K+ is last. The recent study demonstrated that particles interaction forces, 

especially the electrostatic force, are crucial for soil aggregate breakdown.50 Therefore, based on the 

aforementioned theoretical analysis, when the electrostatic repulsive pressure shows the series of Li+ > 

Na+ > K+ at a given electrolyte concentration, we can infer that the stability of aggregate in corresponded 

system should show the order of Li+ < Na+ < K+. Based on the theoretical analysis, we could predict the 

strength of aggregates breakdown in different cation species system, the series is: Li+ > Na+ > K+. The 

experiments of montmorillonite aggregate stability in LiNO3, NaNO3 and KNO3 solution are showed in 

Fig. 5. The theoretical predictions agree with the experimental results in Fig. 5. In 0.0001 mol L-1 K+ 

solutions, the largest electrostatic repulsive pressure at the separation 0 nm between two particles is only 

1.7 atm (Fig. 4), which implies that the surface hydration force may be the first key process in aggregate 

breakdown. The content of released particles with different diameter is smallest in KNO3 solution (Fig. 

5), because the surface hydration force could only be observed within a 2 nm between two adjacent 

particle surfaces.51 Therefore, we can select the electrostatic repulsive pressure at the position of 2 nm 

distances from the surface quantify the strength of the aggregate breakdown. At this position, the 

electrostatic repulsive pressure in K+ solution is only 1.13 atm, in Na+ solution is 12.05 atm and in Li+ 

solution up to 16.16 atm (Fig. 4). The difference of PEDL is 10.92 atm between K+ and Na+ solution and 

15.03 atm between K+ and Li+ solution, corresponding the difference of < 2 µm breakdown strength is  

37.32% and 39.19%, respectively. Similar to the change of < 5µm and < 10µm. The difference of PEDL is 
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small (4.11 atm) between Li+ and Na+ solution results in the difference of < 2 µm breakdown strength is 

also small (1.87%).  

Ion dispersion force has been regarded as an important factor that affects the interfacial potential 

and interactions of colloidal particles and become important especially when the electrolyte 

concentration is higher than about 0.1 mol L-1.52,53 However, the current experiments of aggregate 

breakdown showed that the difference of content of released particle between Na+ and K+ solutions is 

insignificant when the electrolyte concentration is higher than 0.1 mol L-1.54 It implies that ion 

dispersion force is not the main factor that affects the Stern potential, while the non-classical 

polarization force could well explain the experimental results. Therefore, we can reasonably expect that 

the new method of surface potential and Stern potential determination is valid. It also proves that only 

introduction the strong polarization into DLVO theory can describe the interactions of colloidal 

particles.  
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Fig. 4 The electrostatic repulsive pressure as a function of distance between adjacent particles in 

different electrolytes with 0.0001 mol L-1.  

 

The aggregation experiments performed by us are very simple and may be a weak proof about the 

applicability of the new theory. Although we tried to use the stability experiments of aggregation in the 

publication,55 the charge density of these colloids are unknown, thus the Stern potential could not be 

calculated theoretically. However, we also use the laser scattering experiments independently test the 

validity of the new theory,56 only the polarization effect can give a rational interpretation of the specific 

ion effects on colloidal particle aggregation.  
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Fig. 5 The comparison of aggregates breaking strength with different diameter in LiNO3, NaNO3 

and KNO3 electrolyte solutions with 0.0001 mol L-1 respectively. The experimental data from the ref. 57 

5 Conclusions  

A new theory and method for the surface potential and Stern potential was proposed in the present 

study while taking into account the ionic finite size and polarization. The effective charge coefficients 

were introduced to evaluate the contributions of ionic volume and polarization in the new theory. Since 

the polarization of Li+ is weakest for non-valence electron ions, we assumed Li+ has no polarization, i.e. 

the effective charge for Li+ equals its valence. Thereby the effective charge taking into account the ionic 

polarization for other cations could be calculated through the adsorption equilibrium between Li+ and 

other cation species (e.g. Na+ = 1.110, K+ = 1.699, Mg2+ = 2.680 and Ca2+ = 4.068). The new theory 

showed that the Stern potential only depends on the effective charge of counterions and selectivity 

coefficient that could be determined easily by experiments. Hydrogen ion H+ could be nearly regarded 

as a point charge and no polarization, which could transmit the signal in the Stern layer. According to the 

adsorption equilibrium between H+ and other cation species, the effective charge for other ions 

considering the combination between the volume and polarization could be calibrated (e.g. Na+ = 0.157, 

K+ = 0.240, Mg2+ = 0.378 and Ca2+ = 0.574), and then the surface potential could be determined 

correspondingly.  

The effective charge equals ionic valence when the ionic polarization and volume were neglected, 

while it is larger than valence resulting from ion strong polarization and it is much smaller than valence 

because of the ionic steric effects. The contributions of steric effects to the surface potential were much 

stronger than that of polarization to the Stern potential. The surface potential is about 7 times as high as 

Stern potential. The surface potential and Stern potential (negative values) increase with decreasing 

polarization of ions. The electrostatic repulsive pressure calculated from the determined Stern potential 

could correctly predict the experiment of aggregate stability. The new theory for Stern potential was 

verified by the current experiments. The present work showed only introduction the strong polarization 
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into DLVO theory can describe the interactions of colloidal particles.  
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