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Abstract

:

The colloidal probe technique was used to measure the inner layer capacitance of an electrical double layer. In particular, the forces were measured between silica surfaces and sulfate latex surfaces in solutions of monovalent salts of different alkali metals. The force profiles were interpreted with Poisson-Boltzmann theory with charge regulation, whereby the diffuse layer potential and the regulation properties of the interface were obtained. While the diffuse layer potential was measured in this fashion in the past, we are able to extract the regulation properties of the inner layer, in particular, its capacitance. We find systematic trends with the type of alkali metal ion and the salt concentration. The observed trends could be caused by difference in ion hydration, variation of the binding capacitance, and changes of the effective dielectric constant within the Stern layer. Our results are in agreement with recent experiments involving the water-silica interface based on a completely independent method using X-ray photoelectron spectroscopy in a liquid microjet. This agreement confirms the validity of our approach, which further provides a means to probe other types of interfaces than silica.
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1. Introduction


A solid surface immersed in an aqueous solution usually acquires charge at the solid-liquid interface [1,2]. This process is governed by adsorption of ions and/or ionization of surface groups within a thin and compact layer, which is situated close to the interface. This charge is then neutralized by an accumulation of counterions from the electrolyte solution in a so-called diffuse layer, which may gradually extend far away from the interface. In this fashion, an electrical double layer is formed and its properties are relevant for many phenomena, for example, stabilization of colloidal particle suspensions, electrophoretic mobility of charged particles, or the formation colloidal crystals [1,2]. Such phenomena are important in many practical applications, such as waste water treatment, paper making, particle fabrication, and microfluidics [3,4,5,6].



The diffuse part of the double layer is rather well understood, and can be accurately described with the Poisson-Boltzmann theory, especially for monovalent electrolytes [1,2,7,8]. However, less is known about the compact, inner layer, the properties of which are determined by ionization of the surface groups, specific ion adsorption, and interfacial water structure. Already a long time ago, Stern [9] has argued that ions can approach an interface only to a finite distance. This effect leads to an additional capacitance, which influences the charging process of the inner layer. The charging of the inner layer is further influenced by specific adsorption of protons or other ions, and the overall layer can be characterized by an inner capacitance. While such capacitances can be routinely measured with electrochemical techniques for conducting planar substrates [7], obtaining similar information for non-conducting substrates, and especially for colloidal particles, remains a challenge. One possible approach is to study ion adsorption and dissociation of ionizable surface groups in particle suspensions [10,11,12,13] and to extract the Stern capacitance by fitting the measured adsorption isotherms with suitable adsorption models [10,14]. Another approaches are second harmonic generation and X-ray reflectivity techniques, which provide additional information about the water structure near the water-solid interface, and also permit to extract the inner capacitance in some situations [15,16,17,18]. Direct measurements of the inner capacitance in such systems remain difficult, however. This aim was only recently achieved by studying a silica particle suspension with X-ray photoelectron spectroscopy (XPS) in a microjet [14,19]. With this technique the surface potential was measured, and by combining this information with results obtained from titration and electrokinetic measurements, it was possible to extract the Stern layer capacitance. Given the complexity of this approach, however, alternative techniques capable to measure the capacitance of the inner layer in such systems more directly would certainly be welcome.



The aim of the present article is to demonstrate that direct force measurements hold substantial promise in this respect. Such experiments may rely on the surface force apparatus, colloidal probe technique, or optical tweezers techniques [20,21,22,23,24]. These measurements yield forces between charged interfaces and provide access to van der Waals and double layer forces acting between these surfaces, and can be interpreted with the theory of Derjaguin, Landau, Verwey, and Overbeek (DLVO) [1,2,25,26]. Here, we mainly focus on double layer forces, which become dominant at lower salt levels, and can be quantified by the Poisson-Boltzmann (PB) theory [1,2,27,28]. This theory permits to extract the diffuse layer potential from the force profiles at larger distances, and such measurements were reported by several studies [22,23,29,30].



At shorter distances, however, the boundary conditions used in the PB theory become important. Many studies rely on the constant charge (CC) or constant potential (CP) conditions [1,2]. These conditions stipulate that the surface charge or the diffuse layer potential remain constant upon approach. Mostly, however, neither of these conditions is applicable. In reality, the surface charge as well as the diffuse layer potential regulate upon approach [31,32,33,34,35]. Such charge regulation effects can be included into the PB description, whereby the simplest approach is the constant regulation (CR) model [32,33,35]. This model introduces one additional regulation parameter, p, which characterizes the regulation properties of the interface. While this model recovers the classical CC conditions with   p = 1   and the CP conditions with   p = 0  , this parameter can assume any value   p ≤ 1  , but normally remains positive [33,35,36]. The simplification introduced by the CR model is that this parameter remains constant upon approach. While this constancy is not exact, measured force profiles and model calculations reveal that the CR approximation is mostly highly accurate [33,37]. Moreover, the regulation parameter defined in this fashion reflects the properties of the isolated interface, which should simplify its interpretation.



However, the values of these parameters were so far not interpreted any further, in spite of the fact that the regulation parameter was extracted from direct force measurements in some situations [22,37]. Here we will demonstrate that from this parameter one can calculate the capacitance of the inner layer. We exemplify the feasibility of this approach by direct force measurements between pairs of silica and sulfate latex particles with the colloidal probe technique. Moreover, our results for the water-silica interface agree reasonably well with recent measurements of the Stern capacitance with X-ray photoelectron spectroscopy by Brown et al. [14,19]. This agreement with a completely independent technique provides further support of the validity of the present approach.




2. Experimental Setup and Methods


2.1. Materials


Electrolyte solutions of LiCl, NaCl, KCl and CsCl (Sigma-Aldrich, ≥99%) were prepared using ultrapure water and adjusted to either pH 4.0 with hydrochloric acid or to pH 10.0 with the corresponding alkali metal hydroxide.



Silica particles of average diameter 5.2 μm were purchased from Bangs Laboratories Inc., USA. Particles were attached to tipless cantilevers (MicroMash) using epoxy glue, and also sprinkled over quartz substrates. Before measurements, the particles were heat-treated at 1150 °C for 3 h. This sintering process serves not only to firmly attach the particles to substrates and cantilevers, but also shrinks the particles to 4.4 μm, reduces the surface roughness, and removes any traces of glue [38]. Immediately prior to force measurements, silica substrates and cantilevers were rinsed thoroughly with ethanol and ultrapure water, then dried and cleaned in air plasma for 20 min.



Stock suspensions of polystyrene latex particles functionalized with sulfate groups (Invitrogen Corp., 2.9 μm) were dialyzed with a cellulose ester membrane against ultrapure water until the conductivity was below 70 μS m−1. Prior to the force measurements, a substrate was cleaned in piranha solution and then functionalized with 3-(ethoxydimethylsilyl)propylamine via vapor deposition. The substrate was mounted in the fluid cell, rinsed thoroughly with ultrapure water, and the particle suspension was introduced. After enough particles were attached to the positively charged substrate, the remaining unattached particles were removed by flushing the cell with the electrolyte in question. A similarly functionalized tip-less cantilever was then used to press and pick up particles under water to avoid exposing the hydrophobic particles to air.




2.2. Direct Force Measurements


A closed-loop AFM (MFP-3D, Asylum Research) mounted on an inverted optical microscope (Olympus IX 73) was used to measure forces between pairs of similar colloidal particles. The particle on the cantilever was aligned above a substrate particle to within 50 nm using the horizontal scanner of the AFM. After centering a pair of particles, about 200 force-distance curves were measured at velocity 300 nm s−1. The deflection signal was converted to force-distance profiles by subtracting the baseline and by fitting the constant compliance region. The spring constant of the cantilever was measured using the method developed by Sader et al. [39], which relies on lateral dimensions of the cantilever and its frequency response. The respective spring constants were typically between 0.2 and 0.5 N m−1. Forces obtained from repeated approach curves were averaged, typically leading to a force resolution of about 2 pN and to distances of about 0.3 nm. The averaged force curves were finally normalized by the effective radius    R  eff    , which is calculated as    R  eff   = R / 2   for two spheres of equal radius R.




2.3. DLVO Theory


Forces are analyzed using the DLVO theory, which surmises that the total interaction is a sum of van der Waals force    F  vdW     and double layer force    F  dl    , namely [1,2]:


  F =  F  vdW   +  F  dl    



(1)







The van der Waals force is calculated with the non-retarded expression within the Derjaguin approximation [1]:


     F  vdW      R  eff     = −  H  6  h 2     



(2)




where H is the Hamaker constant, h is the separation distance.



For calculation of double layer forces the PB equation for 1:1 electrolyte in the plate-plate geometry at a separation distance h is solved numerically [1]:


     d 2  ψ ( x )   d  x 2    =    κ 2    β q   sinh  (  β q ψ  )   



(3)




where   ψ ( x )   is the electrical potential profile, q is the elementary charge,   β = 1 / (  k B  T )   is the inverse thermal energy with    k B    being the Boltzmann constant and T absolute temperature, and   κ   is the inverse Debye screening length defined as:


  κ =     2 β  q 2  c   ε  ε 0       



(4)




where c is the monovalent electrolyte concentration,    ε 0    is the vacuum permittivity, and  ε  is the relative dielectric permittivity. For the latter quantity   ε = 80   is used as appropriate for water at 25 °C. Symmetry of the problem permits to solve Equation (3) in a half-space   x ∈  [  0 , h / 2  ]   , the full geometry is then defined by the two identical plates situated at   x = ± h / 2  . The essential part of our approach is to use the CR boundary condition [33]:


  ε  ε 0        d ψ   d x    |    x = h / 2   = σ −  C  in    [  ψ  (  h / 2  )  −  ψ  dl    ]   



(5)




where  σ  is the surface charge density of the isolated interface,    ψ  dl     is the diffuse layer potential of the isolated interface, and    C  in     is the inner layer capacitance of the isolated interface. Here we refer to surface charge density  σ  as the charge which is compensating the diffuse layer charge. Note that isolated interfaces have identical properties as interfaces at infinite separation. Symmetry of the problem implies the second boundary condition:


        d ψ   d x    |    x = 0   = 0  



(6)







The surface charge density and diffuse layer potential of the isolated interface are related by the Grahame relation [1]:


  σ =   2 ε  ε 0  κ   β q   sinh  (    β q  ψ  dl    2   )   



(7)







The inner layer capacitance can be also represented with a regulation parameter [33]:


  p =    C  dl      C  dl   +  C  in      



(8)




where    C  dl     is the diffuse layer capacitance given by [1]:


   C  dl   = ε  ε 0  κ cosh  (    β q  ψ  dl    2   )   



(9)







Both diffuse layer potential and inner layer capacitance enter the regulation parameter which represents a description of an isolated surface. The regulation parameter takes simple values for constant potential (CP) boundary conditions p = 0 and constant charge boundary (CC) conditions p = 1.



When the electrical potential profile is known for a separation distance the disjoining pressure can be obtained as [1]:


  Π  ( h )  =   2 c  β   [  cosh  (  β q  ψ M   )  − 1  ]   



(10)




where    ψ M  = ψ ( 0 )   is the electrical potential at the mid-plane. The force is obtained by the integration of the pressure profile and by using the Derjaguin approximation [1]:


     F  dl      R  eff     = 2 π    ∫ h ∞   Π (  h ′  ) d  h ′        



(11)







When the experimental force profiles are fitted, the salt concentration is fixed to the nominal value and the Hamaker constant is fixed to the value obtained at concentrations above 300 mM. The only two fitting parameters left are the diffuse layer potential    ψ  dl     and the regulation parameter p. These two quantities are extracted by fitting the DLVO force profile to the experimental data.




2.4. Basic Stern Model


The basic Stern model was successfully used to model protentiometric and electrokinetic data for silica surfaces [10,12,33], and it will also be used to the interpretation of the present data here. The relevant notions of the model are summarized here.



The model considers a surface ionization reaction of the silanol group:


  Si − OH    ⇄     Si −  O −  +  H +   



(12)







The respective surface site densities    Γ  SiOH     and    Γ    SiO  −      are related by the mass action law:


     a H   Γ    SiO  −       Γ  SiOH     = K exp  (  q β  ψ 0   )   



(13)




whereby    a H    is the bulk proton activity, K the intrinsic ionization constant, and    ψ 0    the electric surface potential in the plane of the surface. One commonly also uses the abbreviations   pH = − log  a H    and   p K = − log K  . The total site density is given by:


   Γ 0  =  Γ  SiOH   +  Γ    SiO  −     



(14)







Equations (13) and (14) can be conveniently combined as:


  σ =   q  Γ 0   2   [  tanh  (    β q  ψ N   2  −   β q  ψ 0   2   )  − 1  ]   



(15)




where    ψ N  = ( p K − pH ) ln 10 / ( β q )   is the Nernst potential. The diffuse layer potential    ψ  dl     in the plane of the origin of the diffuse layer introduced above is assumed to be related to the surface potential    ψ 0    though the Stern capacitance [9]:


   C S  =  σ   ψ 0  −  ψ  dl      



(16)




whereby the surface charge density is given by   σ = − q  Γ    SiO  −     . The surface charges density can be found by combining Equations (15) and (16) with the Grahame relation given by Equation (7). The inner capacitance defined in Equation (5) can be obtained from the basic Stern model as


   C  in   = −   ∂ σ   ∂  ψ  dl      



(17)




Evaluating this derivative, one finds that inner layer capacitance can be considered as a two capacitors in series, whereby one contribution stems from the proton binding equilibrium and the second is the Stern capacitance [33]:


   1   C  in     =  1   C  bi     +  1   C S     



(18)




where we refer to    C  bi     as the binding capacitance. The latter parameter is given by:


   C  bi   =   β  q 2   Γ 0    4   cosh  2   (    β q  ψ 0   2  −   β q  ψ N   2   )     



(19)







Figure 1 presents results of model calculations for the water-silica interface with the basic Stern model, whereby the diffuse layer potentials and various capacitances are presented as a function of salt concentration. The parameters used are taken from literature. In the left column of Figure 1, we use the parameters pK = 7.5,    Γ 0  = 8      nm    − 2    , and    C S  = 2.9      F / m   2   , which were extracted from potentiometric titrations by Hiemstra et al. [10]. In the right column of the same figure we use a lower value for the Stern layer capacitance    C S  = 0.5      F / m   2    in accordance with the recently measured values from Brown et al. [14]. The other parameters are kept the same. The basic Stern model predicts the increase of diffuse layer potential with increasing salt concentration. The model further predicts an increase of the binding capacitance and consequently also of the inner capacitance, see Figure 1b. However, since the inner capacitance is mainly determined by the lower of the two values according to Equation (18), the inner capacitance is a good approximation for the Stern capacitance at high salt concentration. For higher value of Stern capacitance the inner capacitance increase with concentration is stronger, since the contribution of the binding capacitance is more pronounced.





3. Results and Discussion


This article presents measurements of the Stern capacitance in monovalent electrolytes by direct force measurements based on the atomic force microscope (AFM). Forces between pairs of silica and sulfate latex particles are measured and interpreted with the PB theory with constant regulation (CR) boundary conditions. Based on this analysis, the inner capacitance can be extracted. This capacitance shows systematic trends with the electrolyte concentration and the type of ion.



3.1. Quantification of Measured Forces Profiles by DLVO Theory


Figure 2 compares typical normalized force profiles measured in solutions of KCl at pH 4 for silica and sulfate latex particles. At lower salt concentrations, the forces are repulsive and follow an exponential law as evident from the linear dependence in the semi-logarithmic representation shown in Figure 2a. The range of these forces decreases with increasing salt concentration. This behavior is typical for double layer forces [40,41,42]. At shorter distances, typically below 1–2 nm, the forces between silica particles become strongly repulsive, while the ones between latex particles are attractive and induce a mechanical instability of the cantilever. These short range forces are due to hydration or hydrophobic interactions [38,43,44,45,46,47,48]. At higher concentrations, the forces are attractive and they are independent of the salt concentration, see Figure 2b. This situation is characteristic for van der Waals forces.



The force profiles were quantitatively interpreted with DLVO theory. The attractive force profiles observed at high salt concentrations were first fitted to Equation (2) and in this fashion the Hamaker constants were extracted. We found   ( 1.7 ± 0.2 ) ×   10   − 21     J and   ( 3.3 ± 0.3 ) ×   10   − 21     J for silica and latex particles, respectively. The values of the Hamaker constants reported above are in good agreement with the values measured earlier for similar particles [30,48,49]. Moreover, the measured Hamaker constant for silica is close to the theoretical value of   1.6 ×   10   − 21     J, which was calculated using accurate dielectric spectra over a wide frequency range [50]. The Hamaker constant determined for latex particles is somewhat lower when compared to the value calculated by the Lifshitz theory for smooth surfaces of   9.0 ×   10   − 21     J [51]. This discrepancy is probably related to the surface roughness of latex particles [52]. Root mean square (RMS) roughness measured for similarly prepared sulfate latex and silica probes was reported to be 0.8 nm and 0.7 nm, respectively [48,49]. In the case of silica for the values of RMS roughness of just below 1 nm the Hamaker constant already saturates close to the theoretical value for smooth surfaces [49], while in the case of polystyrene latex particles the discrepancy between the theoretical and roughness-corrected Hamaker constants is still prominent for RMS roughness of about 1 nm [52]. This difference between the two surfaces is probably related to the different values of Hamaker constants for smooth surfaces.



To interpret the force profiles at lower salt concentrations, the Hamaker constants are fixed to the measured values reported above, and the profiles are fitted to DLVO theory given in Equation (1). Thereby, the double layer forces were calculated by solving the full PB equation with CR boundary conditions numerically. The salt concentrations were fixed to the nominal values and, thus, the fits involve two unknown parameters, namely the diffuse layer potential    ψ  dl     and the regulation parameter p. When the salt concentration was fitted as well, the resulting values would lie within few percent of the nominal values. In the present system, PB theory is expected be accurate, as effects of ion-ion correlations are typically negligible in monovalent electrolytes [27,28].



The resulting fits are shown in Figure 2a as solid lines. One observes that the DLVO theory is capable to describe the measured force profiles in a satisfactory fashion. Marked deviations occur only at distances below 2 nm, where short ranged hydration and hydrophobic forces become important [38,43,44,45,46,47,48]. These forces are not included in DLVO theory, and for this reason this region was excluded from the fitting process.



Figure 3 provides more details concerning effects of the charge regulation for both types of surfaces, and exemplifies effects of pH and the type of cation. Experimental force profiles are compared with the best fit involving the CR boundary condition, whereby the regulation parameter p is determined. This result is compared with the corresponding CC (  p = 1  ) and CP (  p = 0  ) cases.



The first row of Figure 3, compares the results for silica particles in 3 mM CsCl solution at pH 4 (left) and pH 10 (right). The forces at pH 4 are less repulsive than at pH 10, which is reflected by the higher magnitude of the diffuse layer potential    ψ  dl     for the latter conditions. The respective values for    ψ  dl     of −41 mV at pH 4 and −84 mV at pH 10. The decrease of the potential is due to the fact that more silanol groups are ionized in basic conditions.



More importantly, however, clear differences in the regulation behavior can be pinpointed as well. At pH 4, the surfaces regulate their charge quite easily as the force profile falls roughly in the middle between the CC and CP case. At pH 10, on the other hand, the surfaces hardly regulate their charge, and the measured force profile almost follows the CC case. This behavior can be quantified by the respective values of the regulation parameters. The surfaces regulate easily at pH 4 and one has p = 0.45, while the hardly regulating surfaces at pH 10 are characterized by p = 0.91. Thus, with increasing pH, the extent of charge regulation of the silica surface decreases.



Marked effects in charge regulation can be also observed with the type of cation. This effect is illustrated in the left column of Figure 3. The force profile measured in LiCl is markedly shifted toward the CC profile, while the respective profile in CsCl lies in between the CP and CC situations. Again, this behavior is reflected in the values of regulation parameters. For LiCl one finds p = 0.74, while in CsCl one has p = 0.45. Thus, the surfaces regulate more easily in CsCl than in LiCl solutions.



Going from silica surface to sulfate latex surface in 10 mM LiCl the regulation parameter reduces from p = 0.74 to p = 0.52, while the diffuse layer potential slightly increases as evident from Figure 3c,d. Therefore, the regulation of the sulfate surface is slightly more pronounced as compared to the silica surface.



One should further note that the sign of the diffuse layer potential cannot be determined from the force profiles in the symmetric geometry. However, the negative sign can be easily inferred from the chemical nature of the surface groups. At the conditions investigated, the silanol groups on the silica surface are partially dissociated, and the sulfate groups on the latex surface fully. The dissociated groups are negatively charged in both cases and therefore the diffuse layer potential is also negative, see Equation (7). The fact that these surfaces are negatively charged is further confirmed by electrokinetic measurements [12,29,53].



A comment is in order why the force profiles presented in Figure 2a appear close to linear in the semi-log scale, while the non-linear PB theory is being used. For the conditions shown in Figure 2a, the regulation parameters are close to 0.5, and the interplay between the non-linearity of the PB equation and charge regulation effects lead to an almost exponential dependence down to contact. In contrast, Figure 3b clearly shows the non-exponential dependence at separation distances below 10 nm, here the regulation parameter is close to unity. From the data shown in Figure 2a one might thus naively conclude that Equation (3) could be linearized and the Debye-Hückel approximation could be used to interpret the data. However, to reliably extract diffuse layer potentials and regulation parameters the non-linear PB equation has to be used.




3.2. Charging and Regulation Behavior of Isolated Surfaces


Fitting of experimental force profiles with DLVO theory enables one to extract the diffuse layer potential    ψ  dl     and regulation parameter p. These two parameters describe the properties of the isolated surfaces. The diffuse layer potential is related to the surface charge density through the Grahame relation given in Equation (7). The regulation parameter is a measure of the extent of charge regulation upon approach, whereby values close to   p = 1   (CC) reflect hardly any charge regulation, while the smaller the value, the larger the extent of charge regulation becomes.



These two parameters were extracted for different salt concentrations and they are summarized in Figure 4. The columns represent the three systems were investigated, namely forces between silica particles at pH 4, forces between sulfate latex particles at pH 4, and forces between silica particles at pH 10. These three systems were investigated in the presence of LiCl, NaCl, KCl, and CsCl. The diffuse layer potential    ψ  dl     is shown in the top row, and the regulation parameter p in the middle row. In addition, the inner capacitance    C  in     was calculated by from the two above parameters with Equations (8) and (9). These values are shown in the bottom row of Figure 4.



Let us first discuss the measured diffuse layer potentials, which are shown in the first row of Figure 4. All the potentials are negative and increase with increasing salt concentration. The same qualitative trend is predicted by the basic Stern model, albeit the predicted magnitudes of potentials are markedly larger, see Figure 1a. The experimental diffuse layer potentials are comparable for the silica and sulfate particles at pH 4 and for both surfaces their values compare well with literature values extracted at the same conditions for similar particles [38,54]. At pH 10, the silica particles show diffuse layer potentials that are substantially larger in magnitude than at pH 4. This trend can be rationalized by the larger degree of ionization of the surface silanol groups.



Several ion specific effects can be further observed. At pH 4, the potentials at a given concentration increase within the series Li+, Na+, K+, Cs+. This order is found for both silica and sulfate latex particles and it is consistent with the direct Hofmeister series [40,53]. This trend can be rationalized by the fact that the adsorption on a hydrophobic surface is stronger for weakly hydrated ions, like Cs+, than for strongly hydrated ions, like Li+. The stronger adsorption of Cs+ leads to a higher diffuse layer potential than for Li+. These results are consistent with surface potentials measurements at pH 4 in the same electrolytes with direct force measurements for silica [40] and by electrophoresis for sulfate latex particles [53]. For silica at pH 10, the trend in diffuse layer potentials gets reversed, see the right panel of Figure 4a. Here the diffuse layer potentials decrease in the series Li+, Na+, K+, Cs+, which is also referred to as the inverse Hofmeister series. At high pH, the silica surface becomes more hydrophilic due to the dissociation of the silanol groups, and now the strongly hydrated ions, like Li+, adsorb more strongly than the weakly hydrated ones, like Cs+. This inversion of the Hofmeister series for the silica surface by the solution pH was already inferred by direct force measurements by Sivan and coworkers [40]. The inverse Hofmeister series was also observed by means of potentiometric titration of silica particles [55,56]. However, electrokinetic potentials of silica nanoparticles at pH 10 reported later [57,58] are reversed with respect to the results presented here, and they follow the direct Hofmeister series. We suspect that this reversed trend is caused by the fact that the silica nanoparticles are less hydrophilic than the heated silica microparticles used in the present study. This difference is likely to be related to the hydrophobic to hydrophilic transition, which can explain the inversion of the Hofmeister series [59].



Let us now focus on the regulation parameters, which are shown in the second row of Figure 4. At pH 4, the regulation parameter increases slightly with increasing concentration for the silica and sulfate latex surfaces. The values of regulation parameters for silica agree reasonably well with a constant value of p = 0.58 in KCl at pH 4 reported earlier [38]. An increase of regulation parameter with increasing salt concentration was also observed for sulfate latex particles for solution similar conditions [60], albeit the increase was reported to be stronger than the one found here. The increase of the regulation parameter with increasing salt concentration can be qualitatively rationalized with Equation (8), by assuming a constant inner capacitance and realizing that the diffuse layer capacitance increases with increasing salt concentration. However, this simple argument would predict a much stronger increase with the salt concentration that one actually observes. For silica at pH 10, however, the regulation parameter decreases with increasing salt concentration. A similar decrease of regulation parameter with increasing salt concentration was also observed for silica at pH 10 in the presence of multivalent co-ions [61], while a less pronounced decrease was observed for carboxylate latex particles at pH 3 and 4 [60]. Ion specific effects can be observed again. The regulation parameter decrease in the series Li+, Na+, K+, Cs+. This trend is inversed as compared to the diffuse layer potentials.



The inner capacitance always increases with the salt concentration, see Figure 4c. At pH 4, this increase is moderate, while at pH 10, this increase is very pronounced. Thus, an essential conclusion from these results is that the inner capacitance increases with the salt concentration. When this increase is weak, as for pH 4, it compensates the increase of the diffuse layer capacitance. This interdependence leads to a regulation parameter that is approximately independent of the salt concentration, as observed experimentally. When this increase of the inner capacitance is more pronounced, as for silica at pH 10, a decrease in the regulation parameter with increasing concentration is observed.



It is instructive to compare the experimental inner capacitance for silica at pH 10 with the predictions from the basic Stern model shown in Figure 1b. One observes that the capacitances shown in Figure 1a, which were predicted with the parameters proposed by Hiemstra et al. [10], are too large, while measured capacitances much closer to the values predicted with the same model but using    C S  = 0.5      F / m   2   , especially at lower salt concentrations. In accordance with the experiment, the basic Stern model also predicts an increase of the inner capacitance with salt concentration. However, the predicted increase is much weaker than the one observed. The explanations of this discrepancy could be that additional binding of other ions leads to a stronger increase of the binding capacitance, or that the Stern capacitance increases with increasing salt concentration.



The ion specific effects for the inner capacitances are again observed, and they consistently show a increase of this capacitance within the series Li+, Na+, K+, Cs+. This dependence is inversed with respect to the one observed in the regulation parameter and it follows the Hofmeister series.



The uncertainties in determination of the surface properties can be inferred from the error bars shown in Figure 4. Generally, the error bars are situated within the 10–20% margin. However, the errors in the inner layer capacitance become large when the regulation parameter are close to unity, especially for silica at pH 10 and low salt concentrations. Further uncertainties could be related to the position plane of origin of the diffuse layer, which could be affected by the surface roughness, surface charge heterogeneities, and the presence of adsorbed ions at contact. These uncertainties are expected to be more pronounced at higher salt concentrations.



By fitting the measured force profiles, the diffuse layer potential    ψ  dl     and the regulation parameter p can be found, and the inner capacitance    C  in     can be calculated from these two parameters by using Equations (8) and (9). Within the basic Stern model, we have shown that the inner capacitance has to be interpreted as resulting from two capacitors in series, one being the Stern capacitance    C S    and the other the binding capacitance    C  in    , see Equation (18). The calculations shown in Figure 1b suggest that the binding capacitance is always much larger compared to the Stern capacitance at high salt concentrations. Therefore, the experimentally measured inner layer capacitance is dominated by the Stern capacitance at higher salt levels, while at lower salt levels contribution from the binding capacitance is present.




3.3. Comparison with X-Ray Photoelectron Spectroscopy (XPS)


Brown et al. [14,19] performed X-ray photoelectron spectroscopy measurements of silica particles in a liquid microjet. From these spectra they were able to determine the surface potential    ψ 0    of the water-silica interface. With separate measurements of surface charge density by potentiometric titration and of diffuse layer potential by electrophoresis, they were able to extract the Stern capacitance. The Stern capacitance measured in this fashion is compared with our measurements of the inner capacitance in Figure 5. Since Brown et al. [14,19] exclusively focused on pH 10, we focus on these conditions only. Indeed, our measurements of the inner capacitance compare reasonably well with the ones obtained by XPS. Furthermore, they feature the same trend upon variation with the type of alkali metal ion and salt concentration. This agreement thus provides further support concerning the validity of our approach.



While the agreement between these two completely independent data sets is most encouraging, their interpretation of these findings is not straightforward. Brown et al. [14,19] have argued that the variation of the Stern layer capacitance is related to the thickness of the Stern layer    d S   , which can be inferred from the relation for a plane capacitor [1,19]:


   C S  =    ε S   ε 0     d S     



(20)




where    ε S    is the relative dielectric constant within the capacitor. Brown et al. [14] interpreted the increase of the Stern capacitance in the series Li+, Na+, K+, Cs+ by the variation of the Stern layer thickness, whereby they assumed a constant relative dielectric constant    ε S    = 43. [62] They argued that the Stern layer thickness corresponds to the apparent ionic diameter as extracted from limiting electrical conductivities by means of the Stokes law and, thus, is referred to as the Stokes diameter [63]. In our view, this interpretation is problematic, since the Stern layer thickness should be rather given by the ionic radius, and Stokes ion diameter does not represent the actual size of the ions, which can be measured more reliably by X-ray diffraction, neutron scattering, or X-ray absorption fine structure (XAFS) [64,65,66]. The deviations mainly occur due to neglect of dielectric friction and failure of the Stokes law at the molecular level [67,68]. Brown et al. [19] have further argued that the increase of the Stern capacitance with increasing salt concentration is caused by a decrease of the Stern layer thickness due to an increasing osmotic pressure of the electrolyte solution. We doubt that the modest osmotic pressure could induce such a massive compression of the Stern layer, which would be needed to explain the observed shift in the capacitance.



In our view, two alternative explanations of the observed dependencies are more likely. Molecular dynamic simulations suggest that the dielectric constant close to water-solid interfaces to differ substantially from their bulk values [57]. These differences are caused by non-uniformities in the concentration profile of the solvent and preferential orientation of the solvent molecules. These simulations suggest that the dielectric constant close to the interface increases with increasing salt concentration. This dependence is also consistent with recent spectroscopic data, which indicate that the water molecules are strongly oriented at low salt concentrations and more disordered at higher salt concentrations [15].



Another explanation could be that the increase of the inner capacitance with salt concentration is mainly caused by the contribution of the binding capacitance. Already the simple basic Stern model predicts such an increase, and specific adsorption of salt ions could enhance this contribution even further. Given the possibility of specific adsorption, the presence of such contributions in the measurements of the Stern capacitance Brown et al. [14,19] cannot be excluded either. The contribution of the binding capacitance could be also the reason for larger deviations between the capacitances measured by the two methods at lower salt concentrations.





4. Conclusions


Direct force measurements are used to extract properties of the inner layer near charged water-solid interfaces. The method relies on experimental force profiles measured between pairs of colloidal particles, and the inner capacitance is obtained by fitting the profiles with DLVO theory including charge regulation. The present results compare reasonably well with the recent measurements of the Stern capacitance on silica particles in a liquid microjet by XPS [14,19]. Given the completely independent nature of the techniques used, the good agreement between both sets of data provides strong evidence concerning the validity of the present approach.



The present results demonstrate that the inner layer capacitance increases in sequence Li+, Na+, K+, Cs+, which is consistent with the Hofmeister series. The inner capacitance further increases with increasing salt concentration. The variations of the capacitances with the ion type and salt concentration are probably related to the variation of dielectric constant in the inner layer and/or the variation of the binding capacitance.



The advantage of the present technique is that properties of the inner layer can be studied for a wide range of systems, including the ones not accessible by other techniques. While XPS has been used to carry out similar measurements for silica [14,19], novel results for sulfate latex particles are presented here. One finds that the inner capacitance is larger than the one for silica, which could be related to the closer approach of the ions toward the more hydrophobic latex interface.



The present approach could be further extended to study particles of difference size, whereby nanoparticles can be mimicked with the AFM tip [34]. Flat substrates can also be investigated in the asymmetric setting. Especially for weakly charged surfaces, the asymmetric geometry allows to improve the accuracy of the extracted regulation parameters substantially [37,48]. For highly charged surfaces, on the other hand, the asymmetric and symmetric geometries lead to similar accuracies. Therefore, the latter geometry was chosen here.
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Figure 1. Predictions from the basic Stern model for (a) diffuse layer potential and (b) capacitances versus monovalent salt concentration. The parameters pK = 7.5,    Γ 0  = 8      nm    − 2    , and    C S  = 2.9      F / m   2    proposed by Hiemstra et al. [10], are used in the left column and in the right column the Stern capacitance is reduced to    C S  = 0.5      F / m   2    while other parameters are kept the same [14]. 
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Figure 2. Normalized force profiles measured between silica particles (left column) and sulfate latex particles (right column) in KCl solutions at pH 4. DLVO theory fits with constant regulation (CR) approximation are shown as solid lines. (a) Semi-logarithmic representation of the repulsive forces at low salt concentrations, and (b) linear representation of the attractive forces at high salt concentrations. 
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Figure 3. Normalized force profiles measured between (a) silica particles in 3 mM CsCl solution at pH 4, (b) silica particles in 3 mM CsCl solution at pH 10, (c) silica particles in 10 mM LiCl solution at pH 4, and (d) sulfate latex particles in 10 mM at pH 4. DLVO theory fits with constant regulation (CR) approximation are shown with full lines, whereby the values for the best fit for the diffuse layer potential    ψ  dl     and the regulation parameter are indicated in the figures. The results for constant charge (CC, p = 1) and constant potential (CP, p = 0) are also shown. The region between CP and CC is shaded. 
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Figure 4. (a) Diffuse layer potentials, (b) regulation parameters, and (c) inner layer capacitances as a function of salt concentration extracted from the force measurements. The left column presents results for silica particles at pH 4, the middle column for sulfate latex at pH 4, and the right column shows the results for silica particles at pH 10. The measurements were done in LiCl, NaCl, KCl, and CsCl aqueous solutions. Lines are only eye-guides. Error bars are only shown for one set of data but are comparable for all sets. 
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Figure 5. (a,b) Comparison to XPS data by Brown et al. [14,19] Capacitance as a function of cation type at 50 mM salt concentration and pH 10, and (b) as a function of NaCl concentration at pH 10. Open symbols data by Brown et al., closed symbols this work. 
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