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The attractive forces observed at low PAA concentrations were attributed to polymer bridging between
alumina surfaces, whereas the repulsive forces observed at high PAA concentrations were attributed to
the domination of steric repulsion between adsorbed PAA molecules. The presence of multivalent metal
ions, such as Mg2+ and Al3+, modulated these interactions; an increasing ion valence induced a transition
from repulsive to attractive force, primarily owing to electrostatic screening, which caused conforma-
tional collapse of the PAA chains and diminished the range of steric repulsion. Similarly, increasing the
concentration of these metal ions decreased the range of repulsive forces, eventually resulting in a net
attraction driven by the same electrostatic and polymer conformation mechanisms. Notably, the addition
of 0.1 M AlCl3 produced an anomalous long-range attraction between surfaces that could not be
explained by conventional mechanisms, such as polymer bridging or electrostatic interactions between
charge domains.

a  b  s  t  r  a  c  t  

Evaluation and control of ceramic slurry at the microscopic level are critical to ensure consistent quality 
in manufactured ceramics. Notably, metal ions such as Mg2+ and Al3+ are common in ceramic slurries and 
significantly influence the stability of particle. This study applied atomic force microscopy to investigate 
the interaction forces between alumina particle surfaces in the presence of different concentrations of 
three metal ions and polyacrylic acid (PAA), a widely used dispersant. 

© 2025 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder 
Technology Japan. This is an open access article under the CC BY-NC-ND license (http://creativecommons. 

org/licenses/by-nc-nd/4.0/). 
1. Introduction

Particle suspensions, also known as slurries or particle disper-
sions, play a crucial role in many industrial processes. Recent rapid 
advances in nanotechnology have driven the adaptation of indus-
trial processes for handling nanoscale materials, including 
nanoparticles, to harness their unique functionalities. Because 
these nanomaterials are often processed as dispersions in liquids, 
the precise control of dispersion properties, such as stability, sedi-
mentation, and rheology, has become increasingly critical. 

The wet forming of ceramics is a widely used industrial process 
that utilises particle dispersions. In this method, ceramic particles, 
such as titania or alumina, are dispersed in an aqueous solution to 
form a slurry, which is subsequently poured into moulds to achieve 
the desired shape, then dried and sintered to produce the final 
product. The fluidic properties of these slurries, which include vis-
cosity and packing fraction, are significantly influenced by the par-
ticle dispersion/aggregation behaviour and are key determinants of 
final material characteristics, such as density, homogeneity, and 
resistance to cracking or chipping. Therefore, the precise evalua-
tion and control of the slurry dispersion state at the microscopic 
level are essential for optimising the ceramic manufacturing 
process. 

Generally, particle dispersion/aggregation is dominated by the 
interactions of forces acting between particle surfaces, which are 
determined by the properties of the liquid, surfaces, solutes, etc. 
Although the Derjaguin − Landau − Verwey − Overbeek (DLVO) 
theory [1,2] has long provided a theoretical basis for predicting 
the dispersion/aggregation behaviours of charged particles in 
aqueous solutions, the development of a method for directly mea-
suring surface interaction forces using a surface force apparatus 
(SFA) [3] and atomic force microscopy (AFM) [4,5] has facilitated 
remarkable progress in understanding surface forces. One of the 
most significant achievements of such direct surface force mea-
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ing nanoscale structures formed on the alumina surfaces.

2. Materials and Methods

2.1. Materials

surements was the identification of surface forces not described by 
DLVO theory, often called non-DLVO forces [6], that exert critical 
influences on the behaviours of particle suspensions. 

The behaviours of particles in ceramic slurries are typically con-
trolled by the addition of dispersants, such as charged polymers. 
Normally, the addition of an appropriate quantity of dispersant 
induces steric repulsion, a typical non-DLVO force, between parti-
cle surfaces owing to the steric hindrance of adsorbed molecules. 
Thus, the interaction forces between the particle surfaces in a dis-
persant solution are significantly affected by the adsorption prop-
erties of the dispersant and characteristics of the solution, which 
include the pH and presence of co-solutes. In ceramic slurries, 
the presence of multivalent metal ions, such as Mg2+ and Al3+ , 
which are often eluted from the particles or added as sintering aids 
in the slurry preparation process, is known to have a significant 
impact on their dispersion stabilities [7,8]. 

Indeed, the presence of such multivalent metal ions consider-
ably influences the adsorption properties of the dispersant. Previ-
ous studies on the effects of multivalent metal ions on 
adsorption have shown that divalent ions can enhance the adsorp-
tion of polyacrylic acid (PAA) on alumina surfaces [9–12]. This 
effect, which is minimal under acidic conditions but pronounced 
under alkaline conditions [11], can be attributed to ion interac-
tions, such as counterion screening or ion bridging, that reduce 
the electrostatic repulsion between polymer molecules to promote 
flocculation [13]. Furthermore, several recent studies [8,14] con-
sidered bulk particle behaviour to investigate the rheological prop-
erties of slurries and demonstrated that the addition of metal ions 
to slurries containing charged polymer dispersants promotes parti-
cle aggregation, increasing the slurry yield stress and decreasing its 
packing fraction. 

The interactions between particle surfaces in the presence of 
adsorbed charged polymers have been actively investigated since 
the early use of AFM and SFA [15,16]. Direct measurements of 
these interactions have informed a comprehensive understanding 
of the behaviours of polyelectrolyte layers adsorbed on oppositely 
charged surfaces [17]. Kamiya’s group [18,19] used AFM measure-
ments to examine the relationship between the interaction forces 
on ceramic surfaces in the presence of dispersant polymers and 
evaluated the dispersibility of ceramic suspensions prepared using 
various solvents. Their findings revealed that interaction force sig-
nificantly affected the fluidic properties of bulk suspensions. In 
particular, the gelation of the suspension correlated well with the 
occurrence of long-range attractive interactions between particles. 
Although the effects of multivalent ions have been investigated 
using SFA measurements of surfaces with tethered polyelectrolyte 
brushes [20,21], studies investigating the influences of ions on the 
interactions between surfaces with adsorbed polymers remain rel-
atively limited. 

Therefore, this study used AFM to directly measure the interac-
tion forces between alumina surfaces in aqueous solutions with 
different concentrations of PAA, a commonly used dispersant, in 
the presence of different concentrations of metal ions to systemi-
cally investigate the effects of PAA adsorption as well as the result-

Reagent-grade PAA with an average molecular weight of 
25,000 Da was purchased from Fujifilm Wako Pure Chemicals, 
Japan and used without further purification. Analytical-grade 
sodium chloride (NaCl), magnesium chloride (MgCl2), and alu-
minium chloride (AlCl3) were obtained from Fujifilm Wako Pure 
2

a nitrogen gas atmosphere.

2.2. Interaction force measurements

substrate was set to 300 nm/s.

2.3. Electrophoretic mobility measurements

trophoretic mobility values.

3. Results and Discussion

3.1. Effects of polymer concentration

Chemical Industries, Japan and used as electrolytes without further 
treatment. All aqueous solutions were prepared using ultrapure 
water obtained from a Milli-Q system (Merck, Japan). 

Spherical alumina particles 4–12 lm in diameter (Nippon Steel 
Chemical and Material, Japan) and alumina substrates (Japan Fine 
Ceramics, Japan) were used to conduct force measurements. Alu-
mina particles with an average diameter of 0.5 lm (AES12, Sumit-
omo Chemical Co. Ltd., Japan) were used for electrophoretic 
measurements. All alumina particles were washed by stirring them 
in warm ethanol for 10 min, then in a 5 vol% nitric acid (Fujifilm 
Wako Pure Chemical Industries, Japan) solution for another 
10 min before rinsing them twice with warm ultrapure water 
and drying them under reduced pressure. The alumina substrates 
were ultrasonically cleaned with acetone (Nacalai Tesque, Japan) 
for 10 min, then with concentrated nitric acid (Fujifilm Wako Pure 
Chemical Industries, Japan) for 30 min before subjecting them to 
ultrasonication in ultrapure water for 30 min and drying them in 

This study measured the interaction forces between alumina 
surfaces and electrophoretic mobilities of alumina particles to 
evaluate the effects of dispersant adsorption and metal ions on 
nanoscale particle structures and behaviours. 

The interaction forces between the particle (colloidal probe) 
and substrate were measured by AFM (Pico SPM, Molecular Imag-
ing, United States) using silicon nitride probes with triangular can-
tilevers (NP-S, Nanosensors, Switzerland) in 0, 0.001, 0.01, 0.1, 1.0, 
and 10.0 g/L PAA solutions with 0.01, 0.01, and 0.1 M concentra-
tions of NaCl, MgCl2, or AlCl3. The spring constant k of the can-
tilever was determined by measuring the resonance frequency of 
the probe [22]. The colloidal probe was prepared by attaching a 
cleaned alumina particle to the top of the AFM cantilever using 
epoxy resin (Epikote 1004, Shell, United States) under an optical 
microscope. The force measurements were performed using a 
Teflon fluid cell to obtain force curves after equilibration for 1 h 
while immersing the substrate in the desired solution. The typical 
velocity at which the probe approached and retracted from the 

Electrophoretic mobility measurements of the alumina particles 
were performed using a zeta potential analyser (ELSZ, Otsuka Elec-
tronics Corp., Japan). A 0.01 vol% concentration of cleaned alumina 
particles was dispersed in each of the same PAA–electrolyte solu-
tions used in the AFM experiments to determine their elec-

Fig. 1a shows the force curves between alumina surfaces in 
aqueous solutions of PAA at various concentrations in the presence 
of 0.01 M NaCl. In the absence of PAA (0 g/L), the force curve 
exhibited long-range repulsion attributable to the electrostatic 
double-layer forces. At shorter separation distances, the probe 
jumped abruptly into contact with the substrate, as indicated by 
the arrow on the force curve, indicating the presence of strong 
attractive forces. This ‘‘jump-in” occurs because of the mechanical 
instability of the cantilever; the phenomenon takes place when the 
gradient of the interaction force with respect to separation exceeds 
the spring constant of the cantilever. This attractive force is attrib-
uted to the van der Waals interactions between the surfaces, and
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Fig. 1. (a) Force curves measured between alumina surfaces in PAA solutions of varying concentrations with 0.01 M NaCl. Arrows indicate jump-in of the surfaces. (b) Semi-
logarithmic plot of the force curve for 0.001 g/L PAA fitted to DLVO theory using a surface potential of 40 mV and a Hamaker constant of 2.8 × 10–20 J. The solid and dashed 
lines indicate the DLVO theoretical curves under constant potential and charge conditions, respectively. (c) Semi-logarithmic plot of force curves for PAA concentrations 
ranging from 0.01 to 10 g/L fitted to AdG theory. Note that the point of zero distance is shifted using the calculated offset distance for each plot (Fig. 3b, 4b, 5b and 7b are also 
the same). The solid lines indicate AdG theoretical curves obtained using Eq. (1). 
the overall force behaviour is well described by the DLVO theory. 
At low PAA concentrations (0.001 and 0.01 g/L), similar repulsive 
forces were observed at longer separation distances, followed by 
jump-ins, indicating that attractive forces were still present at 
short distances, as observed in the case of 0 g/L PAA. When the 
PAA concentration increased beyond 0.1 g/L, repulsion became 
dominant again, with the range of repulsive force extending as 
the concentration increased. 

The applicability of DLVO theory to the force data in the pres-
ence of PAA was evaluated by fitting the experimentally obtained 
force curves to theoretical DLVO calculations. The DLVO calcula-
tions were performed by solving the nonlinear Poisson–Boltzmann 
equation under constant potential and charge boundary conditions 
using the algorithm proposed by Chan et al. [23] to determine the 
electrostatic double-layer force. The van der Waals (vdW) force 
was estimated assuming the Hamaker constant to be 2.8 × 10–20 

J for alumina surfaces in water [24]. Note that an offset distance 
to the apparent zero separation was assumed to account for the 
presence of adsorbed PAA layers, which were expected to remain 
between alumina surfaces even at their closest approach. 

Fig. 1b shows the best fit of the force curve to DLVO theory for 
the 0.001 g/L of PAA case using an assumed Debye length of 
3.26 nm and an offset distance of 1.67 nm. This Debye length clo-
sely matched the theoretical value of 3.04 nm for an electrolyte 
concentration of 0.01 M, suggesting that double-layer repulsion 
primarily governed the interaction before the jump. However, the 
observed attractive force was longer-ranged than that predicted 
by the DLVO model, indicating that it was not caused by vdW 
forces. 

At PAA concentrations exceeding 0.01 g/L, the observed repul-
sive force preceding the attractive interaction could not be ade-
quately fitted to DLVO theory, suggesting that steric repulsion 
owing to the adsorbed PAA dominated at these concentrations. 
To verify this explanation, we also fitted the force curves to the 
Alexander–de Gennes (AdG) model [25], which describes the inter-
actions between polymer brush layers under compression. Accord-
ing to this model, the force F between a flat plate and sphere of 
radius R separated by a distance D is given by [26,27] 
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where L0 is the uncompressed brush thickness, kB is the Boltzmann 
constant, T is the temperature, and s is the average distance 
between adsorption points of the polymer on the surface. The fitting 
results were obtained by assuming offset distances using an 
approach similar to that used for DLVO fitting, and the variation 
in the thickness of the adsorbed PAA layer was estimated based 
on the L0 values [27]. 

The resulting fitting curves in Fig. 1c agree well with the exper-
imental data, confirming that the observed repulsive forces were 
indeed steric interactions between adsorbed polymers. These poly-
mers formed brush-like layers on the alumina surfaces owing to 
chain expansion via loop and tail conformations. At a PAA concen-
tration of 0.01 g/L, the fitted curve yielded estimated L0 and offset 
values of 15.8 nm and 0.6 nm, respectively, suggesting that steric 
repulsion was the dominant force before the jump occurred at 
approximately 8 nm. The estimated L0 values at PAA concentra-
tions of 0.1, 1, and 10 g/L were 16.1, 19.0, and 41.8 nm, respec-
tively. This increase in L0 with increasing concentration suggests 
that a higher adsorption density promoted a more extended poly-
mer conformation. We also note that the s values in Equation (1) 
were obtained as fitting parameters because the direct measure-
ment of adsorption density on flat surfaces is difficult. The fitted 
s values ranged from 3.5 to 8.2 nm. Using the relationship s = 
(r/p)1/2 , where r is the surface area per polymer chain, we esti-
mated the adsorption density to be between 0.2 and 1.1 mg/m2 . 
These values are in good agreement with those reported in previ-
ous studies [11,12,28] on PAA adsorption on alumina, indicating 
that the fitted s values fall within a reasonable and physically 
meaningful range. 

The electrophoretic mobilities of the alumina particles in each 
solution evaluated in the AFM experiments are compared in 
Fig. 2. When no PAA was present, the zeta potential of the alumina 
particles was approximately + 55 mV, which is equivalent to a 
mobility of + 4.8 × 10–8 m2 V–1 s−1 (not shown in Fig. 2). The mobil-
ity was lower in 0.001 g/L of PAA owing to the adsorption of the 
negatively charged PAA, and charge reversal was observed on the 
particle surface in 0.01 g/L of PAA, suggesting that 0.01 M NaCl 
was insufficient to fully neutralize the surface charge even at this 
low polymer concentration. Increases in the PAA concentration to 
1 g/L and 10 g/L further decreased the mobility. The pH value 
decreased with increasing PAA concentration, reaching 3.3 at
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Fig. 2. Electrophoretic mobilities of alumina particles dispersed in PAA solutions of 
various concentrations in the presence of 0.01 M NaCl, MgCl2, or AlCl3. 
1 g/L and 2.9 at 10 g/L. Previous studies have shown that a lower 
pH results in higher adsorption [28] although the degree of disso-
ciation of the carboxyl groups decreases. Therefore, the more neg-
ative mobility with increasing PAA concentration is likely to be 
caused by a higher negative charge density owing to the increased 
adsorption of PAA on the particle surface. 

Based on these results, the following common mechanism for 
surfaces in adsorptive polymer solutions [29,30] can be applied 
to explain the observed interactions in the presence of monovalent 
NaCl. At a PAA concentration of 0.001 g/L, the adsorption density 
on the alumina surface should be sufficiently low (based on the 
positive electrophoretic mobility value) that the polymer chains 
adsorbed on one surface can extend and bridge to the opposite sur-
face, generating the attractive force observed at a separation of 
10 nm, which was strong enough to overcome electrostatic repul-
sion. Similarly, the attractive force observed at 0.01 g/L was likely 
generated by bridging interactions, although weak repulsion was 
observed before attraction owing to the steric force induced by 
the increasing density of adsorbed polymers [31]. As the PAA con-
centration increased further, greater quantities of PAA were 
adsorbed onto the alumina surfaces, making steric repulsion dom-
inant and extending its range via the formation of thicker and more 
concentrated adsorbed PAA layers. 

Fig. 3 shows the force curves obtained when the MgCl2 was 
used. The interaction forces transitioned from repulsive to attrac-
tive at lower PAA concentrations, and the repulsive forces became 
shorter than those observed for the NaCl at PAA higher concentra-
tions. No repulsive forces were detected at PAA concentrations of 
0.001 and 0.01 g/L, and only an attractive force comparable to 
the vdW force was observed. This indicates that the higher ionic 
strength of Mg2+ than Na+ enhanced electrostatic screening, effec-
tively suppressing electrostatic repulsion and allowing vdW attrac-
tion to dominate at these concentrations. The absence of the 
attraction longer than vdW, as observed for NaCl, was likely a 
result of the stronger screening effect of MgCl2, which reduced 
polymer extension and bridging interactions. This screening of 
MgCl2 can also be inferred from the electrophoretic mobility values 
shown in Fig. 2, which shifted to larger positive values than those 
observed for the NaCl electrolyte. 
4

The repulsive forces for the 1 and 10 g/L PAA concentration 
MgCl2 solutions exhibited shorter ranges than those for the equiv-
alent NaCl solutions. Furthermore, the AdG equation did not fit the 
theoretical values at 1 g/L. The low electrophoretic mobility at this 
concentration suggests that the PAA molecules adopted a globular 
state because of strong screening. However, the repulsive forces for 
the 10 g/L PAA concentration exhibited suitable fit to the AdG 
equation, giving an L0 value of 31.4 nm with an s value of 
4.5 nm, which is 25 % shorter than that measured for the NaCl solu-
tion at the same concentration. This indicates that MgCl2 screening 
was no longer sufficient at this concentration because of the 
greater quantities of PAA adsorbed onto the alumina surface 
despite the presence of more collapsed PAA molecule brush struc-
tures than in the NaCl solution, resulting in a reduced layer 
thickness. 

This was quite pronounced when trivalent AlCl3 was used as the 
electrolyte, as shown in Fig. 4. The force curves measured at PAA 
concentrations up to 1 g/L exhibited attraction within the range 
of vdW interactions, suggesting conformational collapse of the 
PAA even at low concentrations. This occurred despite the rela-
tively high surface potentials, suggested by the electrophoretic 
mobilities as shown in Fig. 2, observed at PAA concentrations up 
to 0.1 g/L. Indeed PAA–Al3+ complexes are likely to form in the 
presence of AlCl3, leading to the aggregation of PAA on the alumina 
surface. Thus, the positive electrophoretic mobilities observed in 
this concentration range can be attributed to the excess charge car-
ried by bound Al3+ ions. 

At a PAA concentration of 10 g/L, the force was monotonically 
repulsive over a considerably shorter range for the AlCl3 electrolyte 
than for the NaCl or MgCl2 electrolytes. This repulsive force also fit 
the AdG equation well with an L0 value of 5.88 nm and an s value of 
3.8 nm, which is much shorter than those for the NaCl and MgCl2 
solutions at the same concentrations. This reduction indicates that 
the PAA molecules underwent greater collapse while maintaining a 
brush-like molecular conformation, presumably because the 
screening and/or formation of PAA–Al3+ complexes was insufficient 
owing to the greater quantity of PAA adsorption. 

These changes in the interaction forces, which depend on the 
valence and concentration of ions, can be qualitatively correlated 
with the dispersion behaviour of the bulk alumina particles. Naka-
mura et al. [8] measured the viscosity of alumina slurries in poly-
carboxylic acid ammonium (PCA) solutions in the presence of Mg2+ 

or Al3+ ions and found that the presence of 0.01 M of either of these 
ions increased the viscosity of the slurry when the PCA concentra-
tion was relatively low, but the viscosity decreased again when the 
PCA concentration increased. Although there are indeed differ-
ences between PCA and PAA, both are anionic polymers, suggesting 
that the attraction between particles tends to increase as the ion 
valence and concentration increase, enhancing particle aggregation 
and increasing viscosity. Furthermore, the improved dispersion 
and decreased viscosity observed at higher polymer concentrations 
can be considered a result of repulsion owing to insufficient ion 
screening, as observed in the present experiment. 

3.2. Effects of electrolyte concentration 

The effect of NaCl concentration on the measured interaction 
forces was examined for a fixed PAA concentration of 1 g/L while 
varying the NaCl concentration from 0.001 to 0.1 M. As shown in 
Fig. 5, when the NaCl concentration ranged from 0.001 to 0.1 M 
under these conditions, steric repulsion dominated the interactions 
and the repulsive forces did not fit DLVO theory, but were effec-
tively described by the AdG model, as shown in Fig. 5b. The 
decreasing range of repulsive forces with increasing NaCl concen-
tration indicates the collapse of adsorbed PAA chains owing to 
electrostatic screening, although the brush conformation contin-
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Fig. 3. (a) Force curves measured between alumina surfaces in PAA solutions of varying concentrations with 0.01 M MgCl2. Arrows indicate jump-in of the surfaces. (b) Semi-
logarithmic plot of the force curve for 10 g/L PAA fitted to AdG theory. The solid line indicates the AdG theoretical curve obtained using Eq. (1). 

Fig. 4. (a) Force curves measured between alumina surfaces in PAA solutions of varying concentrations with 0.01 M AlCl3. Arrows indicate jump-in of the surfaces. (b) Semi-
logarithmic plot of the force curve for 10 g/L PAA fitted to AdG theory. The solid line indicates the AdG theoretical curve obtained using Eq. (1). 
ued up to a 0.1 M NaCl concentration. Critically, no attractive force 
was observed in this concentration range, suggesting that a 0.1 M 
NaCl electrolyte concentration was insufficient to screen the 
charge of adsorbed PAA molecules. These forces corresponded well 
with the electrophoretic mobility data shown in Fig. 6, the absolute 
value of which decreased with increasing NaCl concentration, sug-
gesting that electrostatic screening induced polymer chain col-
lapse, thereby reducing the range of steric repulsion. 

The overall force curve trends for the different MgCl2 concentra-
tions exhibited stronger screening effects than those for the differ-
ent NaCl concentrations, as shown in Fig. 7. The range of repulsive 
5

forces decreased at 0.001 and 0.01 M, and an attractive force was 
already observed at 0.1 M, suggesting enhanced charge screening 
by divalent Mg2+ ions. The absolute value of electrophoretic mobil-
ity in the MgCl2 solution, shown in Fig. 6, was also lower than that 
in the NaCl solution, indicating enhanced polymer collapse and, 
consequently, shorter-range forces. 

Finally, the forces for the different AlCl3 concentrations are 
shown in Fig. 8. The repulsive force was apparent at 0.001 M AlCl3, 
but its range was much smaller than those of the other electrolytes 
at the same concentration. The vdW attraction appeared to have 
overcome the steric repulsion at 0.01 M AlCl3; these attractive ten-
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Fig. 5. (a) Force curves measured between alumina surfaces in 1 g/L PAA solutions with NaCl at varying concentrations. Arrow indicates jump-in of the surfaces. (b) Semi-
logarithmic plot of the force curves fitted to AdG theory. The solid lines indicate AdG theoretical curves obtained using Eq. (1). 

Fig. 6. Electrophoretic mobilities of the alumina particle dispersed in 1 g/L PAA 
solutions with the various concentration of NaCl, MgCl2, and AlCl3. 
dencies were likely caused by strong screening by Al3+ ions, as indi-
cated by the low electrophoretic mobilities shown for AlCl3 in 
Fig. 6. Notably, an anomalous long-range attractive force was 
observed at a distance of approximately 20 nm in the 0.1 M solu-
tion. This force was significantly longer-ranged than the vdW force, 
which differs markedly from the results obtained for other 
electrolytes. 

Determining the origin of this long-range attractive interaction 
is difficult at present. Polymer bridging is unlikely under high-
ionic-strength conditions because the polymer chains are expected 
to exhibit strongly collapsed conformations. Instead, a possible 
6

mechanism to be considered is that the interaction caused by pat-
chy charge domains of PAA molecules [32,33]. In polyelectrolyte 
solutions, the origin of attractive forces greater than the vdW 
attraction is often attributed to charge patches along with polymer 
bridging [33]. These patches occur when polyelectrolytes are 
adsorbed on a surface forming domains and creating an uneven 
charge distribution [34]. The adsorbed and oppositely charged 
non-adsorbed regions electrostatically attract each other, produc-
ing long-range attraction. This phenomenon has been observed 
not only on polymer-adsorbed surfaces but also on surfactant- or 
amphiphile-adsorbed ones, where it represents a cause of strong 
attraction between surfaces hydrophobized by such molecules 
[35,36]. 

In the present case, the high ionic strength of Al3+ in the solu-
tion likely led to strong screening and ion binding between the 
PAA molecules, causing them to form compact domains. However, 
because many counterions can be adsorbed onto the alumina sur-
face, the non-adsorbed regions of the screened surface likely 
remained negatively charged. Therefore, under the present condi-
tions, the possibility that charge patches are the primary cause of 
attraction appears low. 

Another possibility is the underscreening effect that arises in 
solutions with high ionic strengths. Recent studies have shown 
that the classical Debye–Hückel theory, which describes electro-
static screening lengths, is inadequate at high electrolyte concen-
trations [37]. Specifically, for electrostatic interactions between 
charged macroscopic surfaces, the decay length of the repulsive 
force exceeds the Debye length beyond a certain electrolyte con-
centration—typically approximately 0.5–1 M for monovalent elec-
trolytes—increasing the range of electrostatic interactions [38]. 
This phenomenon, known as underscreening, has been observed 
in SFA measurements when the electrostatic decay lengths in var-
ious electrolyte solutions, including ionic liquids, deviate from 
classical predictions [39–41]. 

Underscreening also occurs with ionic polymers in highly con-
centrated salt solutions. Roiter et al. [42] demonstrated that poly 
(2-vinylpyridine) polymer coils re-expanded in solutions with high 
salt concentrations to exhibit radii of gyration comparable to those 
in dilute solutions. Furthermore, Robertson et al. [43] measured
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Fig. 7. (a) Force curves force curves measured between alumina surfaces in 1 g/L PAA solutions with MgCl2 at varying concentrations. Arrow indicates jump-in of the surfaces. 
(b) Semi-logarithmic plot of the force curve for MgCl2 concentration of 0.001 M, fitted to the AdG theory. Solid lines indicate AdG theoretical curves obtained using Eq. (1). 

Fig. 8. Force curves measured between alumina surfaces in 1 g/L PAA solutions 
with AlCl3 at varying concentrations. Arrows indicate jump-in of the surfaces. 
the thickness of substrate-tethered poly(2-(methacryloyloxy)ethy 
l)trimethylammonium brushes and observed re-entrant swelling 
in multivalent electrolyte solutions with high concentrations. They 
also suggested that this re-entrant swelling was consistent with 
the underscreening effect observed on solid surfaces. 

A similar polymer re-expansion is highly likely to have occurred 
in this study. If such re-expanded PAA molecules form bridges 
between alumina surfaces, they could induce long-range attrac-
tion. However, for this bridging to occur, PAA, which is expected 
to be positively charged owing to Al3+ adsorption, must be 
adsorbed onto the opposing surface. Because the alumina surface 
7

is positively charged, the possibility of PAA chains adsorbing onto 
the non-adsorbed regions of the opposing alumina surface remains 
low even if the PAA retains some localised negative regions, as in 
the case of patchy surface charges. Thus, underscreening alone 
does not appear sufficient to explain the origin of this anomalous 
attraction, and a more comprehensive investigation remains 
required accordingly. 

4. Conclusions 

This study used AFM to investigate the interaction forces 
between alumina surfaces in PAA solutions containing different 
metal ions. In the presence of NaCl, attractive forces dominated 
at low PAA concentrations owing to polymer bridging, whereas 
steric repulsion between PAA chains became dominant at higher 
concentrations, as is commonly observed in adsorptive polymer 
systems. In contrast, the presence of MgCl2 and AlCl3 resulted in 
increasingly attractive interactions. This trend was attributed to 
two primary effects: enhanced electrostatic screening of the nega-
tively charged PAA by divalent and trivalent metal ions, which 
reduced the range of electrostatic repulsion, and PAA chain col-
lapse, which minimised steric repulsion. These changes in the 
interaction forces qualitatively explain the dispersion behaviours 
of bulk alumina particles in the presence of MgCl2 and AlCl3. Sim-
ilarly, increasing the concentration of these metal ions further 
reduced the repulsive forces, eventually resulting in a net attrac-
tion driven by the same electrostatic screening and polymer col-
lapse mechanisms. At 0.1 M AlCl3, a specific attractive force 
longer than vdW attraction emerged that was not observed in 
the presence of NaCl or MgCl2. However, further research is 
required to confirm the mechanism of this unique interaction 
force. 

In this study, we conducted measurements at ion concentra-
tions higher than those commonly used in industrial processes. 
Because our aim was to evaluate the effects of metal ions on the 
adsorption and interactions of PAA, this approach can systemati-
cally explain how such interactions vary with ion concentration, 
which is also important for considering the particle behaviour in
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the bulk phase. Thus, we believe that the results of this study can 
improve the control of ceramic slurry dispersion at the microscopic 
level to ensure consistency in the quality of manufactured 
ceramics. 
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