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ADSORPTION OF NONIONIC POLYMERS FROM BINARY 
MIXTURES AND ITS EFFECT ON THE ELECTROKINETIC 

POTENTIAL OF AEROSIL PARTICLES 
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A short review on the adsorption of polymer mixtures on the surface of dispersed particles and its 
relationship with flocculation efficiency is given in this paper. The adsorption of nonionic polyvinyl 
alcohol (PVA), methylcellulose (MC) and polyvinyl pyrrolidone (PVP) from individual solutions as 
well as the adsorption of binary mixtures of these polymers on aerosil particles as a function of 
polymer dose, pH, electrolyte (KCl) concentration and mixture composition has been measured. The 
adsorption isotherms of these polymers on aerosil particles and their (1:1, 1:3 and 3:1) mixtures show 
a PVA< MC<PVP sequence of adsorption, testifying the preferential adsorption of PVP from its 
various polymer mixtures. This is due to effect of hydrophobic interactions between PVP molecules 
and the surface, on the top of H-bonds formation. The adsorption of PVA, MC and PVP results in a 
substantial decrease in the electrophoretic mobility of aerosil particles. A correlation between the 
adsorbed amount of the respective polymers and degree of mobility drop is established. It is also 
shown that the adsorption of binary polymer mixtures leads to a more pronounced decrease in the 
zeta-potential than the adsorption of individual polymers. A rise in the “electrophoretic” thickness of 
the adsorbed layers (calculated from the difference between the zeta-potentials of “bare” and 
polymer-covered particles) in polymer mixtures compared to the thickness of individual polymer 
layers has been observed. The laws established were explained by changes of macromolecular 
conformation in adsorbed mixed polymer layers. 
Keywords: nonionic polymers, mixtures, adsorption, adsorption preference, aerosil, particles, 
electrokinetic potential, polymer layer, thickness, macromolecular  conformation. 
 
Introduction and short literature review 

 
Polymers are widely used for flocculation of  suspensions in many industrial 

applications, such as mineral processing, papermaking, water treatment and biotechnology 
[1]. They can produce large, strong aggregates which can be easily separated by 
sedimentation, filtration, flotation or centrifugation. The effect of polymers on colloidal 
stability is mainly due to adsorption of macromolecules onto particle surfaces and to the 
structure of adsorbed layers formed [2–5]. Flocculation by polymers in most cases is due to 
the adsorption of a long polymeric chain onto several particles, whereby these particles get 
linked by polymer bridges (“bridging” flocculation). This is the case for non-ionic 
polymers, polyelectrolytes of the same charge as the particles or oppositely charged 
polyelectrolytes with low charge density. The efficiency of particles aggregation/ 
flocculation increases with the length of loops and tails of the adsorbed macromolecule 
protruding into the solution, i.e. with the thickness of the adsorbed layer. 
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Electrokinetic measurements are powerful tools to investigate the structure of interfacial 
polymer layers [6, 7]. At low ionic strength, the formation of fairly thick hydrodynamically 
impermeable adsorbed layers of non-ionic polymers shifts the slip plane further into the 
bulk liquid phase, which causes a decrease in the zeta-potential and hence a reduction in the 
electrical repulsion between particles with adsorbed polymer. From the difference between 
the electrokinetic potentials of bare particles and those with the adsorbed nonionic polymer, 
the ‘electrophoretic’ thickness of the adsorbed layer can be evaluated (see also below). 

The performance of flocculants can in many cases be further improved by applying 
polymer mixtures due to synergetic effects often occurring in such systems. There have 
been only limited studies on the flocculating (and stabilizing) capacity of polymer mixtures 
and its relationship with the adsorption from polymer mixtures and the structure of 
macromolecular layers on the particles surface. We have performed a study on the 
adsorption of non-ionic polymer mixtures on a well-characterized aerosil surface and its 
effect on the electrokinetic potential of the particles. The data were used for the 
interpretation of the mixed polymer layer structure and flocculation capacity of the 
corresponding polymer mixtures.  Before describing the experimental results obtained, let 
us inspect the features of adsorption from polymer mixtures – i.e. the first stage of 
flocculation by polymer mixtures. 

 
Adsorption from polymer mixtures 

 
The analysis of literature data shows that with mixtures of different polymers three 

major effects should be considered: 
 

• Preferential adsorption of long chains over short ones from solutions of polydisperse 
polymers (almost always used in practice), even with the same adsorption energy per 
segment.  

• Substitution of weakly bound polymeric segments on the surface by preferentially 
adsorbed segments of higher adsorption energy within the polymer mixture. 

• Complexation of oppositely charged polyelectrolytes in the adsorbed layer.  
 
In dilute solutions of polydisperse polymers, the longer chains are adsorbed 

preferentially on the surface, since they lose less translational entropy in the solution, while 
they gain approximately the same (total) adsorption energy [8]. When the surface is 
saturated with long molecules, plateau adsorption from the mixture remains slightly below 
the isotherm for isolated molecules. This is due to the much lower solution concentration of 
long chains in the mixture: the total concentration of the solution is predominantly made up 
of  short chains [8]. The displacement of short chains (which reach the surface more quickly 
than larger ones) from the surface may take longer time (minutes or hours) than the 
adsorption process itself. It has been shown by a special electrophoretic method that 
adsorption equilibrium for polyethylene oxide (PEO) is achieved more rapidly for polymers 
with very narrow molecular weight (MW) distribution, than for commercial PEO samples 
with rather broad MW distributions [9]. 

An adsorbed polymer may be displaced by another if the adsorption energy of the 
displacer segment(s) is only by 0.01–0.1 kT higher, compared to that of the adsorbed 
macromolecule. The reason for that is the ‘cooperative effect’ attributable to the large 
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number of chain segments: the difference in adsorption energy might be small per segment 
but large per chain [8]. 

The slow displacement of macromolecules from the surface by molecules with a 
stronger adsorption capacity has a marked effect on the structure of composite interfacial 
layers. Csaki and Csempesz [10] have shown that in combination with polyvinyl 
pyrrolidone (PVP), the adsorption of methylcellulose (MC) molecules on polystyrene (PS) 
particles is preferred. On silver iodide sol, by contrast, PVP molecules are adsorbed 
preferentially against MC molecules [11]. 

The thickness of the adsorbed polymer layer is one of the key factors determining the 
effectiveness of uncharged polymers in flocculating and stabilizing colloidal dispersions. It 
has been shown by photon correlation spectroscopy and laser Doppler electrophoresis that 
the thickness of methylcellulose layers on polystyrene and silver iodide surfaces was about 
twice as high as that of PVP, with a wide concentration range of the polymers in the 
solution [12]. No differences in the thickness of individual polymer layers on PS surfaces 
from 1 h to 24 h adsorption periods could be detected. However, a definite rise in the 
thickness of the MC-PVP layer on PS and some decrease of this polymer mixture layer on 
AgI could be observed after longer contact time [11, 12]. These features can be ascribed to 
a slow displacement of the PVP molecules from the polystyrene surface by MC molecules 
with a stronger adsorption capacity.  

 Based on the adsorption data of non-ionic polymer mixtures and their effect on the 
aggregation of sol particles, Csempesz and co-authors [12, 13] suggest that in the case of 
polymer mixtures, the conformation of adsorbed macromolecules on the surface is 
significantly altered: preferentially adsorbed segments tend to substitute weakly bound 
polymeric segments in the surface layer. As a result, the length of loops and tails formed 
from the latter is likely to increase. Lee and Liu [14] also assumed that the adsorption of 
mixed polymers on particles surface generates an extended confirmation of polymers. This 
enhances the formation of polymeric bridges between the particles and consequently, 
stimulates flocculation efficiency. Somasundaran [15] has shown that the flocculating 
activity of polyelectrolyte (PE) mixtures depends on the size of polymers, their charge 
density and the dosing sequence. Enhanced flocs or “superflocs” were formed through 
polymer-polymer complexation [16]. 

 
1. Materials and methods 
 

As adsorbent “Highsil” grade aerosil particles with a specific surface area of 180 m2/g 
has been used. The nonionic polymers of polyvinyl alcohol with M 20,000 (2% acetate 
groups), polyvinyl pyrrolidone with M 24,000 and methylcellulose with M 84,000 were 
applied. The adsorbed amount (Γ) was determined after contacting the polymer solution 
with the adsorbent at room temperature (25 °C) for 24 hours. As preliminary tests showed, 
this contact time was enough to reach adsorption equilibrium.  The amount of adsorbent in 
each sample was 0.5 g, and the volume of the solution was 50 cm3. Once the solution had 
reached equilibrium, it was separated from the solid by applying 30 min centrifugation time 
at speed of 20,000 rpm. The concentration of polymers in the solution was determined by 
interferometer or colorimetric measurements (from the intensity of light transmitted by the 
solution of coloured complex compounds of PVA) using calibration curves as described in 
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papers [17, 18]. The electrophoretic mobility of the particles were measured using a 
Brookhaven Zeta Sizer Instrument . 

 At this point, we have to emphasize that it is actually impossible to calculate the exact 
value of the ζ-potential of soft particles built up of a hard core with adsorbed 
polyelectrolytes on it, despite all recent progress/ developments in the theory of electrical 
double layers in such systems. In fact, the values of the electrokinetic potential given below 
represent some “efficient” ζ-potentials equal to the electrophoretic mobility multiplied by 
the ratio of the viscosity of the medium to its permittivity. As shown in the literature, this 
calculation method is worldwide accepted, and serves as a basis for the calibration of Zeta 
Sizer instruments.  
 
2. Results and discussion 

2. 1. Adsorption measurements 
  

The results of adsorption measurements for individual polymers and their binary 
mixtures are presented in Figures 1–3. At low equilibrium concentrations, the adsorption 
isotherms are characterized by a stepwise rise, with tendency to reach saturation at high 
concentrations (Figure 1). These differ from the “high-affinity” type isotherms, which are 
characterized by total extraction of the added polymer at low contents, thus fast reaching 
plateau adsorption with high polymer concentrations, and which are typical for the 
polymers studied on hydrophobic surfaces [8, 19]. The maximal adsorbed amount reaches 
several dozens of mg/g, i.e. 0.1–0.2 mg/m2, which is less than the values typical for 
nonionic polymers adsorbed onto solids (about 0, 5–1,0 mg/m2, see [8, 19]). This might be 
due to the fact that the adsorbed amount is calculated with respect to the total surface area, 
S (determined by the adsorption of argon using BET method) instead of the surface area 
really accessible for macromolecules. The latter is much less than Stotal because of the 
aggregation of primary particles. 

Figure 2 shows that with rising pH, the adsorption of PVA and MC decreases. This can 
be explained by a decrease of the number of non- dissociable OH group on the silica 
surfaces, which are able to form H-bonds with hydroxyl groups of the respective polymers. 
H-bond formation onto the silica surface is the main adsorption mechanism of these 
compounds [19, 20]. The participation of water molecules and hydrated counter-ions in 
forming adsorption bonds between macromolecules and the silica surface is also supposed 
[19]. At the same time, the adsorption of PVP does not change substantially with an 
increase (from 3 to 9) in the pH of the medium, and a marked decrease in adsorption is 
observed only at pH > 11.   

According to the authors [20], the formation of H-bonds between non-dissociable OH 
groups on the surface and tertiary amino-groups of PVP may lead to a proton transfer from 
the silanole group to the adsorbate, resulting in formation of VP…H+ type ions. 
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Figure 1. Adsorption isotherms of PVP (1), MC (2), PVA (3) and of the 1:1 binary 
mixtures of PVP+MC (4), MC+PVA (5), PVA+PVP (6) adsorbed on the surface of 

aerosil particles at pH 7.4. The summed concentration of polymers in the mixture and the 
summed adsorption of polymers in mixture are indicated 

 

Figure 2. Dependence of PVP (1), MC (2) and PVA (3) adsorbed amount on   aerosil 
particles on the pH of the solution.  KCl concentration =5x10–3 mol/l 

The adsorption of the polymers studied decreases in the following series: 
PVP>MC>PVA, which is different from the sequence of adsorption of these polymers onto 
AgI surface [20, 21]. The steepness of the rising part of the isotherms, characterizing the 
affinity of the macromolecules to the surface, for PVP and MC is also higher than that of 
PVA. This means that PVP will displace the adsorbed MC and, especially PVA molecules 

Γ, mg/g 

Γ, mg/g 



Sándor Bárány–Attila Varga 

 
20 

from the surface, and the first compound should adsorb from the polymer mixture 
preferentially. 

Figure 1 also shows that the total adsorption of a 1:1 (by mass) polymer mixture is less 
than the sum of the adsorbed amount of individual components. Obviously, this 
phenomenon is due to competitive adsorption of polymers from their mixture which results 
in suppression of adsorption of one polymer by the other one. The degree of such 
suppression is different in various mixtures.  For example, the summed adsorption in a 1:1 
mixture of MC+PVA at polymer concentration of 0.4 mg/dm3 is 33 mg/g (Figure1), while 
with “half” concentration of the same polymer (0.2 mg/dm3), MC adsorption   reaches 35 
mg/dm3, and the adsorption of PVA reaches even 40 mg/dm3. The adsorption of PVP and 
PVA from individual/separate solutions at 0.2 mg/dm3 is 37 mg/g and 5 mg/g, respectively, 
while the summed adsorption of these polymers from the same 1:1 mixture reaches only 25 
mg/g, i.e. slightly more than the half of Γ1 + Γ2. Similar results have been obtained for a 
PVP+MC mixture.  

The suppression of non-ionic polymer adsorption by other polymers is confirmed by the 
isotherms of adsorption of individual polymers from their binary mixtures (Figure 3). The 
content of a selected polymer in the presence of a second polymer was determined by 
colorimetric method. It can be seen that PVP is adsorbing preferentially from 1:1 
PVP+PVA mixtures; its adsorption exceeds the adsorbed amount of PVA by 2–2.5 times in 
a wide range of mixture concentrations. This is in line with a steeper rise in the initial 
section of the isotherms for PVP, as compared to those of PVA (Figure 1).  Analogous 
results have been obtained for 1:1 mixtures of PVP+MC and for polymer mixtures with a 
2:1 or 3:1 ratio of the components. 

The preferential adsorption of PVP from its mixtures with other polymers is further 
confirmed by data on substitution of polymers by other polymers from the adsorbed layer.  
Table 1 shows that changes in the order of adding the components in the polymer mixture, 
i.e. first PVP, and 6 h later PVP or, inversely, PVA first, then PVP, does not substantially 
change the adsorption of polyvinyl-pyrrolidone. On the other hand, the introduction of PVP 
as the second component of the system, will lead to the substitution of considerable 
amounts of pre-adsorbed PVA, while addition of the latter does not influence the adsorption 
of PVP substantially. The firm binding of PVP molecules to the surface might be promoted 
– besides H-bond formation – by hydrophobic interactions taking place between the 
hydrocarbon parts of the molecule and the hydrophobic parts of the silica surface.  

The preferential adsorption of MC in its mixtures with PVA is the least pronounced, as 
it can be deduced from the data presented in Table 1. 

It has also been shown that increasing the electrolyte (KCl) concentration, the adsorbed 
amount of the studied polymers under decreases. This type of behavior was observed in a 
number of dispersions containing non-ionic polymers [19], and was explained by the 
influence of several factors, such as the competitive adsorption of ions and polymeric 
segments on the surface, ion-dipole interactions between counter-ions and dipoles of the 
macromolecule repeated unit, changes in the structure of the electric double layer etc. (see 
in detail [19]). 
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Figure 3. Adsorption isotherms of (1) PVP from its 1:1 mixture with PVA, (2) of MC from 

its mixture with  PVA, (3) of PVA from its mixture with MC and (4) of PVA from its 
mixture with PVP (4). The equilibrium concentration and adsorption of individual 

polymers from their mixture with other polymer are shown 
 

Table 1 
Absorbed amounts (mg/g) of non-ionic polymers and their 1:1 

mixture on aerosil  particles 
 

Initial conc PVP+PVA Initial conc MC + PVA 

g/l ΓPVP at addition of PVP g/l ΓMC   at addition of MC 
 first second  first second 

0,1 12,8 8,1 0,063 4,1 2,4 
0,2 23,0 17,4 0,125 6,2 3,5 
0,4 32,0 27,9 0,25 13,3 6,3 
0,8 43,8 35,6 0,5 21,0 12,1 

   0,8 26,6 15,5 
 
 
2. 2. Electrokinetic aspect of polymer mixture adsorption 
 

The adsorption of PVA, MC and PVP results in a substantial decrease of the 
electrophoretic mobility of aerosol particles (Figure 4). There is a good correlation 
between the adsorbed amount and the degree of mobility drop: the higher the adsorption 
is, the more pronounced the decrease in mobility will be (compare Figures 1 and 4). The 
reason for  

 
 

Γ, mg/g 
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Figure 4.  Electrophoretic mobility of aerosil particles plotted against polymer content in 

the following suspensions (calculated for 1 g of adsorbent): (1) PVA, (2) MC, (3) PVP,  (4) 
pre-prepared MC+PVA mixture, (5) pre-prepared MC+PVP mixture, (6) MC+PVP 

mixture, with a subsequent addition of MC and  PVP (3 hours later), (7), PVP+MC mixture 
with a subsequent addition of  PVP and  MC (3 hours later) 

 
that is the following: at low ionic strength, adsorbed non-ionic polymers form fairly thick 
hydro-dynamically impermeable adsorbed layers, which shift the slip plane further into the 
bulk liquid phase, causing a decrease in the zeta-potential. Supposing that neither the 
surface charge density, nor the distribution of ions in the double layer is substantially 
changed by polymer adsorption [19], the hydrodynamic thickness of the adsorbed polymer 
layer h can be calculated from the well known relationship describing the electric potential 
distribution in the diffuse double layer:  

 

exp(κh )= tanh(zeζ/4kT)/(zeψδ/4kT) 

where: κ – is the reciprocal Debye length, h – is the thickness of the diffuse layer between 
the boundary of the Stern-layer and the shear plane, ζ – the electrokinetic potential of the 
particle at a given h value, ψδ – the Stern-potential, equalized to the value of zeta-potential 
value of initial, polymer-free particles (ζ0).  

 According to the above formula, the thickness of the polymer layer is d = h+δ (where δ 
– is the thickness of the Stern layer ≈ 0.4 nm), i.e. the distance from the surface to the point 
where the viscosity of the liquid changes dramatically. It can be also seen that the 
adsorption of binary polymer mixtures leads to a more pronounced decrease in the zeta-
potential than the adsorption of individual polymers. This is typical for example for 
PVP+MC mixtures (Figure 4). It is interesting to note that with a subsequent addition of 
polymers (as mixture components), the decrease in zeta is bigger (see curves 6 and 7 in 
Figure 4) than with the addition of a pre-prepared mixture (see curve 5).  

Γ, mg/g 
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The maximum values of adsorbed layer thickness calculated using the above expression 
were 4 nm for PVA, 6 nm for MC, 12 nm for PVP, 8 nm for pre-prepared MC+PVA 
mixture, 10 nm for a pre-prepared PVP+MC mixture, 16 nm for a mixture of MC+PVP 
(where PVP was added 3 hours later than MC), and 17 nm for MC+PVP mixture (where 
MC was added 3 hours later than PVP).   

So, in line with electrophoretic and adsorption measurements, the calculated layer 
thickness of some polymer mixtures will exceed the thickness of individual polymer layers. 

In good agreement with the adsorption data of polymers from their binary mixtures, the 
sequence of addition of the mixture components has practically no effect on the 
electrophoretic mobility of particles (see curves 6 and 7 in Figure 4). According to the 
described adsorption measurements, the total adsorbed amount of a mixture is less than the 
sum of adsorbed amounts obtained separately for the mixture components (see above) in 
solutions of the same concentration. Consequently, the more pronounced drop in mobility 
in the presence of the polymer mixture is not deriving from the increased adsorption of the 
mixtures but rather relates to conformational changes of macromolecules in the adsorbed 
layer. It can be supposed that the adsorption of PVP with high affinity to the surface ends 
up with the in occupation of the majority of “adsorption active” surface centers. This 
creates obstacles for the adsorption of a second polymer, i.e. adsorbed PVP molecules will 
inhibit most surface contacts. As a consequence, PVA or MC adsorption from various 
mixtures with PVP will take the form of long loops and tails, with a relatively small number 
of surface contacts, which is the reason for the sharp decrease in the electrophoretic 
mobility of particles. 
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