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The adsorption and electrokinetic properties, as well as the stability of the mixed oxide suspensions in the absence and 

presence of poly(vinyl alcohol) – PVA were studied. Two alumina-silica-titania (AST) oxides were used: AST50  

(TiO2 : 50 %, SiO2 : 28 %, Al2O3 : 22 %) and AST71 (TiO2 : 71 %, SiO2 : 8 %, Al2O3 : 21 %). All measurements were 

carried out in the pH range 3 – 9 as a function of the polymer molecular weight (72 000 and 100 000 Da) and degree of 

PVA hydrolysis (86 % and 98 %). The obtained results indicated that the PVA adsorption strongly depends on the 

solution pH – for AST50 it decreases and for AST71 increases with the pH rise. This is caused by various PVA chains 

conformation on the solid surfaces with different structures. The adsorption of poly(vinyl alcohol) influences on the 

stability of the mixed oxides suspension. The greatest effects were observed in the presence of PVA 100 000 at pH 3 for 

AST50 suspension and at pH 9 for AST71 system. In these cases, polymer addition leads to significant improvement of 

stability conditions of examined systems. 

Keywords: alumina-silica-titania oxide, poly(vinyl alcohol), polymer adsorption, macromolecules conformation, 

suspension stability. 
 

1. INTRODUCTION 

The adsorption process of various substances (low 

molecular and macromolecular) [1 – 4] is very desirable for 

many practical applications. The most important of them 

are: production of cosmetics, pharmaceuticals, paint, 

paper, food processing, drinking water purification, 

wastewater treatment, flotation, mineral processing, 

agriculture (reduction of cultivated soil erosion) and oil 

recovery [5 – 12]. The practical usage of polymers as 

stabilizers or flocculants of colloidal suspensions requires 

basing investigations. These experiments are designed to 

determine the structure and thickness of the polymer 

adsorption layer, which directly influences the stability 

conditions of such systems. 

Stability of highly dispersed systems is conditioned 

not only by the amount of adsorbed polymer, but mainly 

on the conformation of macromolecules both adsorbed on 

the solid surface and nonadsorbed in the bulk solution 

(depletion interaction). The process of macromolecules 

adsorption on the solid surface is complex and depends on 

many factors including molecular weight and 

polydispersity of the polymer, pH, ionic strength and 

temperature of the solution, as well as degree of purity of 

polymer samples and nature of the solid surface. Even a 

small change in one of these parameters can have a big 

impact on the suspension stability. Among above 
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mentioned factors, influencing polymer chains 

conformation, one of the most important is the type of the 

solid surface groups. The precise characteristics of solid 

surface, including its charge, type and concentration of 

active sites, roughness, reactivity, as well as surface energy 

is essential for the determination of adsorbent-adsorbat 

interactions. They are responsible for the mechanism of 

polymer binding and stabilization-flocculation properties 

of the solid suspension. 

For this reason, the aim of this study was to compare 

the effect of poly(vinyl alcohol) adsorption on the stability 

of mixed oxide suspensions differing with surface groups 

composition. They consist of three mineral oxides, such as 

alumina, silica and titania. Their percentage content 

determines the adsorption properties of the solid particles 

in relation to different substances (inorganic ions, natural 

and synthetic polymers, copolymers). 

Additionally, these materials have significantly 

different properties and structure in comparison to the 

starting materials. There are a few methods of mixed 

oxides synthesis: sol-gel technique, high-temperature 

hydrolysis, chemical vapour deposition (CVD) and others 

[13]. Mixed oxides are widely used as components of 

ceramics, as catalysts for organic synthesis, adsorbents for 

various gases and toxic ions [14 – 17]. 

Applied poly(vinyl alcohol) is nonionic synthetic 

polymer characterized by good solubility in water, total 

biodegradability, excellent biocompatibility and non-

toxicity. PVA has great usage in food industry as a binding 

and coating agent to retain the overall satisfactory taste, 
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texture and quality of the food. Moreover, it is a very 

popular component of cements, varnishes, stabilizers of 

paints, pharmaceutical thickeners, as well as protective 

gloves, surgical threads, foils, plates and pipes resistant to 

benzene and oils [18 – 20]. 

2. MATERIALS AND METHODS 

Two mixed alumina-silica-titania oxides (called AST) 

were used as adsorbents in the experiments. AST50 

consists of: 50 % TiO2, 28 % SiO2 and 22 % Al2O3, 

whereas AST71 – 71 % TiO2, 8 % SiO2 and 21 % Al2O3. 

These oxides were prepared in the Institute of Surface 

Chemistry of National Academy of Sciences of Ukraine in 

Kiev by chemical vapour deposition method – CVD. The 

average particle size of AST50 was 51 nm and  

AST71 – 24 nm. Their specific surface areas, determined 

by the BET method, are equal to 38 and 74 m2/g, 

respectively [13]. 

Poly(vinyl alcohol) – PVA, of two molecular weights 

(72 000, 100 000 Da) was used as the adsorbate. The PVA 

72 000 degree of hydrolysis is 97.5 %, whereas the PVA 

100 000 degree of hydrolysis is 86 %. This means that 

2.5 % (PVA 72 000) or 14 % (PVA 100 000) of acetate 

groups in the PVA macromolecules do not undergo 

hydrolysis to hydroxyl ones. The acetate groups in the 

PVA chains adopt negative charge due to the fact, that C-H 

bonds located at α position relative to the acetate groups 

are of acidic properties. The proton from the -CH2- group 

can dissociate and in this way a resonant structure is 

formed: 
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All measurements were performed at 25°C, as a 

function of solution pH (3, 6 or 9 ± 0.1). NaCl with the 

concentration of 0.01 mol/dm3 was used as a supporting 

electrolyte. 

The PVA adsorption amount was determined from the 

difference in the polymer concentration before and after 

the adsorption process. The poly(vinyl alcohol) 

concentration was determined using its reaction with 

H3BO3 and I2 solutions [21]. The intensity of the obtained 

green colour was measured spectrophotometrically with 

UV-Vis spectrophotometer Carry 100 (Agilent 

Technologies). The adsorption measurements were carried 

out at the PVA concentration 100 ppm using 0.025 g 

AST50 and 0.015 g of AST71. 

Potentiometric titration method was applied to 

determine the solid surface charge density [22]. The 

Titr_v3 computer program developed by W. Janusz was 

used for this purpose. The measuring set was consisted of: 

thermostat RE 204 (Lauda), glass and calomel electrode 

(Backman Instruments), pHmeter PHM 240 (Radiometer), 

automatic microburette Dosimat 765 (Metrohm) and 

computer. Initially, the supporting electrolyte solution and 

the AST suspensions (containing 0.29 g of AST50 and 

0.1 g of AST71) without PVA were titrated with NaOH 

(0.1 mol/dm3). Then, the AST suspensions in the presence 

of PVA (100 ppm) were titrated in analogous way. Zeta 

potential measurements were performed using a zetameter 

Zetasizer Nano-ZS (Malvern Instruments) equipped with a 

titrator allowing automatic solution pH determination 

during the measurement. Zeta potential of solid particles 

was measured in the absence and presence of PVA 

(100 ppm). The samples were prepared by the addition of 

0.003 g of the mixed oxide to 50 cm3 of the appropriate 

solution (supporting electrolyte or polymer). 

Stability measurements of the AST suspensions in the 

absence and presence of PVA were made using a 

turbidimeter Turbiscan LabExpert with a cooling module 

TLab Cooling. The suspensions without polymer were 

prepared by the addition 0.002 g of the solid to the NaCl 

solution or PVA solution (100 ppm). Each system was 

subjected to sonification for 3 minutes. The polymer was 

added just before the measurement started. The single 

measurement lasted 15 hours during which the relevant 

data was recorded every 15 minutes. The results were 

obtained as the curves of transmission and backscattering 

of light passing through the sample during the 

measurement. The TSI factor (Turbiscan Stability Index) 

was calculated by the computer software from the 

following formula: 

1
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where xi is the average backscatterring for each minute of 

measurement; xBS is the average xi value, n is the scans 

number. 

3. RESULTS AND DISCUSSION 

As can be seen in Fig. 1 and Fig. 2, the amount of the 

adsorbed PVA on the AST surface clearly depends on the 

solution pH. For AST50 the decrease of poly(vinyl 

alcohol) adsorption with the increasing pH is observed. 

The opposite behavior was obtained for AST71 systems: 

the lowest adsorption level was observed at pH 3, whereas 

the highest – at pH 9. These trends are visible for both 

PVA 72 000 and PVA 100 000. This is probably caused by 

the specific conformation of the adsorbed polymer chains 

on the surfaces of examined oxides. The structure of PVA 

adsorption layer is determined by the interaction of 

polymer segments with the different types of active sites 

on the solid surface. 

The adsorbed amounts of PVA depends on the degree 

of polymer acetate groups ionization, as well as the sign 

and magnitude of the solid surface charge. On the one 

hand, the PVA chains contain a certain amount of acetate 

groups, which may be a source of negative charge. Despite 

their small content in the macromolecules (2.5 % – PVA 

72 000 and 14 % – PVA 100 000), they have a strong 

impact on the polymer chain conformation. The degree of 

ionization of the acetate groups increases with the pH rise 

leading to development of the PVA chains. The lower the 

degree of hydrolysis is, the higher the number of 

negatively charged acetate groups in PVA macromolecules 

is. As a consequence, the PVA 100 000 chains adopt more 

extended conformation than the PVA 72 000 chains. On 

the other hand, the point of zero charge (pHpzc) of the 

AST50 particles is 4.8 and for AST71 it is equal to 4.2 

(Table 1).  
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Table 1. Electrokinetic parameters for AST systems with and without PVA, CPVA = 100 ppm 

Parameter 
AST50 AST71 

 –  PVA 72000 PVA 100000  –  PVA 72000 PVA 100000 

pHpzc 4.8 4.8 4.8 4.2 4.2 4.2 

pHiep 5.8 3.6 3.4 8.6 9.0 9.0 
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Fig. 1. Adsorbed amounts of PVA 72 000 on the AST50 and 

AST71 surfaces at different solution pH, CPVA = 100 ppm 
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Fig. 2. Adsorbed amounts of PVA 100 000 on the AST50 and 

AST71 surfaces at different solution pH, CPVA = 100 ppm 

It means that at pH < pHpzc the mixed oxide surface 

has positive charge, whereas at pH > pHpzc the adsorbent 

surface is negatively charged.The adsorption of PVA does 

not change the pHpzc position and also the solid surface 

charge density (Table 1).The obtained results confirm that 

the most probable interactions of the polymer with the 

surface are hydrogen bridges. No major change in the 

concentration of potential-creating ions in the surface layer 

indicates, that primarily polymer hydroxyl groups are 

involved in the hydrogen bonds formation. These groups 

do not undergo ionization and therefore are not a source of 

electric charges. 

Nevertheless, the specific conformation of the 

adsorbed macromolecules is responsible for changes of 

PVA adsorption on the AST surfaces with the increasing 

pH (for AST50 – adsorption decrease, for AST71 – 

adsorption increase). It is influenced mainly by the type 

and concentration of the hydroxyl surface groups of the 

mixed oxide, both neutral (-MeOH) and charged 

(-MeOH2
+, -MeO-), where Me means Al, Si and Ti atoms. 

At pH 3 the polymer chains adopt the least expanded 

conformation due to negligible ionization of acetate 

groups. The highest adsorption of PVA on the AST50 

surface at pH 3 indicates that polymer macromolecules are 

bounded with the solid active sites in the form of polymer 

coils. These coils must be densely packed in the surface 

layer ensuring the high adsorption level. In turn, the PVA 

macromolecules probably form on the AST71 surface the 

loop and tail structures of small length (thin adsorption 

layer). In such situation, the adsorbed single chain 

occupies a substantial part of the mixed oxide surface, 

blocking access of other adsorbate macromolecules and 

leading to the lowest level of PVA adsorption at pH 3. It 

should be also noted, that at pH 3 the both examined 

adsorbents has a small positive surface charge. Thus, the 

electrostatic attraction between the adsorbent and the PVA 

macromolecules (having a small negative charge) occurs. 

At pH 6 the intermediate adsorption level was 

observed for both examined mixed oxides. Under these 

conditions the polymer macromolecules adopt a more 

extended conformation than at pH 3. This is caused by the 

increase in the degree of acetate group ionization and 

rising repulsion of the charged PVA segments. 

Additionally, the adsorbate-adsorbent repulsion occurs. As 

a result, the structure of the adsorbed PVA chains is 

characterized by a larger length of the loops and tails 

formed on the solid surface. 

At pH 9 the polymer macromolecules contain only 

charged acetate groups. As a consequence, their 

development is the greatest under such pH conditions. In 

the case of AST50 systems the solid surface charge density 

reaches values from  – 10 to  – 15 C/cm2, whereas for 

AST71 this value is  – 30 C/cm2. Under these conditions 

macromolecules adopt the most extended conformation on 

the AST71 surface, so that the maximal PVA amount can 

adsorb on the unit of solid surface. The electrostatic 

repulsion between PVA chains and AST50 surface groups 

is significantly weaker and the polymeric adsorption layer 

must be flatter (than on the AST71 surface). This makes 

the adsorption of great number of polymer macromolecules 

impossible due to blockade of the solid active sites. As a 

result, the lowest poly(vinyl alcohol) adsorption on the 

AST 50 surface at pH 9 was observed. 

The presence of the adsorbent – adsorbate repulsion in 

the examined systems at pH 6 and 9 indicates the specific 

nature of the PVA adsorption. This means that the 

hydrogen bridges are main interactions responsible for 

poly(vinyl alcohol) adsorption under these pH conditions. 

The hydroxyl groups of the PVA macromolecules and the 

surface groups of the adsorbent (both ionized and neutral) 

are involved in their formation. 

The adsorption of poly(vinyl alcohol) influences the 

elektrokinetic properties of AST oxides (Fig. 3 and Fig. 4). 

In the case of AST 50, in the pH range 3 – 6 the zeta 

potential reduction in the polymer presence (in comparison 

to system without PVA) is observed. At pH > 6 the 

increase of electrokinetic potential of the system 

containing polymer takes place.  

For AST71 systems, the adsorption of poly(vinyl 

alcohol) reduces the electrokinetic potential of the solid 
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particles in the range of pH 3 – 8 and increases in the range 

of 9 – 10. A difference between the values of pHpzc and 

pHiep (Table 1), especially large in the case of AST71 

particles, is related to the porosity of the adsorbent. 

Diffusion parts of the electric double layers, formed on the 

pore surface, probably overlap each other, resulting in 

specified pHiep value. 
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Fig. 3. Zeta potential of the AST50 particles with and without 

PVA at different solution pH, CPVA = 100 ppm 
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Fig. 4. Zeta potential of the AST71 particles with and without 

PVA at different solution pH, CPVA = 100 ppm 

The observed decrease in the zeta potential is mainly 

caused by the shift of slipping plane causing by the 

adsorbed polymer chains. The PVA macromolecules take a 

specific conformation with some loops and tails on the 

adsorbent surface. These structures are responsible for 

substantial shift of the slipping plane from the solid surface 

and the ζ potential reduction. Additionally, the decrease in 

the electrokinetic potential is also associated with 

negatively charged acetate groups present in the PVA 

chains. If these groups are located in the diffusion part of 

the electrical double layer of the solid particles, they 

reduce zeta potential of the system. The observed changes 

in the electrokinetic potential values can also be connected 

with the effect of the surface active site blocking by the 

adsorbed polymer macromolecules. As a result, these sites 

become inaccessible to electrolyte ions and other PVA 

chains. This causes changes in the charge distribution in 

the diffusion layer, thereby influencing the electrokinetic 

potential value. The larger number of segments connected 

directly with the adsorbent surface is, the greater number 

of the supporting electrolyte counterions is pushed from 

the surface layer to the diffusion one. Observed value of 

electrokinetic potential is the summary result of all these 

effects contribution. 

The poly(vinyl alcohol) addition causes significant 

changes of the mixed oxide suspension stability (Fig. 5). 

Analyzing of the TSI coefficients, one should note, that the 

higher its value is, the more unstable examined system is. 

The TSI changes in the range from 0 (highly stable 

systems) to 100 (dramatically unstable suspensions).  

The AST50 suspension without PVA is relatively 

stable at pH 3, whereas at pH 6 and 9 its stability clearly 

deteriorates. 
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Fig. 5. TSI coefficients for AST systems with and without PVA 

100 000 at different solution pH, CPVA = 100 ppm 

On the other hand, the AST71 system without polymer 

is stable at pH of 3 and 6, and at pH 9 it is unstable. Too 

low zeta potential values (or close to zero) are responsible 

for destabilization process of investigated systems. Thus, 

the small strength or even lack of repulsive electrostatic 

forces between the particles leads to their effective 

collisions and the formation of aggregates. 

The addition of PVA 100 000 to AST50 suspension 

improves significantly its stability at pH 6 and 9. At pH 3 

the stability conditions in the system with polymer is 

similar to the system without it (suspension remains 

relatively stable). The highly packed PVA layer consisted 

of polymeric coils adsorbed on the AST50 surface at pH 3 

ensures effective steric stabilization of the suspension. The 

increasing degree of poly(vinyl alcohol) ionization with the 

rise of pH and more and more extended conformation of 

adsorbed macromolecules favours the electrosteric 

mechanism of AST50 system stability in the polymer 

presence (especially at pH 9). 

Adsorption of poly(vinyl alcohol) with molecular 

weight 100 000 does not cause significant changes in the 

stability of the AST71 suspension at pH 3 and 6 – the 

examined systems are rather stable due to the steric or 

electrosteric repulsion. In turn, at pH 9 the dramatic 

increase in the suspension stability as a result of the PVA 

addition is observed. The presence of extremely developed 

polymer chains in the adsorption layer, reduces 

significantly the contact possibility of the particles coated 

with the polymer. Moreover, the total ionization of PVA 

macromolecules enhances this effect due to electrostatic 

repulsion of solid particles covered with polymeric layer 

(electrosteric stabilization). 

4. CONCLUSIONS 

The effect of the poly(vinyl alcohol) adsorption on the 

electrokinetic properties and suspension stability of two 

mixed oxides of alumina-silica-titania was examined. The 

obtained results showed that the percentage content of 

individual compounds (Al2O3, SiO2 and TiO2) has the big 

impact on the adsorption properties of applied solids in 

relation to the PVA. Polymer adsorption amount on the 

mixed oxides surfaces varies with the solution pH value. 

For AST50 the decrease of poly(vinyl alcohol) adsorption 
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with the increasing pH is observed, whereas the opposite 

behavior was obtained for AST71 systems. The specific 

conformation of the adsorbed macromolecules is 

responsible for this. It is influenced by both the type and 

concentration of the hydroxyl surface groups of the mixed 

oxide, and ionization degree of acetate groups in PVA 

macromolecules. The greatest impact on the AST50 and 

AST71 suspensions stability has the polymer at pH 3 and 

9, respectively. At these pH values significant 

improvement of system stability is observed (steric and 

electrosteric mechanisms of stabilization). 
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