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Abstract: The influence of polyvinylpyrrolidone (PVP) adsorption on the silica suspension stability was 

studied. The effects of silica content, polymer addition and suspension dilution with water were 

examined. The turbidimetry method was applied to examine stability of the investigated systems as a 

function of time. It was shown that the suspension without polymer was characterized by the smallest 

stability, whereas the systems containing PVP (before and after dilution) are successively  stable. The 

specific conformation of PVP chains on the solid surface is responsible for the stabilization–flocculation 

properties of PVP in the colloidal suspension. 
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Introduction 

The high stability of colloidal suspension is important for many practical applications. 

However, due to van der Waals attractive forces, the solid particles sisspersed in 

aqueous medium have a tendency to aggregation. In order to prevent this proccess the 

modification of the solid surface properties is nessesery. One of the more effective 

ways to change the surface characteristics in such systems is the use of adsorption 

phenomena (Nosal-Wiercinska and Grochowski, 2011; Nosal-Wiercinska, 2012; 
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Wisniewska et al., 2014; Nosal-Wiercinska et al., 2015). A very good way to obtain 

the improvement of stability conditions of solid suspension is polymer addition. If 

polymer chains undergo adsorption on the surfaces of solid particles, the steric 

repulsion appears (steric stabilization) (Napper, 1983). Increasing concentration of 

unadsorbed macromolecules can also affect the suspension stability. In such a case 

depletion stabilization occurs (Semenov, 2008). The stabilization properties of 

polymers are widely applied in production of paint (i.e. stabilization of titania particles 

(Liufu et al., 2005; Farrokhpay, 2009, Nowacka et al. 2013), cosmetics (Slivander, 

2002; Tadros, 2008), washing agents (detergents) (Mauer, 2004; Grzadka et al., 2015), 

paper (Roberts, 1996; Pillai and Sharma, 2010), pharmaceutics (controlled drug 

delivery) (Uhrich et al., 1999; Liechty et al., 2010) as well as in food processing 

(improvement of taste, smell and consistency) (Ross, 1995; Shahidi et al., 1999). 

Polymeric flocculants are also applied in petroleum refining (Jin et al., 2003), 

mineral processing (Moody, 1992) and textile industry (Hassan et al., 2009). To obtain 

a desirable stability conditions of the suspension or emulsion in the process of its 

production, polymer adsorption mechanism at the solid-liquid interface should be 

known. Therefore, basic research is needed to predict the behaviour of the colloidal 

system in the presence of the polymer. 

On the other hand, many adsorbents (especially porous) find a wide usage in a 

variety of practical applications. The most important of them are water purification 

(removal of detergents, polymers, pesticides, bacteria, viruses), purification of air by 

adsorption of industrial waste gases (SOx, NOx) (Nowicki et al., 2013; 2014a; 2014b; 

2015), recovery of organic solvents (benzene, toluene, acetone, alcohols, esters), as 

well as energy storage (adsorption of natural gas, hydrogen and methanol). 

Thus, the main aim of this work is to determine the changes in stability of silicon 

oxide suspension in the presence and absence of nonionic polyvinylpyrrolidone 

(PVP). The dilution effect with distilled water of the previously prepared systems was 

also examined. Stability conditions of the suspension under investigations were 

studied as a function of polymer concentration and silica content. The explanation of 

polymeric stabilization-flocculation mechanism is undoubtedly the novelty of the 

present paper. Additionally, the usage of turbidimetry method for determination of 

suspension stability is original. This technique gives possibility of stability coefficient 

calculation, which is very helpful for estimation of colloidal system behaviour. The 

mechanism of polyvinylpyrrolidone adsorption on the silica surface was described in 

previous papers (Goncharuk et al., 2001; Gun’ko et al., 2004). Additionally, the 

influence of other adsorbates (i.e. surfactants, dyes) on the silica zeta potential was 

examined (Jesionowski, 2002; 2005; Jesionowski et al., 2011). 

Polyvinylpyrrolidone (PVP), commonly called polyvidone or povidone, is a 

nonionic polymer. It is soluble in water. For the first time PVP was synthesized by 

Reppe (Buhler, 2005) and patented in 1939 for one of the acetylene derivatives. 

Originally PVP was used as an expander of blood plasma and later in various fields 

such as medicine, pharmacy and cosmetics production. 
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Silica finds also wide practical usage. This compound is characterized by numerous 

useful physicochemical properties. These are well-defined surface area and particle 

size, high purity, high-temperature stability, mechanical strength and chemical 

inertness. Due to excellent polishing ability, SiO2 is applied for shaping and 

smoothing of high-precision semiconductor (Okawa and Watanabe, 2009). This solid 

is a very good dispersant for preparation of pigments without surfactants (Bondioli et 

al., 1998; Krysztafkiewicz et al., 2004; Wawrzkiewicz et al., 2015). Additionally, 

silica is used in water treatment as a destabilizing agent for removing of undesirable 

components (macromolecular substances, surfactants, inorganic impurities and many 

others) technologies (Pal et al., 2010; Majewski et al., 2012; Qu et al., 2013; Karnib et 

al., 2014). Silica gel (xerogel of hydrated silica) is applied as a stationary phase in 

chromatography, as a drying agent, catalyst and catalyst carrier (Yuan et al., 2007; Li  

et al., 2013).  

Experimental 

Characteristics of silica and polymer samples 

The samples of silica were produced in the Chuiko Institute of Surface Chemistry, 

National Academy of Science of Ukraine, Kiev. They were used in the experiments as 

an adsorbent. The solid specific surface area is 294.6 ± 8.7 m
2
/g and the average pore 

diameter is 10.1 nm. These values were obtained by the low-temperature nitrogen 

adsorption-desorption method – BET (Micrometritics ASAP 2405 analyzer).  

Polyvinylpyrrolidone (PVP), produced by Sigma–Aldrich, was used in the studies 

as an adsorbate. The polymer was characterized by the weight average molecular 

weight (Mw) 10 000 Da. It is obtained from the N-vinylpyrrolidon (NVP) by free 

radical polymerization (Fig. 1). 
 

    

Fig. 1. Reppe’s synthesis of N-vinylpyrrolidone (C6H9NO)  

and its polymerization to polyvinylpyrrolidone 
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Preparation of silica suspensions without and with polymer 

The starting polymer solution was prepared by dissolving 1 g of the polymer in 99 g of 

distilled water (percentage concentration 1%). For this purpose the PVP solution was 

kept in the magnetic shaker Magnetic Stirrer type MMG (Polamed) for about 20 min. 

The basic suspension of silica in water was prepared adding 1.5 g of SiO2 to 35 cm
3
 of 

distilled water. In this case the solid content was 4.1%. Later this system was put into 

ultrasounds for 5 min. This basic suspension was used for preparation of three systems 

characterized by the solid contents: 3.4, 3.1 and 2.3% (by dilution with water). 

To obtain a suspension with the polymer of the following solid contents: 3.4, 3.1 

and 2.3% (the same as for the system without PVP), 8, 13 and 30 cm
3
 of starting 

polymer solution were mixed with 35 cm
3
 of basic silica suspension. Finally all 

suspensions with the polymer were diluted adding 2 cm
3
 of distilled water. All 

examined systems characteristics and their symbols used in the manuscript are given 

in Table 1. The pH values of the samples with and without the polymer were measured 

using the Seven Multi pH-meter (Mettler Toledo). The average pH of the samples in 

the absence of PVP was 4.5, whereas that of the samples in the presence of the 

polymer was 5.5. 

Table 1. Characterystics of examined silica suspension without and with polyvinylpyrrolidone 

Sample symbol 
Silica content in 

suspension (%) 
Polymer concentration 

Suspension dilution with 

water 

SiO2_3.4 3.4 - - 

SiO2_3.4/PVP 3.4 low - 

SiO2_3.4/PVP/diluted 3.2 low + 

SiO2_3.1 3.1 - - 

SiO2_3.1/PVP 3.1 medium - 

SiO2_3.1/PVP/diluted 2.9 medium + 

SiO2_2.3 2.3 - - 

SiO2_2.3/PVP 2.3 high - 

SiO2_2.1/PVP/diluted 2.1 high + 

Principles of measurements 

Stabilities of the investigated systems were measured with Turbiscan Lab
Expert

 with the 

cooling module TLAb Cooler. This aparatus registers simultaneously light 

transmission and backscattering on the dispersed solid particles. The reading head was 

composed of a pulsed near-infrared light source (λ = 850 nm) and the sample 

information was collected by two synchronized detectors. The transmission detector 

registered the light, which went through the sample (0 °), whereas the backscattering 

detector registered the light backscattered by the sample (135 °). The samples were put 

in a flat-bottom cylindrical glass bottle. This bottle was scanned from the bottom to 
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the top in order to monitor the optical properties of the dispersion (along the height of 

the sample placed in this bottle). Exactly 20 cm
3 

of the examined suspension was 

introduced into the turbiscan bottle (7 cm long) and then placed in the thermostated 

measurement chamber. The stability measurements were performed at 37 °C. Changes 

in the suspension stability were monitored for 15 h (single scans were collected every 

15 min). The schematic presentation of light transmission through stable and unstable 

suspensions is depicted in Fig. 2. 

 

Fig. 2. Schematic representation of measuring bottle containing suspension 

The zeta potentials of the silica suspensions in the presence and absence of PVP, as 

well as the aggregate sizes, were measured with the Zetasizer Nano ZS (Malvern 

Instruments). This apparatus measures size and microrheology using dynamic light 

scattering, as well as zeta potential and electrophoretic mobility by means of 

electrophoretic light scattering. 

The electrokinetic measurements were performed using the analogous suspension 

to those which were applied in turbidimetric experiments (aqueous medium, SiO2 

without PVP – pH 4.5; SiO2 with PVP – pH 5.5). 

Results and discussion 

Stability of the silica suspension without and with polyvinylpyrrolidone 

The sample stability can be estimated and compared using the Turbiscan Stability 

Index (TSI). This parameter takes into account all single measurements during 

experiments and the TSI value is obtained from their averaging. All processes taking 

place in the sample, including sediment and clear layer formation as well as particle 

settling, were summed up. This coefficient was calculated with the special computer 

program Turbiscan Easy Soft with the following Equation 1: 
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where: xi – average backscattering for each minute of measurement, xBS – average x1, 

n – number of scans (repetitions of single measurements during the total time of the 

experiment). 

The TSI values change in the range 0–100. The increase of TSI value indicates the 

deterioration of suspension stability. The obtained values of TSI for the systems under 

investigation are presented in Table 2. 

Table 2. TSI values of silica suspensions in the absence and presence of PVP (total and for 

suspension levels at the top and bottom of measuring bottle) 

Sample TSITotal TSITop TSIBottom 

SiO2_3.4 22.2 26.5 18 

SiO2_3.4/PVP 3.1 8.8 2.1 

SiO2_3.4/PVP/diluted 5.1 6.1 3.9 

SiO2_3.1 18.7 24.7 15.6 

SiO2_3.1/PVP 6.7 8.3 8.1 

SiO2_3.1/PVP/diluted 10.7 18.8 10.3 

SiO2_2.3 9.9 15.9 7.4 

SiO2_2.3/PVP 1.6 2.7 1.7 

SiO2_2.1/PVP/diluted 5.6 10.6 4.0 

 

Figures 3–5 show the transmission curves of the silica suspension in the absence 

and presence of polymer (PVP) and also that after dilution. The relative position of the 

transmission curves in different time cycles of the experiment indicates the dynamics 

of processes occurring in the system under investigation. The level of suspension in 

the measurement bottle (mm) is along the x axis and the transmitted light intensity (%) 

is along the y axis. The value of 40 mm in the x axis in these figures is the mark to 

which the investigated suspension was poured in the measuring bottle.  

Table 2 presents the stability parameters (TSI) of the sample at the top and bottom 

of the measurement bottle and its total value. Overall, comparing all the samples, the 

addition of PVP and further dilution (Figs. 3–5) improve the stability of silica 

suspension (TSI values are smaller than those for the system without the polymer).  

As follows from Table 2, the silica suspension without the polymer (3.4%) is the 

most unstable. This is evidenced by the calculated TSI value which is 22.2. Moreover, 

Fig. 3A shows a large distance between each line. This indicates the low system 

stability under these conditions. For comparison, the level of light transmission in the 

first hour of the measurement is 40% and for the last scan it is 65%. The formation of 

aggregates in the whole sample volume takes place. Transmition increases by 25% in 

the total time of analysis and the sample is more and more penetrated by light 

(sedimentation of formed aggregates). 
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A)  

B)  

C)  

Fig. 3. Transmission curves for silica suspensions without polymer:  

A) SiO2_3.4; B) SiO2_3.1; C) SiO2_2.3 
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A)  

B)  

C)  

Fig. 4. Transmission curves for silica suspensions with polymer:  

A) SiO2_3.4/PVP; B) SiO2_3.1/PVP; C) SiO2_2.3/PVP 
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A)  

B)  

C)  

Fig. 5. Transmission curves for silica suspensions with polymer after dilution:  

A) SiO2_3.2/PVP/diluted; B) SiO2_2.9/PVP/diluted; C) SiO2_2.1/PVP/diluted 

After the PVP addition the same silica suspension (3.4%) behaves in a complety 

different way (Fig. 4A). Under these conditions stability of the system is considerably 

improved. The manifestations of its high stability are lower value of TSI coefficient 
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(3.1) and low values of transmission signal (it is between 7–10% almost along the 

whole length of the measuring bottle). At the top of the suspension the clarification 

process is observed. This is demonstrated by the presence of transmission peak whose 

width provides information about the thickness of clear layer (transmission increases 

from 5% to 55% at the top suspension level). The clear layer thickness is about 2 mm. 

The stability conditions of this suspension after its dilution get slightly worse  

(TSI increase to 5.1). As can be seen in Fig. 5A, the transmission signal oscillates 

between 9–25%. In addition, the formation of little aggregates takes place and 

clarification proccess at the top layer occurs. 

Generally the main phenomenon that takes place in the system without the polymer 

(Figs. 3A–C) is slight destabilization. This effect is the most visible for the sample 

with the highest silica content. The transmission signal obtained for the silica sample 

without the polymer containing 3.1% of the solid varies in the range 46-67% (Fig. 

3B). This is confirmed by the TSI value equal to 18.7 (the second as regards the least 

stable suspension of all examined systems). Comparison with the samples of silica 

containing polymer and the diluted system (Figs. 4B and 5B) leads to the conclusion 

that the addition of polyvinylpyrrolidone enhances their stability (TSI = 6.7 and 10.7, 

respectively). Nevertheless, the observed improvement of stability conditions is not as 

effective as for the systems with the highest solid content (Figs. 3A, 4A and 5A). 

Analyzing Fig. 4B one can note that the relative position of transmission curves at the 

bottom of the sample (2–10 mm) indicates that transmission decreases more gradually 

in the total time of experiment. The reason for this can be connection of small 

agregates into larger structures. Moreover, amplification of the transmission signal at 

the top of the bottle means that the clarification process is present in the system. After 

the addition of distilled water to the SiO2-PVP suspension (Fig. 5B), its stability 

deteriorates (TSI increases to 10.7). The transmission signal is in the range 45-52% 

due to the most effective sedimentation of particle aggregates with the polymer in 

diluted system compared to the more concentrated one. 

The analysis of the turbidimetric curves obtained for the SiO2-PVP system 

containing the smallest solid content (Fig. 4C) indicates that transmission reaches the 

lowest level (changing in the range 1.4–1.6%) of all examined suspensions. The TSI is 

equal to 1.6, which confirms very high stability of the system. Good evidence for this 

fact is the absence of transmission peak at the top level – the clarification process does 

not occur.  

After dilution of this highly stable suspension, the minimal deterioration of its 

stability takes place (Fig. 5C). The clarification process appears at the top of 

suspension. Additionally, the transmission increases to about 10% and the stability 

coefficient value is 5.6. 
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Mechanism of silica suspension stabilization in the presence of 

polyvinylpyrolidone 

The explanation of stabilization and destabilization properties of the investigated 

systems needs defining the conformation of polymer chains in the bulk solution and 

adsorbed on the solid surface. 

The point of zero charge (pzc) of silica surface occurs at pH about 3 (Wiśniewska, 

2010; 2012a; 2012b). It means that at pH > pHpzc the solid surface is negatively 

charged. The pH values of the examined suspension were in the range  

4.5–5.5. Thus, under such pH conditions, the silica surface has a slight negative 

charge. The nonionic PVP adsorption on the SiO2 surface proceeds through hydrogen 

bridges, formed between the silanol groups of the solid (≡Si–OH) and oxygen atoms 

in the PVP functional groups. 

The analysis of TSI values obtained for the silica systems without the polymer 

indicates that the system stability increases with the decrease of the solid content in 

the suspension (Table 2). The SiO2 system containing 3.4% of the solid is 

characterized by the lowest stability of all examined systems (TSITotal = 22.2). In such 

a case the silica particles dispersed in the water medium repel slightly due to their 

small negative surface charge (electrostatic effect). Nevertheless, the highest solid 

content in the suspension facilities collisions of colloidal particles and aggregates 

formation. With the decrease of the solid content, these collisions become less 

probable. It results in the TSI values decrease and visible improvement of system 

stability (TSITotal = 18.7 and 9.9 for SiO2_3.1 and SiO2_2.3 suspensions, respectively). 

The evidence for this is the smallest aggregate sizes (Table 3) obtained for the 

SiO2_2.3 system (196.3 nm) in comparison to those with a higher solid content (about 

280 nm). 

Table 3. Size and zeta potential values of the silica in the absence and the presence of PVP 

Sample Aggregate size (nm) Zeta potential (mV) 

SiO2_3.4 280 -7.2 

SiO2_3.4/PVP 296 -9.36 

SiO2_3.4/PVP/diluted 474 -9.8 

SiO2_3.1 285 -10.4 

SiO2_3.1/PVP 348 -17.7 

SiO2_3.1/PVP/diluted 456 -18.3 

SiO2_2.3 196 -6.13 

SiO2_2.3/PVP 381 -9.79 

SiO2_2.1/PVP/diluted 456 -18.3 

 

The PVP addition to the silica suspension causes significant increase of its stability 

(for all examined solid contents). The presence of polymeric layers around the solid 

particles results in the appearance of steric forces. They significantly limit the particle 
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contacts and prevent them from joining in larger structures, leading to steric 

stabilization of the suspension. Moreover, the evidence for the steric layer formation is 

decrease of the zeta potential of solid particles in the polymer presence compared to 

the systems without PVP (Table 3). This is due to the shift of slipping plane from the 

solid surface as a result of polymer adsorption. 

In the case of system containing 3.4% of SiO2 and simultaneosly the lowest 

polymer concentration, the adsorbed PVP chains assume flat conformation on the 

solid surface. The surface area accesible to not very numerous macromolecules is 

large. The polymeric segments form mainly train structures on the solid surface.The 

schematic presentation of stability mechanism for this system is given in Fig. 6A. 

The steric stabilization in the silica suspension containing 3.1% of SiO2 and 

medium polyvinylpyrrolidone concentration is a result of more extended conformation 

of adsorbed chains (Fig. 6B). This is provided by a smaller surface area accesible to 

more numerous PVP macromolecules. In this case, tail and loop structures occurs in 

the polymeric adsorption layer.  

The most stable system of all examined ones is that characterized by the lowest 

silica content (2.3%) and the highest PVP concentration. Besides the steric 

stabilization caused by the adsorbed chains with significantly extended conformation, 

the depletion forces can appear (Fig. 6C). Depletion stabilization is caused by not 

adsorbed macromolecules located in the solution. Their presence leads additionally to 

obtaining a highly stable SiO2 suspension containing the polymer. 

 

Fig 6. Schematic presentation of stabilization mechanisms of silica suspension 

 in the presence of PVP: A) SiO2_3.4/PVP; B) SiO2_3.1/PVP; C) SiO2_2.3/PVP 
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The analysis of the data concerning the dilution effect of silica suspensions 

containing polyvinylpyrrolidone indicates that the addition of water makes the system 

stability slightly worse. Additionally, the zeta potential values are smaller in 

comparison to the systems before dilution. The increase of negative values of zeta 

potential indicates a higher shift of slipping plane from the solid particle surface. Such 

behaviour corresponds with formation of thicker adsorption layers by polymer 

macromolecules. The water molecules (added to the system during its dilution) 

interact with the outer part of the PVP adsorption layer, causing some development of 

the polymer chains located there. In this case single polymer bridges can be formed 

between the SiO2 particles covered with the macromolecular compound. The increase 

of aggregate sizes is also the evidence of such behaviour.  

Conclusions 

The influence of nonionic polyvinylpyrrolidone (PVP) adsorption on the stabilization-

destabilization properties of the silica aqueous suspension was studied. The 

turbidimetric data and the calculated values of Turbiscan Stability Indexes (TSI) 

indicate that the addition of PVP causes improvement of SiO2 stability. The 

mechanism of this stabilization is steric. The polymeric adsorption layer covering 

solid particles assures their effective repulsion. The most stable system was obtained 

in the case of the lowest solid content in the suspension and the highest PVP 

concentration. Besides the steric forces, the depletion ones appear under such 

conditions. The dilution of the SiO2-PVP systems with water leads to slight 

deterioration of the system stability. The water molecules (located in the outer part of 

PVP adsorption layer) cause development of polymer chain. This facilitates formation 

of single polymer bridges between the SiO2 particles covered with PVP. 
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