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INTRODUCTION
     Colloidal suspensions can be stabilized by electrostatic repulsion and polymer molecules that are adsorbed onto or attached to the surface of the particles. Steric stabilization by polymer adsorption has several advantages over electrostatic stabilization, i.e., equal effectiveness in both aqueous and non-aqueous dispersion media, equal efficiency at both low and high solids content, and reversible flocculation, etc.[1]. A number of surfactants and polymers have been used as “tools” to manipulate the properties of interface (e.g., surface charge, surface tension, surface viscosity) and hence the aggregation state, sedimentation behavior, and rheological properties of colloidal dispersions[2]. As a first step in the study of the colloid stability, the adsorption isotherms is required to explain the colloid stability and flow properties. 

     Milonjic showed the stability of colloidal silica in the presence of electrolytes[3] and Allen et al. reported that the silica sol coagulation mechanism is different from that which is valid for liophobic colloids[4,5]. Mathur et al. investigated the adsorption and flocculation behavior of oxide with PEO and the underlying adsorption mechanism[6]. They suggested that PEO adsorption might result from an acid-base reaction between the ether oxygen, a Lewis base, and strong Brönsted acid sites on the surface, and exhibit specific hydrogen bonding. 

     For the sterically stabilized suspensions, polymeric coatings on particles strongly affect dynamic properties and the suspension structure. Pham et al. correlated both the low shear viscosity of dispersions containing associative polymers with the solution viscosity and hydrodynamic volume of the particles[7]. Associative polymers affect the viscosity of dispersions via three different mechanisms. First is the obvious increase in the viscosity of the medium. Second is the adsorption onto the particles producing a layer that increases the effective and hydrodynamic volume fraction and decreasing the solution concentration. Finally, third is the associative coupling between adsorbed layers on interacting particles[1]. When pH of the dispersion is far from the point of zero charge of silica, flocculation cannot take place due to the electrostatic repulsion between the particles. By lowering pH of the silica suspension, the surface charge density is reduced and the particles are able to come closer to each other within the size of the loops and bridging flocculation is enhanced. The flocs gradually break down when shear rate or shear stress is increased, thus causing pronounced shear thinning[8].

     In this study, the rheology of suspensions in conjunction with the adsorption behavior of associative polymers are examined. The polymers used here are polyvinyl alcohol(PVA) for the adsorption and steady shear experiments and xanthan for the steady and dynamic tests. 

EXPERIMENT
     Chemicals used in this study were used as received without further treatment. The monodispersed colloidal silica was prepared by the method of Stöber et al.. The spherical SiO2 particles were formed by the hydrolysis and condensation of tetraethyl orthosilicate(TEOS, Aldrich Co.) in an ethanol solution, using ammonium hydroxide(28-30% of NH3, Aldrich Co.) as a catalyst. After the reaction was completed, the suspension was concentrated by rotary evaporation to 20wt%. The particle sizes were measured by photon correlation spectroscopy and transmission electron microscopy. The samples we prepared had a diameter of 65 nm and 105 nm with a polydispersity of 15% and 5%, respectively. All adsorption experiments were performed at concentration of 5wt%, which was determined by dry analysis. The pH of each sample was adjusted with HCl and NH4OH after the mixing of silica suspension and polymer solution. Then, the silica particles were separated by centrifugation, allowing the unadsorbed polymer in the supernatant to be quantified with UV absorbance at 670nm. All steady shear and dynamic measurements were carried out on a Rheometrics(ARES) rheometer equipped with Couette geometry at 25oC.

RESULTS AND DISCUSSION
     The adsorption isotherms were obtained as a function of particle size, concentration of polymer, pH, and electrolyte concentration. The adsorbed amounts of polymer on the particle surface became the more, either for the smaller particle or for the lower pH. The reduced adsorption with increase in pH was be due to the screening effect of hydrated counter ions and the electrostatic repulsion between the particles. With lowering pH of the silica suspensions, the surface charge density is reduced and the particles come closer to each other by compression of the electrical double layer[8]. Also, the reduction of adsorption with increasing pH is due to a reduction in the number of silanol groups available for hydrogen bonding. 

     Fig.1 shows the adsorption isotherms as a function of molecular weight of polymer. The adsorbed amounts of PVA are saturated at concentrations of 3mg/ m2(SiO2) and 0.2mg/ m2(SiO2) for the molecular weights of 9,000 and 124,000, respectively. As the molecular weight of PVA increases, the sites for hydrogen bonding between polymer and silica surface are increased, thereby, the adsorbed amounts are saturated at lower concentration of PVA. Fig. 2 represents the rheological behavior of flocculated silica suspensions in the PVA solution. Maximum adsorption of PVA and flocculation occurred at the point of zero charge (pzc) of silica, i.e. pH2. The viscosities were increased with increasing the concentration of silica, as expected. Bridging flocculation occurs under conditions where the polymer chains are able to adsorb onto two or more particles and the surface of particles are partially covered by polymer. Also the increase in viscosity of flocs are because the flocs traps the medium and the effective particle volume fraction increases in effect. The suspension behaves like a Newtonian fluid at low shear rate, exhibits shear thinning at the intermediate region of shear rate, and again shows the Newtonian behaviors at high shear rate. In the process, the flocs formed by adsorption of polymer result in the irreversible increase in viscosity at low shear rate. The rheological behaviors of silica suspended in various xanthan solution were also studied and the result was represented in Fig. 3. The viscosities of the suspensions containing silica of 9.5 wt% were lower than that of pure xanthan solution, because the adsorption of xanthan on the particle surfaces induces decrease in the polymer concentration in the bulk solution. However, at high concentration of xanthan, the difference becomes diminished because the particle surface is completely covered by polymer chains. In the 500ppm xanthan solution, the suspension is Newtonian at low shear rate.

     Also noted is that as the molecular weight of polymer decreases, the adsorbed amounts increases. The silica particles suspended in polymer solution at pH2 undergo flocculation, in which the adsorption of PVA is saturated at a maximum coverage. Although the concentrations of silica are low, the flocculated suspensions by polymer chain induce non-Newtonian, shear thinning behaviors. When the polymer chains are adsorbed onto particle surface, the viscosity of suspension decreases. 
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Fig.1. Adsorption isotherm as a function of initial PVA concentration for the particle size of 105nm and at pH5. Opened symbol for the molecular weight of 9,000 and filled for 124,000.
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Fig.2. Viscosity as a function of shear rate for various SiO2 concentrations. The concentration of PVA with M.W.9,000 is fixed at  15,000ppm and pH at 2. The filled symbols are for the upward sweep and opened for the  downward sweep.
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Fig.3. Viscosity as a function of shear rate for various xanthan concentrations (ppm). The concentration of SiO2 is fixed at  9.5wt% and pH at 9.
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