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Abstract 

Understanding the surface properties and rheology of colloidal suspensions in the presence of 

polymer additives with high salinity is of great importance in formulating construction materials, 

and optimizing process conditions in mining and petroleum industry. In this work, the surface 

properties and rheology of model spherical silica aqueous suspension mediated by a comb-type 

poly(acrylic acid)/poly(ethylene oxide) (PAA/PEO) copolymer at various salt concentrations 

have been investigated. Adsorption measurements using Quartz Crystal Microbalance with 

Dissipation monitoring (QCM-D)  align well with zeta potential tests, and show that polymer 

adsorption on silica surfaces is enhanced at higher salinity condition (i.e., 3 M NaCl) than the 

lower salinity case (i.e., 1 mM NaCl) due to the suppression of electrical double layer. Surface 

Forces Apparatus (SFA) measurements reveal that for interactions between two mica surfaces 

(the basal plane of which has similar structure as silica) at high polymer concentration (e.g., 2 

wt %) steric repulsion dominates in 1 mM NaCl while bridging attraction is observed in 3 M 

NaCl. Surface force measurements agree with rheological results on silica suspensions with 0.5 

to 2 wt % of PAA/PEO addition, which shows significant decrease on yield stress in 1 mM NaCl 

due to steric repulsion but insignificant variation on yield stress in 3 M NaCl due to attractive 

bridging interactions. This work provides useful information regarding the surface properties and 

rheological properties of comb-type polymer mediated silica suspensions under different salinity, 

with implications on designing and processing complex colloidal suspensions with polymer 

additives for various applications. 

 

  



3 
 

1. Introduction 

Colloidal suspensions in aqueous media of different salinity conditions are encountered in 

various industrial products and processes, such as construction materials,1 tailings management,2-

4 drilling mud,5 and enhanced oil recovery.6 Understanding the flow behavior and rheological 

properties of such colloidal suspensions, and how the rheology can be manipulated by tuning 

water chemistry, especially using polyelectrolytes, are of great importance in optimizing the 

formulations and processing conditions in industrial applications.7-10 Comb-type copolymers 

with an adsorbing backbone and nonadsorbing side chains are particularly interesting due to their 

good dispersion performance in water of high salinity.11-12 Comb-type polymer dispersants have 

been reported to be effective for colloidal systems including cemented carbide,13 kaolinite,14 

magnesia,15 and silica.16 

Flatt et al. studied the effect of comb-type methacrylic acid/alkyleneglycol methacrylate 

copolymer on surface forces between calcium silica hydrate using AFM, and observed a 

monotonic steric hindrance between two solid surfaces with full polymer coverage at basic 

conditions.11 Neuville et al. suggested that at basic conditions electrical double layer repulsion 

generated from negatively charged comb-type methacrylic acid/ethylene oxide copolymer was 

important for dispersing concentrated gypsum slurries.7 For the above colloidal systems with 

polymer additives reported previously, steric repulsion was commonly observed at high pH 

where negatively charged polymer chains tended to extend.  Hommer measured the streaming 

potential of comb-type acrylic acid/ethylene oxide copolymer and found a near zero charge 

density at pH 2-3 due to the protonation of acrylic acid backbone.17 Under such low pH 

conditions, the polymer chains tended to collapse into a compact structure and provided poorer 

dispersing effect.14 All the above studies focused on colloids with polymers in pure water or 
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aqueous suspensions of low salinity. No report is available on colloidal suspensions with comb-

type polymeric dispersant under high salinity condition.  

The rheological behavior of colloidal suspensions, such as yielding, is largely dependent on the 

microstructure (i.e., arrangement of particles in the suspension, such as mean inter-particle 

distance),18-19 volume fraction,20 particle size and size distribution, as well as colloidal forces.21-24 

Given the volume fraction and geometry of the particles in the suspension, the colloidal forces, 

microstructure and resulting rheology could be tuned by varying the water chemistry (i.e., pH, 

salt and chemical additives like polymers). Savarmand and Carreau interpreted the behavior of 

yield stress and shear viscosity of spherical silica colloids in low salinity solutions in terms of 

surfaces forces base on the Derjaguin-Landau-Verwey-Overbeek (DLVO) model.25 At high salt 

concentration (e.g., more than 0.5 M of monovalent electrolyte), non-DLVO forces became 

important and governed the microstructural and rheological properties of concentrated colloidal 

spheres.26 Franks revealed a pronounced increase in shear yield stress of silica suspensions at 

high pH with high concentration of monovalent salt, which had been presumably attributed to an 

attractive ion-correlation force.10 The inter-particle distance had also been considered as a critical 

factor that caused significant increase on the yield stress of alumina suspension by Franks and 

Boger.26 Whitby et al. investigated the effect of poly (acrylic acid)/poly (ethylene oxide) comb-

type copolymer on surface forces and rheology of colloidal silica suspension at low salinity.16 

The rheology of colloidal suspensions mediated by comb-like copolymers in high saline water is 

still not clear yet.  

In this work, we have used spherical silica particles and a comb-type PAA/PEO copolymer as a 

model system and attempted to correlate the surface forces between colloidal particles in the 

presence of polymers and their bulk rheological properties. Polymer adsorption and zeta 
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potential measurements were also conducted under different pH and salinity conditions to better 

understand the surface forces and rheology results. Our study covered a broad range of salt 

concentration from 1 mM to 3 M. Three salt concentrations (1 mM, 0.5 M and 3 M) were 

selected to represent different scenarios from the DLVO force controlled system to non-DLVO 

force controlled system. This work provides useful results regarding the effects of solution 

salinity on the surface properties and rheology behaviors of colloidal suspensions with polymer 

additives, with implications on polymer-mediated colloids in a wide range of industrial 

applications. 

2. Materials and Methods 

2.1 Materials 

Silica particles were purchased from Alfa Aesar (Ward Hill, MA). Particle size distribution was 

determined by light scattering using a Zeta Nanosizer (Malvern, UK) by dispersing 0.1 g silica 

particles in 100 ml Milli-Q water, as shown in Figure 1(a). Mean particle size was about 548.5 

nm. Morphological analysis on silica particles was carried out using JAMP-9500F Scanning 

Electron Microscope (SEM) at the Alberta Center for Surface Engineering and Science 

(University of Alberta). As shown in Figure 1(b), spherical shape of silica particle is observed, 

the particle size is comparable to the mean size obtained from light scattering method using Zeta 

Nanosizer. 
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Figure 1. Particle size distribution (a) and morphology (b) of silica in 1 mM NaCl determined by 

light scattering using a Zeta Nanosizer and SEM, respectively. 

Poly (acrylic acid)/poly (ethylene oxide) comb-type copolymer (Melflux 1641F, BASF) had 

molecular weight in a range of 20,000 Da. Sodium chloride (NaCl, ACS analytical grade, Sigma-

Aldrich) was used for preparing the salt solutions for both surface force measurements and 

rheological measurements. Analytical grade hydrochloric acid (HCl) and sodium hydroxide 

(NaOH, Sigma-Aldrich) were used to adjust solution pH values. Milli-Q water with a resistivity 

of 18.2 MΩcm-1 was used for preparing all the aqueous solutions in this work.    

2.2 Zeta Potential Measurements 
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0.1 g silica powder was dispersed in 100 ml Milli-Q water of various NaCl concentrations (0.001 

to 0.5 M), and the pH of the aqueous suspensions was then adjusted to a desired value. The 

prepared silica suspension was dispersed using an ultrasonic bath (Fisher Scientific) for 10 

minutes before zeta potential measurements. The zeta potential of the silica suspensions was 

determined using a Zeta Nanosizer ZSP (Malvern, UK).   

2.3 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 

Polymer adsorption was monitored with a QCM-D (Q-Sense E1, Gothenborg, Sweden) at a 

controlled temperature of 20.0±0.1°C. The quartz crystal oscillators or sensors used were thin 

AT-cut quartz crystals with a diameter of 14 mm and fundamental shear oscillation frequency of 

5 M Hz. The sensors were coated with a thin film of silicon dioxide with a thickness of 50 nm. 

The variations of frequency (Δf) and dissipation (ΔD) of the crystals upon imposing AC signals 

were monitored simultaneously at following resonance frequencies: 5, 15, 25, 35, 45, 55 and 75 

MHz. The third and fifth overtones were used to calculate the adsorbed mass. While the 

Sauerbrey model27 is suitable for the case of adsorbing thin and rigid layers, Voigt viscoelastic 

model embedded in the Q-Sensor software was more suitable for adsorption of soft and thick 

polymer layers on the sensors. As a rule of thumb, the Sauerbrey model is suitable if ΔD/Δf << 

4×10-6.28 In this work, considering large ΔD/Δf ratio measured, the Voigt viscoelastic model 

would be used to determine the adsorbed mass of the polymers. The general procedure for the 

QCM-D tests involved sequentially flowing the following fluids through the QCM-D chamber: 

(1) NaCl solution of selected salt concentration and pH condition (as background solution); (2) 

polymer solution with desired concentration at the same salt concentration and pH conditions; (3) 

background solution. A flow rate of 0.15 ml/min was used for all the experiments.  
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2.4 Surface Forces Apparatus (SFA) Measurements 

A surface forces apparatus was used to measure the surface forces between two molecular 

smooth mica surfaces (the basal plane of which has similar structure as silica) at various solution 

pH, salt concentrations and polymer concentrations. The detailed experimental setup of SFA 

experiments have been reported previously.14, 29-35 Briefly, back-silvered (~50 nm silver) thin 

mica sheets (1-5 µm) were glued onto two cylindrical silica discs (radius~2 cm). The two 

surfaces were mounted into the SFA chamber in a crossed-cylinder configuration, the 

interactions of which were locally equivalent to the interaction between a sphere of the same 

radius and a plane according to the Derjaguin approximation. A desired polymer solution was 

then injected between the two mica surfaces. Force measurements were conducted after the 

system was equilibrated for 1.5 h. During a typical normal force measurement, the two surfaces 

were brought to approach each other till a so-called hard-wall separation was reached (which 

barely changed with increasing the normal load or pressure). The two surfaces were kept in 

contact under the maximum load for ~1 min before they were separated. The surface separation 

and deformation were monitored in situ and in real time through the multiple beam 

interferometry technique by using the optical interference fringes of equal chromatic order 

(FECO). The surface forces were determined based on the Hooke’s Law.  

2.5 Rheology Tests 

A TA AR-G2 stress-controlled rheometer (TA Instruments, DE) equipped with a Peltier 

temperature control system was employed for the rheological studies. The concentric cylinder 

geometry was chosen to minimize the effect of sedimentation of particles. The surfaces of the 

concentric cylinder sample holder were sand blasted in order to prevent the wall slip. The 
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volume fraction of silica used was 0.3, i.e., 52.3 wt%. The prepared silica suspensions with 

desired water chemistry were homogenized using a mechanical mixer, followed by 

ultrasonication using a Sonic Dismembrator (Model 500, Fisher) at 30% of the total power for 2 

minutes.24 

The stress growth, or stress overshoot method, was used to obtain the shear yield stress by 

controlling the strain rate.36 A shear strain rate of 0.005 s-1 was used for the tests, because 

hydrodynamic and thixotropic effects were not observed at such shear strain rate. All the samples 

were pre-sheared for 60 s at 1000 s-1 followed by 120 s rest. The temperature used in this study 

was 20 ±0.5 °C. 

 

3. Results and Discussion 

3.1 Zeta Potential 

The zeta potential values of silica particles under various salt concentrations and pH conditions 

have been measured by a zeta Nanosizer and are shown in Figure 2. It is noted that due to 

limitations of the instrument for measurements under very high salinity condition, the zeta 

potential of silica suspension in 0.5 M NaCl is measured rather than in 3 M NaCl solutions to 

understand the effect of high salt concentration. Silica exhibits a isoelectric point (IEP) of 2 

above which increasingly negative zeta potential is observed as also reported previously, which 

is correlated to the increasing deprotonation of silanol groups with a structural transformation 

from SiOH to SiO-.10 The absolute value of zeta potential is found to decrease with increasing 

the salt concentration.  
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Figure 2.  Zeta potential of silica suspensions with and without PAA/PEO copolymer of 

different concentrations at various solution pH conditions in (a) 1 mM NaCl, and (b) 0.5 M NaCl. 

 

Zeta potential of PAA/PEO at various pH and salt concentrations was also determined, as shown 

in Figure 2. It is found that the acid dissociation constant of PAA/PEO comb-like polymer is 

about 2. With increasing pH, PAA/PEO becomes more negatively charged, due to the 

deprotonation of carboxylic groups on the polymer backbone. In Figure 2(a), it is found that zeta 

potential of PAA/PEO copolymer decreases with the increase of polymer concentration from 
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0.01 to 1 wt%. Under high salinity condition as shown in Figure 2(b), the absolute value of the 

zeta potential of PAA/PEO decreases due to the compression of electrical double layer.  

As shown in Figure 2, zeta potential of silica becomes less negative after adding 0.01 wt% 

PAA/PEO copolymer, and the magnitude of zeta potential decreases further upon increasing the 

polymer concentration to 1 wt%. Zeta potential of silica associated with polymer in 0.5 M NaCl 

solution is found lower than that in 1 mM NaCl solution, which is caused by compression of 

electrical double layer.  

3.2 QCM-D adsorption tests  

The adsorption measurements of PAA/PEO copolymer on silica sensor were conducted by using 

a QCM-D. Variations on frequency and dissipation of the silica sensor due to the adsorption of 

polymers in 1 mM NaCl solution are shown in Figure 3. In Figure 3(a), 1 mM NaCl solution (pH 

2) is firstly injected into the system as a background solution to establish the baseline for 

monitoring the frequency change. The addition of 0.01 wt% polymer solutions leads to a shift on 

the frequency and dissipation. Both silica surface and carboxylic groups on the polymer 

backbone are highly protonated at pH 2 as indicated in Figure 2. The hydrogen bonding 

interaction between the polymer chains and silica surface plays a dominating role in the polymer 

adsorption. Successively introducing the 1 mM NaCl solution (pH 2) does not cause any obvious 

change of the frequency, indicating that adsorbed polymers could not be removed by the 

background saline solution.  
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Figure 3. Changes of frequency Δf and dissipation ΔD associated with the adsorption of 

PAA/PEO in 1 mM NaCl solution at various pH conditions on QCM-D silica sensors: (a) 0.01 

wt% PAA/PEO at pH 2, (b) 0.01 wt% PAA/PEO at pH 8, (c) 1 wt% PAA/PEO at pH 2, (d) 1 wt% 

PAA/PEO at pH 8. 

 

As shown in Figure 3(b), fixing the NaCl concentration 1 mM and polymer concentration 0.01 

wt% while increasing the solution pH from 2 to 8, it is found that the polymer adsorption has 

been significantly weakened indicated by frequency shift of about 5 % of that at pH 2.  At pH 8, 
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both silica surface and the carboxylic groups on the PAA/PEO comb-like polymer are highly 

deprotonated and negatively charged as indicated in Figure 2. The long-range electrostatic 

repulsion between the PAA/PEO chains and silica could inhibit the adsorption of polymers. As 

shown in Figure 3(c) and (d), with the PAA/PEO concentration increasing to 1 wt%, the 

frequency shift increases at both pH 2 and 8, indicating enhanced polymer adsorption. The 

mechanism of adsorption of PAA/PEO onto silica in 1 mM NaCl solutions under various pH 

conditions is proposed and illustrated in Figure 5(a). 

Variations on frequency and dissipation of the silica sensor due to the adsorption of polymers in 

3 M NaCl solution are shown in Figure 4. It is found that the high salinity condition (3 M NaCl) 

at pH 8 significantly enhances the polymer adsorption on silica as compared to the low salinity 

case (1 mM NaCl in Figure 3). Under high salinity condition, the Debye length of the electrical 

double layer has been compressed to be less than 1 nm, and the electrostatic repulsion between 

PAA/PEO and silica has been drastically supressed.  

The effect of polymer concentration has been also investigated. As shown in Figure 4(c) and (d), 

larger frequency shift and enhanced polymer adsorption are detected with increasing the 

PAA/PEO concentration from 0.01 wt% to 1 wt% while keeping the pH and NaCl concentration 

the same. It is also found that while the adsorbed polymers are more stable during rinsing by 

background NaCl solution at pH 2, the adsorbed polymers could be easily removed by rinsing of 

the background NaCl solution at pH 8. The mechanism of adsorption of PAA/PEO onto silica in 

3 M NaCl solution under various pH conditions is proposed and illustrated in Figure 5(b). 
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Figure 4. Changes of frequency Δf and dissipation ΔD associated with the adsorption of 

PAA/PEO in 3 M NaCl solution at various pH on QCM-D silica sensors: (a) 0.01 wt% 

PAA/PEO at pH 2, (b) 0.01 wt% PAA/PEO at pH 8, (c) 1 wt% PAA/PEO at pH 2, (d) 1 wt% 
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PAA/PEO at pH 8; (e) summary on adsorbed mass of PAA/PEO onto silica sensor at various pH 

and salt concentrations determined by QCM-D; (f) thickness of PAA/PEO layer adsorbed onto 

silica sensor at various pH and salt concentrations. 

 

The QCM-D adsorption curves shown in Figures 3 and 4 were analyzed using the Voigt 

viscoelastic models to quantify the mass and thickness of the adsorbed PAA/PEO polymer.37 

Figure 4 (e) and (f) show the adsorbed mass and thickness as a function of bulk polymer 

concentration at various salt concentration and pH conditions, respectively. It is observed that 

with increasing the bulk polymer concentration, the adsorbed mass and thickness increase more 

significantly at a polymer concentration below 1 wt% than that at relatively high polymer 

concentration (e.g., 2 wt%).  
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Figure 5. Schematic for the adsorption mechanism of PAA/PEO copolymer in saline solutions at 

pH 2 and pH 8 with (a) 1 mM NaCl, and (b) 3 M NaCl. 

 

3.3 Surface force measurements 

To probe the interactions between silica spheres, surface force measurements were carried out 

between two model silica surfaces (i.e., mica, the basal plan of which has similar surface 

composition as silica) in the presence of PAA/PEO polymer. Figure 6 shows force-distance 

curves during approaching and separation of two mica surfaces in PAA/PEO copolymer 

solutions containing 1 mM NaCl. As shown in Figure 6(a) and (c) in 0.1 wt% polymer solutions, 

adhesion Fad/R of 4.9 and 3.2 mN/m are measured through the separation force-distance curves 
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at pH 2 and pH 8, respectively. The adhesion is mainly caused by bridging effect of the adsorbed 

PAA/PEO chains confined between two mica surfaces. The bridging effect at pH 2 is stronger 

than that at pH 8 indicated by higher adhesion at pH 2. As shown in Figure 6(b) and (d), by 

increasing PAA/PEO concentration to 1.5 wt%, the adhesion Fad/R during the separation of mica 

surfaces disappears. Repulsion is detected during approaching process of two mica surfaces at 

~12 nm in 0.1 wt% PAA/PEO, and the repulsion range increases to 35 nm for the case of 1.5 wt% 

PAA/PEO at pH 2. At pH 8, the repulsion measured during approaching force curve starts at 20 

nm in 0.1 wt% PAA/PEO, and slightly increases to 25 nm in 1.5 wt% PAA/PEO. The repulsion 

range during the approach process at pH 2 (Figure 6a and 6b) is found to be roughly double of 

the thickness of polymer adsorbed on silica sensor estimated from QCM-D measurements (which 

are about 5 and 16 nm for one polymer layer on the silica sensor in 0.1 wt% and 1.5 wt% of 

polymer, respectively), indicating that steric force between the PAA/PEO adsorbed on mica 

surfaces is the major contribution for the repulsive forces measured. At pH 8, both electrical 

double layer forces and the steric interactions of the adsorbed polymers contribute to the 

repulsion measured during approaching of the two surfaces in 1 mM NaCl (Figure 6c and 6d). 
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Figure 6. Force-distance profiles measured during approaching (moving in) and separation 

(moving out) of two mica surfaces in 1 mM NaCl solutions with (a) 0.1 wt% PAA/PEO at pH 2, 

(b) 1.5 wt% PAA/PEO at pH 8, (c) 0.1 wt% PAA/PEO at pH 2, and (d) 1.5 wt% PAA/PEO at pH 

8.  
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Figure 7. Force-distance profiles between two mica surfaces in 3 M NaCl solutions with (a) 0.5 

wt% PAA/PEO at pH 2, (b) 1.5 wt% PAA/PEO at pH 8, (c) 0.5 wt% PAA/PEO at pH 2, (d) 1.5 

wt% PAA/PEO at pH 8. 

 

As shown as Figure 7, in 3 M NaCl solutions with 0.5 wt% PAA/PEO copolymer, adhesion 

Fad/R of 2.8 and 1.8 mN/m are measured through the separation force-distance curves at pH 2 

and pH 8, respectively. By increasing PAA/PEO concentration to 1.5 wt%, increased adhesions 

of 5.2 and 6.1 mN/m are detected at pH 2 and pH 8, respectively. In 3 M NaCl solutions, the 

charges from both mica and PAA/PEO copolymer tend to be significantly suppressed as shown 

in zeta potential measurements. The adhesion is mainly caused by bridging effect of the adsorbed 
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PAA/PEO chains between mica surfaces, contributed by H-bonding and van der Waals 

interactions as well as interpenetration of the confined PAA/PEO chains. Repulsion is detected 

during the approaching process which starts at ~20 and ~35 nm in 0.5 wt% and 1.5 wt% 

PAA/PEO at pH 2, respectively, at ~20 and ~25 nm in 0.5 wt% and 1.5 wt% PAA/PEO at pH 8, 

respectively. The above range of repulsion is found to be roughly double the thickness of 

polymer layer adsorbed on silica sensor detected in QCM-D measurements, which are about 11 

and 17 nm at pH 2, 9 and 15 nm at pH 8 for one polymer layer adsorbed on the silica sensor in 

0.1 wt% and 1.5 wt% polymer solutions, respectively. The above results indicate that steric 

interactions of the adsorbed polymer chains dominate the forces during the approaching of two 

mica surfaces under high salinity condition.  

3.4 Rheology Tests 

3.4.1 Silica suspension 

The rheology of 30 vol% silica particles suspended in NaCl solutions with various salt 

concentrations and pH conditions is shown in Figure 8. In Figure 8(a), typical shear stress-strain 

profiles are shown to demonstrate the determination on the shear yield stress (i.e., stress growth 

or overshooting method).36 At the initial stage of shearing, the shear stress grows roughly 

linearly with the strain due to the elastic deformation of the fluid. Once the shear deformation or 

strain exceed a critical value, i.e., yield strain, the fluid begins to yield. The local maximum shear 

stress corresponding to the yield strain is defined as the shear yield stress. It is found that the 

yield strain ranges from 0.01 to 1 % and increases with the yield stress. Exceeding the yield 

stress, the shear stress decreases and eventually reaches a steady state as indicated by a plateau of 

shear stress. The stress growth curve for the silica suspension in 1 mM NaCl solutions at pH 8 
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shows some noise at a strain larger than 0.1 %, which is mainly because the torque measured is 

very low (e.g., 0.04 mN   at a strain of 1 %) and the value is close to the lower detectable limit 

of the stress controlled AR-G2 rheometer, i.e., 0.03 mN  . 

The shear yield stress of silica suspension under various pH and NaCl concentrations is shown in 

Figure 8(b). In 1 mM NaCl solution, the yield stress is found to increase with the decrease of pH 

and it reaches a maximum at pH 2 where IEP of silica is observed (Figure 2a). The maximum 

yield stress at IEP is mainly caused by van der Waals attractive force among dispersed particles.  

An increased yield stress with decreasing pH from 8 to 2 is observed for silica in 0.5 M NaCl 

solutions, while an opposite trend of pH dependent yield stress for silica suspension is observed 

in 3 M NaCl solution. This is possibly because non-DLVO forces play a more important role 

than the DLVO interactions under high salinity condition. In 3 M NaCl solutions, the yield stress 

of silica suspension at the same pH increases significantly as compared to that in 1 mM and 0.5 

M NaCl solutions. The significant increment of yield stress in high salt concentration conditions 

is possibly due to the following two reasons. Firstly, the magnitude of van der Waals force 

between particles increases. Under higher salt concentration conditions, the Hamaker constant 

slightly decreases due to the decrease of dielectric constant and increase of refractive index of 

the medium solution.38-39 For example, Hamaker constant is 4.14×10-21 J between silica spheres 

in 3 M NaCl solutions, while it is 6.28×10-21 J in 1 mM NaCl solutions. On the other hand, the 

closest proximity between silica surfaces could decrease, caused by the increase of osmotic 

pressure between silica in higher salt solutions. As a result, van der Waals force could 

significantly increase, leading to a dramatic increase on yield stress. Secondly, in addition to the 

van der Waals force, additional attractive interactions between two surfaces, such as ion 

correlation force, could play a role.40-41 The two silica surfaces adsorbed with counter-ions could 
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attract each other through mediated chloride ions or dipole interaction.17 In addition, hydration 

force is considered to increase with the increase of salt concentration. Therefore, the observed 

attractions between silica at higher salt concentration are the results from competitions of the 

above mentioned DLVO and non-DLVO forces.  

 

Figure 8. Shear yield stress of 30 vol% of silica particles in NaCl solutions with various salt 

concentrations and pH values. (a) Stress-strain profiles for yield stress determination; (b) Shear 

yield stress versus pH. 

 

3.4.2 Silica in PAA/PEO copolymer solution 
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Rheological measurements on silica suspensions mediated by 0.01-2 wt% of PAA/PEO 

copolymers under various pH and salt concentrations are shown in Figure 9. Shear stress 

variation versus time at 0.005 s-1 of shear rate is shown in Figure 9(a), and the determined shear 

yield stress from these stress growth curves are summarized in Figure 9(b). It is found that the 

shear yield stress of silica suspension increases at PAA/PEO concentration from 0 to 0.5 wt%. 

Such increment on yield stress is mainly caused by bridging effect of PAA/PEO chains between 

silica particles, as demonstrated by QCM-D adsorption results and SFA force measurements. A 

schematic drawing on proposed mechanism of interaction between PAA/PEO mediated silica in 

NaCl solution at various pH is shown in Figure 10. As shown in Figure 9(b), the shear yield 

stress of silica suspension decreases at PAA/PEO concentration from 0.5 to 2 wt%, which is 

mainly caused by steric repulsion among the silica particles.  
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Figure 9. Shear yield stress of 30 vol% of silica particles associated with PAA/PEO copolymer 

in NaCl solutions with various salt concentrations and pH values. (a) Stress-strain profiles for 

yield stress determination; (b) Shear yield stress versus PAA/PEO concentration. 

 

In 1 mM NaCl solutions, it is observed that the yield stress at pH 2 is 3-4 orders of magnitude 

higher than that at pH 8 at all PAA/PEO concentration. The much lower yield stress at pH 8 is 

mainly because of the electrostatic repulsions between silica particles, as proposed in Figure 
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10(a). In 3 M NaCl solutions, it is found that the yield stress at pH 2 is several times higher than 

that at pH 8 at PAA/PEO concentration above 0.5 wt%. Since the charges on both silica surface 

and polymer are significantly screened under high salinity condition, the decreased yield stress 

with increase of PAA/PEO concentration is mainly caused by the steric force rather than 

electrostatic repulsion, as proposed in Figure 10(b). It is interesting to find that at pH 2 in 3 M 

NaCl solutions the yield stress of silica suspension with addition of 2 wt% of PAA/PEO 

copolymer is still higher than that without any polymer addition. It is clearly shown that 

attraction is present between PAA/PEO mediated silica particles, which is most likely caused by 

H-Bonding attractions bridged by the polymer chains. Such phenomenon is well aligned to the 

SFA measurements.  
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Figure 10. Schematics of the interaction mechanism between PAA/PEO mediated silica particles 

in 1 mM NaCl (a) and 3 M NaCl (b) solutions at pH 2 (left panels) and pH 8 (right panels). 

 

4. Conclusions 

Aqueous suspensions containing model spherical silica particles mediated with comb-type 

PAA/PEO copolymers under various pH conditions and salt concentrations have been 

systematically characterized by zeta potential, QCM-D, SFA and rheology measurements. QCM-

D results show that the high salinity condition (3 M NaCl) at pH 8 significantly enhances the 

polymer adsorption on silica as compared to the low salinity case, due to the suppression of 

electrical double layer. This phenomenon is aligned with a lower zeta potential of silica particles 
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in the presence of polymers under high salinity condition than that in 1 mM NaCl solution. SFA 

results reveal that in low salinity solution bridging attraction dominates at low polymer 

concentration while steric repulsion becomes more significantly at high polymer concentration, 

which agrees with the QCM-D adsorption results. In 3 M NaCl solution, polymer induced 

bridging effect is observed under both low and high polymer concentrations based on SFA 

measurements. The rheology study shows an opposite trend of pH dependent yield stress for 

silica suspension in 3 M NaCl solution as compared to that in 1 mM NaCl solutions due to the 

presence and competition of the DLVO (e.g., van der Waals, electrical double layer interactions) 

and non-DLVO interactions (e.g., polymer bridging due to hydrogen bonding and 

interpenetration of polymer chains, steric interaction, and ion-correlation interactions). The shear 

yield stress of silica suspension increases at PAA/PEO concentration from 0 to 0.5 wt% due to 

bridging effect while it decreases at PAA/PEO concentration from 0.5 to 2 wt% mainly due to 

the enhanced steric repulsion. These rheological results are well aligned with the QCM-D and 

SFA force measurements. This work has provided useful results on how solution salinity affects 

the surface properties and rheology behaviors of colloidal suspensions in the presence of 

polymer additives, and the methodologies can be readily extended to many other polymer-

mediated colloidal systems. 
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