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Abstract: Since their exceptional rheological behavior, bentonite suspensions are widely used in 

engineering, industrial, agricultural, and drilling applications. So, the aim of the present study is to 

investigate the rheological properties of three types aqueous suspensions prepared with calcium 

bentonite (CaB), sodium bentonite (NaB) obtained from that by Na2CO3 activation, and NaB with the 

excess soda. The CaB taken from Giresun/Turkey region contains calcium smectite (CaxS) as clay 

mineral and opal CT (SiO2.nH2O) as impurity which is paracrystalline silica. Soda content by the 

activation and bentonite content in the suspension were changed in the interval of 2.5-15.0% and 5-

20% by mass, respectively. CaxS completely converted to sodium smectite (Na2xS) by the activation 

with the soda content of 2.5% and then Na2xS+Na2CO3 mixtures formed. Rheological properties of 

these aqueous suspensions were measured using a Fann Viscometer. These properties reached their 

maxima by the most thixotropic Na2xS suspensions and greatly increased with the increasing of 

smectite content. Rheological plots drawn of the shear rate vs. shear stress in the interval of 170-1020 

s-1 showed that the suspensions flow as a Bingham Plastic. Change in rheological properties 

depending on the smectite type and content as well as excess soda content was explained 

thermodynamically based on the chemical potential gradient between interlayer and dispenser waters. 
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1. Introduction 
Bentonitic clays are one of the most important industrial raw materials [1]. Their clay minerals are 

smectites such as montmorillonite, nontronite, saponite, beidellite and hectorite. Also, bentonites 

contain other clay and nonclay minerals as impurities [2,3]. Smectite minerals are hydrous 

hydroxylated aluminum, iron, and magnesium silicates. Their layered crystal structures are similar but 

the chemical compositions are different. 

Smectites layers consist of one octahedral (O) sheet between two tetrahedral (T) sheets which are 

bonded by oxygen bridges [4]. This three sheets layer is pointed out as T-O-T or 2:1 abbreviation. 

Ideally, Si4+ and Al3+ can be found in the tetrahedral and octahedral sites, respectively. But, there is 

partial isomorphous substitution of Si4+ with the Al3+ in the tetrahedral sites as well as partial and/or 

complete ones of Al3+ with the Fe3+, Fe2+, Mg2+ or Li1+  in the octahedral sites. Thus, the 2:1 layers 

charged with the negative electric. This charge is balanced with the exchangeable cations such as Na+ 

and /or Ca2+ placed between 2:1 layers and their edges. The anhydrous thickness of the 2:1 layers is 

approximately 1.0 nm. Pure smectite minerals are seldom found in the nature. Therefore, they have 

been isolated from bentonite by the purification process [5]. 

A mineral is called calcium smectite (CaxS) or sodium smectite (Na2xS), according to the 

exchangeable cation being Ca2+ or Na+. The air dried Na2xS and CaxS have one water sheet and two 

water sheets between the 2:1 layers, respectively. Therefore, the consecutive thickness of these 

hydrous 2:1 layers  are 1.26 nm and 1.54 nm.  Similarly, clay  which contains  CaxS or Na2xS as major  
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mineral is called calcium bentonite (CaB) or sodium bentonite (NaB). Beds of CaB are larger than 

those of NaB in the nature. On contrary, application areas of NaB are more than that of CaB. 

Accordingly, CaB has been converted to NaB by treating with a sodium salt such as Na2CO3 [6-9]. 

The physical state of bentonites may be changed by increasing water content, from an anhydrous 

solid to a hydrated solid, plastic mud, gel and suspension, respectively [10,11]. Bentonite-water 

systems are of great importance for industrial, environmental and civil engineering activities [12-14].  

Suspensions of NaB are generally used in oil engineering to make drilling and retaining fluids [15-

17]. Drilling fluids have been used to cool and lubricate the drill string and bit, ensure the stability and 

protection of the borehole walls, remove the catting from the bottom of the hole and bring them to the 

surface, and minimize the deposition of heavy rock fragments at the bottom of the hole when 

circulation is stopped [18,19]. To fulfill these different roles, the drilling fluid should have special 

rheological properties such as a high yield stress to prevent sedimentation [20-22].  

The rheology of several aqueous suspensions was studied depending on the type and content of 

bentonite, electrolyte and additives as well as pH-value and aging time [23-28]. Also, temperature 

affected greatly the rheological properties [29,30]. However, thermodynamic nature of aqueous 

bentonite suspensions has not yet been adequately discussed. Therefore, the aim of this study is the 

thermodynamic consideration on the rheological properties of the different aqueous bentonite 

suspensions. 

 

2. Materials and methods 
2.1. Materials  

A calcium-rich bentonite (CaB) having white color taken from the Tirebolu bed, Giresun/Turkey, 

was used in this study as raw material. The bulk chemical analysis of the CaB (mass %) is; SiO2 72.10; 

Al2O3, 14.69; Fe2O3, 0.94; TiO2 0.20; MgO, 2.55; CaO, 0.36; Na2O, 0.35; K2O, 0.42 and loss on 

ignition (LOI), 8.40. The CaB was ground to pass through 74 µm (200 mesh) sieve and heated at 105 
oC for 24 h. The dried CaB powder was stored in a plastic bottle for using later experiments. 

Analytically pure anhydrous sodium carbonate (Na2CO3) used by soda activation was obtained from 

Merck Chemical Company. 

 

2.2. Soda activation  

Five powders, each having a mass of 20 g, were weighed from the stock CaB. The powders were 

mixed with Na2CO3 powder. The mass percentage of pure Na2CO3 in the solid mixtures was in order 

to 0, 2.5, 5, 10, and 15. The corresponding soda activated bentonite samples were denoted to be S0, 

S2.5, S5, S10, and S15. Each powder mixture was homogenized using a Pascal Instrument for 20 min. 

Distilled water was added to the powder mixtures until to form a gel. After extrusion using a Netzsch 

Instrument each gel was kept in tightly closed plastic bottle for 24 h, activated samples were dried at 

105 oC for 4 h and then ground to pass through a 74 µm (200 mesh) sieve using a Siebe-Technic 

Instrument and stored in the tightly closed plastic bottles to use by rheological measurements. 

 

2.3. XRD- analysis 

The X-ray diffraction (XRD) patterns of natural and soda activated samples were performed from 

random mounts prepared by glass slide method with a Rikagu D-Max 2200 Powder Diffractometer, 

operating of 40 kV and 30 mA, using Ni filtered CuKα radiation having 0.15418 nm wavelength. 

 

2.4. Rheological measurements 

Different aqueous suspensions were prepared using the natural and soda activated samples. The 

mass percent for each activated sample in the suspension was in order to 5, 10, 15 and 20 by mass. The 

corresponding suspensions were respectively denoted to be B5, B10, B15 and B20. So, overall twenty 

different aqueous suspensions were obtained. Each suspension was stirred using a Fischer Propeller 

Stirrer for 5 min and then left at rest. The rest time was increased up to 9 days at 25oC. Viscosity of the 
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suspensions was measured using a Fann Viscometers in everyday [31-32]. The optimum rest time in 

which the viscosity reached a maximum was estimated to be 5 days, and further rheological 

measurement were realized after this rest time. Shear stress for each suspension was measured at 

equilibrium established in the optimum rest time with respect to the shear rate ranged from 170 to 

1020 s-1 (100-600 rpm) using a Fann Viscometer. 

 

3.Results and discussions  
3.1. Mineralogy 

The XRD-patterns (Fıgure 1) indicated that the natural bentonite contains a Ca-rich smectite (CaxS) 

with a value of d001=1.524 nm as major clay mineral and opal-CT with a value of d101=0.401 nm which 

is a paracrystalline silica polymorph (SiO2.nH2O). The decrease in d001 from 1.524 to 1.195 nm showed 

that the CaxS converted approximately to Na2xS by all soda activations. Since the intensity and position 

remained constant, this means that the opal-CT did not affected from the soda activation. The effect of 

opal-CT on the rheological properties of the bentonite suspensions was assumed as insignificant 

compared to the smectites. Accordingly, CaxS and Na2xS symbols will be used instead of those CaB 

and NaB in following discussions. 

 

 
Figure 1. XRD patterns of the natural and soda  

activated bentonite samples 

 

3.2. Viscosity  

Viscosity is a measure of the resistance to flow of the fluids as well as to move of the solids within. 

The viscosity of a fluid after yielding is called appearance or plastic viscosity. Change in the 

appearance viscosity (η) of the B15 suspension for the soda activated sample (S2.5, S5, S10, and S15) 

with respect to rest time was represented in Figure 2. Appearance viscosity of the suspension for the 

S2.5 and S5 samples increased with the rest time during the first five days and then progressively 

decreased to their constant value, whereas for the S10 and S15 samples remained constant. Since their 

appearance viscosity changed with the rest time, aqueous suspensions of the S2.5 and S5 samples are 

thixotropic. Excess soda in the S10 and S15 samples would be hindered the thixotropy in their aqueous 

suspensions.  

Change in appearance viscosity of the suspensions (B5, B10, B15, and B20) with respect to the 

soda content used by activation was given in Figure 3. Appearance viscosity of the suspensions 

increased greatly with increasing of Na2CO3 %, reaching a maximum at about 2.5%, and then 
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progressively decreased to near initial value. Appearance viscosity of the suspension prepared with the 

bentonite content of 20% by mass was found to be higher than those others. Consequently, appearance 

viscosity of the aqueous suspensions increased greatly by increasing of Na2xS content whereas this 

does not happen for CaxS and Na2CO3. 

                                       
                                      

Figure 2. Change in appearance viscosity of the 

B15 suspension for the soda activated sample 

(S2.5, S5.0, S10, and S15) with respect to 

rest time (10-3 Pa s = 1 cP) 

 

                                        
Figure 3. Change in appearance viscosity of the 

suspensions (B5, B10, B15, and B20) with 

respect to the soda content used by 

activation (10-3 Pa s = 1 cP) 
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Figure 4. Rheological plot of 

B20 suspensions  

of the soda activated bentonite 

samples  (S00, S2.5, S5.0, S10, 

and S15) 
 

Figure 5. The variation of 

yield stress (𝜏0,) and 

consistency index (k) with 

respect to the soda content 

by the activation for B20 

suspensions 
 

3.3. Rheological plots  

Rheological behavior of suspensions is examined in terms of the relationship between the shear 

stress and shear rate. Shear stress (𝜏) is defined as the tangential force applied per unit area and shear 

rate (𝛾 = 𝑑𝑣 𝑑𝑥)⁄  as the change of strain per unit time. The rheological plot of the shear stress vs. 

shear rate also called flow or consistency graph.  

Rheological plots of the B20 suspensions prepared with the S00, S2.5, S5.0, S10 and S15 powders 

were given in Figure 4. The shear stress of the suspensions increased linearly with the increasing of the 

shear rate in the interval of 170-1020 s-1. The obtained straight lines revealed that the flow of the 

suspensions is Bingham plastic type and fits the equation given as follows [33-37];  

 

𝜏 = 𝜏0 + 𝑘𝛾                             (1) 

 

where 𝜏0 and k, are yield stress and consistency index, respectively. Yield stress is the amount of the 

shear stress required to initiate flow. The k parameter indicates the degree of non-Newtonian 

characteristic for suspensions. 
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The 𝜏0 and k values for the B20 suspensions were evaluated from the intercept and slope of the 

rheological straight lines, respectively. The variation of these parameters with respect to the soda 

content by the activation was given in Figure 5. Thus, the yield stress and consistency have parallel 

change to each other with the soda content. This indicated that the van der Waals forces between 

particles and accordingly yield stress change depending on the consistency of the bentonite 

suspensions. 

 

3.4. Thermodynamic considerations 

Rheological properties of aqueous suspensions of smectites would be explained with the chemical 

potential gradients of water. Chemical potential is defined as the molar Gibbs energy of a component. 

Chemical potential of water (𝜇1 ) in a solution changes depending on the temperature (T), pressure (p), 

and mole fraction (𝑥1) given as below  

 

                  𝜇1 (𝑇, 𝑝, 𝑥1) = 𝜇1
∗(𝑇, 𝑝) + 𝑅𝑇 𝑙𝑛𝑥1           (2) 

 

where 𝜇1
∗(T, p) is the chemical potential of bulk water at constant T and p, and R is the universal gas 

constant. This chemical potential increases with the increasing of mole fraction and applied pressure at 

constant temperature. Pressure derivative of the chemical potential for water in the solution is given as 

below  

                            (𝜕𝜇1 𝜕𝑝)𝑇⁄ =  𝑉̅1                                     (3) 

 

where  𝑉̅1 is the partial molar volume of water. Chemical potential of water in the suspension changes 

depending on the content of dissolved components such as Na2CO3 but not the suspended particles. 

The gradient of chemical potential is the driving force of mass transfer. So, change in the rheological 

properties of the aqueous smectite suspensions is due to the spontaneous flow of water through from 

high to low chemical potential sites. Electrostatic attractive forces arise between the exchangeable 

cations and negatively charged T-O-T layers are caused face to face (F-F), edge-to-face (E-F) and edge 

to edge (E-E) orientations between these particles. Since the negative charge is more concentrated on 

the face rather than edge of the T-O-T layers, the formation probability of the orientations would be 

decreased in order to F-F, E-F, and E-E. Rheological properties of the aqueous smectite suspensions 

should be changed depending on the bulk water content which diffused spontaneously between T-O-T 

layers of these orientations.  

 

3.5. Suspensions of CaxS in bulk water  

Chemical potential of bulk water is maximum whereas it is zero in dried CaxS. So, water molecules 

penetrated spontaneously between the oriented T-O-T layers in dried CaxS. Crystalline swelling is due 

to the hydration of Ca2+ cations. The relatively strong electrostatic attractive forces between the 

divalent calcium cations and T-O-T layers applied a pressure on the interlayer water. So, chemical 

potential of the interlayer water increased rapidly by increasing of the pressure until it reached to 

chemical potential of the bulk water. This equality indicated that the thermodynamic equilibrium was 

established and hindered flow of more water to interlayers. So, the rheological properties do not 

greatly change with the bentonite content in the aqueous suspensions (Figure 3). 

 

3.6. Suspensions of Na2xS in bulk water 

Calcium smectite converted to sodium smectite by the activation with the soda content of 2.5% by 

mass (Figure 1). Cation exchange reaction by this conversion can be written as below 

 

CaxS + xNa2CO3   → Na2xS + xCaCO3                                          (4) 

 

The crystals of CaCO3 remain undissolved and unsuspended in bulk water.  
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The relatively weak electrostatic attractive forces between the monovalent Na+ cations and T-O-T 

layers applied lower pressure on the interlayer water than those divalent Ca2+ cations. In other words, 

chemical potential difference between the bulk and interlayer waters in the Na2xS suspensions is higher 

than these of CaxS ones. So, more water molecules penetrated spontaneously between the T-O-T layers 

of dried Na2xS until to established a thermodynamic equilibrium. Crystalline and osmotic swellings 

occurred by the penetration of extra water between the T-O-T layers of the Na2xS [38,39]. Crystalline 

and osmotic swellings have been discussed based on the hydration of Na+ cations and formation of 

Gouy-Chapman diffuse electric double layer theory, respectively. Diffuse electric double layers around 

the T-O-T layers slow down their motion and cause an increase in the rheological properties such as 

viscosity, shear stress and yield stress of the aqueous Na2xS suspensions (Figures 3-5). 

 

3.7. Suspensions of Na2xS in Na2CO3 solution 

During cation exchange reaction (4) between CaxS and excess soda larger than 2.5% by mass, the 

excess Na2CO3 still dissolved in water while the formed CaCO3 remains undissolved. Each 

heterogeneous mixture of the reaction product and water is a suspension of Na2xS in the aqueous 

Na2CO3 solution. 

Chemical potential of water in the soda solution is lower than that of bulk water and decreases 

progressively by increasing of the soda content. However, chemical potential of water in the diffuse 

electric double layers found in thermodynamic equilibrium is equal to that of bulk water. So, water 

with the higher chemical potential flows spontaneously from the diffuse electric double layers to the 

soda solution. The decrease of water content causes to destroy of the diffuse electric double layers. 

Values of the rheological properties such as viscosity, shear rate and yield stress of the suspension are 

rapidly reducing by the effect of the progressive disappearing of the diffuse electric double layer found 

at the around of each oriented T-O-T layer. 

 

4. Conclusions 
Calcium smectite can be converted to sodium smectite by an ion exchange reaction such as soda 

activation. Different blends of calcium smectite and sodium smectite can be obtained depending on the 

soda content by the activation to gain the optimum rheological properties for each uses. Changes in the 

rheological behavior of smectite suspensions can be thermodynamically explained by the water flow 

based on the chemical potential gradient between the interlayer water and water as bulk or component 

in solution. 
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