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Abstract 20 
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 22 

Synthetic saponite (Sap) easily delaminates in water to form a transparent sol and hydrogel with 23 

excellent rheological performance and is thus widely used in paints, cosmetics, and nanomaterials. 24 

The thixotropic property of Sap hydrogels is heavily dependent on the nature of Sap and the 25 

external electrolyte and polyelectrolyte; yet, details on the relationship between rheological 26 

behaviors of saponite hydrogels and Sap composition and polyelectrolyte remain unclear. In this 27 

work, thixotropic rheological behaviors of a series of synthetic Sap hydrogels, with and without 28 

added sodium polyacrylate polyelectrolyte (NaPA), were investigated. The Sap samples, with a 29 

Si/Al molar ratio from 5 to 25, were successfully synthesized using hydrothermal methods and 30 

characterized by powder X-ray diffraction, Fourier transform infrared spectroscopy, and scanning 31 

electron microscopy. The rheological performances of aqueous Sap dispersions and particle sizes 32 

and ζ-potentials of Sap were measured. The results showed that the crystallinity of the Sap 33 

increased with an increasing Si/Al molar ratio. All Sap samples, with the exception of the Sap with 34 

a Si/Al molar ratio of 5, dispersed well in water (3 wt %) to form hydrogels. The rheological 35 

behaviors of the hydrogels were related to the chemical composition and the layer charge of the 36 

Sap. The Sap with a Si/Al molar ratio of 25 had higher viscosity due to improved delamination. 37 

The addition of the NaPA, an anionic polyelectrolyte, into the hydrogels decreased the viscosity 38 
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and altered the thixotropic properties such that the hydrogel becomes a sol. The addition of NaPA 39 

facilitated the dispersion and delamination of Sap, because under the electric field of negatively 40 

charged Sap particles in the hydrogel, the anionic NaPA was instantaneously polarized and thereby 41 

entered the hydration layer of the Sap particles. 42 

 43 
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 49 

1. Introduction 50 

Saponite (Sap) is a 2:1 trioctahedral clay mineral. A layer of Sap is composed of two sheets 51 

of hexagonally arrayed [SiO4] tetrahedra sandwiching a central sheet of [MgO4(OH)2] octahedra. 52 

A small amount of isomorphous substitution of Si4+ for Al3+ (and sometimes other trivalent 53 

cations such as Fe3+) in the tetrahedral sheet causes a negatively charged sheet. In many types of 54 

Sap, Al3+ or Fe3+ can substitute Mg2+ in the octahedral sheet, creating a positive octahedral 55 

sheet charge; however, substitution in the tetrahedral results in an overall negative net charge of 56 

the 2:1 layer.1 The negative layer charge is compensated by exchangeable cations such as Na+ , 57 

NH4 + , K+ , Li+ , and Mg2+, which reside in the (generally) hydrated interlayer. An ideal 58 

structural formula of Sap is thus described as Mx/z z+ [Mg6][Si8−xAlx]O20(OH)4·nH2O, where 59 

Mz+ represents the interlayer cations, x ranges from approximately 0.4− 1.2, and n represents the 60 

number of surface- and/or cation hydration water molecules.2 Compared to montmorillonite, Sap 61 

generally has a smaller particle size and higher thermal stability.3 In particular, Sap can be more 62 

readily delaminated and exfoliated into nanoplatelets or even single nanolayers in water.4 As is 63 

typical of high swelling smectites, in aqueous dispersion, its solid−water interfacial properties 64 

enable it to form colloidal sols or gels. For this reason, Sap has been used for many decades as a 65 

nontoxic thickener,5 plasticizer,6 or emulsifier7 in products such as paint, plaster, cosmetics, 66 

personal care products, and adhesives.8 Naturally occurring saponite deposits are scarce and 67 

generally contain mineral and metal impurities, and hence laborious and time-consuming 68 

purification is required.9 This limitation restricts the use of natural Sap; the potential of its 69 

synthetic counterparts in industrial applications is therefore of interest. The technology of 70 

synthesizing Sap-like clay minerals with a well-controlled chemical composition has been 71 

successfully developed, and the products are generally referred to as a synthetic Sap (Sap). In the 72 

past, three successful approaches in the synthesis of Sap have been applied: 73 

microwave-assisted,10 nonhydrothermal,11,12 and hydrothermal.13,14 The microwave-assisted 74 

method is conducive to reduction of synthesis time and control of the structure with large pores 75 

and high specific surface area.15,16 To make the process rapid and feasible in industrial-scale, the 76 
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nonhydrothermal method under mild condition was developed.12,17 Typically, a gel containing 77 

the source of Si, Al, and Na was first prepared at room temperature, followed by mixing it with a 78 

solution of urea and metal salts (introducing special metal cations, such as Co and Ni). In this way, 79 

the octahedral sheets of saponites can be easily designed to contain one or more of different metal 80 

cations. As the hydrothermal method requires only relatively simple equipment and the reaction 81 

conditions are easy to control with precision, it is the frequently used approach for Sap 82 

synthesis.13 For many industrial applications, Sap (whether synthetic or natural) commonly needs 83 

surface engineering (functionalization), such as intercalation and/or hybridization to enhance its 84 

reactivity. Recently, various new Sap-based functional materials, such as nanoparticles/Sap 85 

hydrogels, surface-functionalized Sap, and inorganically modified and hybridized Sap, were 86 

designed to produce new functional materials. These Sapbased functional materials may exhibit 87 

exceptional biological, electrical, and optical properties and applied in electromagnetic, 88 

magnetorheological, catalytic, and biological fields.18−20 Such functionalization is usually 89 

conducted in aqueous dispersions. In addition, electrolytes are frequently added to adjust the 90 

rheological performance of the Sap-based products in practice. Therefore, understanding the 91 

physical and chemical interactions between Sap and electrolytes in an aqueous dispersion is 92 

critical and fundamental. Deep experimental and theoretical understanding of the rheological 93 

behavior of aqueous dispersions of synthetic saponite is worthwhile. Aqueous dispersions and 94 

hydrogels of Sap can exhibit different physical states, for example, stable colloidal dispersion or 95 

viscoelastic sol and elastic solids.21,22 The rheological properties of Sap hydrogels are related to 96 

electrolyte concentration.23 Shear thinning is a common phenomenon for flocs/aggregates that 97 

break down when shear is applied. However, shear thickening is uncommon for most clay 98 

dispersions and implies that energy input is dissipated into enhanced gels. Thixotropy is the 99 

hysteresis in shear stress between increasing and decreasing shear rate paths. Most clay gels 100 

undergo shear thinning with increasing shear rate but some thickening when the shear rate 101 

decreases after a prolonged exposure to a high shear rate. The Sap hydrogel system, at 102 

concentrations less than 1.1 wt % of solid content, displays a typical Newtonian flow, but at 103 

concentrations exceeding 1.2 wt %, it can exhibit distinct shear thinning.24 Aspects of how the 104 

chemical composition and crystallinity of Sap affect the complex rheological behavior of Sap 105 

hydrogels remain elusive. For the purpose of tuning the shear thinning of Sap dispersions for 106 

different applications, electrolytes or polyelectrolytes can generally be introduced to help 107 

dispersion,25 stabilization,26 or flocculation of clay mineral suspensions.27 Sodium polyacrylate 108 

(NaPA, denoted SN-5040 in the industry) is one of the most frequently used polyelectrolytes in 109 

paints, pigments, and waste water treatment.28,29 Therefore, the thixotropy of Sap dispersion is a 110 

major factor affecting the workability of these products. However, details regarding thixotropic 111 

interactions with Sap in water have been rarely reported and rheological behaviors of aqueous 112 

Sap-NaPA dispersions are unknown. The objective of this work is to correlate the rheological 113 
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behavior of Sap hydrogels as a function of the chemical composition of Sap and load rates of 114 

NaPA. 115 

 116 

2.Experimental Section 117 

2.1 Synthesis of saponite  118 

The synthesis procedure was as follows: a mixture of 36.3 g of NaOH and 65.6 g of NaHCO3 was 119 

dissolved in 500 mL of deionized water to develop solution A. Then, 88.83 g of sodium silicate 120 

was added in 490 mL of solution A under vigorous stirring to create solution B. A given amount of 121 

MgCl2·6H2O and AlCl3·6H2O was dissolved in 175 mL of deionized water (solution C) to 122 

provide a range of Si/Al in the final product. Under continuous stirring, solution C was slowly 123 

added into solution B until a uniform white suspension was observed. The suspension was then 124 

transferred to a polytetrafluoroethylene-lined autoclave and heated at 200 °C for 24 h. The solid 125 

phase was washed with deionized water to eliminate chlorides and finally dried at 90 °C in an 126 

oven and ground in a mortar. The obtained product was denoted Sapx, where x represents the 127 

Si/Al molar ratio. For example, Sap5 means the Sap synthesized at the Si/Al molar ratio of 5.  128 

2.2. Preparation of Sap Hydrogels and NaPA-Loaded Sap Dispersion 129 

Sapx (2.47 g) was added into 80 mL of deionized water, and the mixture was stirred to form a 130 

suspension (3 wt % Sap). A total of 30 mL of suspension was then transferred to a tube, and the 131 

remaining 50 mL of suspension was transferred and divided into five tubes with an equal volume 132 

of 10 mL. After standing for 7 d at room temperature, Sap hydrogels were obtained. For the 133 

preparation of NaPA-loaded Sap dispersion, 0.25, 0.50, 0.75, 1.0, and 1.25 mL NaPA solution (4 134 

g/L) was added into the above five 10 mL tubes separately. The corresponding mixtures of 135 

different concentrations were denoted Sapx-NaPAy, where x represents the Si/Al ratio of the 136 

dispersed Sap at 5, 10, 15, 20, or 25 and y is the concentration of added NaPA at 0.10, 0.19, 0.28, 137 

0.36, or 0.44 g/L aqueous Sap dispersion. For example, Sap20-NaPA0.44 indicates that the 138 

mixture was made by Sap20 with a concentration of NaPA at 0.44 g/L. To study the structure of 139 

the Sap after dispersion in the presence of NaPA, Sapx-NaPA0.44 (the concentration of NaPA in 140 

Sapx dispersion is 0.44 g/L) was dried at 80 °C to a constant weight. For comparison, Sap 141 

dispersions without adding NaPA were dried under the same conditions and used as a control. 142 

Such a sample was denoted Sapxcontrol. 143 

 144 

2.3 Powder X-ray Diffraction (XRD) and X-ray Fluorescence (XRF)  145 

Powder X-ray diffraction (XRD) analysis was carried out on an X-ray diffractometer (X’Pert PRO, 146 

PANalytical, The Netherlands). Cu target Kα (λ = 0.154056 nm), a voltage of 40 kV, a current of 147 
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40 mA, and a scanning range of 2−80° were used. Elemental analyses of the samples (pressed 148 

powders) were carried out using an ARL ADVANT’X intelliPowertTM 4200 sequential X-ray 149 

fluorescence (XRF) analyzer. The layer charge density calculation of the structural formula was 150 

based on well-known assumptions about the structure of Sap (2:1 layer structure, 22 oxygen 151 

equivalence, all Mg assigned to an octahedral sheet, etc.).30 152 

2.3 Fourier infrared spectroscopy (FTIR) 153 

Fourier transform infrared spectra (FTIR) were recorded in transmission mode with a Nicolet 154 

6700 FTIR spectrometer (Thermoelectric Nicolet, United States). Pressed disk samples were 155 

prepared by mixing the powdered solids with KBr in a pelleting device. All samples were 156 

measured at a wavenumber range of 400−4000 cm−1 with 32 scans. The wavenumber accuracy 157 

was better than 0.01 cm−1 , and the resolution was better than 0.09 cm−1.  158 

2.4 Pore Structure Characterization  159 

The pore size distribution of Sap was detected on a Micromeritics ASAP2020 analyzer. Before the 160 

measurements, the Sap samples were degassed at 473 K for 10 h under a N2 flow. 161 

2.5 Scanning Electron Microscopy (SEM)  162 

 163 

For SEM characterization, the powder sample was mounted onto a conductive adhesive, coated in 164 

gold, and then analyzed on a Hitachi S-4700(II) scanning electron microscope. 165 

2.6 Rheological measurement  166 

The rheological properties of the Sap hydrogels were measured using a Malvern Kinexus 167 

Rheometer (Malvern Kinexus Lab+ Rheometer). The flow measurements were carried out at 25 ± 168 

0.1 °C using a rotational rheometer with a CP4/ 40 SR71SS cone-plate sensor; oscillatory 169 

measurements were carried out over a frequency range of 0.1−10 Hz at 25 ± 0.1 °C using a stress 170 

control rheometer equipped with a CP4/40 SR71SS cone-plate sensor system. The data was 171 

analyzed using the rSpace software for the Kinexus rheometer.  172 

2.7 Zeta potential and dynamic light scattering (DLS) measurement 173 

. A fresh Sap dispersion was prepared by adding 1.22 g of Sap into 80 mL of deionized water. The 174 

zeta potential and particle size distribution of the synthetic saponite dispersion were performed 175 

with a Malvern Nano ZS90 instrument. 176 
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3. Results and Discussion 177 

3.1 Mineralogy of Sap 178 

All synthetic samples (Figure 1c) exhibited reflections at 2θ 6.03, 19.52, 29.04, 34.41, and 60.37°, 179 

corresponding to the (001), (0211), (004), (1320), and (060) reflections of saponite, respectively.4 180 

In particular, the position of the (060) reflection (d060 value) differentiates the structure of 181 

Al-enriched dioctahedral and Mg-enriched trioctahedral smectite.31 The d060 value of the series 182 

of synthetic samples was 0.153 nm, indicating that the synthesized smectites have a trioctahedral 183 

structure (Figure 1a,b). This is in good agreement with the data reported in the literature that the 184 

d060 of the trioctahedral structure is higher than 0.152 nm.32,33 As such, in this work, Sap with 185 

Si/Al molar ratios of 5, 10, 15, 20, and 25 was successfully created with the hydrothermal process. 186 

The (001) reflections of the samples Sap5, Sap10, Sap15, Sap20, and Sap25 are 6.68, 6.13, 6.03, 187 

5.88, and 5.78°, corresponding to basal spacings of 1.33, 1.44, 1.46, 1.50, and 1.53 nm, 188 

respectively. As the Si/Al molar ratio increases from 5 to 25, theoretically, the layer charge 189 

decreases from 1.33 to 0.35 e/pfu (Table 1). Thus, the layer charge density decreases. Usually, the 190 

basal spacing of smectite is controlled by the attractive and repulsive forces between two adjacent 191 

layers.34 As the layer charge increases, the electrostatic attraction increases more than the 192 

repulsive force.8 Hence, the basal spacing followed the order Sap5 < Sap10 < Sap15 < Sap20 < 193 

Sap25. As the Si/Al molar ratio increased from 5 to 25, the intensity of the (001) and (004) 194 

reflections decreased, whereas their full widths at half-maximum (FWHM) significantly decreased 195 

(Figure 1c). A similar trend was also observed for the (060) and (100) reflections. These 196 

observations indicated that the synthetic saponites with a lower Si/Al ratio had superior 197 

crystallinity than those with a higher Si/Al ratio. Thus, a Si/Al molar ratio in the hydrothermal 198 

synthesis feedstock has a strong influence on the crystallinity of the resultant Sap. Decreasing the 199 

molar ratio of Si/Al favored Sap with larger crystal size and superior stacking order. As the Si/Al 200 

molar ratio inherently contributes to isomorphous substitution in the tetrahedral sheet of the 201 

saponite layer, greater content of Al in the tetrahedral sheet leads to superior crystallinity of the 202 

synthetic saponite.35 The successful formation of Sap was also confirmed by FTIR spectroscopy 203 

(Figure 1d). The characteristic absorption bands36 of Sap were observed at 3685, 1004, 800, 665, 204 

and 460 cm−1 . The absorption band at 3685 cm−1 , which arose from the stretching vibrational 205 

modes of Mg−OH, is a typical characteristic of trioctahedral clay minerals.37 The broad band 206 

centered at 3440 cm−1 and the band at 1645 cm−1 were both due to adsorbed water molecules. 207 

The decrease of the band at 800 cm−1 , due to tetrahedral Al−O vibrations from Sap5 to Sap25, 208 

indicated a decrease of the tetrahedral Al content according to the chemical composition of the 209 

synthetic saponites (Table 1). The band at 1058 cm−1 reflects the stretching vibration of the 210 

Si−O−Si. The slight shift of this band from Sap5 to Sap25 also indicated a decrease of tetrahedral 211 

substitutions.38 212 

 213 
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3.2 Rheology of Sap  214 

When a Sap is dispersed in water, it forms a colloid. In particular, the colloids of Sap10, 215 

Sap15, Sap20, and Sap25 appeared to be strongly optically transparent. After standing for 7 d, 216 

samples Sap10−Sap25 formed hydrogels (Figure S1aI). When the tubes were put upside down, the 217 

gels remained in place unless vibration (shear force) was applied. In contrast, Sap5 failed to form 218 

a hydrogel. This can be ascribed to the better crystallinity and higher layer charge of Sap5. In 219 

addition, the average particle size of the Sap5 is 2−3 times larger than that of the other Sap (Table 220 

1). Such Sap easily sedimented in suspension. The better crystallinity and layer charge make it 221 

difficult to delaminate; thus, it failed to form stable dispersions. Due to Tyndall scattering, a bright 222 

path in the hydrogels (Figure 2cI) of Sap10, Sap15, Sap20, and Sap25 can be observed. This 223 

suggests that the Sap had delaminated in the aqueous dispersion because of the electrostatic 224 

repulsion of Sap particles and thus existed as nanoparticles. Only colloids of Sap5 kept the form of 225 

a sol and did not form a gel. Thus, the rheological properties of Sap5 were not measured in the 226 

following experiments. Under a nonsteady state, the viscosity of the Sap hydrogel (3 wt %) as a 227 

function of shear rate (Figure 2a) suggested that the hydrogels showed distinct shear-thinning 228 

behaviors. At the lowest shear rate of 0.1 s−1 , the viscosities of the Sap hydrogels of Sap10, 229 

Sap15, Sap20, and Sap25 were 132.3, 149.6, 241.8, and 306.2 Pa·s, respectively. As the shear rate 230 

increased to 100 s−1 , the viscosity decreased. At a fast decrease from 0.1 to 2.512 s−1 , the 231 

viscosity decreased rapidly, and finally, the viscosity reached a minimum and tended to be equal 232 

for all four samples. A possible reason for the observed decrease of viscosity with increasing shear 233 

rate was that the house-of-card structure, with edge-to-face interactions between Sap nanolayers, 234 

was destroyed by shear force,39 causing the direction of the delaminated layer of Sap in the 235 

hydrogel to gradually change to the direction of flow under shear force, resulting in the decreasing 236 

viscosity. At a shear rate of 100 s−1 , the viscosity of the aqueous Sap dispersions approached zero, 237 

revealing a typical shear-thinning process. The solidlike gel thus transformed to liquidlike sol at 238 

the highest shear rates. At a given shear rate, Sap samples with a higher layer charge density had 239 

lower-viscosity hydrogels. Sap20 and Sap25 resulted in hydrogels with greater swelling. A similar 240 

conclusion that greater charge density led to stronger cohesive strength between the layers, thus 241 

decreasing swelling, was also drawn in the literature.40 Thus, that the layer charges of 0.53 e/pfu 242 

(Sap15) to 0.35 e/pfu (Sap25) resulted in greater swelling is a well-accepted deduction. Generally, 243 

because the Sap particles delaminate to isolated mono, or at least partially, delaminated 244 

multilayers, the increase in layer charge resulted in less delamination of Sap particles.41 245 

Experimental results of shear rate versus viscosity can be fitted to the Sisko42 model (Figure S1a). 246 

η = η∞ + kγn−1 , where η∞ denotes the infinite-rate viscosity in Pa·s, k is a constant, n is a rate 247 

index, and γ represents shear rate. At a low shear rate, the house-of-card structure of Sap in a 248 

hydrogel strongly hinders rotation, thus requiring appreciable torque to initiate flow with the 249 

rotational rheometer. However, the house-ofcard structure was destroyed gradually as the shear 250 
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rate increased. According to the Sisko model, at a shear rate of 100 s −1 , the Sap hydrogel 251 

approached infinite viscosity (η∞). 252 

Shear stress, as a function of the shear rate (Figure 2b) of Sap (Sap10, Sap15, Sap20, and Sap25) 253 

hydrogels (3 wt %), showed similar behavior to non-Newtonian fluids.43 At a shear rate of 0.1 254 

s−1 , the shear stresses of the hydrogels of Sap10 and Sap15 were 13.24 and 14.96 Pa, whereas the 255 

shear stresses of Sap20 and Sap25 were 24.18 and 32.94 Pa, respectively. The data indicated that 256 

shear stress is closely related to the layer charge density of Sap. The shear stress increased with 257 

the decrease of layer charge density from Sap10 to Sap25. Inherently, higher shear stress means 258 

that the particle−particle associations require higher energy to break and/or a faster rate of bond 259 

formation over shear-initiated breakage. These interactions are decided by the layer charge density 260 

and particle size of Sap. In this context, according to σ = EK(N2 /2) (where σ is shear stress, E is 261 

the energy of the bond, K is a rate constant for bond formation and breakage, and N is the number 262 

of particles per cm3 that are constantly forming and breaking bonds during the shear/flow 263 

process),44 and provided that the bond energy between Sap particles and the rates at which bonds 264 

form and break are almost constant in the hydrogel of the Sap20 and the Sap25, the number of 265 

bonds forming and breaking will play a larger role in shear stress than that in the Sap10 and the 266 

Sap15. Since all dispersions were completed at the same solid concentration, any changes in the 267 

number of bonds forming or breaking can be attributed to differences in particle size (number of 268 

layers associated with each quasicrystal). The number of layers associated with each quasicrystal 269 

can be then related to layer charge as discussed above. Furthermore, as (plastic) viscosity is 270 

represented by the slope of the shear stress curve, σ = σe + ηΩ (where σe is the extrapolated shear 271 

stress, η is viscosity, and Ω is the shear rate),45 viscosity is also influenced strongly by N. It worth 272 

noting that at a shear rate of 1.45 s−1 , Sap20 and Sap25 followed a typical plastic flow, whereas 273 

dilatant flow behavior was observed for Sap10 and Sap15. The phenomena implied that, given the 274 

higher layer charges for Sap10 and Sap15 resulting in larger particles, above a threshold shear 275 

force, delamination of Sap particles occurred and thus increased swelling resulted in increased 276 

dispersion viscosity. Experimental results of shear rate versus shear stress can be fitted to the 277 

Herschel−Bulkley model.46 τ = τ0 + kγn , where τ0, k, and n are the Herschel−Bulkley yield 278 

stress, the consistency index, and the flow index parameters, respectively. The model also 279 

indicates that, under a certain shear force, delamination of Sap10 and Sap15 layers occurred and 280 

thus led to increased swelling when dispersed. The dispersion of Sap10 and Sap15 flowed because 281 

of their higher layer charge and larger particles. Regarding Sap20 and Sap25, both exhibited 282 

plastic or Bingham flowing behavior. A linear response above the critical shear rate means that the 283 

rate of energy dissipation per unit volume is at equilibrium with the rate of shear. By contrast, for 284 

Sap10 and Sap15 dispersions, only the rate of energy dissipation per unit volume is at equilibrium 285 

with a shear rate of 1.45 s−1 . Under a nonsteady state, the Sap hydrogels displayed thixotropy 286 

(Figure 2c), as the plots of shear stress versus shear rate exhibited characteristic hysteresis47 and 287 

revealed that all Sap hydrogels are non-Newtonian fluids. Thixotropy is defined as the area within 288 
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the flow curve loop, increasing and then decreasing with the applied shear rate. Thixotropy values 289 

for Sap10 and Sap15 hydrogels were 4830 and 4643 Pa·s −1 , whereas for Sap20 and Sap25 290 

hydrogels were 10573 and 7706 Pa·s −1 , respectively, in the shear rate range of 1.45−1000 s−1 . 291 

Sap20 had the largest thixotropic loop area and also displayed the highest shear stress. The larger 292 

area of the thixotropic loop for Sap20 and Sap25 hydrogels revealed that they exhibited a stronger 293 

thixotropy than Sap10 and Sap15 hydrogels. Such differences in thixotropy might be caused by 294 

the distinct particle associations in sample Sap20 as observed by SEM (Figure 7g). Theoretically, 295 

in the Sap gel, equilibrium is never achieved between the bond formation and bond breakage, as 296 

the Sap system undergoes shear. In regard to Sap10 and Sap15 hydrogels, the lack of oscillations 297 

indicates that equilibrium conditions are essentially met. Some further evidence of thixotropic 298 

behavior being affected by layer charge density and particle size (inherently particle associations 299 

and bonding) can be seen as oscillations in the shear responses within the hysteresis loops (Figure 300 

2d). The storage modulus (G′) reflects the energy storage and elastic properties of the material 301 

after perturbation.48 The loss modulus (G″) reflects the energy loss and viscous properties of the 302 

material through the relaxation or dissipation of energy (usually as heat).49 For the four samples, 303 

the G′ exceeded the G″ at a frequency ranging from 1 to 10 Hz at 25 ± 0.1 °C and indicated that 304 

the Sap dispersions behave as hydrogels.50 In other words, they tended to form bonds and 305 

decrease N over time. The hydrogel formed by the Sap20 possessed the highest G′ and G″. 306 

 307 

3.3 Crystallinity and morphology of Sap  308 

All of the Sap samples exhibited a plated morphological structure as observed in SEM images 309 

(Figure 7). For the SEM images of Sap5 (Figure S7), slices of curved plates with well-defined 310 

edges can be clearly observed, indicating that well-crystallized layered saponite was achieved.34 311 

Compared to Sap5, the Sap10 samples consist of smaller secondary and primary Sap particles 312 

(Figure 7a). Thus, incorporation of less Al into the Sap framework hampered the formation of 313 

large plates. This trend was more obvious for the Sap15 (Figure 7b). In particular, Sap20 (Figure 314 

7c) has a larger size than the other Sap, except for Sap5, possibly a result of distinct aggregation. 315 

This distinction has been found in the measurement of the thixotropic behavior of the gel from 316 

aqueous Sap20 dispersion (Figure 5). The SEM image of the Sap25 (Figure 7d) also showed a 317 

platy morphology. The results (Table 1) obtained from dynamic light scattering (DLS) also 318 

revealed that Sap20 behaved differently when compared with the others. The average particle 319 

sizes of Sap5, Sap10, Sap15, Sap20, and Sap25, as measured by DLS, were 502, 171, 148, 245, 320 

and 144 nm, respectively. Particle size decreased gradually with an increasing Si/Al molar ratio 321 

from 5 to 15 but increased by ca. 100 nm for Sap20. These results correlate well with SEM 322 

observations and rheology results. Moreover, the pore structure of Sap20 appeared different. The 323 

average pore diameters of Sap5, Sap10, Sap15, Sap20, and Sap25 were 3.61, 3.68, 3.34, 3.08, and 324 

3.16 nm, respectively (Figure S8). The Barrett−Joyner−Halenda desorption cumulative pore 325 

volumes of Sap5, Sap10, Sap15, Sap20, and Sap25 between 2.05 and 3.10 nm were 0.0122, 326 

0.0118, 0.0416, 0.0624, and 0.0490 cm3 /g, respectively. The differences in particle size and pore 327 
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structure are related to the formed hydrogel. The hydrogel strength (selling pressure) is much 328 

stronger in Sap20 than the others. In Sap−water systems, an electronic double layer was made up 329 

of the negative surface charge and the balancing cation charge. As discussed above, for all Sap 330 

samples, the negative charge of the Sap layer is a consequence of isomorphous substitutions 331 

within the saponite crystal lattice. The counterions were electrostatically attracted by the 332 

oppositely charged surface (Figure 2e) but had a tendency to diffuse away from the surface to the 333 

bulk solution where its concentration is lower. The concentration of the counterions near the Sap 334 

particle surface was high, and it decreased with increasing distance away from the surface of the 335 

Sap particle. The diffuse layer did not only consist of an excess of opposite ions but also a 336 

deficiency of anions near the surface, as the ions with the same charge were electrostatically 337 

repelled by the surface of the Sap particle. Here, in the sap−water suspension system, the cations 338 

were adsorbed onto the surface of Sap particles and, together with the counterions, formed a 339 

diffuse double layer (Figure 2e). The higher charge potential at the Sap surface overrode the 340 

tendency for the cations to hydrate with water, so the charge was more effectively neutralized and 341 

the diffuse double layer contracted. As such, the (absolute value of) ζ-potential of Sap dispersion 342 

also appeared to be higher for the Sap carrying a higher layer charge density (Figure 5a). The 343 

gel-forming ability of the dispersion of Sap in water was affected by both the layer charge density 344 

of Sap and the relevant associations and connections of Sap particles. For the lowest layer charge 345 

density, Sap can be more easily dispersed and delaminated in water to form a house-of-card 346 

structure. Such gels displayed higher viscosity and thixotropy, explaining why the Sap20 hydrogel 347 

exhibited the largest area of a thixotropic loop (Figure 2c) and the Sap25 hydrogel exhibited the 348 

highest viscosity. This implies that the thixotropic rheological properties of the Sap gel were 349 

closely related to the chemical composition of Sap and association modes between the Sap 350 

particles into water. 351 

  352 

3.4 Rheological behavior affected by sodium polyacrylate 353 

 354 

For the purpose of tuning the shear thinning of Sap hydrogels and studying the influence of the 355 

NaPA on the different Sap hydrogels, NaPA with concentrations of 0.1, 0.19, 0.28, 0.36, and 0.44 356 

g/L was loaded into the Sap hydrogels. The infinite viscosity of the Sap-NaPA dispersions tends to 357 

zero. This phenomenon indicated that the addition of NaPA induced shear thinning (Figure 3a−d). 358 

In regard to Sap-NaPA0.1 dispersions made from Sap10, Sap15, Sap20, and Sap25 hydrogels with 359 

added NaPA at a concentration of 0.1 g/L, the viscosity decreased rapidly as the shear rate 360 

increased from 0 to 2.5 s−1 . Comparing the Sap10-NaPA0.1 dispersion to dispersions of 361 

Sap15-NaPA0.1, Sap20-NaPA0.1, and Sap25-NaPA0.1, the decline in viscosity was much slower 362 

and may be due to the higher layer charge density of Sap10 (0.74 e/pfu). For all SapNaPA 363 

dispersions, as the shear rate increased from 2.5 to 10 s −1 , the viscosity declined slowly. When 364 

the shear rate increased to more than 10 s−1 , all Sap-NaPA dispersions were similar to liquids 365 

with very low viscosity, especially at the equilibrium viscosity. The result suggested that the effect 366 

of NaPA on Sap hydrogels was less significant at very high mechanical forces and the addition of 367 
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NaPA weakened the particle-to-particle connections between Sap particles in hydrogels. 368 

Furthermore, the Sap dispersions in the presence of NaPA are well fitted with the Sisko model 369 

(Figure S2a−d). The infinite viscosity of the Sap-NaPA dispersions tends to zero, indicating that 370 

the addition of NaPA induced shear thinning. Shear stress as a function of shear rate for different 371 

SapNaPA dispersions is shown in Figure 4. The results of shear stress versus shear rate showed 372 

that the Sap-NaPA dispersion followed a plastic flow and fit the Herschel−Bulkley τ = τ0 + kγn 373 

model46 (Figure S3a−d). The shear stress of all Sap-NaPA dispersions decreased with the increase 374 

of the concentration of the NaPA (Figure 4a−d). In addition, it was noted that the shear stress 375 

increased with increasing shear rate, except for Sap10-NaPA0.1, in which the shear rate had an 376 

indistinctive influence on shear stress (Figure S3a). The reason is that the layer charge density of 377 

Sap10 (0.74 e/pfu) is higher than the others. The low concentration (0.1 g/L) of NaPA had an 378 

insignificant influence on the hydrogel formation for Sap10. 379 

Without adding NaPA in Sap hydrogels, the yield stresses (τ0) of Sap10 and Sap15 were 13.35 and 380 

14.93 Pa, respectively, whereas they were 29.33 and 66.17 Pa for Sap20 and Sap25, respectively. 381 

When the concentration of added NaPA was 0.1 g/L, the yield stresses (τ0) of Sap10-NaPA0.1 and 382 

Sap15-NaPA0.1 were 7.09 and 7.38 Pa, respectively, whereas they were 13.32 and 25.65 Pa for 383 

Sap20-NaPA0.1 and Sap25-NaPA0.1, respectively. With an increased NaPA concentration, the 384 

yield stress τ0 decreased gradually and tended toward zero, indicating that the Sap hydrogel 385 

tended to be sol when NaPA was added. The Sap20 and Sap25, with a lower layer charge density 386 

than Sap10 and Sap15, were more difficult to flow for their hydrogels and dispersions with 387 

addition of NaPA. The thixotropic behavior of Sap dispersions was also affected by NaPA. For all 388 

Sap-NaPA dispersions, the dispersions are still thixotropic (Figure S4a−d). NaPA concentration 389 

had no observable effect on the area of the thixotropic loop for Sap20- NaPa, but the areas of the 390 

Sap20-NaPA complexes were reduced significantly compared to that of the Sap20 hydrogel. The 391 

same phenomenon was observed for Sap25-NaPA dispersion. Such results in thixotropy suggested 392 

that the concentrations of NaPA had an indistinctive influence on thixotropy for Sap20 and Sap25 393 

hydrogels. The shear thinning and thixotropy of Sap dispersions derived from the characteristics 394 

of the network formed by Sap particles; the network was destroyed as the shear rate increased. In 395 

contrast, when the shear rate decreased, the aggregation of Sap layers could be rebuilt to be a 396 

whole network. The frequency response of the G′ and the G″ of the Sap dispersions in the 397 

presence of NaPA is shown in Figure S5a−d. 398 

For all Sap-NaPA dispersions, as the frequency increased, G′ was first lower than G″ and then G′ 399 

became higher than G″. Compared to Sap dispersions without the addition of NaPA, the G′ at the 400 

analyzed frequencies decreased by several orders of magnitude and the G″ was higher than the G′ 401 

at lower frequencies. In other words, adding NaPA in the Sap dispersion led to a viscoelastic 402 

liquidlike sol.51 This sol was not a pure viscous fluid at the analyzed frequencies. The elastic 403 

component of the viscoelastic sol indicated a tendency to gel.52 Based on the discussion of the 404 

above results, it can be concluded that the addition of NaPA induced changes in the rheological 405 
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properties of Sap hydrogels. After adding NaPA into the Sap hydrogel system, the Sap hydrogels 406 

transformed to sols by weakening the connections between Sap particles, resulting in a decrease in 407 

the viscosity and thixotropy of Sap dispersions. 408 

  409 

3.5 Interaction between the anionic polyelectrolyte and Sap 410 

The ζ-potential of 1.5 wt % Sap dispersions was plotted as a function of NaPA concentration 411 

(Figure 5a). The ζpotential of all Sap samples is less than −38 mV. Sap with a higher layer charge 412 

displayed a higher ζ-potential. At a given NaPA concentration, the ζ-potential of Sap10 (0.74 e/pfu) 413 

was the highest compared to the other Sap samples. The ζpotential of the Sap represented the 414 

change in the layer charge of the particles as a function of their composition. Over the entire range 415 

of NaPA concentrations, the ζ-potential values indicated a strong negative charge on the surface of 416 

Sap particles. The ζ-potential of negative charge increased significantly as the NaPA gradually 417 

covered the surface of the particles. Thus, NaPA increased electrostatic repulsion between Sap 418 

particles and promoted the stabilization of Sap dispersion.53 The rheological properties of Sap 419 

with addition of NaPA changed, which can be described as the Hofmeister effect.54 The FTIR 420 

spectra of the dried samples, which were made from the Sap dispersions with an added 0.44 g/L 421 

NaPA, are similar to those of the samples without added NaPA (Figure S6), except that the 422 

presence of NaPA could be observed in the Sap25-NaPA0.44 sample (Figure S6d). The bonds at 423 

1559 and 1325 cm−1 are ascribed to the symmetrical stretching vibrations of COO−. The bond at 424 

425 

Sap25-NaPA0.44. Notably, no change in the vibration bands could be observed, revealing that the 426 

addition of NaPA did not generate new chemical bonds. The presence of NaPA in the 427 

Sap25-NaPA0.44 is probably the adsorption of NaPA on the surfaces of Sap25 by electrostatic 428 

attraction and hydrogen bonding. To better illustrate the interaction between NaPA and Sap, a 429 

possible schematic illustration is proposed (Figure 5). NaPA has a carboxylate functional group, 430 

which ionizes in water (Figure 5bI); thus, it can be dissociated to form PA−. Due to the surface 431 

charge in the vicinity of the Sap particle, an electric field strength formed.55 Under such an 432 

electric field, the negatively charged PA− underwent an instantaneous polarization,56 which can 433 

enter into the Sap hydration sphere faster than the original hydrated ions. PA− would 434 

electrostatically interact with the exchange cations as PA− and can approach closer to the cations 435 

than the cations to the surface of the clay (due to water). PA− displaced water and formed a strong 436 

bond because of the stronger electrostatic attraction. At these very low NaPA concentrations, the 437 

PA− interacts with the exterior surfaces of the Sap quasicrystals but eventually by mass action 438 

enables delamination. Consequently, after adding NaPA into the Sap hydrogel, the Sap hydrogel 439 

transformed into a Sap dispersion resulting from the destruction of the original network structure 440 

(Figure 5bII). The destruction of the network structure can be ascribed to the electrostatic 441 

attraction between polarized PA− and negatively charged Sap particles and possible hydrogen 442 
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bonding between broken bonds, Mg−O and Si−O, at the edges of tetrahedral/octahedral sheets of 443 

Sap and hydrogen atoms on PA−. Another possible reason is when NaPA was introduced into the 444 

Sap hydrogel system, the width of the diffuse layer increased because PA− has a larger molecular 445 

size than original hydrate ions. Additionally, to further investigate the interaction between Sap and 446 

NaPA, powder XRD and SEM were carried out for Sap-control (dried from the Sap hydrogel) and 447 

Sap-NaPA (dried from the Sap hydrogel after adding NaPA). Comparing XRD pattern of 448 

Sap10-NaPA0.44 (dried from Sap10 dispersions, after adding NaPA at the concentration of 0.44 449 

g/L) with that of the Sap10-control, the intensity of the (001) reflection increased and the full 450 

widths at half-maximum (FWHM) significantly decreased for Sap10-NaPA0.44 samples (Figure 451 

6a). Such results can indicate that the addition of NaPA induced a better coherency in the c 452 

dimension for Sap10 layers, i.e., a higher number of Sap layers stacked. Regarding the other 453 

SapNaPA0.44 (dried from Sapx dispersions, where x is 15, 20, or 25 mole% Al in Sap, after 454 

adding NaPA at the concentration of 0.44 g/L), the intensity of the (001) reflection increased but 455 

the FWHM significantly increased when compared with their corresponding Sap-control (Figure 456 

6b−d). The results indicate that PA− was able to penetrate the interlayer, resulting in delamination. 457 

The SEM observations of Sap-NaPA0.44 revealed that these Sap samples have a more compact 458 

and ordered layer structure than the raw Sap (Figure 7). Sap in the water system dispersed and 459 

formed hydrogels after standing for 7 d and dried from dispersions reassembled in the first 460 

instance (Figure 7e−h). A schematic illustration of Sap dispersion with/without added NaPA and 461 

reaggregation after drying is presented in Figure 5c to clarify the interaction process between Sap, 462 

water, and NaPA. After adding NaPA into the Sap hydrogel, the house-ofcard structure was 463 

destroyed and the Sap hydrogel became more dispersed (Figure 5cVI). When the Sap-NaPA0.44 464 

dispersion was dried, the dispersed Sap particles reassembled in a more ordered, regular, and 465 

compact structure (Figure 5cVII). Interestingly, as seen in Figure 7g, Sap20-NaPA0.44 exhibited 466 

the best compact structure among the Sap-NaPA0.44 samples, suggesting that the 467 

reassembly/reaggregation of negatively charged Sap layers reacted with polarized PA−, which 468 

may be caused by the strength of the Sap layer charge density. The Sap20 with the layer charge 469 

density of 0.42 e/pfu delaminated best in a water/NaPA system and reassembled/ reaggregated 470 

better than the other Sap with unmatched layer charge density. Such results further confirmed that 471 

the NaPA not only affected the rheological properties of Sap dispersion but also promoted the 472 

reassembled Sap to form a superior crystal structure by interacting with the Sap hydration sphere 473 

in Sap dispersion. 474 

 475 

4. Conclusion 476 

Saponites, with a Si/Al molar ratio ranging from 5 to 25, were successfully synthesized by a 477 

simple hydrothermal process. The Si/Al molar ratio had a remarkable influence on the crystallinity, 478 
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morphology, and particle size of the synthetic Sap. The lowest Si/Al molar ratio (5) led to 479 

improved Sap crystallinity. However, for this lowest ratio, the synthetic Sap did not delaminate 480 

easily, probably due to a high layer charge, and was unable to form gel in aqueous dispersion. On 481 

the other hand, the aqueous dispersions (3 wt %) of synthetic Sap, with a Si/Al molar ratio ranging 482 

from 10 to 25, formed gel spontaneously. The Sap hydrogel had remarkable rheological properties 483 

that were related to the chemical composition and inherently to its crystallinity, layer charge, and 484 

particle size. The hydrogel from the Sap with a Si/Al molar ratio of 25 exhibited the highest 485 

viscosity, which was ascribed to better delamination and the formation of an open house-of-card 486 

structure with stronger connections of delaminated Sap particles compared to the other synthetic 487 

Sap. The addition of the anionic polyelectrolyte NaPA decreased the viscosity and reduced the 488 

thixotropic properties of the Sap hydrogel. Moreover, the addition of NaPA caused the hydrogel to 489 

become sol. The aqueous dispersion of the Sap with NaPA formed a stable sol, compared to the 490 

Sap sol or Sap hydrogel. The colloidal stabilization of Sap by NaPA is considered to be due to the 491 

Hofmeister effect. In the hydrogel, electrostatic interactions between synthetic Sap particles and 492 

NaPA occurred. The anionic NaPA could be instantaneously polarized under the electric field of 493 

Sap particles and, as a result, quickly entered the hydration layer of Sap particles to disrupt the 494 

structure of Sap gel, thereby changing the Sap dispersion in water. Such effects of sodium 495 

polyacrylate can be further investigated to finely tune the rheological behaviors of synthetic 496 

saponite hydrogels and can be used to exfoliate swelling clay minerals into 2D nanosheets.  497 

 498 

 499 
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