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SUMMARY

Investigating the rheology of 2D materials such as clays is of growing interest in various applications as it
dictates their flowability and structural stability. Clay minerals present unique rheological properties,
especially when in suspension. This study explores the effect of functionalizing bentonite clay with beta-
ines of variable carbon chain lengths on the rheological properties of clay slurries to analyze their interac-
tions in suspension. The results show that these zwitterion-functionalized clays exhibit higher viscosity,
storage moduli, and flow stresses due to the formation of three-dimensional networks and increased
aggregation caused by intercalation. The structural properties of the clay slurries are also found to be
pH-sensitive. Additionally, XRD and SEM analyses support the proposed intercalation of the clays. The
findings suggest the potential application of small-chain betaine functionalized clays in engineering and
energy applications. Overall, this study provides insight into predicting the stability and strength of func-
tionalized clay suspensions.

INTRODUCTION

Clay minerals, essentially hydrous silicates or aluminosilicates, make up the majority of the inorganic component of soils and natural sedi-

ments and are pivotal in shaping the biogeochemistry of the earth’s crust. As such, clays play a crucial role in several applications and indus-

tries.1–9 Lately, they are also being used in a myriad of novel applications such as drug delivery technologies, food packaging, and battery

separators.10–13 The superior performance of bentonite clay is expected to drive the global market size to reach more than 3.3 billion USD

with nearly 7.4%CAGR (compound annual growth rate) by 2030.14 The cause driving this boom in production and innovation is that bentonite

clay is a ubiquitous, inexpensive, sustainable material that can be easily functionalized for a myriad of applications.

Silica and alumina sheets form the basic structural layers of clay minerals.5,15 Most clay minerals have overlapping atomic lattices with two

structural units. Variations in their interactions and coordination give rise to clay minerals with roughly comparable structural similarities but

distinct physical and chemical characteristics.1,4,15 As a result, clay minerals have been categorized in a wide variety of ways in past literature.

Generally, clay mineral structures can be broadly divided into the groups depicted in Figure 14

Bentonite, belonging to the smectite family of clays, is classified as a 2:1 clay because it is made up of one alumina octahedral sheet sand-

wiched between two silica tetrahedral sheets. The apical oxygens of the tetrahedral sheets are shared by the sandwiched octahedral sheets

(Figure 2).82 In either the octahedral sheet, where Al3+ is replaced by charged species likeMg2+, Fe2+, orMn2+, or the tetrahedral sheet, where

Si4+ is replaced by Al3+ or sporadically by Fe3+, the layers acquire charge. Each such substitution results in one negative charge for the

layer.16–18 The prominent basal surfaces that make up the particles’ faces are the source of a substantial electric field with a negative electric

potential due to this structural charge. Structure-property relationships of clays reveal that clays can be functionalized by leveraging their char-

acteristics, making them one of the cheapest sustainable materials available.1,5,7

The swelling of the clay galleries is dependent on the nature and number of cations intercalatedwithin. Strongly hydrated cations (Na+, Li+)

can cause more swelling than less hydrated cations (Ca2+). One exceptional attribute of bentonite is the ability to swell and delaminate into

single silicate layers or thin packets of layers easily in the presence of Na+ cations (CEC value of sodium bentonite clay is around 75 meq/

100g).19–21

The properties of bentonite clay, including water adsorption and swelling, are similar to those of montmorillonite clay, the latter being a

primary constituent of bentonite clay.22 When clay particles are suspended in a solution, their stability is maintained by mutual repulsion due

to the interactions between their diffuse electrical double layers when they approach each other. In clay-water systems, the double layer is
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formed by the negative surface charge and the corresponding cation charge that balances it. The negative charge of the clay particles is due

to the imperfections caused within the crystal lattice. The constant surface charge of clay colloids is due to isomorphous substitution.23–25

Even at relatively low concentrations, bentonite suspensions exhibit high viscosity and yield stress due to their thixotropic nature.26 Bentonite

can expand up to ten times its dry capacity in water and is known to form high-yield stress gels.15,27 This is because the rheological charac-

teristics are hugely influenced by the intercalation and swelling properties.28,29 The rheology of clay minerals in slurries and emulsions is of

developing interest since the rheology of clay slurries is highly reliant on the characteristics of the mineral particles in suspension (size, shape,

surface charge, concentration, etc.).4,18,30,31 The rheological behavior of clay slurries is still not well understood, nevertheless, because of their

distinctive non-spherical form and anisotropic surface charge characteristics.4,15,24 There is a considerable dispute in the scientific community

regarding the agglomeration and flocculation properties of clay slurries.3,30,32–34 Most studies support the ‘‘house-of-cards’’ theory for three-

dimensional network structures caused by mainly three kinds of particle association—edge-face (EF), edge-edge (EE), and face-face (FF).5,35

These modes are governed by several factors, such as clay concentration, electric double-layer interactions, and pH of the medium.5,36,37

Numerous studies have focused on altering clay using organic molecules for diverse applications, such as the treatment of wastewater and

the adsorption of organic pollutants like pesticides, herbicides, and pharmaceuticals.6,38 The rheological characteristics of organofunctional-

ized clay slurries are influenced by various factors, including the nature and concentration of organic and inorganic substituents employed, the

concentration of clay in the suspension, and the nature of the clay particles themselves.4,18,39,40 A new angle on functionalizing clay has been

explored in this study by introducing zwitterions in the clay galleries. Betainemolecules have beenwidely studieddue to their zwitterionic prop-

erties and non-toxic nature, and accordingly, have been adopted for this study.41–43 The main goal of this study is to examine the effect of syn-

thesized short and long (carbon) chained betaines on the rheological properties of clay slurries. Further, the influence of pH on the rheological

characteristics of the functionalized clay suspensions has also been investigated. The findings of the study suggest that betaine-functionalized

clay could serve as a cost-effective and simple rheological additive in products like paints, composites, cosmetics, medical products, and food-

stuffs, where clay is commonly used as a rheological additive. With an appropriate selection of the carbon chain length, these betaine-func-

tionalized clays can demonstrate superior storage moduli, thixotropic behavior, and stability compared to unfunctionalized clays.

RESULTS AND DISCUSSION

Powder XRD

The X-Ray diffraction (XRD) patterns of the functionalized clays are shown in Figure 3. Before this, an XPS analysis was carried out to verify the

composition of the bentonite clay (Figure S7). The interlayer spacing of the functionalized clay samples can be determined by measuring the

basal spacing of the 001 plane. The upward shift in the basal spacing of the clay provides strong evidence of intercalation of organic molecules

or polycations into the clay galleries.44 The peak observed at 2q = 9.2� is attributed to the d001 basal plane spacing of the clay. The d-spacing

corresponding toBB-0was calculated to be 0.96 nm, which agreeswith the prior literature.44 The subsequent d001 peak positions of the betaine-

functionalized clay samples were seen to shift toward smaller angles, implying a rise in their d-spacing values. The d-spacings of the function-

alized clays were found to be 1.38 nm for BB-1 and�1.30 nm for BB-3 and BB-5. These values are indicative of amonolayered structure resulting

frombetaine intercalation.45,46 The other characteristic diffraction peaks observed at 2q= 20.1�, 26.7�, and 35.1� were assigned tod111, d103, and

d211 diffraction planes of the bentonite clay, respectively.47 The increased d-spacing in the functionalized clay samples suggests the successful

intercalation of betaine molecules inside the clay galleries.44,47 It is interesting to note the increase in the d-spacing value from BB-0 to BB-1,

which does not changemuch after that. The effect of the betaine carbon chain length on the interplanar spacing of the clays is hence most pro-

nounced with the initial introduction of the betaine molecules inside the galleries. Increasing the length of the betaine molecules consequently

causes them to rearrange themselves in the existing space rather than expanding the galleries further, which drives the changes in rheological

properties discussed in the following sections. It is important to note that some of the betaine molecules added during the functionalization

Figure 1. Types and structures of phyllosilicate minerals
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process are also expected to get adsorbed on the surface of the clays. The surface areas of the functionalized clays have been calculated from

BET analyses (Figure S8), which infers the functionalized samples have similar betaine surface coverages.

Rheological analysis

Flow sweep

Bentonite, having a 2:1 clay structure, can form hydrates with one, two, three, or four pseudo-layers of water molecules.5 Water vapor, water

content, and the types and concentration of salts in salt solutions all affect the state of hydration, which also depends on layer charge and

interlayer cation density in salt solutions.5 Figures 4A and 4B represent viscosity and shear stress values from a flow sweep test conducted

on samples BB-0 through BB-5 without altering the pH of the clay slurry solution. There is noticeable significant shear thinning in all the sam-

ples as the shear rate is increased from 0.1/s to 100/s. This can be attributed to the pseudoplastic nature of the clay slurry solution.48 The clay

particles in the slurry suspension at rest are randomly orientated in the absence of interaction forces. Once shear is introduced, the particles

begin to arrange themselves parallel to the direction of flow, whichmakes it easier for them to slide past one another. The individual particles

thus exhibit shear-thinning flow behavior with a decrease in viscosity since they exhibit less flow resistance than in an unordered condition at

rest. Further, agglomerates in the suspension imprison the dispersion liquid (water) by enclosing some of it at rest. Under shear, the super-

structures gradually break down into their constituent primary particles or aggregates. The outcome is shear-thinning flow behavior with

decreased viscosity at higher shear rates. The smaller superstructures exhibit less flow resistance, and the previously immobilized dispersion

liquid is free to move.48 There is a noticeable increase in the initial viscosity value as wemove from BB-0 to BB-1, which doesn’t change signif-

icantly and stabilizes thereafter, as observed from the values fromBB-1 to BB-5. Thismay be due to a higher probability of aggregation caused

by the initial intercalation of betaine molecules, which can be considered to be chemically adhered to the clay platelets. The interactions be-

tween the charged betaine molecules within the clay layers could cause increased agglomeration, resulting in higher viscosity. The FESEM

micrographs show the agglomeration observed in the clay slurries post-exfoliation. As speculated, there is visible aggregation caused by the

intercalation of betaine molecules. The particle sizes appear to increase in the order BB-0 << BB-1 � BB-3 � BB-5 (Figure S2).

It is also interesting to note that for BB-3 and BB-5, a brief rise in viscosity is observed around a shear rate value of 20/s before it starts

dropping again. This is not seen in the plots for BB-0 and BB-1. It can be speculated that this is caused by layer distortion. Particle shape

has a significant effect on flow sweep plots. Themore the deviation from the original shape, the stronger this effect. This is due to the different

amounts of space required by the rotating particles of different shapes and sizes. The result can be a disturbance or blockage in the flow. On

intercalation, the clay galleries can be thought to be forming amonolayered structure, as inferred from the XRD analysis previously.7,49 Due to

the longer betainemolecules intercalated in BB-3 and BB-5 compared to BB-0 and BB-1, the zwitterionic chains are packed closer together in

these layers, giving rise to more electrostatic interactions between the molecules. These interactions can be more significant at very high

shear rates owing to shear around the betaine chains, resulting in more chain ‘‘entanglement’’. It can thus be hypothesized that betaines

with chain lengths smaller than C3 do not cause significant distortion at high shear rates.

The yield stress values for betaine functionalized clays BB-1, BB-3, and BB-5 were observed to be higher than that of pure clay slurry BB-0.

This shows that betaine intercalation affects the dimensional stability and structural strength of the remaining clay slurries. The shear stress

values flattening out at low shear suggest they have good leveling behavior and are less likely to segregate at rest.

Amplitude sweep

The amplitude sweeposcillatory tests suggest thatG’BB-5 >G’BB-3 >G’BB-1 >G’BB-0 (Figure 5A). There is, hence, a remarkable effect of betaine

intercalation on the stiffness of the clay slurries; however, the effect gradually becomes less pronounced as the betaine chain length increases.

This can be explained by the formation of the monolayers in the clay mentioned before. The accommodation of betaine molecules in the

Figure 2. Structure of bentonite clay
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layers increases the layer spacing and introduces charge interactions in the clay galleries. These interactions increase as the betaine carbon-

chain length is increased from 1C to 3C–5C. However, they maintain the monolayered structure, and the betaine chains form kinks and bend

to arrange themselves in this fashion.7,49 Due to this structural restriction, the rise in the stiffness reaches saturation. The observed particle

sizes of the functionalized clays discussed previously also explain how the trend in agglomeration might be causing this stagnation. It should

also be considered that of the betaine molecules being introduced in the clay galleries, a small fraction will be adsorbed to the surface of the

clay particles. These adsorbed molecules will affect the electrical double-layer interactions in the dispersion. The existence of ‘‘train’’ mole-

cules close to the surface alters the thickness of the Stern plane, which in turn alters the structure of the electrical double layer.5,50 Bentonite

has a very high permanent negative charge, mainly due to isomorphic substitution, where Al3+ in the octahedral sheet is replaced by Fe2+ or

Mg2+, and some Si4+ in the tetrahedral layer is substituted by Al3+. These permanent charges are mainly located on the basal face and

contribute to the surface charge density of bentonite clay. This explains why montmorillonite particles tend to adsorb cations to balance

the negative charge.5,50 Changes in surface charge, displacement of specifically adsorbed counterions by oriented water molecules, changes

in the dielectric constant, changes in the thickness of the inner layer causedby the ‘‘train’’ segments,51,52 and changes in the outer layer caused

by loops and tails all affect the repulsion term in the DLVO theory.37,53–55 Although the train theory is generally applied to polymer stabilizers

due to their long-chain structures, the same reasoning can be extended to long-chain betainemolecules (Figure 6).5 Adsorbed layers solvated

in water may significantly reduce the Hamaker constant, reducing interparticle attraction and impacting the van der Waals interaction.56

Further, the linear viscoelastic region (LVR) for BB-3 and BB-5 is seen to be shorter than that for BB-1 and BB-0. This observation agrees

with the speculation of layer distortion at high shear in the previous section. By the same notion, it can be deduced that for BB-3 and

BB-5, at high oscillatory strain values, there is significant distortion and structural breakdown (Table 1).

It is interesting to note the peaks in the loss modulus curves before they begin dropping under high strain (Figure 5B). This is indicative of

slow structural relaxation or delayed structural breakdown.31,36,57–59 Overall, it can be concluded that BB-1 displays the most desirable char-

acteristics from a structural point of view due to the modest increase in storage modulus without affecting the LVR region.

Frequency sweep

Frequency sweep oscillatory tests were performed on the samples after determining the LVR from the amplitude sweep tests. From the data, all

the clay slurry samples tested were reasonably stable (Figure 7A). Frequency-independent storage moduli is a general indicator of good sta-

bility. The higher modulus for BB-0 compared to BB-1 is somewhat counterintuitive following the results of the amplitude sweep test. This

may be due to the effect of time, which is not considered during these tests. Approximately 15min can be considered to have elapsed between

the amplitude sweep test conducted and frequency sweep tests, considering factors such as instrumentation time, data handling, sample

changing, etc. It has been shown in the later section that time also has an appreciable effect on the rheological properties of these samples.

However, the most remarkable thing to note is the rise in moduli at low shear rates for samples BB-0 and BB-1. While the curves for BB-3

and BB-5 follow the general trend for most stable suspensions and gels, it is uncommon to see a steep rise in the moduli at low angular fre-

quency. This indicates the formation of a continuous gel-like structure at rest in the clay slurry due to flocculation. This could be due to a gradual

transformation from a face-to-face (FF) structure to an edge-to-face (EF) or edge-to-edge (EE) structure in these samples. EE and EF association

have been reported to cause three-dimensional ‘‘house of cards’’ structures in clays that can enhance their stiffness.5 While the effect of pH on

clay structural changes has been studied, the effect of frequency has not been studied in much detail. Several studies have supported van Ol-

phen’s theory on the ‘‘house of cards’’ structures, suggesting that the three-dimensional gel structure of bentonite clay suspensions is due to

Figure 3. XRD spectra of BB-0, BB-1, BB-3, and BB-5, respectively
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repulsions between interacting double layers.54,60–63 BB-0 and BB-1, having no and small betaine molecules in their structures, respectively, can

be expected to have the strongest repulsions between their particles. At low angular frequencies mimicking long-time scales, they can form

stable low-energy EF or EE configurations. Some theories suggest other stable structures, such as EE crosslinked ribbons and ‘‘Bandermodel’’

structures, are also possible.5 Figure S3 shows that the tan d values are generally around 0.1 to 0.2, characteristic of structures resistant to syn-

eresis effects. However, BB-5 demonstrates a high tan d value in the low-frequency region, which could signify phase segregation on long time-

scales.53 Further, a look at the surface characteristics of the samples under the SEM indicates a smooth, well-connected network for BB-0 and

BB-1, unlike BB-3 and BB-5, where the morphology appears rough and disrupted. (Figures 7C–7F). This supports the inference from the fre-

quency sweeps above regarding the formation of continuous gel-like structures at rest in the BB-0 and BB-1 slurries.

Time sweep and thixotropy

A time sweep test was conducted to study the stability of the clay slurries with time. When the concentration of clay reaches a certain level,

flocculation can form a continuous gel structure instead of individual flocs. Over time, these gel structures slowly build up as the particles

reposition themselves toward areas of minimum free energy due to Brownian motion. The concentration of clay in the system and the exis-

tence and concentration of salts present are critical factors in determining the duration required for the gel to achieve maximum strength.

Typically, for Na+-montmorillonite, this concentration is above 3% (w/w).5 The clay slurries used for this study are well above this concentra-

tion. At time t = 0s, it is observed that the storage modulus of BB-3 and BB-5 are higher than those of BB-0 and BB-1, almost by a factor of 10

(Figure 8A). This agrees with the previous tests; however, a sharp increase in the moduli for BB-0 and BB-1 is seen thereafter, which is not as

prominent in BB-3 and BB-5. One contributor to the increase is the loss of water while the test is running. Shear friction produces heat, leading

to the evaporation of water and thickening of the matrix.64–67 However, this alone does not explain the discrepancy among BB-0, BB-1, BB-3,

and BB-5. This again supports the speculation that the structure is transitioning from an FF association to an EE/EF association. Further, the

thixotropy loop tests agree with the betaine ‘‘train’’ theory discussed in the previous section. The thixotropy of clay slurries largely depends on

the double-layer interactions.26,68–70 When clay is sheared, the arrangement of clay particles changes to a uniform and parallel pattern. The

energy applied externally breaks particle bonds, resulting in a weak and dispersed system where repulsive forces are stronger than attractive

forces between particles. This process generates a slight rise in temperature, and the energy of interaction between particles remains consis-

tent with the externally applied forces. Once the externally applied energy barrier is removed, the attractive forces overcome the repulsive

forces, causing the clay-water system to adjust to a new, lower energy level. This leads to a spontaneous dissipation of excess internal energy

and the formation of particle flocculation, driven by theminimumenergy condition. Simultaneously, local ions in the double layer redistribute,

and there is a slight alteration in the adsorbed water structure. These changes result in significant modifications to the clay’s physical

behavior.26,69 With enough time, the system achieves its final equilibrium, with equal attraction and repulsion forces between particles. If

the double layer interactions in the clay slurry are compromised, as with the presence of the betaine ‘‘trains’’, the thixotropic behavior will

also be compromised, resulting in narrower thixotropic loops (Figure 8B). BB-3 and BB-5 have longer betaine molecules, demonstrating

less thixotropy hysteresis than BB-0 and BB-1. BB-0, having no betaine molecules, demonstrates the most thixotropic behavior.

Effect of pH on the rheology of slurries

Because of the repulsive forces between their diffuse double layers, clay particles tend to stay dispersed when suspended in pure water at a

low concentration. When an electrolyte, such as an acid, is present, the electrolyte ions can screen the charges on the particle surfaces,

Figure 4. Steady shear flow sweeps of functionalized clay slurries

(A) Viscosity vs. Shear rate; (B) Shear stress vs. Shear rate.
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reducing repulsive forces and enabling the particles to move closer together. If the electrolyte concentration is raised above a critical value—

the critical flocculation constant or critical coagulation concentration, the particles may come close enough to create flocs or agglomer-

ates.40,71 The valency of the cations in the electrolyte can affect the critical coagulation constant, with greater valence cations resulting in lower

flocculation values.25,72 This is because the more significant the charge density of the cations is, the stronger the electrostatic attraction be-

tween the particles, which can overcome the repulsive forces. The pH of the suspension can also influence how clay particles engage with one

another. The surface charge of the clay varies with pH, influencing the repulsive forces that exist between them. The pH can also affect particle

orientation.30,31,33,36,53,73,74 As discussed earlier, the orientations and associations between the edges and faces of montmorillonite clay par-

ticles have been studied in several instances. Some researchers suggest the particles are aligned edge-to-edge (EE) in ribbons, while others

believe they are aligned face-to-face (EF).5,61,63 The type of association between the particles’ edges and faces can be affected by the pH of

the suspension. The incorporation of betaine molecules in the clay galleries can be expected to influence these interactions.

Zeta potential measurements were taken tomeasure the surface charges of clay particles when in suspension. It is often used to gauge the

strength of the repulsive interactions between these particles.30,33 Figure 9A shows that the clay-betaine slurries have a negative zeta potential

over the studied pH range. This common feature of these clays implies that the clay particles carry a negative charge throughout the entire

pH range. As the pH is lowered, the magnitude of the negative zeta potential decreases. This is due to the pH-dependent positive edge

charges that arise and progressively neutralize the permanent negative surface charges that result from the isomorphic substitution of lower

valencymetal ions in the clay crystal structure.23,73–76 However, even at a pH as low as 2.0, these positive edge charges are unable to neutralize

the permanent negative charges,30,33,77 completely. One contributing factor to this is the relatively small edge surface area, whichmeans that

the concentration of positive charges can be as low as 5% of the total surface area.30 Especially in bentonite, the permanent negative charge is

considerably high, constituting 90–95% of the total charges. This high negative charge density is due to the substantial degree of isomorphic

substitution where Fe2+ or Mg2+ substitutes the Al3+ element in the octahedral sheet, and some Al3+ ions substitute the Si4+ ions in the tetra-

hedral layer. These permanent charges are mainly located on the basal face and account for the majority of the surface charge density of

bentonite. The positive edge charges, comprising only 5–10% of the total, are insignificant in reducing this negative charge density even

at extremely low pH. As a result, several studies have shown that the zeta potential of bentonite is relatively insensitive to pH changes.24,33,77

However, in the presence of betaine, although still negative, there is a notable drop in the negative charge intensity at low pH. This can be

attributed to the isoelectric point of betaine itself. Betaine, being a zwitterion, has its isoelectric point in the acidic regime around pH 5, below

which it will be positively charged.78 These positive charges, in turn, influence the net negative charge of the clay slurry. Similar reasoning has

been proposed recently in a study by Shoaib et al., suggesting that different aging mechanisms and microstructural arrangements are effec-

tive in the acidic and basic regimes for clay.31 This study corroborates that the strength of association increases whilemoving toward acidic pH

from the basic regime by a concentration-pH dependency model. The rise in mean particle size observed while moving from the basic to the

acidic regime suggests increased agglomeration at lower pH (Figure 9C). Zeta potential values for BB-0 and BB-1 are shown in Table S2.

The amplitude sweeps suggest that the pH of the slurry does influence aggregation in the clay particles. Although a very noticeable

change is not observed as the pH of the slurry is dropped from 8.0 to 4.0 in the acidic regime, a sharp rise in the storage modulus can be

seen for pH 2.0 (Figure 9B). There are two factors that can be responsible for this. As suggested previously, the increased number of positively

charged species introduced due to the protonated betaine at low pH increases the number of EF associations in the suspension, resulting in

increased aggregation and higher storagemodulus.76,79 The time sweep test supports the same trend (Figure S5). However, this alone cannot

explain the sharp rise in storagemodulus frompH 4.0 to 2.0. It is reasonable to assume that with the addition of HCl to lower the pH of the clay

slurries, at some point between pH 4.0 and pH 2.0, the critical coagulation concentration of HCl was achieved.5,25,36 It is also interesting to

Figure 5. Oscillatory amplitude sweeps of functionalized clay slurries

(A) Storage moduli; (B) Loss moduli.
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note that a slight increase in the modulus is observed at pH 12. Some studies have suggested that at high pH, montmorillonite suspensions

can form an open 3D network structure consisting primarily of FF-type associations that can trap more water within its layers.31,54,63 This can

also explain the higher storage moduli at low frequency for the slurries at high pH, as it supports the tendency of these slurries to form stable

3D networks over long timescales (Figure 9D).

Conclusions

In the present study, bentonite clay slurries have been functionalized with betaine molecules synthesized with various carbon chain lengths,

and the effect of the interactions between the betaine molecules and clay on the slurries’ rheological properties has been investigated. The

surface charge and rheology dependency on pH variation have also been studied. XRD and ATR-FTIR (Figure S6) confirmed the successful

functionalization of the betaines in the clay by detecting new peaks post-functionalization.

Several tests were employed to comprehensively study the rheology of the functionalized clay, including flow sweep, amplitude sweep,

frequency sweep, time sweep, and thixotropy. The flow sweep results showed that all the samples exhibited shear thinning behavior, indicating

structural breakdown under shear. The interaction between the betaine and clay caused agglomeration, resulting in higher viscosity in func-

tionalized clay samples. The increased storagemodulus in the functionalized clay samples could also be attributed to the forming of a rigid gel-

like structure and double-layer interactions. These rearrangements and interactions, in turn, brought about the rise in viscosity, storage

modulus, and flow stress observed. The intercalation of betaine molecules resulted in a monolayered structure formation in the clay galleries.

Increasing the chain lengths of the betaines being intercalated caused them to rearrange themselves in the existing space. The result is a sig-

nificant rise in viscosity and storage moduli from BB-0 and BB-1, which gradually phases out with BB-3 and BB-5. Further, an interesting rise in

storage modulus at low frequencies is observed for BB-0 and BB-1, indicative of stable network structures over long timescales. This study

shows that the intercalation of longer molecules in clay galleries does not necessarily result in improved rheological performance; rather,

an optimization between different rheological parameters is required. This study concludes that the BB-1 slurries functionalized with C1 beta-

ines exhibited the most desirable characteristics due to their higher storage modulus, not sacrificing their linear viscoelastic region, and their

potential to form stable connected structures. For structural applications where the significance of the storage modulus outweighs that of sta-

bility, BB-3 or BB-5 couldbemore favorable. It was interesting to note through this study that BB-2 slurries act somewhat differently anddemon-

strate a thinning effect (Figure S4). The reason behind this is currently under investigation and will be explored in future studies.

The interaction between the betaine molecules and clay platelets was sensitive to pH, as changes in pH altered the association of clay

platelets, their orientations, and surface charges, which affected their rheological properties. The neutral betaine molecule becomes posi-

tively charged below its isoelectric point, which is in the acidic regime. The protonated betaine molecules at low pH led to more EF associ-

ations, increasing aggregation and higher storagemodulus. However, the bentonite clay forms the open 3D network at high pHwithmore FF

association, slightly increasing storagemodulus. The sharp increase in storagemodulus, flow stress, and viscosity at low pH (pH: 2.0) is due to

the combined effects of protonated betaine and critical coagulation concentration of the acid being used.

Overall, using rheology, we were able to investigate the interaction between the clay and zwitterions (betaines) and how these interactions

impact the structure and properties of bentonite clay. The findings provide valuable information on the effects of altering the number of carbon

atoms, the chain length, and pH on the rheological properties of functionalized clays, which can benefit the scientific community and industries

utilizing functionalized clays for various applications. For example, using clay as a material for battery electrodes is a significant application,

typically used as a binder.80 Additionally, analyzing thixotropy and thematerial formulation’s structure recovery helps predict phase separation,

precipitation, and settling, which can impact the electrode’s coating and drying, subsequently affecting its quality and performance.81

Tweaking the rheological properties of clays by intercalating small, pH-sensitive, environment-friendly betaine molecules opens up new

possibilities for developing clay-based functional materials. This contrasts with long-chain surfactants currently being used to make most

Figure 6. The effect of adsorbed betaine chains on the structure of the electrical double layer
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functionalized clays. The betaine-functionalized clays offer significant improvements rheologically compared to pristine, unmodified clays and

are a promising alternative for non-toxic rheological additives in paints, cosmetics, and foodstuffs. By successfully functionalizing such pre-

cursors, it can also be possible to engineer sustainable clay-based sensors, devices for medical applications, andmaterials for energy storage

and conversions in the near future.

Limitations of the study

This study generated interesting findings that do not follow the trends of general rheology of clay materials. The higher storage

moduli observed for BB-0 and BB-1 in the frequency sweep tests as opposed to the amplitude sweep tests is an example. While

Figure 7. Oscillatory frequency sweeps of functionalized clay slurries

(A) Storage moduli; (B) Loss moduli; FESEM micrographs - (C) BB-0; (D) BB-1; (E) BB-3 (F) BB-5.

Table 1. Linear Viscoelastic Region (LVR) estimation from Oscillatory amplitude sweeps

LVR (Strain %)

BB-0 1.6

BB-1 2.4

BB-3 4.2

BB-5 5.9
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a plausible argument has been suggested, the mechanism behind this is not entirely verifiable from these experiments. Further

studies are required to dig deeper into the colloidal mechanisms of these structures. It was also intriguing to note through this study

that BB-2 slurries act somewhat differently and demonstrate a thinning effect. The reason behind this is currently under investigation

and will be explored in future studies.

Figure 9. Effect of pH on Betaine-functionalized clay slurries

(A) Zeta potential vs. pH; (B) Oscillatory amplitude sweep across pH 2.0 to 12.0; (C) Particle size distribution analysis across pH 2.0 to 12.0; (D) Oscillatory frequency

sweep across pH 2.0 to 12.0.

Figure 8. Time sweeps and thixotropy hysteresis of functionalized clay slurries

(A) Oscillatory time sweep; (B) Oscillatory frequency ramp loop for thixotropy hysteresis.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further Information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kausik Mukho-

padhyay (kausik@ucf.edu).

Materials availability

Betaines were synthesized according to literature methods, as cited in the references section. This study did not generate new unique

reagents.

Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Synthesis

Synthesis of betaines

In this work, zwitterions, specifically variable carbon-chain betaines, were synthesized using a modified procedure following a pre-

viously reported work from literature.45 In a typical synthesis, aliphatic acid bromide (1 eq) was added to a round bottom flask

and dissolved in acetonitrile (1 mL/mmol of starting material). A 4.2 M solution of trimethylamine (1.5 eq) in ethanol was added

to the mixture, and the solution was allowed to stir at room temperature for 12 h. This was followed by concentrating the solution

under reduced pressure to approximately half its original volume and filtering. The filtered solid was rinsed with copious amounts of

acetone, followed by hexane. The resultant white solid was dried under reduced pressure to obtain the betaine salt. The structures of

the synthesized betaine precursors are shown in the table below and named C1, C3, and C5 betaine, where the numerals represent

the number of methyl groups (-CH2 groups) in the molecular structures of the betaines (Table S1 and below table). The synthesized

betaines were analyzed for their structures using 1H-NMR. (Figure S1). Nuclear Magnetic Resonance (NMR): 1H-NMR spectra were

collected using a Bruker AVANCE-III 400 MHz spectrometer. Tetramethylsilane (TMS) at 0 ppm was used as an internal standard

to assign chemical shifts for 1H.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Bentonite Sigma-Aldrich (St. Louis, MO) CAS: 1302-78-9

Conc. HCl Fisher Scientific (Hampton, NH) CAS: 7647-01-0

Ammonium hydroxide Fisher Scientific (Hampton, NH) CAS: 1336-21-6

Trimethylglycine Fisher Scientific (Hampton, NH) CAS: 107-43-7

Acetonitrile Fisher Scientific (Hampton, NH) CAS: 75-05-8

Ethanol Fisher Scientific (Hampton, NH) CAS: 64-17-5

Acetone Fisher Scientific (Hampton, NH) CAS: 67-64-1

Hexane Fisher Scientific (Hampton, NH) CAS: 92112-69-1

3-bromopropionic acid TCI America (Montgomeryville, PA) CAS: 590-92-1

4-bromobutyric acid TCI America (Montgomeryville, PA) CAS: 2623-87-2

5-bromovaleric acid TCI America (Montgomeryville, PA) CAS: 2067-33-6

6-bromohexanoic acid TCI America (Montgomeryville, PA) CAS: 4224-70-8

Trimethylamine Fisher Scientific (Hampton, NH) CAS: 75-50-3
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Betaine-functionalized clay slurries

The betaine zwitterion functionalized clay slurries were prepared by mixing 10 wt.% of bentonite clay in DI water at 2000 rpm for 60 s

with a speed-mixer (Flacktek DAC330). Respective amounts of betaine were then added to the clay slurry to maintain the same num-

ber of moles across all the betaines used in this study (C1 to C5) and speed-mixed again (Clay-betaine mixing ratios are shown in

table below). To allow the complete exfoliation of clay platelets and ensure proper functionalization, the slurries were agitated in

a mechanical shaker (Fisherbrand� Multi-Platform Shaker from Fisher Scientific) overnight at a speed of 300 rpm. The prepared

betaine-functionalized clay slurries were then named BB-0, BB-1, BB-3, and BB-5, where BB-0 represents the unfunctionalized and

BB-1, BB-3, and BB-5 represent the clay slurries functionalized with C1, C3, and C5 betaines respectively. A similar procedure was

followed again to study the effect of pH on the rheological properties of the slurries. All the samples used for the pH studies

were functionalized with C1 betaine. Six different samples were prepared by adjusting the pH of the slurry to 2, 4, 6, 8, 10, and

12 by dropwise addition of conc. HCl or NH4OH and the corresponding samples were named BB-1(pH:2.0); BB-1(pH:4.0); BB-

1(pH:6.0); BB-1(pH:8.0); BB-1(pH:10.0); and BB-1(pH:12.0) respectively. A simplified scheme to demonstrate the slurry preparation

process is shown below.

Schematic representation of clay slurry preparation.

Betaine precursors and their corresponding chemical structures

Betaine Chemical Structure

C1 betainea

C3 betaineb

C5 betaineb

aBetaine procured from Fisher Scientific.
bBetaines synthesized in the lab.
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Characterization

Zeta potential and particle size distribution

The Malvern Zetasizer Ultra was used to measure the particle size distribution (PSD) and zeta potential of the clay slurries tested. A transfer

pipette was used to collect a small amount of slurry (0.01 g) and dilute it in 0.9 ml of DI water to conduct PSD experiments. All measurements

were taken in side-scatter mode at room temperature. Zeta potential measurements were made under similar conditions at a detector angle

of 17�.

Powder X-ray Diffraction (XRD)

Powder X-ray diffraction (XRD) patterns of the betaine-functionalized clays were collected with the help of a PANalytical Empyrean X-ray

diffractometer equipped with a Cu Ka source (l = 1.54 Å) operated at 45 kV and 40 mA. BB-0, BB-1, BB-3, and BB-5 clay slurries were baked

in a vacuumoven at 110�C for 24 h. The dry slurries were then pulverized, and the subsequent powders were analyzed. Spectra were collected

over a 2q sweep of 2� to 50� at a step size of 0.08�. Using Bragg’s law, the shift in the d-spacing of the clay was analyzed to determine the

intercalation of betaine molecules.

Rheology

A TA Instruments HR20 rheometer was used for the rheological analyses. A 25 mm stainless steel Peltier plate has been used for all exper-

iments. All tests were in steady shear mode or oscillatory shear mode and performed at room temperature (24�C). Flow sweeps were per-

formed in steady shear mode to measure viscosity from a shear rate of 0.01 /s to 100 /s at 5 points per decade. Amplitude sweeps were per-

formed at an angular frequency of 10 rad/s from 0.01% strain to 100% strain. The linear viscoelastic region (LVR) was identified from the

amplitude sweep to set up the frequency sweep procedure. Frequency sweeps were performed from an angular frequency of 100 rad/s to

0.01 rad/s at a fixed amplitude strain below the LVR. Time sweeps were performed at an amplitude of 1% strain and angular frequency of

10 rad/s and allowed to run for 900s. A flow sweep test to study thixotropy was set up by ramping the shear rate from 0 to 100 /s for 120 s

and then ramping it back down to 0 at the same rate to produce a thixotropy loop. Data analysis was performed with the software TRIOS.

FESEM

The FEI Nova NanoSEM 430 was used for field emission scanning electron microscopy (FESEM). The sample slurries were baked overnight at

110�C in a vacuum oven and ground. The resulting powders were then sputtered with gold for conductivity. Micrographs were taken at an

accelerating voltage of 5kV.

Clay-betaine mixing ratios

Bentonite (wt. %) Betaine (wt. %) Molecular wt. of Betaine (g) Water (wt. %) Sample #

9 0 – 91 BB-0

9 0.4 (C1 Betaine) 117 90.6 BB-1

9 0.8 (C3 Betaine) 226 90.2 BB-3

9 0.9 (C5 Betaine) 254 90.1 BB-5
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