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ABSTRACT
Some dispersions of clay and silica particles in water in the presence of relatively high molecular weight polyethyleneoxide (PEO) which are fluid when at rest, become solid-like after a quick shake to such an extent that they can be held in the hand. On leaving the dispersions for a certain period of time, minutes to days depending on the polymer molecular weight and concentration, the dispersions become liquid-like again. These dispersions have been called “shake gels”, and a number of physical variables are determinant for producing the gel and controlling its behavior. In this work, we have studied the effect of the shape and size of the particles and of the PEO molecular weights. To that aim, we have mapped the “phase” behavior of silica (Ludox TM50), montmorillonite and laponite dispersions in presence of PEO of different molecular weight. Shake gels are formed under certain concentrations of particles and PEO. The necessary degree of particle coverage for shake gel formation seems to depend on the particle shape. Whereas in the case of disc-shaped particles this limit is around the saturation concentration, in the case of spherical particles the limit is around 2/3 of the particle surface saturation. On the other hand, we observe some differences between montmorillonite (micrometer-size particles) and laponite (nanometric particles) dispersions. When we shake the former we find in some cases an important and irreversible phase separation; on the contrary, in the case of the laponite dispersions, the phase separation is far less frequent and extensive. Finally, we have found that the nature of the applied shear field has a profound effect on the sample behavior. When we place the dispersions in a conventional rheometer and shear them at moderate shear rate, for many minutes the gel is not formed. However, shaking it by hand or extruding it through a syringe brings about this effect in a matter of seconds. 
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Introduction
Polymer adsorption to particles as a method of enhancing colloid stability, due the role of polymers in stabilizing particles against aggregation, has been extensively studied for at least the last five decades. It is also well known that under certain circumstances polymers can induce the aggregation of particles either by simultaneously adsorbing on two particles (bridging flocculation) or due to the presence of non adsorbing polymer giving rise to depletion flocculation. Certain formulations where particles are dispersed in a relatively high molecular weight polyethyleneoxide (PEO) solution are perfectly stable for many days, giving a low viscosity solution. The important point is that a gel is formed upon shaking, reaching, in some cases, with the consistency of toffee. On standing the gel relaxes back into the liquid state over the course of seconds to days, depending on the formulation. This shear effect has been observed in watery mixtures of laponite and PEO [1, 2] and silica particles in presence of adsorbing PEO [3, 4]. As a possible explanation for this phenomenon, Pozzo and Walker, 2004 [1] suggested that the PEO adsorbs on the particles; when the surface is not fully saturated, the PEO can bridge several particles causing the formation of aggregates. Application of shake can desorb some bonds of the PEO and reabsorb them onto other particles, causing the aggregates to grow substantially.
A number of physical variables are necessary for producing the gel and controlling its behavior. Liu et al. [3] and Cabane et al. [4] studied how depending on the adsorption of the number of silica particles per PEO macromolecular chain, and the free polymer equilibrium concentration, quite different rheological behaviours can be observed in the silica PEO mixtures such as rheopectic shear-induced gelation, Newtonian flow or thixotropic shear-thinning. Ye et al [5] studied the effect of de particle polydispersity on the structure and dynamics of silica-PEO mixtures. They found that mixtures of PEO with polydisperse silica particles showed strong shear-thickening upon shaking, while mixtures of monodisperse silica did not. In addition, there are some studies [1, 2] about the “phase behaviour” of laponite-PEO system. Shake-gels are observed for PEO concentrations slightly below the threshold of complete saturation of the laponite particles by the polymer. Can and Okay [6] investigated the effect of the molecular weight of PEO on the properties of laponite-PEO shake gels. They found that increasing molecular weight shifts the critical range of average number of polymer chains adsorbed by a laponite particle for the gel formation towards smaller values. Moreover, at high molecular weight PEOs only weak gels are form. Saito et al. [7] studied the rheological behavior of silica-PEO suspensions. They found that suspensions of silica particles in PEO solution show shear-thickening profiles in steady shear, and highly elastic responses in oscillatory shear, under large strains.
The nature of the applied shear field has an important effect on the shake gel formation. When the samples are subjected to simple shear in Couette flow it is found that the gels are not induced up to shear rates of thousands of s-1 [3]. However, the gelation phase transition is observed with moderate manual agitation, which corresponds to a significantly smaller shear rate (< 100 s-1) [1]. 
In this work, we study the effect of the shape and size of the particles on the shake gel formation. To that aim, we have mapped the “phase” behavior of silica (Ludox TM50), montmorillonite and laponite dispersions in presence of PEO. Moreover, we also analyze the fact that extruding the dispersion through a syringe brings about the gel formation in a reproducible manner. We use these data to try to advance the understanding of the underlying mechanism that causing the shake gel formation.
Experimental
Materials
For our experiments, we have used colloidal silica, Ludox ®TM-50 (Aldrich Chemical Company) with according to the manufacturer, specific surface area of ~140 m2/g and average diameter of 30-34 nm [8, 9]. Laponite RD is a synthetic hectorite-like clay manufactured by Laporte Industries Ltd (UK). It was used throughout this work without further purification. Laponite consists of small platelets of approximately 30 nm x 1 nm dimensions [10, 11]. Its surface area is approximately 350 m2/g, as determined by BET Argon adsorption measurements according to the manufacturer. Sodium montmorillonite was a commercial material supplied by Laporte Absorbents, sold under the trade name Gelwhite H-NF. The montmorillonite consists of plates of particles approximately 1 micron in diameter and 0.5 nm thick. The surface area for montmorillonite, estimate by methylene blue adsorption was found to be ~1000 m2/g [12].Poly(ethylene oxide), of average molecular weights 200 000, 300 000, 400 000, 900 000, 4 000 000 g/mol was purchased from the Aldrich Chemical Company. 
Water was puriﬁed using a Milli-Q Academic System (Millipore Cooperation), USA.
Methods
Appropriate proportions of polymer solutions and particles were mixed and gently stirred in a bottle and let to stay for 24 h to ensure solutions homogeneity. They were then shaken, varying between a couple of shakes and ten minutes.
Some samples were poured into a syringe and squirted through a hypodermic needle of dimensions 10 cm in length and 1 mm diameter. 
Some samples were poured into the concentric cylinder geometry of a Paar Physica Universal rheometer (Austria) and the viscosity at different shear rates (from 200 s-1 to 1000 s-1) and the complex modulus (at 1Hz and 1 Pa) were monitored as a function of time.
Results and discussion
Laponite suspensions.
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[bookmark: _Ref398194639]Fig. 1
The “phase diagram” for laponite-PEO (average molecular weight 400 000 g/mol) dispersions as a function of clay concentration in weight per cent and the mixture concentration given as Γt (total mass of PEO per total area of clay surface) is shown in Fig. 1. At low Γt no shake gel is formed, but as Γt, increases, there is a narrow range of Γt, shake gel effect is observed. At higher Γt, shake gels no longer form. The critical value of Γt, below which no shake gel is formed is quite independent of the laponite concentration and seems to be related only to the available amount of PEO per total area of clay surface. 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Phase diagram of laponite-PEO mixtures at lower PEO molecular weight (~300 000 g/mol) has been presented previously by Pozzo and Walker [1] and Zebrowski et al. [2].Their results agree fairly well with ours and it seems that there are no significant differences between the phase diagram of the two PEO molecular weights.
[bookmark: _Ref351724545]Fig. 2 shows how the complex modulus of laponite suspension (concentration of particles 1%) changes as a function of time for different PEO concentrations. As we can see, the complex modulus shows a maximum at 0.5 mg/m2 and then decreases. This result is in accordance with Pozzo and Walker discussion about the “phase diagram” of the laponite-PEO mixtures [1]. At very low Γt we have found that the complex modulus is low and they suggest that, under those conditions, there is too little polymer to result in any observable flocculation. Under these conditions, the macromolecules bind as many particles as possible, and there are still excess particles. If some segments of a macromolecule are still available for adsorption, they will bind preferentially to a free particle rather than to a particle already bound to another. [4]. When Γt is increased, it is observed that the complex modulus increases, indicating that the polymer forms, in absence of shear, stable bridges between the necklaces to share the available polymer segments and free laponite surfaces, and that this causes the macroscopic gelation of the samples At higher Γt the complex modulus decreases. Pozzo and Walker [1] suggested that near the surface saturation value, there is little free clay surface and the aggregates are smaller because the number of bridging chains is reduced and the complex modulus decreases. However, the aggregates are large enough to be influenced by experimental shear rates and they can be stretched or deformed. This results in the exposure of additional free surface and creates the necessary conditions for further aggregation. This is where the shear gelation or shake-gel effect is observed. When the values of Γt are substantially above the surface saturation, the free polymer in solution reduces the size of the aggregates by further saturating the particle surface. The dispersion is made of small necklaces or chains, containing saturated particles, or isolated saturated particles. The bridging is prevented by steric stabilization.
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[bookmark: _Ref398194901]Fig. 2
Fig. 3 shows the effect of varying the molecular weight of the polymer on the “phase” behavior of the PEO-laponite system. We have observed that low molecular weight polymers require considerable shaking in order to form a weak gel, sometimes of the order 10 minutes. This may be due to the fact that at low molecular weight the length of the polymer chains is short and this will make the formation of bridges between the particles more difficult than at higher molecular weight, and additionally the bridges formed will be weaker. On the other hand, it is hard to be sure whether the very high molecular weight polymers form a shake gel as the viscosity of the mixed suspension itself is high. The same observation can be made about mixtures where the degree of covered of the laponite surfaces are medium. On the other hand, at moderate molecular weight and low particle concentration we have observed that the dispersion separates into a “solid like” phase and a little excess water. These small phase separation could be due to the fact that the bound necklaces form macroscopic “flocs” that are separated from an excess aqueous phase containing nearly all the particles and macromolecules [4]. The range of concentrations to which the shake gel is form is quite independent of the PEO molecular weight. A shake gel is formed for PEO concentration ranging between 0.5 and 1 mg/m2.
The polydispersity of the polymers used in the current work was unknown and is likely to be relatively high, as we use commercial samples. However, polydispersity does not seem to have a large influence on the range of concentrations over which the shake gel is formed although it could modify slight it. (In one experiment, we manufactured a more polydisperse polymer of average molecular weight 900,000 by blending PEO 400,000 and 4,000000 in appropriate concentrations and observed that the PEO concentrations when a shake gel was formed decreased slightly from 0.1% for the original PEO to 0.05% for the blended samples). This suggests that polydispersity favors the formation of bridges between the polymer chains and the silica, probably due the presence of higher molecular weight molecules in the blended PEO, which would shift the critical range of PEO concentrations for the gel formation towards slightly lower values.
[bookmark: _Ref338783647] [image: ]
[bookmark: _Ref398194959]Fig. 3 
Bentonite suspensions
The analysis of the effect of the size of the particles was investigated in PEO-montmorillonite systems. Montmorillonite and laponite particles have plate-like shape but laponite particles are typically two orders of magnitude smaller than montmorillonite. Fig. 4 shows in the effect of varying the molecular weight of the polymer on the “phase” behaviour of PEO-montmorillonite systems. The trends are similar to those found in laponite samples but some differences can be found between them. The gels formed upon shaking montmorillonite samples are weaker than in laponite suspensions. Besides, when phase separation is produced under shaking, this is most noticeable in the case of montmorillonite, where the formation of a single “floc” can be observed, see Fig.5.a, where the clay and aqueous phases separate out. This floc can be partially relaxed, see Fig.5.b, and this partial relaxation can be reversed by shaking the sample again. It can be argued that only a small fraction of the polymer segments are needed to establish chains capable of bridging small laponite particles [7, 14, 15], as compared to the larger montmorillonite units. Here, bonding points of the polymers will be much more numerous for each particle. This explains that flocs in the montomorillonite-based gels will be more difficult to break down, and the will partially relax but not disappear when shaking has ceased.
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[bookmark: _Ref398194995][bookmark: _Ref345495622]Fig. 4
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Silica suspensions
Having found that shake gels can be formed with montmorillonite and not just with the (smaller size) laponite particles, we decided to study the shape effect on their formation. Liu et al.  [3] observed weak (or soft) gels based on silica beads and PEO (Mv ~ 2·106). In our case, gels are also found, but, under certain concentrations of silica nanoparticles and PEO, the systems obtained can be much stronger. It is illustrated in Fig. 6, a strong gel is formed by shaking in a sample contains 25% LudoxTM-50 and 0.4% PEO Mv ~ 4·106. Manipulation of the gel can be performed by hand, as the structures formed can withstand strong stretching and rolling deformations, without breaking.
[image: ]
Fig. 6
In order to explore the shake gel formation in silica-PEO mixtures, we vary the relative concentration of PEO (average molecular weight 400 000 g/mol) in the mixture and determine if the shake-gels is formed for each composition. Shown in Fig. 7 is the “phase diagram” for Ludox®TM-50/PEO (Mv~400 000 g/mol) dispersions as a function of silica concentration in weight per cent and the mixture concentration given as the total mass of PEO per total area of silica surface. We can see that it is necessary a Ludox particle concentration higher than 10% (weight fraction) to form a gel. 
Moreover, there is a limiting value of Γt, below which shake gels are formed. At low and moderate PEO molecular weights this upper limit of Γt is around 0.2 mg/m2 , and it decreases when the Ludox particle concentration increases just up to 25%. That behavior is related to the fact that the viscosity of the samples increases with both particle and polymer concentrations and in those conditions it becomes more difficult to produce the relative movement between them, and therefore the shear-induced polymer bridging between the particles is hindered. 
An upper limit of Γt has been found for laponite and silica, although the actual value is lower in the former case. Furthermore,: in the case of laponite gels are formed for PEO ranging between 0.5 and 1.5 mg/m2, whereas polymer surface concentrations between 0.02 and 1.5 mg/m2 are required in silica gels. Such differences can be ascribed to particle shape effects: in laponite, it can be expected that the polymer chains lay flat on the planar surfaces, and few chains arrange themselves perpendicularly [13]. The small spheres of Ludox, in contrast, can only accommodate a limited amount of polymer, most chains extending away from the surfaces increasing the chances of bridging [7, 17, 18]. In addition, no specific orientations can be expected in the latter configuration, and this makes it easier the stretching and deformation of gels based on the spherical silica than on the planar laponite particles. 
[bookmark: _Ref314064478][image: ]
[bookmark: _Ref398195161]Fig. 7
Rheological observations
In order to reach a deeper understanding of the shake gel formation mechanisms, we have studied the rheological behavior of silica shake gels. Fig. 8.a shows the viscosity of mixtures containing 25% Ludox and 0.3% PEO (average molecular weight 400 000 g/mol, Γt =0.09 mg m-2) as a function of time for different shear rate applied. As observed, the values of viscosity are almost constant over time, and only a slight increase is observed when the shear rate is increased (see Fig.9.b). These results differ to some extent from those results found by Liu et al [3] for low silica concentrations (between 10-40 g/l). They reported that for a coverage between 0.35 and 0.8 mg m-2 of polymer the viscosity of the mixtures is low, Newtonian and independent of time, as long as the shear rate is below a critical value (between 600 and more than 1500 s-1). However, when the critical shear rate just exceeds this value, the apparent viscosity abruptly increases with shearing time. The critical shear rate decreased when decreasing coverage or increasing concentration.
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[bookmark: _Ref398195285]Fig. 8
The nature of the applied shear field has a profound effect on the sample behavior. As mentioned above, when the same samples were subjected to simple shear in Couette flow it was found that gels were not induced up to shear rates of thousands s-1 (see Fig. 8). However, the gelation phase transition is observed with moderate manual agitation which corresponds to a significantly smaller shear rate (< 102 l/s) [1]. Pozzo and Walker [1] suggest that this observation indicates that particles aggregate and become oriented in the shear field as they form, and this prevents their further aggregation in simple flow fields by reducing the number of effective collisions. We have found that the sample becomes a gel when we squirt it through a hypodermic needle (see Fig. 9.a). Under these conditions, the shear rate is increased and the polymer chains are extended in the direction of flow. Particle-polymer necklaces can be formed and aligned along the flow and this contributes to form a continuous thread of gel.
So, it seems that the alignment and chaining of particles in elongation could be an important mechanism underlying the unusual response of shake gels. In this regard, Wang et al. [20] have found that PEO solutions get stiffer with the rate of extension. This stiffening is greatly enhanced by the presence of silica nanoparticles in solution. These authors proposed that alignment and chaining of particles seems to be favored in elongation and in these conditions longer necklaces can be formed. This fact can favor the number of crosslinks between necklaces and increase the size of the aggregates. In this way, a large composite macromolecule is created and the resulting solution has enormous extensional stresses and exceptional siphoning properties. The formation of long necklaces could explain the formation of a long and continuous thread when the shake gel formed is left to drop (see Fig. 9.c).
[image: ]
[bookmark: _Ref398195331]Fig. 9 	

Comparison of polymer size and particle size
We shall now compare the size of the particles used in this work to the size of the polymers.
The z-average radius of gyration of the polymers can estimate with the expression suggested by Can and Okay [6];
 <S2>z1/2   =    (4.08*10-4w1.16)1/2  (nm) 
Table 1 shows the z-average radius of gyration of PEOs used in this study together with their overlap concentrations c* calculated using the equation:
C*= 3w·100/(4𝜋<S2>z3/2) (w/v, %)
Table 1. The radius of gyration and c* of PEO of various molecular weights
	Mv
	<S2>z1/2(nm)
	C*(w/v, %)

	200,000
	24
	0,57

	300,000
	30
	0,43

	400,000
	36
	0,34

	900,000
	57
	0,19

	4,000,000
	136
	0,06


We recall that the diameter of the silica and laponite is around 30 nm in diameter, so that these particles are somewhat smaller than the diameter of the polymer coil, however the montmorillonite has a diameter of around 1000 nm (although it is only around 0.5 nm thick). This may explain why the montmorillonite suspensions only form very weak shake gels compared to the laponite and silica, with the larger montmorillonite particles probably being bridged by the polymer, whilst the smaller particles may be more likely to act as points for crosslinking the polymer chains rather than the polymer chains bridging between the particles.  
Conclusions
A shake-induced transition from fluid to solid is observed in mixtures of clay (laponite or montmorillonite) or silica nanoparticles (Ludox) and PEO for certain concentrations of polymer and particles. This behavior has been found in particles of different shapes (spherical or disc) and size (between 30 nm and 1 micron) although some differences have been found in the phase diagrams of the different particles. The degree of polymer coating of the particles necessary for shake gel formation seems to depend of the particle shape. Whereas in the case of the disc-shaped particles this is around the value of the particle surface saturation, in the case of spherical particles it is around 2/3 of that limit. Moreover, shake gel behaviour is found to form over a narrower composition regime in the case of laponite than in the case of Ludox. The main difference between montmorillonite (platelets of approximately 1000 nm x 1 nm dimensions) and laponite (platelets of approximately 30 nm x 1 nm dimensions) dispersions are that when we shake the former, at some PEO concentration, we found weak gels or, in most cases, an important and irreversible phase separation instead of a shake gel; on the contrary, in the case of the laponite dispersion we obtain stronger gels and, when the phase separation is produced, this is not extensive.
While, it is possible to reach strong gel formation upon a moderate shaking of the samples studied or if we squirt them through a hypodermic needle but not to simple shear in Couette flow at shear rates up to thousands of inverse seconds. This behavior suggests that the nature of the applied shear play an important role in the shake gel formation and that extensional shear, rather than simple shear may be important. A quantitative model explaining this is the subject of further investigation.
Figure captions
Fig. 1. Phase diagram (regions of shake gel formation) for laponite-PEO (Mv ~ 400 000 g/mol) systems as a function of particle and polymer concentration (mg PEO per m2 laponite surface). The line indicates the approximate value of surface coating saturation.
Fig. 2 (a) Complex modulus, G*, as a function of time (at 1Hz and 1 Pa) at different PEO concentrations and 1% laponite. (b) Complex modulus for the plateau of part (a), G*plateau, as a function of polymer concentration (mg PEO per m2 laponite surface). The error bars represent the standard deviation of the data on the plateau.
Fig. 3 Effect of varying the molecular weight of the PEO on the “phase” behaviour of the PEO-laponite system (laponite concentration 2%).
Fig. 4 Effect of varying the molecular weight of the polymer on the “phase” behaviour of the PEO-montmorillonite system (montmorillonite concentration 2%).
Fig. 5 Aqueous Bentonite (3%) (left) and laponite (3%) (right) -PEO mixtures (contains 0.4% PEO Mv~4 000 000); Top: after completion of shaking; bottom: after 1h relaxation.
[bookmark: _GoBack]Fig. 6 Aqueous Ludox-PEO mixture contains 25% LudoxTM-50 and 0.4% PEO Mv~4000000. (A) before shake it; (B) after completion of shaking; (C) after stretching sample (B).
Fig. 7 Shake gel formation diagram of Ludox TM 50-PEO (average molecular weight of PEO 400 000 g/mol) systems as a function of particle and polymer concentrations (mg PEO per m2 Ludox surface). The line indicates the approximate value of the surface saturation. 
Fig. 8 Viscosity as a function of (a) the time at several shear rates, and (b) shear rate at several times. The mixture contains 25% Ludox and 0.3% PEO of = 400 000 g/mol. The error bars represent the standard deviation of the data on the plateau. 
Fig. 9 Mixture containing 25% Ludox and 0.3% PEO of  squirted through a hypodermic needle (a); dropping before shaking (b); droping after shaking (c).
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