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AGGREGATION IN HYBRID SUSPENSION FILLED BY MIXTURE OF 

MULTI-WALLED CARBON NANOTUBES  

AND NANOPLATELETS OF LAPONITE 
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Aggregation in hybrid aqueous suspension filled by mixture of multi-walled carbon nanotubes and 

nanoplatelets of laponite as a function of the added different type of electrolytes (KCl, CaCl2 and 

AlCl3) and pH was studied in a flow system. The mass ratio of laponite/carbon nanotubes was varied 

between 0 and 1. The critical coagulation concentrations for hybrid carbon nanotube + laponite 

nanoparticles were estimated as 510-3 M for KCl, 10-3 M for CaCl2 and 10-5M for AlCl3. The ratio 

between critical coagulation concentrations for different electrolytes was very close to the value 

typical for aggregation of dispersed particles in the secondary minimum. 

Keywords: carbon nanotubes, laponite platelets, aggregation, pH, electrolytes 

 

Introduction 

Carbon nanotubes (CNTs) represent great interest due to their unique structural and 

transporting properties, such as high tensile strength, modulus, electrical and thermal 

conductivities alongside with low density. CNTs are also suitable for preparation of carbon 

based catalysts, rechargeable batteries, super capacitors, lightweight electromagnetic 

shields, automotive parts, adsorbents and composites [1]. The technical application of 

nanotubes requires usage of highly dispersed and stabilized CNTs, without bundles or 

large aggregates. Well dispersed suspensions of CNTs are promising materials for 

preparation of new type of sensors and biosensors, membranes, microelectronic devices 

etc. Enhancement of the stability of CNT suspensions can be achieved using surface 

functionalization, adsorption of surfactants/polymers or heteroadagulation with 

nanoparticles. 

For example, it has been shown [2, 3] that oxidative treatment by applying acids, 

hydrogen peroxide, ozone, etc. leads to formation of carboxyl and hydroxyl groups on the 

CNTs surface. Adsorption of polymers or surfactants helps to overcome attractive forces 

between the individual CNTs. This results in formation of more stable nanotubes 

suspensions, enhances de-bundling of CNTs and prevents re-aggregation. Stable 

dispersions of CNTs as a result of adsorption of poly(diallyldimethylammonium chloride) 

[4], sodium dodecylbenzene sulfonate [5], poly(ϵ-caprolactone) [6] and other polymers (for 

example, [7]) were obtained. 

Also, adsorption of charged nanoparticles (e.g. montmorrilonite [8], laponite [9] or iron 

oxide [10]) can significantly improve the dispersability of CNTs in different media due to 

prevention of the nanotubes re-aggregation. Aggregation of CNTs decorated by soil 

minerals (kaolinite, smectite and shale) in aqueous suspensions at different sodium salt 
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concentrations was investigated [11]. It was established that increasing ionic strength of the 

solution induced aggregation of CNT+mineral complexes, and the aggregation tendency 

correlated with the hydrophobic character/surface potential of soil particles. 

The aim of our paper was to elucidate the mechanism of stabilization of CNTs 

suspensions by laponite platelets and aggregation kinetics in a flow system of hybrid 

CNT+laponite nanoparticles as well as CNTs and laponite in the presence of acid/base and 

different electrolytes. 

 

1. Experimental Materials and Procedure 

Multi-walled carbon nanotubes (CNTs) were produced by CVD method in the presence of 

Fe-Mo-Al catalyst and purified as described in [12]. Their structure and properties are 

described in [13]. 

Laponite, RD grade (Rockwood Additives Ltd., UK) is a synthetic clay with chemical 

formula Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]-0.7. It is composed of highly heterogeneously 

charged disk-like sheets with thickness  1 nm and average diameter  25–30 nm (see in 

detail our previous paper [13]). 

All stock suspensions were prepared by using distilled water (pH~6.8). The effect of pH 

and concentration of electrolytes on the degree of aggregation of CNT+laponite 

nanoparticles at different mass ratios of laponite/CNT X was studied. 

The aggregation experiments were performed using Photometric Dispersion Analyzer 

PDA 2000 (Rank Brothers Ltd, UK). CNT stock suspensions (CCNT = 0.003 wt%) 

with/without decoration by laponite clay disks were sonicated during 5 min by using 

Heilscher Ultrasound Technology (amplitude was 20%). The principle of the PDA 2000 

operation is described in [14, 15]. As a measure of aggregation the PDA 2000 R value has 

been used. R value permits quantification of aggregation or disaggregation of the 

nanoparticles in suspension and it represents the degree of aggregation of colloidal 

particles. 

The preliminary experiments have shown that relatively stable suspensions of CNTs 

(not settling within several hours) can be obtained at stirring rate of 150 min-1 and CNTs 

content in suspension (CCNT) in the range between 0.003 and 0.005 wt%. The PDA ratio, R, 

at these values of G and CCNT can be well measured being within the measuring limits of 

the device. As a control, the aggregation behavior of 0.003 wt% stock suspension of CNTs 

and 2.0 wt% laponite suspension was measured. 

ZetaSizer NS (Malvern, UK) was used for measurements of the size of laponite 

platelets. The instrument is suitable for determination of size distribution function F(R) in 

the range of 0.3 nm–10 m. Measurements of F(R) are based on application of non-

invasive back scatter technology. 

 

2. Experimental Results and Discussion 

Figure 1 shows the time dependence of the R in hybrid CNT+laponite suspensions at 

different mass ratio X = mL/mCNT. It is seen that the R(t) dependencies are different while 

changing the CNT+laponite mass ratio. In “pure” CNTs suspension (X = 0) the value of R 

reached the maximum ( 10) and big quickly sedimenting aggregates were formed during 

the first two-three minutes of the process. At X = 0.2 the run of R(t) plots was similar to that 

observed at X = 0, but the size of aggregates was smaller. At X = 0.5 relatively stable big 

aggregates were formed. The R value became constant after 5 minutes of aggregation and 

no sedimentation was observed. At X = 1 the value of R went through a maximum (R  3) 
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at t  12 minutes of aggregation and the smallest size of aggregates was observed. These 

aggregates maintained high stability even after 20 min of aggregation. An appearance of a 

maximum on R(t) curves for hybrid CNT+laponite particles can be attributed to formation 

of aggregates with different sizes [12]. The obtained data show that CNT particles covered 

with laponite platelets have higher aggregation stability and smaller size of aggregates 

compared to “pure” nanotubes suspension. 

 

 

Figure 1. PDA ratio, R, versus the time of stirring, t, in hybrid aqueous CNTs+laponite 

suspensions at different mass ratio of laponite and CNTs, X = mL/mCNT. The stirring rate, 

G, was 150 min-1, concentration of CNTs, CCNT, was 0.003 wt% (pH 6.0) 

Figure 2. illustrates the pH-dependence of the PDA ratio R in hybrid CNT+laponite 

suspensions as well as of that for CNTs and laponite at time t = 10 min. 
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Figure 2. pH-dependence of the PDA ratio R in hybrid CNTs+laponite suspensions (CCNT = 

0.003 w%, X = 1.0) as well as CNTs (CCNT = 0.003 wt%) and laponite  

(CL = 2.0 wt%) at time t = 10 min 

At acidic conditions (pH < 7.0) the R value of CNT+laponite hybrid nanoparticles 

decreases as pH increases. This can be explained by increasing the surface group 

dissociation, which results in an increase of repulsive forces between the CNT+laponite 

hybrid nanoparticles. It should be stressed that in the pH interval studied, the zeta potential 

of CNT+laponite hybrid nanoparticles preserves relatively high, roughly constant value  

(~–33 mV at pH 4.3 and ~–40 mV at pH 6.0). At pH ≥ 7.0 CNT+laponite hybrid 

nanoparticles have relatively stable R value. This can be explained by buffer properties of 

laponite and enhancement of aggregation stability of CNTs after adsorption of laponite 

platelets. An appearance of a maximum on R(pH) dependencies at pH = 9.0–11.0 may 

reflect both the increase of the CNT+laponite surface charge density that enhances the 

suspension stability and the suppression of the electrical double layer which decreasing the 

aggregative stability of the suspension. 

The aggregation behavior of CNT+laponite nanoparticles is similar to that for laponite 

(but have a maximum at pH = 9.0–11.0), while aggregation of CNTs increases as pH 

increasing. It should be noted that the stability of CNTs suspension is very sensitive to the 

pH value of the suspension with maximum aggregation at basic conditions. Such effect can 

be explained by existence of functional (phenolic hydroxyl) groups on theCNTs surface 

[12], which deprotonation enhanced aggregation. 

Lowering the pH value of laponite suspension to 4.9 resulted in a slight increase of R 

(from 0.22 to 0.62), i.e. in a weak aggregation. A further decrease of pH did not change the 

degree of aggregation of the laponite suspension while increasing the pH (up to 12) has no 

influence on aggregation, because of increasing pH value resulted in the decrease of the 

positive charge density on the edge of laponite (and its neutralization at pH 11.0). It was 

shown [16] that in the pH interval 3.0–10.0, the pH value does not play role in the laponite 
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dissolution. At pH > 10.0, the dissolution of laponite was observed only at low 

concentrations (1.0 and 1.7 wt%), while for laponite suspension of high concentration 

(2.8 wt%) no dissolution was observed.  

Figure 3 shows the dependence of the PDA ratio R vs electrolyte concentration in 

hybrid CNT+laponite suspensions as well as CNTs and laponite at fixed time. 

 

  

 

Figure 3. R values in hybrid CNT+laponite suspensions (CCNT = 0.003 wt%, X = 1.0), 

CNTs (CCNT = 0.003 wt%) and laponite (CL = 2.0 wt%) vs electrolyte concentration, C, of 

KCl (a), CaCl2 (b) and AlCl3 (c) at fixed time t = 10 min. For laponite thedependence of 

radii of nanoparticles vs concentration of CaCl2 (b) and AlCl3 (c) is  shown 

An increase of the KCl concentration (Figure 3a) resulted in decrease of the aggregation 

stability in hybrid CNT+laponite suspensions which is reflected in rising R values and 

reached the maximum R value ( 12) at CKCl = 510-3 M. A further rise in the KCl 

concentration up to 10-2 M did not change the R value substantially. This means that the 
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concentration of order of  510-3 M KCl can be considered as a critical coagulation 

concentration (CCC) for fast coagulation. 

For 2 wt% laponite suspension, the CCC of KCl was 10-2 M, i.e. it was higher than that 

for the CNT+laponite hybrid particles. This indicates that covering the CNT surface by 

laponite platelets does not result in appearance of properties of the “pure” laponite as it is 

often observed during heteroadagulation of small and big particles or adsorption of 

polyelectrolytes [17, 18]. This consideration is supported by the fact that the electrokinetic 

potential of laponite platelets (~-48 mV) and CNT+laponite complex (~–33 mV) are 

different [12]. 

Figures 3b and 3c show that the behavior of the PDA ratio R in hybrid CNT+laponite 

suspensions at different concentration of CaCl2 and AlCl3 are similar. From these data the 

CCC in the CNT+laponite hybrid suspensions were estimated as  10-3 M and  10-5 M for 

electrolytes with di- and trivalent counterions. It is important to note that the CCC values 

for KCl (CCC1) and CaCl2 (CCC2) electrolytes differ only by 5 times. It is much smaller 

than the ratio CCC1/CCC2 = 64 that follows from prediction of the DLVO theory for 

concentration coagulation of small particles in the primary minimum (Schulze–Hardy rule). 

It is known that for coagulation of big particles in the secondary minimum the product 

CCCz2.5-3.5 is constant approximately, where z is the valence of counterions [19]. Our 

experimental estimation CCC1/CCC2 ≈ 5 is very close to the CCCz2.5 = 5.66 criterion. It 

evidenced the presence of aggregation of CNT+laponite hybrid particles in the secondary 

minimum. 

It is important to note that CNT+laponite nanoparticles were not stable in the presence 

of even a very small amount of Al3+ ions (10-5–10-4 M) (Figure 3c). This can be explained 

by complex formation between laponite platelets via Al3+ bridging. Also neutralization 

coagulation of CNT+laponite complexes can be supposed. This assumption is supported by 

the fact that zeta potential of the complex at 10-5 M Al3+ was nearly zero (≥ –3 mV). It is 

worthwhile to mention here that the term “coagulation concentration” of trivalent ions at 

concentrations 10-5–10-4 M loses its sense because at these conditions typically the whole 

added amount of the reagent is adsorbed by dispersed particles and the equilibrium 

concentration of trivalent ions in the solution is zero [20]. This is also applies to adsorption 

of Al3+ ions by CNT+laponite hybrid particles. 

Investigations of the aggregation stability of CNTs show that the degree of aggregation 

of nanotubes decreases with increasing concentration of electrolytes. This can be attributed 

to different effects: suppression of the EDL, i.e. concentration coagulation by 1-1 and, in 

part, by 2–1 electrolytes, reduction of the surface charge and potential by trivalent 

electrolytes (“neutralization” coagulation). Also chemical interactions between the 

functional groups on the CNTs surface and the multivalent ions, specifically, Ca2+ and Al3+ 

should be taken into account. Adsorption of multivalent ions can lead to difference in the 

experimentally measured critical coagulation concentration ratio and that predicted by the 

Schulze–Hardy rule [21, 22]. 

Addition of electrolytes to laponite suspension results in a reduction of the thickness of 

the electrical double layer of particles and formation of the stable gel structure due to 

changing the orientation of clay particles from edge-to-face to face-to-face. Addition of 

Al3+ can also enhance aggregation of laponite nanoparticles by formation of a precipitate. 
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Conclusions 

Aqueous suspensions of CNTs exhibit low aggregation stability because of strong van der 

Waals and hydrophobic attractive forces between individual nanotubes. We have shown 

that relatively stable suspensions of CNTs (not settling within several hours) can be 

obtained after intensive sonication and using stirring (by magnetic stirrer) with rate of  

150 min-1 at nanotubes content of 0.003–0.005 wt%. Also it has been shown that addition 

of laponite in amount of higher than 50% mass fraction of CNT produces stable aqueous 

suspensions. The CNT+laponite hybrid particles can be coagulated by addition of 

electrolytes or base/acid reagents. An increase of pH value decreases the degree of 

aggregation of particles. This is explained by an increase of dissociation of the surface 

groups, i.e. by an increase of repulsive forces between the CNT+laponite hybrid particles. 

A maximum on aggregation curves versus pH can be reflect an increase of the 

CNT+laponite surface charge density (that enhances the stability of the suspension) and 

suppression of the electrical double layer (which decreases the suspension stability). 

From the dependencies of the PDA ratio R (i.e. degree of aggregation) in hybrid 

CNT+laponite suspensions (CNT = 0.003 wt%, X = 1.0) at different amount of electrolytes, 

the critical coagulation concentrations for KCl (CCC1 = 510-3 M), CaCl2 (CCC2 = 10-3 M) 

and AlCl3 (CCC3 = 10-5 M) were estimated. The ratio of CCC1/CCC2 ≈ 5 is very close to the 

CCCz2.5 = 5.66 criterion. It is evidence that the aggregation of CNT+laponite hybrid 

particles occurs in the secondary minimum. 
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