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Abstract 

Halloysite clay is a natural nanomaterial that is attracting a growing interest in colloidal 

science. The halloysite aqueous dispersion stability is a key aspect for the configuration of a 

purification protocol as well as to establish the durability of a formulation. A physico-

chemical study demonstrated the role of ionic strength and nanotube characteristic sizes on 

the sedimentation behavior. We highlighted the importance of the electrostatic repulsions 

exercised between the particles in the settling process. A protocol for image analysis has been 

proposed to provide robust information from time resolved optical images on the suspensions. 

In conclusion, we managed to correlate microscopic aspect to the peculiar sedimentation 

process of halloysite nanotubes. 
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1. Introduction 

The use of clay minerals is rising up in materials during recent decades due to their 

environmental-friendly nature, and availability in different shape and characteristic sizes[1–

4]. The sedimentation of solid clay micro and nanoparticles in aqueous media has been 

attractive for scientists due to many practical applications such as stability of dispersions and 

separation or purification strategies[5–11]. Typically, clay nanoparticles possess a 

nanolayered morphology that, in mesoscopic scale, can evolve to anisotropic nanoparticles 

such hollow tubular shape [12]. Natural halloysite nanotubes (HNTs) are promising 

nanocontainers with controlled release properties that make them attractive for smart 

formulations with encapsulated active molecules[13–16]. HNT generates by rolling-up a 

kaolin double layer forming a tubular structure of ca. 1 m in length and outer radius ranging 

between 15 to 100 nm [17]. 

HNTs are available in caves worldwide but each source is characterized by mineral purity 

and nanotube aspect ratios that strongly influence the physico-chemical properties of this 

nanomaterial such as loading ability and strengthener action when used as inorganic filler in 

polymeric matrices [18–22]. Therefore, separation and purification methods based on 

sedimentation in aqueous media can be a key pretreatment to prepare a reproducible 

nanomaterial with controlled sizes and properties. 

Halloysite nanotubes have been proposed for a large variety of industrial applications: in 

healing anticorrosion [23–25], drug delivery [14,16,26–31], conservation of Cultural Heritage 

[32–36] and support for catalysis [37–43]. For all uses in liquid formulations, the nanoparticle 

dispersion stability is a crucial aspect and it can be improved, or controlled, by polymeric or 

small molecules as additives [44–46]. As concerns the colloidal stability of HNTs in aqueous 

dispersion, a peculiar sedimentation behavior has been observed in 1952 showing the 

formation of a large sedimentation volume [47]. Recently, some efforts have been addressed 
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in highlighting the interesting behaviors in concentrated dispersion that allows to liquid 

crystalline and phases with long-range order parameters [48]. Several surface modifications 

have been investigated by adding ionic polymers [45,49] and surfactants [50,51] to control 

the halloysite stability in aqueous media and to induce the nanotubes alignment [46].  

This study aims at elucidating the effects on halloysite sedimentation of ionic strength by 

changing the sodium chloride concentration. To achieve this goal, a series of sedimentation 

tests with time lapsed optical recording were performed. A method for the identification and 

analysis of the motion of the sedimentation front is presented. The automatic sedimentation 

front detection presents numerous difficulties, essentially due to: 

- low contrast between the separation zones of the sedimentation front; 

- the curvature of the front near the walls of the container, generated by the forces of liquid 

wall cohesion, makes it difficult to identify the line that best represents the sedimentation 

front position. 

In the present work, the problem of sedimentation front detecting has been addressed by 

developing an advanced method of image processing. In particular, a Sobel derivative filter 

for signal detection was implemented, morphological filters for noise suppression were used, 

and the system was based on the use of the Hough line transform [52]. 

-potential and dynamic light scattering yields insight on the inter-particle forces and 

diffusion dynamics of halloysite in dilute regimes. These results are essential for a correct 

evaluation of the interaction between the clay nanoparticles and the interpretation of the 

sedimentation experiments in terms of sedimentation volume and settling rate dependence on 

ionic strength. 
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2. Materials and methodology 

Halloysite nanotubes from two geological deposits have been employed. In particular, HNT 

from Dragon Mine Utah (HNT_DG) that was a Sigma product and HNT from Matauri Bay in 

New Zealand (HNT_NZ) kindly provided by Imerys Ceramics. Table 1 reports the main 

characteristics of Halloysite samples and Figure 1 reports SEM images for the investigated 

clay nanotubes. NaCl (>99 %) was a Sigma product. Water from reverse osmosis (Elga 

model Option 3) with a specific resistivity greater than 1 M cm was used. 

 

Table 1. Characteristics of halloysite samples in this study. 

Sample code HNT_DG HNT_NZ 

Geological deposit  Dragon Mine Matauri Bay  

Locality  Utah, North America Northland, New Zealand 

Surface areaa / m2 g-1 46.4 28.6 

External radiusb / nm 10 to 75 25 to 100 

Tube Lengthb / µm 50 to 1500 100 to 3000 

aFrom ref [53]. bFrom ref [17]. 

 

 

Figure 1. SEM images for HNT_NZ (left hand side) and HNT_DG (right hand side) samples 
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2.1 Preparation of HNTs dispersions. Halloysite nanotubes were added to water and NaCl 

aqueous solution. The obtained dispersions were sonicated for 15 min and magnetically stirred 

for 3 days to ensure the full hydration of the clay particles. 

 

2.2 Methods.  

-potential and dynamic light scattering (DLS) measurements were carried out by means of a 

Zetasizer NANO-ZS (Malvern Instruments). The field-time autocorrelation functions were 

described by a single decay, which provides the decay rate () of the diffusive mode. For the 

translational motion, the collective diffusion coefficient at a given concentration is Dt = /q2 

where q is the scattering vector given by 4πnλ-1sin(θ/2) being n the water refractive index, λ the 

wavelength (632.8 nm) and θ the scattering angle (173°).  

The functionalized nanotubes were imaged by using a microscope ESEM FEI QUANTA 

200F. Before each experiment, the sample was coated with gold in argon by means of an 

Edwards Sputter Coater S150A to avoid charging under electron beam. 

The sedimentation experiments were carried out in glass tubes of ca. 2 cm in diameter and 

length of ca. 6 cm. The dispersions were imaged every 10 min until equilibration in vertical 

position.  

 

2.3 Image analysis and sedimentation fronts detection 

The sedimentation front identification in the sequence of images acquired at constant time 

intervals was obtained with algorithms of image processing. For the development of the 

method, the functions in the OpenCV open source library have been used (site: 

https://opencv.org/). The proposed method consists of three phases: 

1. Image preprocessing: are applied transformations with the objective, the improvement 

of the signal to noise ratio, and the standardization of the images; 
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2. Regions of Interest (ROIs) extraction: the regions (inside the vials) in which the liquid 

is present are identified in order to limit the analysis of the successive phase and to 

allow the determination of the height of the sedimentation front; 

3. Best line identification: the ROIs are analyzed and for each one the straight line that 

best describes the sedimentation front is identified. 

2.3.1.  Image preprocessing 

In this phase, image transformations are carried out in order to make the subsequent 

identification steps more effective. An intensive analysis of the preprocessing function was 

conducted, aimed at maximizing the performance. In particular, this analysis led to the 

selection of the following preprocessing operations[54]: 

1) grayscale image conversion; 

2) application of a Gauss filter with 5x5 kernel for noise reduction; 

3) image stretching; 

Figure 2 shows an example of image before and after the preprocessing phase. 

Figure 2. Example of an image to be analyzed (left hand side), relative preprocessed image 

(right hand side). 
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2.3.2.  ROIs extraction 

This phase of the method involves the identification of the regions of interest, ie the 

determination of the three areas of the image, contained within the vials, where the liquid is 

present and the sedimentation front of which the motion is to be analyzed. The steps 

implemented for the extraction of ROIs are the following: 

1) Otsu thresholding and image binarization: the optimal intensity threshold value is 

identified; all pixels with an intensity value below the threshold will be zeroed. Subsequently 

a binarization is carried out, ie the pixels of intensity different from zero are forced to the 

maximum value (255). 

2) filling and small regions removal: the regions found, as they could contain gaps, are filled. 

In addition, the small area regions are suppressed. 

3) find contours and boundary box: the outline of the region is identified and finally the 

rectangle that surrounds it is found. 

Figure 3 shows the sequence of processing results obtained on an example image. 

    

(a) (b) (c) (d) 

Figure 3. Example of ROIs detection: a) preprocessed image, b) binary image after the 

thresholding, c) image after filling and small regions removal, d) image with highlighted 

rectangles, obtained after the find contour and the boundary box, which delimit the regions of 

interest 

 

2.3.3.  Best line identification 

The problem of determining the sedimentation front has been addressed by developing a filter 

designed to use the following specific information:  
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- the sedimentation front delimits two regions of space, the lower one presenting greater 

intensity; 

- the sedimentation front can be represented, especially in the most central area of the vial 

(away from the walls), by a horizontal line.  

These considerations have led us to implement a Sobel derivative filter (kernel 5x40), with 

only a vertical component (the intensity transition occurs from top to bottom). To improve 

detection efficiency, the filter was applied only on a width equal to half the width of the 

generic ROI and in particular in the central part of the ROI; in this way a front was not sought 

in proximity to the walls of the vial where the effects of curvature decrease the effectiveness 

of the filter. The filtering result was normalized (saturating at 1%). A subsequent 

morphological erosion filter is applied in order to eliminate small groups of pixels that can not 

be associated with a sedimentation front. The steps described are to prepare the image for the 

execution of the horizontal segment search algorithm that best describes the position of the 

sedimentation front. For this purpose, it was decided to use a probabilistic Hough line 

transform [52]. 

The Hough transform is a feature extraction technique used in image analysis [55–57]. The 

purpose of the technique is to find imperfect instances of objects within a certain class of 

shapes by a voting procedure. This voting procedure is carried out in a parameter space, from 

which object candidates are obtained as local maxima in a so-called accumulator space that is 

explicitly constructed by the algorithm for computing the Hough transform. The classical 

Hough transform was concerned with the identification of lines in the image. The search for 

lines in this work has been limited to small angles, as we look for a horizontal representation 

of the front. 

Figure 4 shows an example of ROI analysis and consequent identification of the 

sedimentation front. 
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(a) (b) (c) (d) 

Figure 4. Example of sedimentation front detection: a) preprocessed image, b) image after 

Sobel filter and normalization, c) image after erosion filter, d) best straight line obtained from 

the Hough line transform 

 

3. Results  

The colloidal dispersion of HNT in water was characterized in a dilute regime (CHNT= 0.01 

wt%) as a function of the NaCl concentration (from 10-4 to 1 M). The apparent hydrodynamic 

radius was plotted as a function of the square root of ionic strength in Figure 5. Regardless of 

the specific Halloysite nature, in both cases, a slowdown of the translational diffusion 

dynamic is observed in the presence of salt and this effect is more pronounced for the 

HNT_NZ sample. Going further, it should be noted that the lowest investigated NaCl 

concentration did not alter significantly the Rh values. 
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Figure 5. Hydrodynamic radius and -potential for HNTs samples as a function of the square 

root of ionic strength. 

 

As concerns the surface charge of the nanotubes, it was investigated by monitoring the -

potential in NaCl aqueous solutions (Figure 5). Large salt concentration generates a variation 

of the -potential values towards smaller effective charges. Similarly, to dynamic light 

scattering evidences, low NaCl concentration generated an opposite effect than in high ionic 

strength conditions being that the -potential values are slightly more negative than those of 

the corresponding systems in water are. The -potential data evidenced that HNT_NZ is more 

sensitive to salt addition than the HNT_DG. The larger negative -potential values of 

HNT_NZ compared to HNT_DG is in agreement with the literature reports [53]. 
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Figure 6. Time dependence of sediment volume fraction obtained from time-lapse experiment 

and image analysis for front detection  

 

The sedimentation experiments were carried out in concentrated HNT conditions (4.0 wt%). 

In general, a sedimentation of the clay particles is imaged with a certain settling rate that after 

ca. 1 hour slows down approaching a plateau (Figure 6). In particular, after equilibration two 

phases were observed, an upper transparent aqueous phase and a lower milky phase with a 

high clay content. These measurements after automated image analysis provided two main 

insights including the settling velocity of the clay front and the residual sedimentation volume 

fraction (Figure 7). The sedimentation volume decreased with the increment of ionic strength 
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for both HNTs samples. Differently, the settling velocity for HNT_NZ is not significantly 

influenced by NaCl whilst sedimentation is speedup by the salt addition for HNT_DG. 

 

Figure 7. Settling velocity and sedimentation volume fraction for HNTs samples as a function 

of the square root of ionic strength 

 

Discussion 

The sedimentation of HNTs in NaCl aqueous solution assumes a key role in controlling 

the colloidal stability with the aim to propose protocols for the separation and purification of 

nanotubes. Based on literature reports, kaolinite flat particles in NaCl aqueous solution exhibit 

a deflocculation up to salt concentration of 0.1-0.15 M while large aggregate with a edge-to-

face fabric structure is obtained at large ionic strength due to the screening of the repulsive 

forces [3,58]. Interestingly, despite the coincidence in chemical structure, for HNTs the edge-

to-face aggregation cannot be claimed due to the rolling morphological feature of the 
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nanotubular clay. On the other hand, at [NaCl]>0.01 M the halloysite nanotubes show a 

clustering effect that follows the reducing of the electrostatic repulsions evidenced by -

potential. By comparing the samples from different sources, it comes out the larger -potential 

variations corresponds to a stronger clustering effect. The increase of Rh values can be 

interpreted by considering[59]  

 

Rh = L/(2-0.19-8.24/+12/2) (1) 

 

 being L the cylinder length and σ=ln(L/r) with r the radius of the cylinder. In particular, the 

variation of Rh by a factor 3 (for HNT_DG) and 4 (for HNT_NZ) going from null ionic 

strength to the maximum salt concentration (Figure 5) can be obtained by considering a 

change in the aspect ratio (L/r) by a factor 0.43 and 0.29, respectively. In principle, this 

change reflects a side-by-side arrangement of the nanotubes (3 to 4 layers of HNTs in a close 

compact configuration) as the other possibility related to an end-to-end nanotubes interaction 

would be entropically unfavorable (ca. 5 HNTs in a row are necessary to justify the observed 

Rh changes). The differences in settling profiles between the HNT samples from different 

sources reflects the differences in surface charge and clustering possibilities observed for the 

two nanotubes. In particular, both clustering and reduced -potential in high salt concentration 

explain the increase in the settling velocity for HNT_DG with [NaCl]. The HNT_NZ 

sedimentation velocity is not significantly altered by the ionic strength in agreement with the 

large -potential that keeps the colloidal stability even in the presence of NaCl. The 

sedimentation volume fraction is an interesting parameter that is controlled by the repulsive 

forces exercised between particles in the solvent media [60]. Namely, if the contact distance is 

approached and the particles remain independent even at the closest packing without sticking 

together, a significant sedimentation volume is measurable. Due to the significant surface 

charge the particle-particle repulsive interactions shift to longer range compared to simply 

hard cylinder systems generating an increasing of the closest average distance between the 

nanotubes in the sedimentation volume. The significance of the electrostatic forces is clearly 
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evidenced by the reduction of the sedimentation volume fraction (Figure 7) generated by the 

NaCl addition due to its screening effect. Based on the DLVO theory, the contraction of the 

ionic double layer width surrounding the nanoparticles is expected to change by 2 order of 

magnitude if the ionic strength changes from 10-4 to 1 M [61]. Moreover, high NaCl 

concentration enhances the nanotubes clustering and therefore a decrease of the sedimentation 

volume is expected. By assuming a simple geometrical model and hard cylinder interactions, 

one can estimate the sedimentation volume fraction (Xs) as [13] 

 

Xs = t  (L/r)2 /         (2) 

 

being t the stoichiometric concentration of nanotubes in volume fraction while (L/r) is the 

aspect ratio of the nanotube. This simple approach predicts the differences between the two 

HNTs samples. Namely, HNT_NZ possesses the largest sedimentation volume ratio in 

agreement with the larger aspect ratio compared to HNT_DG. At large NaCl concentration 

the differences in sedimentation volume fraction are cancelled out due to clustering effect. 

 

Conclusions 

We examined the colloidal stability of halloysite nanotubes in water with a special focus on 

the ionic strength effect. Two samples of natural halloysite nanotubes have been considered 

from different deposit to which correspond different morphological features. Translational 

diffusion behavior and -potential evidenced the effect of NaCl addition to dilute HNTs 

dispersions. Although qualitatively both nanoclays respond in a similar manner, there are key 

differences concerning these nanomaterials based on different aspect ratio and effective 

charge that can influence their colloidal stability. The sedimentation behavior was 

investigated by time-lapsed technique and a proper image analysis by using a homemade 

software for the purpose.  
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Settling velocity and sedimentation volume are highly dependent on the HNTs sample as well 

as their dependence on the NaCl concentration. These aspects can be taken into consideration 

for designing a proper separation protocol to be used for the separation, purification and 

standardization of HNTs samples for specific industrial applications. 
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