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Abstract 

 

Hansen Solubility Parameters (HSP) have been shown to be an effective approach for 

rationalizing and predicting the stability of titanium dioxide nanoparticles (TiO2 NPs) 

dispersions. However, interparticle electrostatic interactions, not considered in Hansen’s 

approach but taken into account in the DLVO theory, are expected to play a significant role in 

organic solvents having a notable dielectric constant.  

Zeta potential ζ of TiO2 P25 NPs was measured in both aqueous and organic media to 

identify DLVO-stabilized dispersions from those stabilized by more specific NP-solvent 

interaction. Stability was quantified using a Turbiscan optical device which provides Stokes 

diameters and Relative Turbiscan Stability Index (RTSI). 

When the zeta potential of NPs and the dielectric constant of the solvent are both high, the 

dispersion benefits from additional stabilization while when the electrostatic repulsion is 

negligible, only the solvents within a Hansen dispersion sphere give stable dispersions. The 

two interpretations are therefore complementary to describe the behavior of TiO2 dispersions 

in organic solvents.  
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1. Introduction 

Nanoscience occupies an important place in research and industry. Due to their size less 

than 100 nm [1], nanoparticles (NPs) have peculiar properties relevant for applications in 

coatings, cosmetics, pharmaceutics, energy and agriculture, to name a few [2,3]. Titanium 

dioxide nanoparticles (TiO2 NPs) are among the most widely used NPs, in particular as UV 

filters in sunscreen cosmetics [4] and plastics to avoid solar degradation [5], but also as 

photocatalysts in wastewater treatment [6], in self-cleaning transparent coatings [7], in solar 

cells or as silicon heat-stabilizers [8] and many other applications that require their dispersion 

in fluid or solid matrixes. It is of major importance that NPs be and remain homogeneously 

dispersed in the matrix to achieve optimal properties and stability. For instance, the efficiency 

of UV filters for skin protection is highly dependent on the distribution of this filter in the 

sunscreen film [9]. When TiO2 NPs are used as catalysts for wastewater treatment, 

photocatalytic degradation of pollutants increases with NPs dispersion as it is necessary that 

a large fraction of the catalytic area is accessible [10]. Moreover, well dispersed nano-scaled 

particles allow the production of transparent materials [7]. 

Nanoparticle dispersions can be studied by various experimental methods such as DLS 

(Dynamic Light Scattering) for size measurement [11–13] as well as gravitational [14–17] or 

centrifugal [13,18,19] sedimentations coupled with multiple light scattering methods which 

can provide more detailed information regarding the destabilization mechanisms of 

dispersions. These techniques are based on the measurement of transmitted and 

backscattered light over time along the whole height of a cell containing the dispersion. Both 

methods allow to determine hydrodynamic radius using sedimentation rate. However, 

agglomeration and flocculation of NPs, due to interparticle attraction, are more efficiently 

observed by gravitational sedimentation. Actually, when a sample is centrifuged, 

sedimentation is greatly accelerated whereas attractive interactions remain identical to that 

under gravitational field and, therefore, do not have time to induce agglomeration of the 

particles. 

In this work, we study the evolution over time of aqueous and organic liquid dispersions of 

uncoated TiO2 nanoparticles using an optical device. The experiments are carried out under 

gravitational field in order to observe both the agglomeration and flocculation phenomena 

that occur when formulations are stored under ordinary conditions. In aqueous media, 

interparticle interactions are well described by the DLVO theory, named after the researchers 

Derjaguin, Landau, Verwey and Overbeek. Electrostatic repulsions between charged particle 
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surfaces and van der Waals attractions coming from the solid core of particles contribute to 

the overall particle interactions [20] and become dominant over gravity as particles get 

smaller [21,22]. However, it is recognized in the literature that organic solvents behave in a 

more complex manner than water as NP dispersing media because of their diversity in 

structure and polarity.  

Hansen Solubility Parameters (HSP)  

approach derives from the Hildebrand solubility parameter which is the square root of 

cohesive energy density. Hansen’s assumption is that this cohesive energy density is due to 

three types of interactions between molecules: polar (δp), dispersive (δd) and hydrogen 

bonding (δh) interactions [23]. Originally, Hansen's solubility parameters were developed to 

study and anticipate the solubilization of molecular and macromolecular compounds in 

organic solvents. Hansen himself proposed to apply his method to characterize the surface 

of dispersed particles by arguing that organic liquids which adsorb most strongly to the 

surfaces of particles are those in which dispersions are most stable [23,24]. It is also argued 

that for small nanoparticles, energy of solvation can be < 0 kT [25] and thus, solvation would 

be thermodynamically favoured, placing NPs in the frame of Hansen Parameters [26]. 

However, as the physicochemical phenomena involved in the dispersion of particles are 

definitely different from those involved in the dissolution of organic compounds, Süß et al. 

proposed to use the term "Hansen's Dispersion Parameters" (HDP) instead of HSP when 

Hansen’s approach is used to study the dispersibility and stability of particles [13]. HSP has 

been shown to be a versatile tool for rationalizing and predicting the stability of various types 

of NP dispersions such as carbon black [13], carbon nanofibers [27], fullerene [28], graphene 

[29] and carbon nanotubes [30] but also titanium carbides [31] and inorganic nanoparticles of 

ZnO, Al2O3, ZrO2 [32], hydroxyapatite and TiO2 [18]. In practice, the particles are dispersed in 

a series of carefully chosen solvents according to a standard protocol. Each solvent is 

assigned a score based on the stability of the dispersion, then a Hansen sphere including the 

most effective solvents is built in the 3D Hansen space. However, it can be expected that 

interparticle electrostatic interactions, not considered in Hansen’s approach, also play a 

significant role, especially in organic solvents with notable dielectric constant. Many other 

solvent scales such a donor numbers (DN), solvatochromic Kamlet-Taft descriptors and 

Reichardt’s ET(30) could be used to quantify solvent-particle interactions. This work is based 

on Hansen Parameters as the three complementary parameters allow a practical 3D 

representation and a clear visualization of effective and non-effective solvents. 

Herein we discuss the respective contributions of DLVO and non-DLVO interactions in the 

stability of TiO2 P25 nanoparticle dispersions, with a special emphasis on the relevance of 

the HSP concept to rationalize non-DLVO interactions in organic solvents. Zeta potential 
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measurements in organic and aqueous media are carried out to identify the solvents in which 

stability can be explained by the DLVO theory from those for which the stability results from 

more specific NP-solvent interaction. These latter solvents are used to determine the Hansen 

sphere of TiO2 P25 with a Turbiscan as a stability analyser. 

2. Experimental 

2.1. Chemicals 

The nanoparticles AEROXIDE ® TiO2 P25 (titanium dioxide, purity ≥ 99.5 %) were obtained 

from Acros Organics (Thermo Fisher Scientific Inc., Geel, Belgium). These uncoated TiO2 

nanoparticles (NPs) had a specific surface area of 35 – 65 m²/g [8] and an average primary 

particle diameter of 21 nm [33]. The crystal structure was mainly anatase (85 %) and rutile 

(15 %) [34]. 

Organic solvents used as dispersion media were supplied by the companies Sigma-Aldrich 

Chemie GmbH (St. Louis, USA), VWR International GmbH (Radnor, Pennsylvania), Acros 

Organics (Thermo Fisher Scientific Inc., Geel, Belgium), Alfa Aesar (Thermo Fisher Scientific 

Inc., Heysham, UK), Honeywell (Honeywell International Inc., Morristown, USA), Verbièse 

(Laboratoire Verbièse, Merville, France) and TCI (Tokyo Chemical Industry Co. Ltd., Tokyo, 

Japan).They were all of the highest purity available and used as such. Trifluoroacetic acid 

(99 %) was supplied by Alfa Aesar and tetrabutylammonium hydroxide (1 M in methanol) 

was supplied by Sigma-Aldrich. Ultrapure water was obtained using a Thermo Scientific 

Barnstead MicroPure Ultrapure water system with a resistivity of 18.2 MΩ.cm. 

 

2.2. Protocol for dispersing TiO2 P25 nanoparticles 

Aqueous dispersions. pH-controlled solutions were prepared by mixing NaCl 10-3 M and 

either NaOH or HCl 10-3 M solutions in order to maintain ionic strength at a constant value of 

10-3 M. 20 mg of TiO2 was placed in a borosilicated glass cell (from Formulaction Company, 

27.5 mm diameter), then 20 mL NaCl 10-3 M and HCl or NaOH 10-3 M were added. The cell 

was placed in a 23.0 °C thermoregulated bath and sonicated for 12 min using an ultrasonic 

probe Sonotrode S26d2 (2 mm diameter) immersed by 5 mm in the liquid and operated by 

the ultrasonic processor UP200St (both from Hielscher). The sonotrode pulse was fixed at 

50 % and the amplitude at 20 %. Thermoregulation was carried out by means of a Huber 

Ministat 125 circulating water bath. pH was measured by immersing the electrode directly in 

the cell and a sample was taken to measure particle size and zeta-potential ζ using a 

Zetasizer Nano ZS from Malvern Panalytical. The cell was wiped to remove water drops from 

the outside wall and was scanned by a thermoregulated Turbiscan LAB from Formulaction.  

Dispersions in organic solvents. In organic solvents, 20 mL of solvent (“pure” in the first 
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series of experiments and containing 10-3 M trifluoroacetic acid or tetrabutylammonium 

hydroxide afterwards) were sampled with a graduated pipette and added to a borosilicated 

glass cell containing 20 mg of TiO2. The particles were then dispersed and analysed 

according to the protocol described above. 

 

2.3. Turbiscan measurement 

Dispersions were scanned every 30 seconds for 2 to 72 hours at 25.0 °C. Measured signals 

are transmitted light (T) and backscattered light (BS) represented as a function of the sample 

height. Variations in T and BS can be seen by deducting the first scan to all the following 

scans yielding ΔT and ΔBS. Typical resulting spectra are shown in Figure 1. 

 

Figure 1 – Change of transmitted light (ΔT) and backscattered light (ΔBS) from Turbiscan data 

for a partially sedimented dispersion. T increases at the top and BS increases at the bottom as 

particles sediment over time. 

 

Experimental data were processed using the TurbiSoft Lab software (2.3.1.125 FAnalyser) 

and TSI (Turbiscan Stability Index) was computed according to the following equation [35]. 

������ � 1	
 � � |
�, ���� , ��� � 
�, ������, ���|
����

�������

����

����
 (1) 

with ���� the measurement time at which the TSI is calculated, ���� and ���� the lower and 
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upper selected height limits respectively, 	
 � ����� � �����/∆" the number of height 

positions in the selected zone of the scan and BS,T the considered signal (backscattering BS 

if T < 0.2% or transmission T otherwise). Consequently, TSI = 0 for t = 0 and increases as 

the sample gets destabilized. High TSI values are characteristic of unstable dispersions. In 

organic media, a Relative Turbiscan Stability Index (RTSI) was defined according to 

equation (2) to compare solvents with each other, so as to consider their viscosity # [cP] and 

their density $� [g.cm-3] which modify the sedimentation rate according to Stokes' law. 

%��� � ��� & #�$'�(��)*+ � $,-*.+��� (2) 

Moreover, the variations of T (or BS when the sample is opaque) allow the calculation of 

mean particle size via Stokes sedimentation. Using the width evolution at a threshold of the 

ΔT clarification peak at the top of the cell (see Figure 2), the migration rate of particles 

corrected by the viscosity and density of the solvent is linked to particle size by equation (3) 

[36]. A threshold of ΔT = ΔTmax/10 was chosen to measure dStokes in all samples. When 

variation of the peak width was not linear, due to sedimentation of different size populations 

in the sample, the initial slope was used. A comparison with DLS size measurement was 

made for TiO2 P25 dispersions in non-aqueous solvents and is available in SI. In the case of 

non-monomodal population, significant differences between dDLS and dStokes occur. In this 

work, we chose to consider dStokes to evaluate particle size. 

/ � 01 	& 	3	 &	�$' � $4�18	# & 1 � 6
1 7 4.6	6�1 � 6�;

 (3) 

with v the sedimentation rate, ϕ the solid volume fraction, d the diameter, g the gravitational 

constant, ρp and ρf the density of particles and fluid respectively and η the viscosity.  

 

Figure 2 - ΔT clarification peak and threshold at ΔT = ΔTmax/10 (left). Peak width evolution at 

the 1/10 threshold (right) : the slope corresponds to the sedimentation rate v. 
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2.4. Zeta potential measurement 

Immediately after dispersing the NPs, 1 mL of dispersion was introduced in a folded capillary 

zeta cell (aqueous dispersions) or a dip cell (dispersions in organic solvents) and the zeta 

potential of TiO2 suspensions was measured using a Zetasizer Nano ZS from Malvern 

Panalytical. In organic solvents, measuring < is more challenging than in water. Indeed, the 

usual folded capillary cell made out of polycarbonate cannot be used for two reasons. Firstly, 

capillary zeta cells are made of polycarbonate that can be dissolved by some organic 

solvents. Being made of polyether-ether-ketone (PEEK) polymer and a glass cuvette with 

excellent chemical compatibility, the dip cell is more addressed for this type of 

measurements. Secondly, low conductivity media require a higher applied field to observe 

electrophoretic mobility. The dip cell electrodes are positioned closely together on the PEEK 

probe, producing greater electric fields with lower voltage and thus avoiding local heating and 

electrolysis effects [37,38].  

Zeta potential is the potential at the surface between a rigidly adsorbed layer and the freely 

flowing solvent molecules [39]. The functional groups at the particle surface interact with the 

dispersing medium. Dipole-dipole interactions induce the creation of electric charges that 

affect the electrostatic forces of particles with one-another. The measurement is based on 

laser Doppler electrophoresis. The zetasizer measures the frequency difference between the 

incident and the backscattered beams on the chamber detectors. This Doppler effect is 

induced by the particle movement under the difference of electric potential. Zeta potential ζ is 

then calculated using Hückel’s equation [40]:  

	=>ü)@+* � 2	BC	B(	<	3	#  (4) 

with = the particle mobility, εr the relative permittivity of the solvent, ε0 the electrical permittivity of 

vacuum and η the viscosity. 

Three concordant zeta measurements were achieved for each sample, and values reported in 

this work are the average zeta values. Uncertainty of measurement is estimated to be the 

standard deviation. In organic solvents, zeta deviation is generally larger than in aqueous media. 

Zeta potentials measured in solvents without the addition of electrolytes should be considered 

specific to this study as it may differ according to experimental conditions, namely the solvent 

purity, supplier or batch. Zeta potential of TiO2 in nonaqueous solvents is very sensitive to the 

presence and nature of impurities [41,42]. 
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2.5. Hansen sphere calculation 

Two HSP spheres of TiO2 P25 were determined based on either one of two distinct stability 

criteria, namely dStokes and RTSI. Solvents were rated according to one of these parameters: 

score 1 for “good” dispersing media (stable dispersion) and score 2 for “bad” dispersing 

media (unstable dispersion). A threshold was defined for dStokes and RTSI as follows. 

Score 1: dStokes < 0.31 µm or %���1
�-' < 1.0  

Score 2: dStokes > 0.31 µm or %���1
�-' > 1.0  

Using HSPiP software and the scores attributed to each solvent, the spheres are computed 

so as to include scores 1 and exclude scores 2. The fit indictor reflects the quality of the 

sphere computation: it decreases if scores 1 are excluded and scores 2 are included in the 

sphere. The center of the sphere, represented by the three coordinates δd, δp and δh, 

corresponds to the Hansen Solubility Parameters of TiO2. 

 

3. Results and discussion 

The stability of TiO2 nanoparticle dispersions was studied in various aqueous and organic 

liquid media and at different pH by gravitational sedimentation analysis using the optical 

analyser Turbiscan. Two complementary approaches were used to analyse and interpret the 

results. The first, based on DLVO theory, is well suited to dispersions in water and in highly 

polar organic solvents in which electrostatic repulsions play a major role, while the second, 

based on Hansen's solubility parameters, makes account for non-DLVO interactions in 

organic solvents when repulsive electrostatic interactions are weak.  

 

3.1. Aqueous TiO2 dispersions 

Zeta potential ζ is the key parameter to rationalize the stability of aqueous TiO2 

dispersions [11,43–45]. Figure 3 (filled dots �) shows the evolution of ζ as a function of pH 

in aqueous solution at constant ionic strength. 
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Figure 3 - Evolution of 1 g/L TiO2 P25 nanoparticle zeta potential with pH in water (�) and 

methanol (�) at 25.0 °C referred to the aqueous pH scale. pH is adjusted with HCl and 

NaOH. Ionic strength is kept constant at 10-3 M with NaCl. Instability area is marked in grey, 

corresponding to pH 4.6 to 7.2 in water. Pictures of dispersions in water at pH 3.1, 5.5 and 

10.6 (left to right) are taken after 24 hours. 

 

When dispersed in solution, NPs collide with each other due to the Brownian movement. 

They can either agglomerate or rebound depending on the relative strength of the van der 

Waals attraction and the electrostatic repulsion. The DLVO theory which quantitatively 

accounts for these two types of interactions, was initially developed to rationalize the stability 

of dispersions in aqueous media [46,47].  

Surface charge effects of TiO2 dispersions in water have been extensively studied [11,43–

45,48,49]. The pH of the aqueous solution plays an important role as it influences ion 

exchanges between NPs and water, modifying the surface charge and accordingly, the zeta 

potential. Indeed, the presence of acidic TiIV sites on the surface causes water dissociation 

by adsorption, creating -OH functional groups [48]. NP surface is then modified via reaction 

with H+ or HO- ions according to equilibria as depicted in Figure 4 [48,50]. 

 

Figure 4 – Simplified illustration of electric charges formation on TiO2 surface by acido-basic 

reactions in water. 

 

Bidentate bridge OH between two Ti atoms (Ti-OH+-Ti) and monodentate terminal H2O 

adsorbed on 5-fold Ti sites have pKa values of 2.9 and 12.7 respectively [51]. The reported 
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values for the isoelectric point of TiO2 P25 are comprised between 5.8 and 6.6 [48,51–53]. 

As shown in Figure 3 (�), an isoelectric point of 5.9 was found in accordance with the 

literature data. Electrolyte concentration is also known to strongly impact the zeta potential 

as more counter-ions can screen surface charges when its concentration increases. Those 

differences between measured zeta potential and surface potential are minimized at low 

electrolyte concentration and with monovalent ions [46,47,54]. In this work, pH was adjusted 

by NaOH or HCl addition and the ionic strength was then adjusted to a constant value of 10-

3 M by NaCl addition. pH ranging from 4.6 to 7.2 causes ζ to be comprised within the -30 mV 

to 30 mV interval (Figure 3 �) leading to quickly destabilized dispersions. Such 

destabilizations can be finely analysed using a Turbiscan through the detection of the 

transmission T and backscattered BS light signals. Indeed, using T and BS signals, the 

average TSI value (eq. 1) can be calculated on any portion of the cell and at any time of the 

analysis (see experimental section). It is worth noting that phenomena differ depending on 

the height: at the top, T increases faster than below as clarification occurs. Figure 5 shows 

the evolution of the transmitted T and backscattered BS lights of two aqueous TiO2 

nanoparticle dispersions at pH 6.7 and pH 7.8. 

 

Figure 5 - Variations over 2 hours of transmitted T and backscattered BS light of aqueous 

TiO2 P25 1 g/L dispersions (T = 25.0 °C) at pH 6.7 and ζ = - 8 mV (a) and at pH 7.8 and ζ = -

 23 mV (b). 

 

When DLVO repulsion is strong enough to avoid particle agglomeration, the typical profile is 
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the one in Figure 5b. T signal shows no variation except at the top, where slow 

sedimentation occurs. With time, the sedimentation front (also visible in BS light) would 

eventually reach the bottom of the cell. BS light increases as particles accumulate at the 

bottom. Those samples are easily re-dispersed with a simple re-agitation. On the contrary, 

when DLVO repulsion is weak (i.e., zeta potential is less than 30 mV), as in Figure 5a, 

destabilization is fast. BS decreases and T increases at the top and in the middle of the cell 

due to particle agglomeration. Indeed, the particle concentration decreases as they 

agglomerate. T even turns into an irregular signal when agglomerates tend to be individually 

distinguishable. Sedimented particles accumulate faster if DLVO repulsion is low: the 

increasing size of agglomerates, in turn, accelerates their sedimentation rate. All those 

variations over time can be accounted for by the TSI value. TSI represented in Figure 6a has 

been calculated at the top of the cell in order to detect the very early changes even for the 

most stable samples. After 2 hours, ���1
�-' values match the expected dispersions behaviour 

in accordance with the DLVO theory. When |ζ| F 20	HI, ���1
�-' is significantly higher than 

outside these boundaries. Destabilization is faster within this interval whereas solutions with 

high |ζ| remain stable. In Figure 6b, the Stokes diameters have been reported as a function 

of ζ. They reach a maximum around the isoelectric point and are noticeably smaller as |<| 
increases. All these findings clearly show that Turbiscan ���1
�-'and Stokes diameters appear 

as reliable values to quantify dispersion stability. In particular, the maximum dStokes being 

attained for zeta potentials close to 0 mV is in accordance with the increase of coagulation 

rate when electrostatic repulsion is low. In that case, there exists little or no energetic barrier 

to prevent particles from colliding and coagulation occurs rapidly  [55]. 

 

Figure 6 – Evolution at 25.0 °C of (a) TSI at the top of the cell after 2 hours and (b) Stokes 

diameters determined using the Turbiscan with zeta potential ζ of 1 g/L TiO2 P25 aqueous 

dispersions. Ionic strength is kept constant at 10-3 M by NaCl addition, pH is adjusted using 

NaOH and HCl solutions. 
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3.2. TiO2 dispersions in methanol and other nonaqueous solvents 

DLVO theory was initially developed to quantitatively account for interactions between 

particles in aqueous media but it can also be applied to organic dispersing media [15,56,57]. 

The main differences between aqueous and organic dispersing media concern dielectric 

constants and electrolyte concentrations. Both those factors impact the electrostatic 

repulsion potential. 

The stability of TiO2 dispersion was investigated in a common polar and protic solvent, 

namely methanol. Figure 3 (empty dots �) shows the variation of the zeta potential at 

different pH values measured using a glass electrode standardized in aqueous buffer. The 

pH range accessible, based on the water scale, is -1.8 to 17.2 and depends on the 

dissociation constants of methanol [58]. The lower limit is given by the transfer activity 

coefficient of H+ ions in methanol JK>LM→O+M>� �PQ� � �1.8 and the upper limit is given by the 

autoprotolysis constant of methanol JRO+M> � 17.2 [58–60]. 

First of all, in contrast to aqueous media, it appears that whatever the pH value, ζ remains 

positive. A quite similar observation was made by Kosmulski et al. for TiO2 in water/methanol 

mixtures: zeta potential became closer to 0 mV with increasing amounts of methanol [61]. On 

the other hand, it slightly increases with the addition of HCl, whereas NaOH addition brings ζ 

closer to 0 mV but not in the negative values. Dissociative adsorption of methanol on a 

hydrated TiO2 surface is described by the following equations [62].  

MeOH	 → MeOXYZ[\]^Y� 7 HQ  (5) 

HQ 7 OZ_\`Xa^1� → OHXYZ[\]^Y�   (6) 

MeOH	 7 OZ_\`Xa^1� → MeOXYZ[\]^Y� 7 OHXYZ[\]^Y�   (7) 

 

As a result, surface hydroxyl groups (shown in Figure 4) are partially replaced by methoxyl 

groups, which are not able to donate protons. The creation of negative surface charges in the 

presence of NaOH is thus reduced. Moreover, in the presence of electrolytes, there exists a 

charge screening from Na+ and Cl- ions. It is assumed that Cl- ions interact with the surface 

through TiOH2
+Cl- interactions, whereas Na+ ions interact in a non-specific way with 

negatively charged groups on TiO2 surface [62]. When NaOH is added to methanol 

dispersions, TiOH2
+ disappears from the surface and Cl- ion adsorption decreases while Na+ 

ion adsorption ability remains identical. This may explain why the zeta potential remains 

positive whereas surface potential may be negative. Figure 7 displays the evolution of 

���1
�-'and Stokes diameters determined with the Turbiscan as a function of the zeta potential 

ζ in methanol. 
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Figure 7 - Evolution of (a) TSI at the top of the cell after 2 hours and (b) Stokes diameters 

dStokes as a function of the zeta potential of 1 g/L TiO2 P25 particles in methanol. Ionic 

strength is kept constant at 10-3 M with NaCl and pH is adjusted with NaOH or HCl. 

 

As in water, ���1
�-'and particle diameters vary depending on the zeta potential suggesting 

heavily that the stability of TiO2 dispersions in methanol is mainly influenced by electrostatic 

repulsions as in water. Actually, it is well established that DLVO theory is also applicable in 

polar organic solvents and may explain the stability of dispersions provided that the dielectric 

constant is high enough. However, for solvents of lower permittivity ε, electrostatic repulsions 

significantly decrease even when zeta potential is relatively high. Indeed, the repulsion 

potential VR between two spheres is given by the following expression [63]. 

Ib � 2	c	B	d	<1 log�1 7 hiJ��%j�� (8) 

where B is the solvent permittivity, d is the particle radius, ζ is the zeta potential, % is the 

distance between two spheres and j�� the the Debye-Hückel distance defined by [64]. 

j�� � k Blm�2	nh1� (9) 

where lm is the Boltzmann constant, 	n is the Avogadro constant, h is the electron charge 

and � is the ionic strength. The attractive component VA, described by Hamaker [65], is given 

by equation (10). 

In � �o�1	d12	%  (10) 

Hamaker’s constant A12 of component 2 in medium 1 is calculated with Eq. (11) from each 

component constants A1 and A2 expressed by Eq. (12) [21]. 

o�1 � pqo� �qo1r1 (11) 
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o� � 34lm� �B(,� � 1�1�B(,� 7 1�1 7 3"s+�t�1 � 1�1
16√2�t�1 7 1�; 1v  (12) 

 

B( is the relative permittivity, " is Planck’s constant, s+ is the main electronic absorption 

frequency for the dielectric permittivity (calculated based on ionization energies, details are 

given is SI) and t is the refractive index. 

When the total interaction energy �Ib � In� is below zero no energy barrier is opposed to the 

coagulation and the dispersion is extremely unstable. On the contrary, when �Ib � In� is 

above 25 lm	�, the electrostatic repulsion is so predominant over the Van der Waals 

attraction that the dispersion is kinetically stable although the thermodynamically stable state 

corresponds to particles in contact for lyophobic colloids [66]. Between these extreme cases, 

the energy barrier more or less stabilizes the dispersions without completely preventing 

aggregation. 

According to formulas (8) and (9), the electrostatic repulsion between two particles depends 

mainly on the dielectric constant of the medium and the zeta potential of the particles. These 

two parameters were therefore considered for assessing the DLVO contribution to the 

stability of the dispersions. Zeta potential < was measured in samples containing 1 g/L TiO2 

P25 nanoparticles dispersed in a series of 17 “pure” solvents, i.e., of the highest purity 

commercially available and free of any additional compound. The analysis of the transmitted 

and backscattered signals recorded by the Turbiscan for two hours provides the average 

diameter of the aggregates (dStokes) as well as the so-called Relative Turbiscan Stability Index 

�%���1
�-'�. This corrected index is calculated from the TSI by taking into account the viscosity 

and density of the solvents (Eq. 2). The solvents are listed in Table 1 according to the 

increasing size of the aggregates.  
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Table 1 - Stability results and physicochemical characteristics of TiO2 dispersions (1 g/L) in 

various “pure” solvents at 25 °C: viscosity (η), density (ρ), dielectric constant (εr), zeta 

potential (ζ), Relative Turbiscan Stability Index (RTSI), Stokes diameters (dStokes) and total 

interaction energy (VR-VA)max calculated according to equations (8-12). Calculation details are 

given in SI. 

Solvent Structure 
η 

(cP) 

ρ 

(g/cm3) 
εr 

ζ 

(mV) 
RTSI1{|[} 

dStokes 

(µm) 

�Ib � In����lm�  

Nitromethane 
 

0.67 1.13 39.0 
-

31±9 
0.3 

 

2.1 

Ethanol  1.22 0.82 24.5 31±1 0.4 1.1 

Pyridine 
 

0.88 0.98 12.4 44±10 0.2 0.9 

Isopropanol 
 

2.1 0.79 17.9 -70±9 0.8 5.8 

Acetonitrile  0.37 0.79 37.5 -34±10 0.9 2.5 

DMF  0.92 0.94 36.7 43±14 0.8 4.6 

NMP 
 

1.67 1.03 33.0 -7±5 0.3 

 

< 0 

THF 
 

0.95 0.98 7.6 19±2 1.4 < 0 

Acetone 
 

0.32 0.79 20.7 -26±2 7.2 0.2 

γ-Butyrolactone 
 

1.75 1.13 41.0 -4±2 13.1 

 

< 0 

Water  0.89 1.00 80.1 -5±4 14.5 < 0 

Ethyl Acetate 
 

0.46 0.9 6.0 44±12 2.2 < 0 

Propylene Carbonate 
 

2.8 1.2 64.9 -46±6 28.4 11.0 

Methanol  0.54 0.79 32.7 11±13 10.8 < 0 

Heptane  0.42 0.68 1.9 -10±3 5.6 < 0 

Toluene 
 

0.55 0.89 2.4 -30±8 9.7 < 0 

Triethylamine 
 

0.36 0.73 2.4 6±6 4.8 < 0 

 

Most of the observed stabilities can be rationalized by the DLVO theory. It thus appears that 

the six solvents leading to the finest particles (dStokes < 0.3 µm), namely nitromethane, 

ethanol, pyridine, isopropanol, acetonitrile and dimethylformamide, correspond to particles 

with a high zeta potential (I<I > 30 mV) dispersed in quite polar solvents (εr > 10). On the 
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contrary, the seven solvents in which the aggregates are the largest (0.9 < dStokes < 10 µm) 

have either a very low dielectric constant (εr < 10), namely ethyl acetate, heptane, toluene 

and triethylamine, or a low zeta potential (I<I < 6 mV) insufficient for the electrostatic 

repulsion to dominate the Van der Waals attraction, namely, γ-butyrolactone, water and 

methanol. Three solvents (N-methyl pyrrolidone, tetrahydrofuran and acetone) have an 

intermediate behavior because either their dielectric constant or the zeta potential of the 

particles is slightly lower than the threshold values defined above.  

 

Likewise, the evolution %���1
�-' (Table 1) follows the same trend as the best solvents exhibit 

low values (%���1
�-' < 1) whereas the less efficient solvents have very high values 

(%���1
�-' > 10). However, two solvents fail to fall into this general framework of explanation: 

N-methyl pyrrolidine (NMP) in which the dispersion is stable although the electrostatic 

repulsion is negligible (IζI = 2.3 mV), and propylene carbonate which meets both stability 

criteria (εr = 64.9 and IζI = 51.8 mV) but in which the dispersion is extremely unstable. The 

presence of these outliers indicates that other phenomena not considered in the DLVO 

theory are involved in the stability of TiO2 dispersions. To analyze the influence of non-DLVO 

forces, the alternative approach of Hansen's solubility parameters (HSP) is investigated 

below. 

 

3.3. Stability of TiO2 dispersions in organic solvents interpreted by Hansen’s approach 

The Hansen Solubility Parameters (HSP) method is a pragmatic and versatile tool originally 

developed to facilitate the finding of solvents able to dissolve paint resins. The principle of 

the method is based on the idea that "like dissolves like", which means that a solvent should 

effectively dissolve a solute provided it resembles it. This concept was quickly extended to 

solid/liquid dispersions to help formulators in designing the most suitable media for 

dispersing pigments. This variant is based on the "like disperses like" principle assuming that 

particles disperse better in solvents having high affinity for the surface. 

In the HSP approach, only three types of interaction between the particle and the 

surrounding medium are considered, namely hydrogen bonding, dipolar interactions and 

dispersive interactions due to London forces. The attractive interactions of Van der Waals 

are considered in both theories HSP and DLVO. On the other hand, electrostatic repulsions 

are only considered in DLVO theory while hydrogen and dipole bonds are only considered in 

Hansen’s approach. The decisive impact of electrostatic stabilization is clearly established in 

the case of charged TiO2 particles dispersed in polar solvents, but it is unable to explain the 

stability observed for some TiO2 dispersions when IζI is low.  
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The estimation of the respective contributions of these complementary interactions would 

provide valuable information to rationalize the experimental results usually interpreted on the 

basis of only one of these theories. The difficulty to quantify the stability of a dispersion has 

been brought up in the literature and Süß et al. [13] proposed to use analytical centrifugation 

and quantify the sedimentation rate. This technique allows analyzing a large number of 

samples in a timely manner compared to gravitational sedimentation, but interparticle 

attraction and coagulation cannot be detected by this technique. In this work, we have 

chosen to use the Turbiscan device based on gravitational sedimentation which detects the 

two phenomena involved in the destabilization of dispersions under ordinary storage 

conditions. Namely, on the one hand, the coagulation of particles resulting from Brownian 

motion and Van der Waals attraction and, on the other hand, the sedimentation of particles 

and aggregates under the effect of gravity. 

To focus on the influence of non-DLVO forces, the contribution of electrostatic repulsion to 

stabilization was minimized by decreasing the zeta potential of particles and removing the 

energy barrier. Thus, whenever �Ib � In����/lm� in “pure” solvents was positive (Table 1), 

10-3 M acid or base was added and the zeta potential was measured again to verify that it is 

weak enough. Trifluoroacetic acid (TFA) and tetrabutylammonium hydroxide (TBAH) were 

chosen to allow counter-ion solubility in organic solvents and avoid ionic adsorption at the 

particle surface. TFA was expected to increase ζ whereas TBAH was expected to decrease 

ζ. Of course, when solvents included in Table 1 already have a negative �Ib � In����/lm�, 

the stability of dispersions was interpreted according to HSP without adding TFA or TBAH. 

Table 2 summarizes the experimental stabilities of the non-electrostatically stabilized 

dispersions which are interpreted on the basis of HSP. The solvents are listed in  

Table 2 according to the increasing size of the aggregates. Each solvent is then assigned a 

score of 1 (stable) or 2 (unstable) based on the RTSI and the diameter of the aggregates: 

Score 1: dStokes < 0.31 µm or %���1
�-' < 1.0  

Score 2: dStokes > 0.31 µm or %���1
�-' > 1.0  
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Table 2 - TiO2 dispersions (1 g/L) in various solvents at 25 °C for which zeta potential (ζ) and 

total interaction energy (VR - VA)max are minimized by addition, when necessary, of 10-3 M 

TFA (a) or TBAH (b): Relative Turbiscan Stability Index (%���1
�-'), Stokes diameters (dStokes), 

zeta potential (ζ), Hansen solvent parameters and Relative Energy Difference (RED) for the 

Hansen’s sphere based on dStokes. Calculation details are given in SI. 

Solvent Structure RTSI1{|[} 
dStokes 

(µm) 
�Ib � In����lm� ζ 

(mV) 
δd δp δh RED 

Nitromethane a 
 

0.30 

 

< 0 -19±6 15.8 18.8 6.1 0.99 

Acetonitrile a  0.20 < 0 -11±7 15.3 18 6.1 0.95 

Isopropanol a  0.50 < 0 15±6 15.8 6.1 16.4 1.11 

DMF a  0.90 < 0 12±1 17.4 13.7 11.3 0.64 

Ethanol b  1.00 < 0 -14±11 15.8 8.8 19.4 0.99 

NMP 
 

0.30 

 

< 0 -7±5 18.0 12.3 7.2 1.00 

THF 
 

1.40 < 0 19±2 16.8 5.7 8.0 1.36 

Acetone a 
 

8.10 < 0 -7±4 15.5 10.4 7.0 0.99 

γ-Butyrolactone 
 

13.10 < 0 -4±2 18.0 16.6 7.4 1.01 

Propylene Carbonate a 

 
4.50 < 0 -18±2 20.0 18 4.1 1.61 

Water  14.50 < 0 -5±4 15.5 16 42.3 3.21 

Ethyl Acetate 
 

2.20 < 0 44±12 15.8 5.3 7.2 1.41 

Methanol  10.80 < 0 11±13 14.7 12.3 22.3 1.01 

Pyridine b 
 

14.60 < 0 -24±11 19.0 8.8 5.9 1.49 

Heptane  5.60 < 0 -10±3 15.3 0.0 0.0 2.38 

Toluene 
 

9.70 < 0 -30±8 18.0 1.4 2.0 2.21 

Triethylamine  4.80 < 0 6±6 15.5 0.4 1.0 2.27 

a the solvent contains 10-3 M trifluoroacetic acid  

b the solvent contains 10-3 M tetrabutylammonium hydroxide 

 

Two HSP spheres were determined using HSPiP software considering each of the stability 

criteria, i.e., dStokes or %���1
�-' calculated based on different methods described hereafter. The 

first one based on the size of the aggregates, dStokes, is shown in Figure 8. The “fit” indicator, 
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which can vary between 0 and 1, expresses the effectiveness of the sphere for modelling 

experimental results. The more misplaced solvents, the more the fit decreases. Here the fit is 

very good (0.90), since only one effective solvent (isopropanol) is excluded from the sphere 

and one poor solvent (acetone) is included. 

Figure 8 - HSP sphere and 2D projections of TiO2 P25 1 g/L in 17 organic solvents based on 

Stokes diameters dStokes at 25 °C. 

 

The second sphere calculated from %���1
�-' values is somewhat less satisfactory (fit = 0.88) 

since two effective solvents are outside the sphere and two poor solvents are inside (see 

Figure S 2 in SI). In both cases the radius of the sphere is 8.8 but the first sphere including 

all dispersions with dStokes < 0.31 µm appears to be the most reliable. In a study on the 

influence of different dispersion conditions on the size of aggregates, Jiang et al. showed that 

the ultrasonic probe Sonotrode provided aggregates of 155 nm [11] but was unable to further 

break the TiO2 P25 aggregates down to the elementary particle (25 nm). In this work, we 

consider that particles size up to twice this minimal size provide the most stable dispersions. 

Beyond this size, a competition takes place between NP-solvent and NP-NP interactions that 

prevent the formation of smaller particles.  

It is worth noting that with the first sphere (Figure 8), the two misplaced solvents are both 

located near the boundary separating effective and poor solvents. Thus, the poor solvent 

acetone is erroneously slightly inside the sphere with a RED of 0.99 while isopropanol 

Fit 0.90    R = 8.8 

δd = 15.1 ± 0.5  δp = 15.5 ± 0.8  δh = 14.1 ± 0.5 
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(effective solvent) is slightly outside with a RED of 1.11. RED is the “Relative Energy 

Difference” defined by the relationship RED = Ra / R where Ra is the distance between the 

solvent and the sphere centre and R is the sphere radius. So, when RED < 1, the solvent is 

inside the sphere and when RED > 1, the solvent is outside the sphere. 

Other authors have characterized TiO2 particles [23] and nanoparticles [18] using HSP. 

However, none of them considered electrostatic repulsion as a possible stabilization 

phenomenon. Comparative results are displayed in Table 3. Characteristic parameters of the 

sphere calculated by Hansen regarding TiO2 pigments are very different from those 

determined in this study. However, Hansen investigated the paint pigment TiO2 Kronos RN 

57 at a concentration 20 times greater than that of the present work [23] and no information 

is available regarding coating and particle diameter. Actually, it is likely that this white 

pigment has a diameter close to 0.3 µm to maximize its opacifying power and that it has 

undergone a surface modification to avoid that the photocatalytic properties of TiO2 degrade 

the organic matrix of the coating. Hence, the spheres are hardly comparable.  

Table 3 - Experimentally determined Hansen parameters (δd, δp, δh), of the center and the 

radius (R) of the Hansen solubility sphere and calculated Hildebrand parameter (δH) 

compared to literature values. 

Differences with Wieneke’s results could come from the nature of the solvents used in both 

cases. Moreover, Wieneke et al. [18] studied smaller TiO2 NPs with an average particle size 

of 5.3 nm composed at 95 % of anatase and 5 % of rutile with a specific surface area of 

265 m²/g which is much greater than that of TiO2 P25. However, the sphere obtained by 

Wieneke et al. is mostly included inside the one calculated in this work and the sphere radius 

is more than twice smaller. Also, as TiO2 NPs get smaller, interparticle forces get stronger, 

making dispersion harder to achieve at the expense of solvent-particle interactions [22]. 

Another impacting factor is the sample concentration which was of 0.015% for Wieneke’s 

study as the visual changes in stability are easier to detect with the naked eye in dilute 

samples. In their case, coagulation was evaluated through the colour change from bluish to 

white [18]. Using the Turbiscan, quantitative descriptors allow detecting destabilization before 

the naked eye could detect anything. 

The Turbiscan-based method developed in this work is more reliable than those reported in 

Method δd [MPa1/2] δp [MPa1/2] δh [MPa1/2] δH [MPa1/2] R [MPa1/2] 

dStokes 15.1 ± 0.5 15.5 ± 0.8 14.1 ± 0.5 25.8 ± 0.9 8.8 

~�������� 15.3 ± 0.5 14.4 ± 0.6 13.8 ± 0.5 25.1 ± 0.8 8.8 

Hansen [23] 24.1 14.9 19.4 34.3 17.2 

Wieneke [18] 17.5 12.7 8.9 23.4 4.1 
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the literature to determine HSP of TiO2 nanoparticles. Indeed, the phenomena occurring 

during the destabilization, namely the coagulation of particles and the sedimentation of 

aggregates, can be observed separately. Moreover, this work clearly shows that, when 

particles are charged and dispersed in polar solvents, the electrostatic repulsion must 

absolutely be taken into account to rationalize the observed stabilities using DLVO theory. As 

electrostatic repulsions are not considered in Hansen's theory, only dispersions of weakly 

charged particles in media of low polarity can correctly be interpreted on the basis of HSP. 

Therefore, it makes no sense to interpret the stability of DLVO stabilized samples using HSP 

theory. On the other hand, the analysis of the stability of the dispersions jointly by Hansen's 

and DLVO theories provides complementary information allowing a more accurate 

interpretation of the results and highlight the solvents exhibiting a significant affinity for the 

particles’ surface. 

 

4. Conclusion 

Hansen Solubility Parameters (HSP) have been used for rationalizing and predicting the 

stability of titanium dioxide particles dispersions [13,18,23]. However, interparticle 

electrostatic interactions, not considered in Hansen’s approach but considered in the DLVO 

theory, play a significant role in organic solvents having a notable dielectric constant 

[15,56,57]. HSP interpretation for NPs dispersions can be achieved provided that 

electrostatic repulsion is accounted for, in particular regarding inorganic NPs that can easily 

acquire surface charges. 

In water, it was shown that the Turbiscan detected high TSI (Turbiscan Stability Index) and 

Stokes diameters when zeta potential was elevated, in accordance with the DLVO theory. In 

organic solvents, it was intended to interpret the stability using HSP. This model was shown 

insufficient to describe with fidelity the dispersions stability since no sphere could fit the 

experimental observations. The relevance of DLVO interpretation came in to play as total 

repulsive energy (VR - VA)max was non-negligible in numerous solvents. When the zeta 

potential of NPs and the dielectric constant of the solvent are both high, the dispersion 

benefits from additional stabilization while when the electrostatic repulsion is negligible, only 

the solvents within a Hansen dispersion sphere give stable dispersions. The two 

interpretations are therefore complementary to describe the behavior of TiO2 dispersions in 

organic solvents. 

Using a zeta dip cell, with higher chemical compatibility than the regular folded capillary cells, 

it was possible to measure zeta potential in organic solvents and assess the strength of the 

electrostatic contribution to stabilization. Solvents were scored according to Turbiscan 

indicators, namely %���1
�-' (Relative Turbiscan Stability Index after 2 hours at the top of the 
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cell) and dStokes calculated from the sedimentation rate to yield the TiO2 P25 Hansen Solubility 

Sphere. The sphere (R = 8.8, δd = 15.1, δp = 15.5, δh = 14.1 MPa1/2) was compared to that of 

Hansen [23] and that of Wieneke et al. [18] for TiO2, both determined based on visual 

scoring. In this study, both zeta measurement and Turbiscan monitoring of stability were 

complementary. %���1
�-' and Stokes diameters are quantitative descriptors avoiding an 

empirical visual rating of dispersions stability. Future HSP 

 determination for other types of NPs such as metal oxides or carbon-based NPs should 

validate this method. 
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