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Abstract 

The solubility of industrially produced titanium dioxide nanoparticles has been studied in aqueous 

sodium chloride media in the pH range 1 to 13 at 25 °C by adsorptive stripping voltammetry 

(AdSV). Kinetic dissolution curves as well as long-term solubilities that provide an approximation 

of equilibrium solubility have been obtained. The titania nanoparticles used in the dissolution 

experiments have been characterized by nitrogen sorption measurements, XRD and colloid 

titration.. The equilibrium solubilities and titanium(IV) speciation in dependence on pH have been 

modelled by assuming mononuclear titanium hydroxo complexes [Ti(OH)n
](4-n)+ (n = 2 … 5) to be 

the only titanium species present. The solubility product of titanium dioxide and equilibrium 

constants for titanium(IV) hydrolysis calculated from the AdSV solubility data are presented. 

 

Keywords Titania; Nanoparticles; Dissolution; Titanium(IV) hydrolysis; 

Adsorptive stripping voltammetry of Ti(IV) 
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1. Introduction 

Titania is used in many applications in technology and everyday life because of its 

excellent dielectric and chemical properties [1-3]. With the increasing use and 

synthesis of nanomaterials there arise questions on the stability of nanostructures 

as well as the toxicity of nanoparticles [4-6] regarding dissolution phenomena, as 

ultrafine particles can easily be incorporated. Moreover in synthesis knowledge 

about solubility and aqueous chemistry is a crucial parameter to control particle 

size, particle shape and phase or aggregation behaviour [7-13]. It can be seen from 

these different points of view that reliable information about the dissolution 

kinetics as well as the equilibrium solubility of even sparingly soluble matter like 

titanium dioxide and particle size effects on solubility in general [14-16] has to be 

established. 

In aqueous media (pH > 1) at ambient temperature crystalline bulk titanium 

dioxide shows small equilibrium solubilities that only can be quantified by means 

of trace analysis. Perhaps it is due to this fact that there only exist few recent 

publications that deal with the experimental determination of the aqueous 

solubility of titania or hydrous titanium oxide under rather moderate dissolution 

conditions [11, 14, 17, 18]. At geologically relevant conditions, i.e. at high 

pressure and high temperature, data on the solubility of titania are available (see 

e.g. refs. [19-21]). 

Ziemniak et al. performed solubility measurements of rutile in the temperature 

range 17 °C to 288 °C in an autoclave flow system at alkaline pH in aqueous 

sodium phosphate media, sodium hydroxide and ammonia solutions [17]. They 

found nanomolal to micromolal titanium(IV) solubilities under these alkaline 

conditions and give in their article comprehensive thermochemical parameters for 

the TiO2-H2O system. The quantitative titanium determinations have been 

performed with AAS after preconcentration of the sample solutions. 

More  recent  Knauss  et  al.  studied  the  solubility  of  rutile  over  a  broad  pH range  

from pH 1 to pH 13 in buffer solutions at temperatures of 100 to 300 °C [18]. 

They found solubilities measured by ICP-MS of about 10-6.3 mol/kg at pH 1 (100 

°C) and 10-7 molal at pH 2 (100 °C). At pH 6.5 and 8.5 (100 °C) comparable 

molal solubilities of about 10-7.7 mol/kg  are  reported.  In  accordance  with  the  

findings of Ziemniak et al. an increase in titanium(IV) solubility in the alkaline 

pH > 11 is observed, too. 
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Sugimoto et al. [11] studied the solubility of a freshly prepared amorphous 

titanium  oxide  by  the  means  of  ICP-OES.  While  Knauss  et  al.  found  similar  

results like Ziemniak et al. for the titania equilibrium solubilities, Sugimoto et al. 

present solubilities of a freshly precipitated titanium oxide that shows several 

orders of magnitude higher solubilities than the crystalline polymorphs. The 

increased solubility of freshly precipitated or amorphous oxides or hydrous oxides 

of titanium is well-known. It is therefore inevitable to perform a thorough 

characterisation of the solid used in dissolution experiments. 

Some results [22, 23] on the formation of aqueous hydroxo complexes of 

titanium(IV) are contradictory; the characteristics of the solid are often not well 

described and frequently amorphous samples or samples containing titanium 

hydrous oxide phase [11, 24] were studied. 

Due  to  this  rather  fragmentary  knowledge  on  the  equilibrium  solubility  of  

crystalline titanium dioxide at ambient temperatures (25 °C) -and especially on 

the solubility of titania nanoparticles- we decided to perform studies on the 

dissolution kinetics [14, 15], as well as on the long-term solubilities of industrially 

produced titanium dioxide nanostructured particles to be reported here. Moreover 

the solubility of a titanium hydrous oxide samples has been studied in the acidic 

pH range in order to demonstrate the effect of hydration / hydroxylation of the 

solid. The dissolution studies have been carried out in aqueous sodium chloride 

solutions  of  pH 1  to  13  in  a  closed  system.  As  the  formation  of  titanium chloro  

complexes [25] and polynuclear titanium complexes [26, 27] under the 

experimental conditions can be neglected, the aqueous titanium(IV) speciation has 

been modelled with mononuclear titanium hydroxo complexes [Ti(OH)n](4-n)+ (n = 

2 … 5) and stepwise and cumulative hydrolysis constants have been derived. The 

solids have been characterized by XRD, nitrogen sorption measurements and 

colloid titration. The quantitative analysis of titanium(IV) trace amounts dissolved 

has been performed by adsorptive stripping voltammetry (AdSV) in the potassium 

chlorate – mandelic acid system [28]. 

2. Experimental 

2.1 Setup of dissolution experiment and sampling 
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All chemicals used, if not otherwise stated, were of special purity, i.e. for trace 

analysis  or  puriss.  p.  a.  As  far  as  possible  glass  equipment  was  omitted,  instead  

lab equipment made of PP, PMP or PTFE was used. The dissolution experiments 

with industrially produced titanias P25 (Evonik Degussa), DT51D (Millenium 

Chemicals), G5 (Millenium Chemicals) and an uncalcined titanium hydrous oxide 

slurry TRONOX Hydrate Paste (Tronox) were performed in a closed system (50 

ml to 500 ml PP or PTFE bottles) at (25+/-1) °C. Details on these titanium oxides 

are  given  in  the  section  “Results  and  Discussion”.  The  bottles  were  stored  on  a  

shaker (Unimax 1010, Heidolph Instruments) at 150/min (switched on daily for at 

least 8 hours) in an incubation hood. A background electrolyte concentration of 

0.1 M NaCl was applied, the pH value was adjusted by the addition of 0.1 M to 1 

M HCl (dilution of 37 % HCl Fluka, TraceSelect) or 0.1 M NaOH or concentrated 

NaOH (Merck, p.a.). For pH measurements the pH meter 540 GLP (WTW) was 

used. The initial surface area to solvent volume ratio, i.e. the surface area 

according to the BET method of the sample under consideration exposed to the 

volume of the electrolyte solution, was 40 m2 / 100 mL in all experiments. 

The dispersions were prepared by introducing the appropriate amount of the 

titania solid (dried at 110 °C) into the electrolyte solution of the pre-adjusted pH 

and temperature while stirring at 400/min (magnetic stirring device). At once after 

addition of the solid the pH value was adjusted and the bottle was transferred into 

the incubation hood. 

The following sampling procedure was applied: after dissolution times of at least 

500 hours (for long-term solubility data) up to 10 mL of the dispersion were 

withdrawn. The solid residue was separated from the sample solution to be 

analysed by centrifugation (10 minutes at 4100/min with the device Z320 

(Hermle)) and by filtration (cellulose acetate, 0.2 µm, Schleicher & Schuell). No 

particles could be detected within the filtered solution as was confirmed by 

dynamic light scattering measurements (DLS). The filtered sample solutions with 

a pH smaller than or equal to pH = 2 were stored in PP-bottles without altering the 

pH. The less acidic filtered sample solutions up to pH 7 were adjusted to pH 2 by 

addition of HCl for the storage to prevent the formation of polymeric species and 

precipitation.  The  samples  of  alkaline  pH  were  stored  at  the  solution  pH  value.  

The  pH  necessary  for  the  AdSV  determination  (pH  3.3)  was  adjusted  in  the  
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presence of mandelic acid just before the measurement. If possible the AdSV 

titanium determinations were performed within one day after sampling. 

 

2.2 Adsorptive stripping voltammetry (AdSV) 

 

AdSV has been used as a preferred determination method. The results of the 

AdSV method are established by ICP–MS measurements [14]. The advantage of 

AdSV compared to ICP–MS is that particles possibly not removed by the 

filtration are detected as increased titanium content by ICP–MS. It has been 

proven experimentally that AdSV works well even in the presence of relatively 

large amounts of colloid particles [29]. The quantification of the titanium(IV) 

content in the solution, was performed by adsorptive stripping voltammetry 

(AdSV) in the mandelic acid – KClO3 system, using a VA Computrace 757 device 

(Metrohm) in DP-Mode. The reduction of a titanium(IV) - mandelic acid – 

complex  is  evaluated  and  the  signal  is  enhanced  by  a  catalytic  current  [28].  A  

hanging mercury drop electrode (HMDE) was used as the working electrode. The 

voltammetric parameters applied and the composition of the supporting 

electrolyte are summarized in Table 1 (a). The standard addition method (three 

additions,  threefold  replications)  was  used.  If  necessary  the  pH  was  adjusted  to  

3.0 - 3.3 by addition of NH3 or HCl. The peak current, corrected for the baseline 

determined by a blank measurement, has been evaluated using VA Computrace 

1.0 software. All reagents applied, were of the specification suprapure or puriss 

p.a., respectively, in order to minimize analytical blanks. The detection limit of 

the method applying the parameters summarized in Table 1 was found to be 0.026 

ppb as calculated from calibration graphs. The reproducibility and accuracy of the 

method was tested by the determination of standard sample solutions (see Table 1 

(b)). 

Table 1 (a) Instrumental parameters and composition of the electrolyte system for the 

determination of Ti(IV) by AdSV; (b) determination of standard sample solutions 

(a)  

Deposition potential (vs Ag/AgCl) / 

mV 

-570 

deposition time / s 60 

HMDE surface area / mm² 0.68 
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pulse amplitude / mV 60 

pulse time / s 0.1 

sweep rate / mV/s 40 

temperature of voltammetric cell / °C (25+/-1) 

composition of supporting electrolyte: 54.6 mM KClO3 

4.8 mM mandelic acid 

2.7 mM ammonia 

  

(b)  

titanium(IV) in sample solution (actual) 

/ nmol/L 

titanium(IV) in sample solution (target) 

/ nmol/L 

1.82 1.80 +/- 0.11 

4.56 4.40 +/- 0.12 

 

2.3 XRD investigations 

 

Diffraction patterns of the samples were registered with the device URD-6 

(Freiberger Präzisionsmechanik) at a resolution of 0.01° for 8°  2  60°. Mo K-

alpha radiation was used. The evaluation of the data has been done with the 

software PowderCell 2.4 [30] by simulation of the diffraction pattern using 

pseudo Voigt functions and single crystal data from the Inorganic Crystal 

Structure Database (ICSD) (rutile: ICSD collection Code no. 31322, anatase: no. 

31064, brookite: no. 36408). The composition of the samples as well as the mean 

crystallite diameter have been obtained. 

 

2.4 Gas sorption measurements 

 

Nitrogen sorption isotherms of the titania powders were obtained with a 

volumetric sorption analyzer Autosorb-1 (Quantachrome). In a typical experiment 

about 200 to 500 mg of the powder were outgassed at 350 °C for at least 2 hours. 

Then adsorption and desorption isotherms were recorded at 77 K. The evaluation 

of the data has been done with the Autosorb 1.0 software (Quantachrome). 

 

2.5 Colloid titration 
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Titrations of aqueous dispersions of the powder were performed in order to obtain 

information about the point of zero charge (pzc). The mass of substance equal to 

20 m2 BET surface area was transferred to a vessel of the titration device 

TR250/Titronic T110 (Schott). 60 mL of NaCl solution (0.001 M to 0.1 M) were 

added and a magnetic stirring bar was used to disperse the powder. The dispersion 

was continuously purged with argon about 15 minutes prior to and during the 

titration. The pH was adjusted to 9.5 by addition of Ar-purged NaOH (0.1 M, 

volumetric standard, Aldrich). Then a titration with HCl (0.1 M, volumetric 

standard, Aldrich) was performed until a final pH value smaller than 3 was 

obtained. Then a blank measurement of NaCl solution (without solid) after 

addition  of  the  same  amount  of  NaOH  (Ar-purged)  as  in  the  preceding  

measurement is performed. From these two measurements surface charge density 

vs. pH curves can be calculated and the pzc is obtained. Intrinsic dissociation 

constants of surface hydroxyls of titania have been determined from these data 

applying the procedure described by Barringer et al. [31]. 

3. Results and Discussion 

3.1 Characteristics of titania nanoparticle samples 

 

The results on phase composition and specific surface area are summarized in 

Table 2. The mean crystallite diameter and the average particle diameter 

determined from the BET surface area dBET provide a rough estimate of the 

primary particle size within larger nanostructured units. All titanias under 

consideration are large scale products used as e.g. filler components or catalysts 

and are of pure anatase phase, a mixture of anatase and rutile or a mixture of 

anatase, and an amorphous phase. They are produced either by flame pyrolysis 

(P25, Evonik Degussa) or by precipitation (DT51D and G5, Millenium 

Chemicals). For comparison the solubility of a uncalcined titanium hydrous oxide 

slurry (TRONOX Hydrate Paste, Tronox) was determined, too. The solid content 

of the slurry was washed by repeated centrifugation in deionised water and dried 

at 110 °C over night prior to characterisation and use in the dissolution 

experiment. 
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Fig. 1 XRD patterns of different industrially produced titania and titanium hydrous oxide samples 

XRD (see Fig. 1) reveals, that the samples DT51D and G5 are phase pure anatase, 

whereas P25 is an anatase and rutile mixture. According to our XRD studies the 

titanium hydrous oxide sample TRONOX is composed of larger anatase 

crystallites of about 11 nm in diameter and smaller anatase crystallites < 5nm. The 

fraction of these small crystallites has been defined as X-ray amorphous anatase 

phase (crystallites < 5nm). The mass fractions have been obtained by simulation 

of the XRD patterns with the software Powder Cell using single crystal data of 

anatase. The amorphous phase is simulated by using a widened profile function of 

the anatase pattern. The crystallite diameters reported have been calculated 

according to the Scherrer equation from the X-ray pattern. 

The XRD results are consistent with Raman results (not shown here). The 

minimum primary particle size is given by the crystallite diameter determined by 

XRD.  For  the  sample  P25  the  primary  particle  size  evaluated  from  the  BET  

surface area SBET by assuming spherical particles of uniform size (see Eq.1) 

compares favourable to the crystallite diameter determined by XRD (calculated 

with PowderCell 2.4), the other samples show at least qualitative agreement. This 

is reasonable because of the fact that the assumptions made for the determination 

of a mean particle diameter dBET from BET surface area strictly is only applicable 

in the case of non-porous samples, while DT51D is mesoporous and G5 and 

TRONOX show micro- and mesoporosity (see Fig. 2). A density  of 3.8 g/cm3 

has been used for an estimate of dBET (see Eq. 1). 

BET
BET S

d 6         (1) 
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Table 2 Phase composition (XRD) and BET surface area (nitrogen sorption, 77 K) of different 

titanium dioxide nanoparticles and titanium hydrous oxide 

sample phase 

composition 

(XRD) / phase 

(wt.-%) 

crystallite 

diameter / 

nm 

BET surface area 

SBET/  m2/g; 

(correlation 

coefficient of 

BET evaluation) 

micropore 

surface area 

(t-method) / 

m2/g 

mean particle 

diameter calculated 

from BET surface 

area dBET/ nm 

P25 (Evonik 

Degussa) 

anatase (86) 

rutile (14) 

24.4 

(anatase) 

29.7 

(rutile) 

55.7 

(R²=0.999910) 

- 28.3 

DT51D 

(Millenium 

Chemicals) 

anatase (100) 23.9 88.5 

(R²=0.999944) 

- 17.8 

G5 

(Millenium 

Chemicals) 

anatase (100) 9.7 332.5 

(R²=0.999755) 

168.7 4.7 

TRONOX 

Hydrate Paste 

(Tronox) 

anatase (29) 

amorphous (71) 

11.3 

(anatase) 

4.7 (amor-

phous) 

302.5 

(R²=0.999559) 

119.6 5.2 

 

 

Fig. 2 Nitrogen sorption isotherms of crystalline and hydrous titania samples and desorption pore 

size distribution (BJH method) 

 

3.2 Surface charge density and point of zero charge 

 

Solubility is strongly influenced by the surface charge of the respective oxide in 

aqueous environment [32]. A solid is expected to show minimum solubility in the 
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vicinity  of  its  point  of  zero  charge  (pzc).  Therefore  the  determination  of  surface  

charge densities by colloid titration may be useful to obtain information about the 

surface charge state in dependence on pH. Moreover intrinsic dissociation 

constants for the surface hydroxyls of TiO2 can be extrapolated from these data 

[31]. 

The surface charge of titania results according to the 2 pK-model from charged 

surface sites formed by the following protolysis reactions: 

)exp(
][
][][; 01,

0

2
1,2 YK

OHTi
HTiOHKHOHTiOHTi ss  

)exp(
][

][][; 02,
0

2, YK
OHTi

HTiOKHOTiOHTi ss  

. 

The equilibrium constants K with superscript 0 represent intrinsic equilibrium 

constants. Y0 represents the normalized dimensionless surface potential. 

In Fig. 3 surface charge density ( ) vs. pH curves for the three titanium dioxides 

studied and an amorphous titanium hydrous oxide (at 25 °C) are presented. It can 

be clearly seen that the pzc for anatase (DT51D, G5) is found at pH 5.8 to 6.1 (see 

Table 3). This result is in agreement with most of the findings in literature. 

Kosmulski [33] proposes in his review on the point of zero charge of anatase and 

rutile a pzc of 5.9 for the both polymorphs. The pzc calculated as pzc= 0.5*(pK0
s,1 

+ pK0
s,2) from the intrinsic dissociation constants of surface hydroxyls given by 

Barringer et al. [31] gives more or less the same pzc of 5.9 and 5.95 for anatase 

and rutile. The pzc found for P25 and TRONOX is slightly higher and lower, 

respectively, than the value observed for anatase DT51D. A shift to a lower pzc 

for amorphous titania samples like TRONOX is known. Small deviations in the 

pzc–values can be explained qualitatively by the multi site complexation model 

suggested recently [34]. This model considers different coordinated Ti–O groups 

in crystalline rutile and anatase. In the framework of the model a pzc for rutile of 

5.9 is reported, too, but log K values of 7.5 and 4.4 (singly and doubly 

coordinated surface groups) are obtained. A change of the proportion of these 

groups is obviously the case in mixtures of the two polymorphs but it may also 

play a role if the particles become very small. The intrinsic dissociation constants 
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obtained from our colloid titration data show the qualitative behaviour expected 

with respect to the distinction between amorphous titania and anatase. 

 

Fig. 3 Surface charge density vs. pH plots of crystalline and hydrous titania samples 

 

Table 3 pzc and intrinsic surface hydroxyl dissociation constants of industrially produced titanias 

and hydrous titanium oxide obtained by colloid titration 

sample pzc pK0
s,1 pK0

s,2 

DT51D (anatase) 5.8 +/- 0.1 2.5 9.2 

G5 (anatase) 6.1 +/- 0.3 2.6 9.4 

P25 (anatase, rutile) 6.5 +/- 0.3 3.2 10.1 

TRONOX (amorphous, anatase) 5.3 +/- 0.4 2.5 7.9 

Literature (Barringer et al. [31])    

rutile 5.9 2.7 9.1 

anatase 5.95 3.2 8.7 

amorphous titania 5.2 2.0 8.4 

 

3.3 Aqueous solubility of anatase nanoparticles DT51D in dependence on time 
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The solubility of DT51D (anatase) nanoparticles in dependence on dissolution 

time is depicted in figure 4 for different pH in 0.1 M NaCl. It is noteworthy that 

during the first 70 hours after starting the dissolution experiment the titanium(IV) 

concentrations observed exceed the saturation solubility (dissolution time > 500 h) 

considerably. This behaviour has been observed earlier for different substances 

[14-16] and explained in the framework of a phenomenological dissolution model 

[35] as a kinetic size effect, which is a general characteristic behaviour of 

nanoparticulate matter. Kinetic size effect is not subject of this paper, for details 

please see refs. 35 and 14-16. It has been established that for dissolution times of 

more than 500 hours (see Fig. 4) the amount of titanium(IV) dissolved does not 

change within the accuracy of the determination method. Therefore these long-

term solubilities (  500 h dissolution time) can be used as a good estimate of 

equilibrium solubility under these dissolution conditions. 

 

Fig. 4 Titanium(IV) dissolved in dependence on pH and dissolution time (40 m2 / 100 mL DT51D 

(anatase); 0.1 M NaCl; 25 °C) 

 

3.4 pH dependence of the long-term solubility of titania nanoparticles 

 

The  aqueous  solubilities  of  the  different  titania  samples  for  dissolution  times  of  

more than 500 hours in dependence on pH are shown in Fig. 5. First, the pure 

anatase sample DT51D, the anatase rutile mixture P25, as well as a pure bulk 

rutile sample (RL11A, Millenium Chemicals) consisting of micron-sized primary 

particles and a bulk anatase sample (AT1, Millenium Chemicals; solubility data 

for RL11A and AT1 not shown here) have comparable long-term solubilities. 

Only in the case of G5 a pronounced size effect on the long-term solubility of 

anatase can be observed in the acidic pH range (see Fig. 5). This behaviour can be 
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explained in terms of the dependence of solubility on curvature (Kelvin equation): 

small particles show higher solubility compared to larger ones. G5 which exhibits 

higher aqueous solubility with respect to P25 or DT51D consists of the smallest  

primary particles of the anatase samples under consideration in this study. 

Lencka et al. [36] argued from thermodynamic data that rutile should be less 

soluble than anatase, but this behaviour could not be observed experimentally (no 

significant difference in solubility within the limits of error of the determination 

method). Rutile is the thermodynamic more stable phase compared to anatase, but 

one  has  to  keep  in  mind  that  the  free  energy  of  formation  of  anatase  and  rutile  

reported does not differ significantly. Therefore pronounced differences in 

solubility of these two polymorphs are not expected to occur. 

The long-term solubility data of P25, and DT51D can be used as an appropriate 

estimate for the bulk equilibrium solubility of titania. In the case of the sample G5 

the solubility determined is the increased solubility of nanoparticles due to the 

Kelvin effect. 

No significant change in BET surface area, i.e. no significant change in mean 

primary particle size, of the titanium dioxide samples DT51D, P25 and G5 

exposed to dissolution has been observed within the time frame of the dissolution 

experiment (see Figure 6; for a representation of BET surface area in dependence 

on pH of dissolution and dissolution time see table A in the electronic 

supplementary material). We also performed SEM studies with the sample G5. 

Possible changes due to dissolution processes –if any- should be most clearly 

noticeable with this sample. Actually there are only minor changes of the 

morphology of the sample G5 (see figures A to I in the electronic supplementary 

material). 
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Fig 5 Solubility of crystalline titania (P25, DT51D, G5) and amorphous titanium hydrous oxides 

(TRONOX, TIPO) in dependence on pH (0.1 M NaCl; 25 °C) determined by AdSV; solid line: 

solubility of titanium dioxide (I=0.1; 25 °C) calculated with the equilibrium constants determined 

in this study 
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Fig 6 BET surface area of DT51D, P25, G5 for different pH values and dissolution times 

 

This is interpreted in terms that the difference in Gibbs free energy between the 

two systems titania nanoparticles – electrolyte solution and bulk titania – 

electrolyte solution, i.e. the “driving force” for particle growth, at this stage of the 

dissolution process is low. Therefore we can conclude that the long-term 

solubilities observed for the nanoparticulate titanias P25 and DT51D are not 

significantly increased with respect to bulk titania, although the “real” equilibrium 

solubility of bulk titania may be somewhat lower. Nevertheless our observation 

that the long-term solubility of the oxides under consideration and that the 

solubility of micron-sized titania are comparable supports the validity of this 

estimate. 

The solubility data were modelled under the assumption that the total pH-

dependent concentration of titanium(IV) dissolved c(Ti)total(pH) is distributed on 

mononuclear titanium hydroxo complexes of the general formula [Ti(OH)n](4-n)+: 

)])(([)()( )4(
5

2

n
n

n
total OHTicpHTic      (2) 

In the approach presented in Eq. 2 the species Ti(OH)2
2+, Ti(OH)3

+, Ti(OH)4 and 

Ti(OH)5
- are taken into account. The consideration of higher charged species like 

Ti(OH)3+ or “Ti4+” in the pH range studied is not necessary as they are not 

expected to exist under these conditions. Moreover in calculations according to 

Eq. 2 when taking into account these species (i.e. n= 0 to 5) it turns out that n = 0, 

1 do not have to be considered. The titanium hydroxo complexes are connected 

via consecutive hydrolysis reactions that are dependent on pH: 
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OHOHTiOHTi n
n

n
n

)5(
1

)4( ])([])([     (3) 

As  only  the  total  amount  of  titanium  dissolved  as  function  of  dissolution  pH  is  

known, but there are four unknown equilibrium constants (including the solubility 

product of TiO2) equation 2 is an under-determined formula, i.e. there does not 

exist an unique solution. Therefore the fitting procedure (Levenberg-Marquardt 

algorithm; all calculations have been performed with the computer algebra system 

Mathematica [37]) was done with estimated values for the equilibrium constants 

of stepwise hydrolysis that have been obtained from a preceding modelling of the 

dependence  of  titanium(IV)  dissolved  on  pH  for  distinct  pH-ranges,  where  the  

simplification  can  be  made  that  only  two  species  are  prominent  and  therefore  a  

determined equation for the pH dependence of the total titanium(IV) 

concentration is obtainable. Reasonable results are achieved by this procedure. 

The same procedure was also applied for determining cumulative hydrolysis 

constants. The cumulative equilibrium constants determined by fitting the 

solubility data of P25, DT51D and G5 corrected for activity effects of the 

supporting electrolyte system according to Davies (Eq. 4) [38] are summarized in 

Table 4. The confidence intervals presented there are obtained by nonlinear fitting 

the overall experimental solubility data according to Eq. 2 taking the activity 

coefficients into account calculated according to the empirical Davies’ 

approximation (Eq. 4). In Eq. 4 i represents the activity coefficient of the aqueous 

species i of charge zi; I represents the ionic strength and A = 0.5102 at 25 °C. 

I
I

IzA ii 3.0
1

log 2       (4) 

Table 4 Cumulative hydrolysis constants of titania (I=0; 298 K) derived from solubility 

measurements of different industrially produced titanium dioxide nanoparticles 

 Log (K) Confidence interval 95 % 

P25 (N=35 data points)   

TiO2 + 2 H+ = Ti(OH)2
2+ -3.55 -3.91 to -3.19 

TiO2 + H+ + H2O = Ti(OH)3
+ -6.15 -7.37 to -4.93 

TiO2 + 2 H2O = Ti(OH)4 -9.02 -9.41 to -8.63 

TiO2 + 3 H2O = Ti(OH)5
-+ H+ -19.83 -20.05 to -19.61 
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DT51D (N=18)   

TiO2 + 2 H+ = Ti(OH)2
2+ -3.56 -3.80 to -3.36 

TiO2 + H+ + H2O = Ti(OH)3
+ -5.93 -6.50 to -5.36 

TiO2 + 2 H2O = Ti(OH)4 -9.07 -9.33 to -8.81 

TiO2 + 3 H2O = Ti(OH)5
-+ H+ -19.78 -20.05 to -19.52 

   

G5 (N=32)   

TiO2 + 2 H+ = Ti(OH)2
2+ -2.88 -2.97 to -2.80 

TiO2 + H+ + H2O = Ti(OH)3
+ -6.27 -5.30 to -7.23 

TiO2 + 2 H2O = Ti(OH)4 -9.06 -9.16 to -8.95 

TiO2 + 3 H2O = Ti(OH)5
-+ H+ -20.14 -20.23 to -20.04 

 

The aqueous speciation shown in figure 7 can be calculated from the equilibrium 

data given in Table 5. It can be seen from the experimentally obtained equilibrium 

constants (tables 4 and 5) and the solubility data (Fig. 5) that the species 

Ti(OH)2
2+ (or TiO2+) is prominent in the acidic pH-range and that it determines 

the solubility of titania under these conditions. In the intermediate pH-range 3 to 

11 the solubility of titania is limited to about 1*10-9 mol/L (at  0.1 M NaCl);  the 

neutral complex ion Ti(OH)4 is predominant. At very alkaline conditions 

solubility data indicate the formation of an anionic complex ion Ti(OH)5
- (or 

HTiO3
-). 

 

Fig 7 Speciation of Ti(IV) in solutions in contact with solid titania (assuming hydroxo complexes 

of titanium the only species to be present) in dependence on pH (25 °C, I=0) 
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The  effect  of  the  degree  of  hydroxylation  on  the  solubility  of  titanium  oxide  is  

obvious when comparing samples DT51D, G5, P25 with TRONOX and TIPO. 

The sample TIPO has been prepared by the hydrolysis of 5 mL titanium 

tetraisopropoxide (TTIP) in 50 mL aqueous solution (about 0.1 M NaCl) of the 

appropriate dissolution pH (adjusted by addition of small volumes of HCl or 

NaOH). Instantly after the addition of TTIP to the aqueous solution a precipitate 

(mainly an amorphous solid with small fractions of crystallites of the rutile or 

anatase phase respectively, as revealed by XRD after separation) is formed. 170 

hours after hydrolysis of TTIP the titanium(IV) dissolved in the supernatant 

solutions has been determined. It is found that these solutions are supersaturated 

with Ti(IV) with respect to crystalline titanium dioxide (anatase). The uncalcined 

titanium hydrous oxide TRONOX (70 % amorphous phase) shows increased 

solubility with respect to crystalline titania (P25, DT51D), too (see Fig. 5). The 

freshly prepared sample TIPO is more soluble than the uncalcined hydrous oxide 

TRONOX (dried at 110 °C), whereas crystalline titanium dioxide nanoparticles 

have the lowest solubility. Therefore we can conclude that in dissolution 

experiments with samples that have high amorphous phase content and degree of 

hydroxylation higher aqueous titanium(IV) solubility will be observed. It is 

established that oxides that have very hydroxylated surfaces will show a higher 

solubility compared to less hydroxylated ones. In general amorphous matter of a 

certain compound will have higher solubility than the well crystallised solid. 

It should be emphasized, that when comparing or reporting solubilities the effects 

of dissolution time (attainment of dissolution equilibria), primary particles size 

(Kelvin effect) and of hydroxylation and hydration of the solid have to be taken 

into account. 

We propose to use the mean of the equilibrium constants for the respective 

hydrolysis reaction of the three crystalline titania samples (P25, DT51D, G5) 

under consideration as equilibrium constants for the hydrolysis of titania in 

general (Table 6). The standard deviation of the mean Log(K) that is calculated 

from the respective equilibrium constants for the three datasets can be used as an 

estimate for the errors of the hydrolysis constants presented here. 

 

Table 5 Proposed stepwise and cumulative equilibrium constants for the hydrolysis of titania (I=0; 

298 K) derived from solubility measurements (see figures 5 to 7) 
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 Mean Log (K) Standard deviation 

Log(K) 

Ti(OH)2
2+ + OH- = Ti(OH)3

+ 12.15 0.43 

Ti(OH)3
+ + OH- = Ti(OH)4 11.05 0.20 

Ti(OH)4 + OH- = Ti(OH)5
- 2.91 0.19 

TiO2 + 2 H+ = Ti(OH)2
2+ -3.33 0.39 

TiO2 + H+ + H2O = Ti(OH)3
+ -6.12 0.17 

TiO2 + 2 H2O = Ti(OH)4 -9.05 0.03 

TiO2 + 3 H2O = Ti(OH)5
-+ H+ -19.92 0.20 

 

4. Conclusions 

The pH-dependent equilibrium solubility of titanium dioxide at 298 K has been 

approximated by the long-term solubilities (  500 h) of industrially produced 

anatase samples. The quantitative determination of titanium(IV) dissolved has 

been carried out by AdSV in the mandelic acid – potassium chlorate system [28] 

and the reproducibility and accuracy of this method as well as an appropriate 

sampling procedure have been established [29]. 

Titania shows at 298 K (0.1 M NaCl) solubilities as low as about 1 nmol/l in the 

intermediate pH-range (pH 3 to 11), whereas solubilities in the range of 1 to 2 

µmol/l  are  observed  at  about  pH  1.  The  standard  Gibbs  free  energies  for  the  

stepwise hydrolysis reactions of titanium hydroxyl complexes calculated from the 

equilibrium constants as well as existing literature data are summarized in Table 

6. 

 

Table 6 Comparison of Gibbs free energies for the hydrolysis of titanium hydroxo species 

reported by different authors 

 RG0 / kJ/mol 

reaction this work Ziemniak et 

al. [17] 

Knauss et 

al. [18] 

Nabivanets 

et al. [24] 

Ti(OH)2
2+ +  OH- = 

Ti(OH)3
+ 

-69.3 +/- 2.5 -66.8 - -71.3 

Ti(OH)3
+ +  OH- = 

Ti(OH)4 

-63.0 +/- 1.1 -69.0 -69.5 -62.8 
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Ti(OH)4 +  OH- = 

Ti(OH)5
- 

-16.6 +/- 1.1 -9.4 +/- 1.2 -11.5 - 

TiO2 +  2  H+ = 

Ti(OH)2
2+ 

19.0 +/- 2.2 27.3 - - 

TiO2 +  H+ +  H2O = 

Ti(OH)3
+ 

34.9 +/- 1.0 40.5 33.3 - 

TiO2 +  2  H2O = 

Ti(OH)4 

51.63 +/-0.17 51.40 +/- 

0.23 

43.5 - 

TiO2 +  3  H2O = 

Ti(OH)5
- + H+ 

113.7 +/- 1.1 121.9 112.0 - 

 

If necessary, data on the free enthalpies of reaction were converted with the 

standard free energies of formation Gf
0(H2O) = -237,19 kJ/mol and Gf

0(OH-)= -

157,3 kJ/mol [17, 36]. The standard Gibbs free energy RG0= (51.63 +/- 0.17) 

kJ/mol for the dissolution of TiO2 obtained leading to the formation of the 

aqueous species Ti(OH)4 is in very good agreement with the value reported by 

Ziemniak et al. for the dissolution of rutile. In our experiments no significant 

difference in aqueous solubility of anatase and rutile (experiments at pH 1.5 / 1.7 

/2.0) has been observed. The standard Gibbs free energies for stepwise hydrolysis 

of titanium hydroxo species obtained in this study are reasonably comparable to 

previous results (see Table 7). The solubility product of titania determined in this 

work is 10-9.05+/-0.03. The degree of hydroxylation of the titanium (hydrous) oxide 

phase –besides size-effects- strongly influences the aqueous solubilities observed. 

The equilibrium dissolution data of titania nanoparticles in a sodium chloride 

system reported here provide an estimate of baseline solubility of TiO2 in aqueous 

environment. 
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