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Titanium dioxide is a ceramic material which is widely used as a white pigment and catalyst. In the
present work the precipitation of TiO2 by the thermal hydrolysis of titanium oxysulphate was studied in
terms of the homogeneous precipitation and the coating of capsules. Experimental work and simulations
have been done to describe the precipitation in 0.1 M aqueous solutions while in some experiments
sulphuric acid was added to increase the reaction time. In the experimental part of this work, gravimetric
hermal hydrolysis
itanium dioxide
recipitation
oating
opulation balance equation

and spectroscopic measurements were performed to determine the time-dependent precipitation of
the material and particle size measurements to characterize the time-dependent size distribution of
the precipitated particles. In the theoretical part different mechanisms of the precipitation process like
nucleation, growth and agglomeration were considered using semi-empirical equations. For the transfer
of the effects of the individual particle scale to the whole population of particles population balance
equations (PBEs), one for the colloidal and one for the deposited phase, were used. Finally, the theoretical

the e
results were compared to

. Introduction

Titanium dioxide is a ceramic material which is widely used as
white pigment and catalyst. The process which is mainly used

or its production is the sulphate process. In this process naturally
ccurring ilmenite (FeTiO3) is reduced to titanium slag at 1200 ◦C
nd treated with concentrated sulphuric acid and scrap metal to
educe Fe3+ to Fe2+ which would otherwise lead to impurities of
recipitated Fe(OH)3. By a subsequent treatment with water at
emperatures below 85 ◦C the titanium dissolves in form of TiOSO4
nd, after removal of FeSO4·7H2O by cooling crystallization, tita-
ium oxysulphate can be hydrolyzed to titanium oxide at elevated
emperatures [1]. For the set-up of the properties of the final prod-
ct the process in which the hydrolyzation step is the most essential
art has to be carefully controlled. In this step the titanyl sulphate

eacts with water to form titanium oxyhydrate and sulphuric acid
hile the rate of hydrolysis depends on the temperature and the

oncentration of TiOSO4 and H2SO4. It increases, with decreasing
oncentration of TiOSO4 and H2SO4, due to the shift of the equilib-
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xperimental ones and the limitations of the model were discussed.
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rium to the side of the products, and with increasing temperature
due to the positive activation energy [e.g. 2]. After the hydrolyza-
tion the titanium oxide hydrate forms oxo (olation) and hydroxo
(oxilation) bridges while oxo bridges are favored by higher tem-
peratures [3]. In this condensation process gel particles are formed
which on the other hand can dissolve again. After reaching a certain
size, which depends on the interfacial tension between the particles
and the solution, the particles are stable and referred to as critical
nuclei. Thus, the nucleation rate can either be increased by decreas-
ing concentrations of TiOSO4 leading to an increased hydrolyzation
rate or by the addition of seeds (e.g. mica [4,5]) which provide sites
of reduced interfacial tension and reduce the critical size of the
nuclei [5]. After nucleation the particles can either increase their
size by further condensation of monomeric building blocks at the
surface, which is referred to as growth, or by collision and forma-
tion of solid connections to other particles which is referred to as
agglomeration. In case of high concentrations of TiOSO4 and thus
low nucleation rates the amount of the precipitated TiO2 strongly
depends on the number of seeds [4] which also means that the
main part of the material is precipitated by growth. In the agglom-
eration process Sathyamoorthy et al. [6–8] differentiated between
aggregation and agglomeration. He found that aggregates, clusters

of particles, with strong chemical bonds or crystal bridges, were
formed at high supersaturations by secondary nucleation at the sur-
faces of small nuclei. Agglomerates on the other hand were formed
at low supersaturations while the particles were mainly bound by
weak bonds where SO4

2− bridges play a major role. Since he found
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Nomenclature

Symbols
A specific surface (m2 g−1)
B nucleation, birth rate (m−3 s−1)
c concentration (mol L−1)
Cc molar density of crystals (mol m−3)
d stirrer diameter (m)
d4,3 volume weighted mean diameter (m)
D death rate (m−3 s−1)
DAB diffusion coefficient (m2 s−1)
g growth rate exponent
G growth rate (m s−1)
Is degree of segregation
kB Boltzmann constant (kg m2 s−2 K−1)
k1 = kg growth rate constant (m s−1)
k2 pre-exponential nucleation constant (m−3)
k3 nucleation constant
kc trapping constant (s−1)
kr surface integration constant (kg m−2 s−1)
kr1 first chemical reaction constant (mol L−1 s−1)
kr2 second chemical reaction constant (mol L−1 s−1)
K instrument constant XRD, Eq. (23)
L0 initial size of the nuclei (m)
Lj, Lk size of particle j and k (m)
m mass (kg)
ṁ mass flux (kg m−2 s−1)
n stirring rate (s−1)
n(L) number density (m−4)
NA Avogadro constant (mol−1)
Nj, Nk number of particles j and k
ragg agglomeration rate (s−1)
rcoll collision rate (s−1)
R gas constant (kg m2 s−2 K mol)
Re Reynolds number
S supersaturation
Sc Schmidt number
t time (s)
T absolute temperature (K)
VR volume of the reaction solution (m3)

Greek symbols
ˇ agglomeration kernel (s−1)
ˇ full with at half height, Eq. (23)
�CL interfacial tension between the crystal and the liq-

uid (N m)
�̇ shear rate (s−1)
�c change of concentration (mol L−1)
ε specific power input (W kg−1)
� mixing time (s)
� angle of X-ray reflex Eq. (23) (◦)
� Kolmogorov microscale (m)
� dynamic viscosity (Pa s)
� kinematic viscosity (m2 s−1)
�+− number of positive and negative ions
	 density (kg m−3)

edd lifetime of eddies (s)

D characteristic mixing time (s)
 eff collision efficiency

Subscripts
agg agglomeration
app appearing
br Brownian

c colloidal phase
d deposited phase
diss disappearing
equil equilibrium
hom homogeneous
L liquid
macro macro-mixing
micro micro-mixing
nuc nucleation
p particle

reac reaction
tr turbulent

that the aggregate size was dependent on the stirrer speed and the
size of the particles were smaller than the Kolmogorov microscale
he deduced that the aggregation mechanism was mainly based on
an orthokinetic mechanism [7]. The agglomerate size depended on
the stirrer speed, too, but decreased with increasing energy input
showing a prevailing perikinetic mechanism. Thus, the precipita-
tion of titanium dioxide as a solid material covers the four steps
hydrolyzation, nucleation, growth and agglomeration. Naturally,
these steps are not independent but occur at the same time.

Beneath the homogeneous precipitation of the material the sul-
phate process can also be used for the coating of polymeric particles
and capsules. This is for example used in electronic ink displays to
combine the good optical properties of the oxide with the low den-
sity of the polymeric core [9] and in the formation of inorganic
and organic–inorganic hollow spheres. In the latter microcapsules,
liquid filled particles, are coated with TiO2 before in a subsequent
step the capsule or the liquid from within the capsule is removed by
dissolution or burning out leaving back a gas filled hollow sphere
[10,11]. Due to the gas filled cavity and thus the low density such
hollow spheres are most frequently used as fillers for polymers and
ceramics to reduce the weight of the materials. This leads to cost
reduction by the saved material as well by reduced transport costs
[12].

In literature a number of publications can be found dealing with
the thermal hydrolysis of titanium oxy sulphate either covering
the homogeneous precipitation [e.g. 2,13,14] or the coating of par-
ticles [4,15], fibres [16] and flat surfaces [17,18]. However, there is
only little information about the coating of organic particles by this
process. Thus, in the present work the precipitation mechanism
of titanium dioxide with and without such capsules was investi-
gated. For this purpose the time-dependent precipitation in water
and diluted sulphuric acid was measured by gravimetric analysis
and UV/vis spectroscopy and the primary particle size as well as
the agglomerate size was determined. For the characterization of
the coating, the time-dependent precipitation on the capsules was
measured in the presence of capsules with a total surface of 4 and
20 m2 L−1.

Additionally, further results were derived from a model covering
simple equations for nucleation, growth and agglomeration and a
population balance equation for particle size density distributions
of the particles in solution and precipitated on the capsules.

2. Theory

2.1. Dosing and mixing
For extraction of suitable data, e.g. particle diameters or pre-
cipitated masses from experiments, it is of crucial importance that
the mixing is faster than the reaction of the components. In this
way concentration gradients and thus different starting conditions
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ithin the vessel are prevented. Under turbulent conditions the
ixing process can be described by the turbulence theory of Kol-
ogorov [19]. It is assumed that the energy from the stirrer is

nitially transformed into large eddies. The energy of these eddies
s subsequently transferred by shearing and stretching into smaller
ddies until in the smallest units the viscous forces dominate and all
he energy is dissipated into heat. In his work Kolmogorov assumes
hat after a sufficient number of steps in this so-called energy cas-
ade local isotropic turbulence prevails. A sufficient number of
teps is met when the Reynolds number Re = nd2	L�−1 > 1 × 104.
ere n is the stirring rate, d the diameter of the stirrer,	 the density
nd � the viscosity of the liquid. Kolmogorov additionally derived
hat the size of the smallest eddies � only depends on the specific
nergy input ε and the kinematic viscosity �.

=
(
�3

ε

)1/4

(1)

The size of the smallest eddies is defined as the microscale of
ixing or as Kolmogorov microscale. Analogously a range of tur-

ulence at the macroscale is defined, which is approximately the
ize of the stirrer diameter.

To assess the macro- and micro-mixing time Geisler et al. [20]
efined a time-dependent degree of segregation Is = exp(−t/
D),
here t is the time and 
D a characteristic time, which describes

he extent of mixing between 1 completely separated (t = 0) and 0
ompletely mixed (t → ∞). The macro-time of mixing for a degree
f segregation of about 0.01–0.05 can then be assessed by Eq. (2)
21] and the micro-mixing time in dependence of the degree of
egregation for a Schmidt number Sc > 100 (Sc =�/DAB) by Eq. (3)
20]. The Schmidt number gives the ratio between the kinematic
iscosity and the diffusion coefficient DAB.

macro ≈ 7.3

(
d2

ε

)1/3

(2)

micro = 0.5(�/ε)1/2(0.88 + ln Sc)(1 − Is)
Is

(3)

After measuring the macro-mixing time, Eq. (2) can be used to
ssess the specific energy input which is subsequently used to cal-
ulate the micro-mixing time and the Kolmogorov microscale. The
olmogorov microscale can later be used again to determine the
echanism of agglomeration for the modeling of the precipitation

rocess.

.2. Chemical kinetics

For the evaluation of the chemical kinetics the data given by
uncan and Richards [22] were used. They investigated the ther-
al hydrolysis of TiOSO4 by measuring the degree of hydrolyzation

sing UV/vis spectroscopy. They found that the absorbance-time
urves for the charge transfer of Ti(OH)3

+ measured at 225 nm
how the typical characteristics of a chemical reaction containing
n intermediate species. Together with the data of Beukenkamp
nd Herrington [23] they derived the following mechanism for the
hermal hydrolysis of TiOSO4.

i(OH)3HSO4 (aq.)
kr1−→Ti(OH)3

+ (aq.)
kr2−→TiO2 · H2O (s) (4)

Following these equilibria they found that the initial reaction
ate kr1 is inversely proportional to the total HSO4

− concentra-

ion yielding kr1 = k′

r1c(HSO4
−)−1 with k′

r1 = 9.3 × 10−5 mol L−1 s−1.
or the second reaction rate a value of kr2 = 1.1 × 10−4 mol L−1 s−1 is
iven. Since these values were obtained at room temperature while
he present investigations were done at 80 ◦C the parameters had
o be extrapolated to the higher temperature. For this purpose the
g Journal 160 (2010) 351–362 353

temperature-dependent data of the reaction constants given in the
article have been used giving the following Arrhenius equations.

kr1 = 6.68 × 1014 mol L−1 s−1 exp

(
−105.7 kJ mol−1

RT

)
; (5)

kr2 = 9.28 × 1013 mol L−1 s−1 exp

(
−100.5 kJ mol−1

RT

)
(5a)

2.3. Modeling

As described above the precipitation of a saturated solution can
be divided into hydrolyzation, nucleation, growth, and agglom-
eration. In case of the nucleation, primary homogeneous and
heterogeneous and secondary nucleation mechanisms are known.
As will be shown later, in the present system very high supersat-
urations are established so that it is assumed that only primary,
homogeneous nucleation has to be considered. One way to describe
the nucleation process is the classical theory of nucleation [24]. In
this theory it is assumed that by the collision of molecules small
particles, so-called clusters, are formed which are unstable before
reaching a critical size. Once the critical size is exceeded the par-
ticles are referred to as nuclei. Beyond this critical size the free
enthalpy of formation decreases with increasing size and the nuclei
are continuously growing. Considering the free volume and surface
enthalpy as well as the interfacial tension �CL between the nuclei
and the supersaturated solution an equation for the homogeneous
nucleation Bhom in solution can be derived [24].

Bhom = 1.5DAB(CcNA)7/3
√
�CL
kT

1
CcNA

× exp

[
−16

3
�
(
�CL
kT

)3( 1
CcNA

)2 1

�2+− ln2 S

]
(6)

Here DAB is the diffusion coefficient, Cc the molar density, NA
the Avogadro constant, �+− the number of ions and S the super-
saturation ratio. The supersaturation which is the driving force of
the nucleation is defined as S = c/cequil with c the actual and cequil
the equilibrium concentration. Since the determination of the vari-
ables, especially the interfacial tension between the particles and
the surrounding solution, is quite difficult in this work an empirical
approach Eq. (7) is used [25].

Bhom = k2 exp
( −k3

ln2 S

)
(7)

For the development of Eq. (7) the supersaturation was defined
by concentrations which is a simplification that only holds for well
soluble salts where the activity coefficients of the solute and the
equilibrium state are the same. Thus, for sparingly soluble salts
the activity based supersaturation, taking into account the ionic
strength and the valences of the ions, should be used. In litera-
ture there are only theories describing the activities at low ionic
strengths (e.g. Güntelberg or Davies equation [26]) or they require
a number of thermodynamic data which are not available for tita-
nium oxysulphate at 80 ◦C. However, when the reaction between
TiOSO4 and water is of the form

Ti(OH)3
+ + HSO4

− + H2O → TiO(OH)2 + H+ + HSO4
− (8)

assuming that the dominant species are Ti(OH)3
+ and HSO4

−, which
is supported by the results of Beukenkamp and Herrington [23],

then the consumption of one Ti(OH)3

+ will lead to the formation
of one H+. Consequently, the ionic strength during the hydrolysis
is constant and the activity coefficients for the species in solution
and in the equilibrium state can be assumed to be the same and can
thus be omitted.
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The second mechanism which has to be considered is growth
ith the growth rate G which can be defined as a mean growth

ate for all particles derived from the overall mass flux density
24]. If it is assumed that the system is ideally mixed and that the
rowth is governed by the surface integration step then the mass
ux is directly proportional to the concentration difference and the
rowth rate can be expressed using the density of the precipitated
aterial.

˙ = kr�cg; G = ṁ

	
= kr�cg

	
= kg�cg with �c = c − cequil (9)

Here kr is the surface rate integration constant, kg the growth
ate constant and g the growth rate exponent. At high supersatu-
ations the concentration gradient can be expressed as ln S so that
he following expression for the growth rate is yield.

= kg(ln S)g (10)

For the description of the agglomeration process the collision
f particles and their adhesion to each other has to be considered.
he first is described by a collision rate rcoll while the second part
s described by a collision efficiency eff [27]. For the description of
he collision rate (rcoll =ˇ0·ˇ(L1, L2)) a size dependent ˇ(Lj, Lk) and
size independent agglomeration kernel ˇ0 are used. In this way

he agglomeration rate can be described as

agg =  eff · rcoll · Nj · Nk =  eff · ˇ0 · ˇ(Lj, Lk) · Nj · Nk (11)

here Nj and Nk are the number of particles of size j and k, respec-
ively [27]. For the description of the agglomeration process the
ernels for Brownian motion (perikinetic) (12) and turbulence
orthokinetic) Eq. (13) agglomeration developed by Smoluchowski
ere used [28]. The perikinetic kernel describes the agglomeration

f particles smaller than the Kolmogorov microscale whereas the
rthokinetic kernel is used for larger particles which are affected
y the fluid shear.

br = 2kT
3�

(Lj + Lk)
(

1
Lj

+ 1
Lk

)
(12)

tur = 4
3
�̇ ·

(
Lj
2

+ Lk
2

)3

= 1
6
�̇ · (Lj + Lk)3 (13)

The amount of shear rate �̇ is inversely proportional to the life
ime of the eddies which again depends on the specific power input
nd the kinematic viscosity of the solution.

˙ = 1

edd

(14)

edd =
√
�

ε
⇒ �̇ =

√
ε

�
(15)

In the present work both mechanisms were incorporated into
he model to describe the agglomeration process. For the descrip-
ion of the agglomeration efficiency the model developed by
ounslow et al. was used [27]. The dependence on agglomeration

rom supersaturation in this work was taken into account by direct
oupling of the agglomeration term with the supersaturation while
ther static parameters were combined with the agglomeration
onstants (ˇbr, ˇtr) to yield the following equation:

agg = Sˇbr(Lj + Lk)
(

1
Lj

+ 1
Lk

)
+ Sˇtr(Lj + Lk)3. (16)

.4. Population balance equation (PBE)
To link the effects of the individual particle scale to the whole
opulation of particles population balance equations were chosen
29]. The formulation of a PBE is based on the number density dis-
ribution n(L) which is the number of particles per unit volume and
g Journal 160 (2010) 351–362

size class. A PBE describes the particle distribution function with
respect to all processes that generate, resize or remove particles
from the distribution. For this purpose a set of external and internal
coordinates are defined where the external coordinates represent
the spatial position within the system and the internal coordinates
represent the properties like size, volume and surface area of the
particles. In the present work a population balance equation for the
colloidal particles in solution and for the particles deposited on the
cores was formulated. In both cases the size L of the particles was
taken as the internal coordinate. The PBE for the colloidal phase is
[30]:

∂nc(L)
∂t

+ Gc ∂nc(L)
∂L

= +ı(L − L0)Bnuc + Bc(L)agg − Dc(L)agg − Dc(L)dis
(17)

The first term on the left hand side nc(L) accounts for the change
of the number density of the particles of size range L and the sec-
ond term for the growth of the particle in which it is assumed that
the growth rate in the colloidal phase Gc is independent of the
particle size, i.e. there is no growth rate dispersion. On the right
hand side the first two terms account for the formation of particles
due to nucleation and agglomeration while the third and fourth
term represent the disappearance of particles due to agglomer-
ation and trapping on the cores, respectively. For the nucleation
it is assumed that new particles are quite small and thus only
formed in the first size class L0. If B is taken as the nucleation rate
of primary particles of infinitesimal small size then Bhom = B/dL1.
The disappearance of particles by trapping can be described by
a trapping constant kc, the specific surface area Acores, the mass
of the cores mcores as well as the volume of the reaction solution
VR.

Dc(L)dis = kc Acoresmcores
VR

nc(L) (18)

The PBE for the deposited phase can be formulated in the same
way taking nd(L) as the number density distribution of the trapped
particles:

∂nd(L)
∂t

+ Gd
∂nd(L)
∂t

= Bd(L)app (19)

In this case Gd is the growth rate of the particles within the coat-
ing layer and Bd(L)app the term for the trapping of colloidal particles
on the cores with Bd(L)app = Dc(L)dis.

Additionally, a mass balance was used for the colloidal phase
where in addition to nucleation and growth and trapping of the
particles the chemical reaction is taken into account [30].

dc

dt
=

(
dc

dt

)
reac

+
(
dc

dt

)
nucl

+
(
dc

dt

)
growth

+
(
dc

dt

)
coating

(20)

As described above Eq. (4) the chemical reaction from titanium
oxysulphate to titanium oxide proceeds via an intermediate. In this
way the concentration of the product cTiO2

can be calculated as [31]

cTiO2
= c0,TiOSO4

[
1 + kr1 exp(kr2t) − kr2 exp(−kr1t)

kr2 − kr1

]
. (21)

For the solution of the equation only the two reaction constants
kr1 and kr2 and the initial concentration of the TiOSO4 solution
c0,TiOSO4

are needed.
For the solution of the PBE and the mass balance a simulation

program developed by Zafar was applied [30]. Solving of the PBEs

was done using a discretization approach based on the finite vol-
ume method described by Lim et al. [32]. In the discretized growth
term the numerical fluxes were calculated according to the high
resolution numerical scheme called WENO [33], in addition for a
high resolution near steep ends the artificial compression method
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ACM) described by Yang [34] was implemented. For the agglomer-
tion term a discretized approach given by Kumar and Ramkrishna
35] was taken.

. Experimental

.1. Materials and methods

Titanium(IV) oxysulphate was purchased from Sigma–Aldrich
Seelze, Germany). 0.1 M H2SO4 was prepared by dilution of con-
entrated sulphuric acid purchased from Sigma–Aldrich (Seelze,
ermany). Separation of the precipitates from solutions was either
one using a polypropylene (PP) membrane Accurel PP 2E HF R/P
Membrana, Germany) with a nominal pore size of 0.2 �m or by
yringe filters Rotilabo CME (Carl Roth GmbH, Germany) with a
ore size of 0.22 �m. For the determination of the titanium con-
entration by UV/vis-spectroscopy hydrogen peroxide (Perhydrol,
ro analysi, Merck, Darmstadt) was used. For the coating process
olyamine microcapsules with a liquid core of tetradecane were
sed. The capsules were synthesized using an in situ polymer-

zation of melamine-formaldehyde precondensates [10,11]. The
ize distribution of the capsules was typically bimodal with a vol-
me and surface weighted mean particle size of d4,3 = 19.7 and
3,2 = 9.4 �m, respectively. The specific surface was calculated to
e 0.8 m2 g−1 taking into account a capsule density of 0.8 g cm−3.

.2. Determination of the solubility of TiO2

Since it can be expected that the solubility of freshly precipitated
itanium dioxide is considerably higher than that of aged mate-
ial the solubility of titanium dioxide was measured with freshly
recipitated material. For this purpose a precipitation according
o the standard operation was performed at 80 ◦C using a 0.1 M
olution of TiOSO4. After 6 h of hydrolyzation at 80 ◦C the precipi-
ate was separated from the solution and extensively washed with
istilled water. Small amounts of the oxide were mixed with dis-
illed water and the solutions were adjusted to different pH using
iluted sulphuric acid. Afterwards, the solutions were equilibrated
t 80 ◦C in a shaking bath for 1 week. For the analysis of the sam-
les the solutions were filtered through a 0.2 �m membrane while
ot and the concentration of titanium was measured using induc-
ive coupled plasma (ICP) spectroscopy (Ultima 2, Fa. Horiba Jobin
von, Munich). The solubility of titanium dioxide in dependence
f the H+-concentration was found to be c(TiO2)aq = 27.2 mg L−1

(H3O+)0.8.

.3. Determination of the dosing and mixing time

The dosing time was measured using the color change of an
ndicator. The vessel was filled with 452 mL hydrochloric acid
ontaining 4.52 mmol HCl. Additionally, bromthymol blue (Merck,
armstadt) as an indicator, showing a color change from orange to
lue at a pH of seven, was added to the vessel. Under stirring at
00 rpm 48 mL of a solution containing 4.56 mmol sodium hydrox-

de was added by means of a 50 mL syringe pump. The excess of
aOH was used to gain a distinct color change. In the dosing step
rstly the time for the dosing and secondly the time to the visually
etected point of the color change was stopped. The dosing and
ixing time were measured three times and the values averaged.

.4. Thermal hydrolysis
For the precipitation of the titanium dioxide the titanium(IV)
xysulphate was dissolved in distilled water and the clear solu-
ion was filtered through a 0.2 �m polypropylene membrane to
emove particles and impurities. In parallel 452 mL of distilled
g Journal 160 (2010) 351–362 355

water, including the appropriate amount of sulphuric acid, and in
case of the coating experiments the microcapsules, was heated up
to 84 ◦C while stirring at 300 rpm. Reaching a constant temperature
48 mL of the TiOSO4 solution were added under continuous stir-
ring by means of a syringe pump to give a total volume of 500 mL.
The mass of the titanium oxysulphate was calculated according
to an overall concentration of 0.1 mol L−1. By adding the titanium
solution of about room temperature the temperature in the ves-
sel drops to the final working temperature of 80 ◦C. After distinct
time steps samples were taken, quenched in an ice bath to stop the
thermal reaction and analyzed with respect to precipitation rate,
morphology and primary particle and agglomerate size.

3.5. Gravimetric analysis

For the gravimetric analysis 20 mL samples of the suspension
were taken, quenched in an ice bath and filtered through a 0.2 �m
PP membrane. The filter cake together with the filter was quantita-
tively transferred into a weighted porcelain crucible, dried at 105 ◦C
and calcined at 800 ◦C. Previously it was checked that the polymeric
membrane burns residue free. From the remaining mass, which was
considered to consist only of TiO2, the percentage of precipitated
titanium dioxide was calculated.

3.6. Spectroscopic determination of titanium

Additionally, the Ti-concentration was determined spectroscop-
ically (408 nm) by measuring the yellow-orange complex formed
by the reaction of titanium(IV) with hydrogen peroxide [36,1].

[Ti(OH)2(H2O)4]2+ + H2O2 → [Ti(O2)·aq]2+ + 6H2O (22)

[Ti(OH)3]+ + H2O2 → [Ti(O2)(OH)]+ + 2H2O (22a)

Previously a calibration line using TiOSO4 solutions of known
concentrations in a concentration range between 2 × 10−5 and
12 × 10−5 mol L−1 was measured. For this purpose TiOSO4, where
the exact concentration was measured by inductive coupled plasma
(ICP) measurements, was dissolved in distilled water and appropri-
ated volumes were transferred to a 50 mL volumetric flask. 0.5 mL
H2O2 (30 wt.%) was added to the solution and the volumetric flask
was filled up with 0.1 M H2SO4. Since it was found that the absorp-
tion increases with time all the measurements were performed 2 h
after adding the hydrogen peroxide. It was found that after this
time the absorption was almost constant. The molar absorption
coefficient was found to be 688.6 L mol−1 cm−1.

For the measurement of the reaction solutions the samples were
quenched in an ice bath and filtered through a 0.22 �m syringe
filter. The sample preparation was performed analogously to that
of the calibration line.

3.7. SEM

For the investigation of the particle morphology scanning elec-
tron microscopy (SEM, ESEM Quanta 400, Fei Company) was used.
Prior to SEM investigations the samples were coated with a thin
conducting layer of a gold/palladium (20%) (Sputter Coater K550,
Emitech).

3.8. Primary particle and agglomerate size
For the measurement of the primary particle size X-ray diffrac-
tion (XRD) was used while it was assumed that the primary particles
correspond to the smallest crystalline areas measured. The advan-
tage of this method is that the primary particle size can be measured
disregarding the aggregation of the particles. With this technique
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Fig. 1. Macro-mixing time in dependence of the total energy input.

ticles are smaller than about 25 �m showing that the particle
agglomeration can be assumed to be based on Brownian motion
which can be described by the perikinetic agglomeration ker-
nel.

Table 1
Micro-mixing time in dependence of the total power input and the degree of segre-
gation Is .
56 M. Sgraja et al. / Chemical Engi

he primary particle size can be derived from the line broadening
f the reflexes using the Scherer equation [38].

= K�

ˇ cos �
(23)

Here L is the size of the crystallites, K an instrument constant
aken as 0.9, ˇ the full width at half height and � the angle of
he reflex. For the measurement of the samples a powder diffrac-
ometer (STOE, Stadi-P) with monochromatic Cu K� radiation in
ransmission and for the analysis of the data the software FIT (STOE)
as used.

For the determination of the agglomerate size static light
cattering (Mastersizer 2000, Hydro 2000 �P, Malvern Instru-
ents) was used. Diluted sulphuric acid (0.1 M) was used as the
easurement liquid to prevent further precipitation during the
easurement. Analysis of the data was performed using the Mie-

heory with a refractive index of (2.493).

. Results and discussion

.1. Dosing and mixing

As described above the mixing time was measured to ascertain
f the system is ideally mixed. Using a 50 mL syringe pump the dos-
ng time was about 7.4 s and the mixing time including the dosing
tep about 11.0 s. However, in the experiments it was found that
irectly after the addition of the titanium oxysulphate solution to
he water the solution becomes turbid, whereas when adding the
iOSO4 solution to 0.1 M H2SO4 the turbidity was first detected
fter 2 min. The cloud point, the time when the first turbidity in the
essel can be visually detected, indicates that the nucleated parti-
les have grown and agglomerated into a visually detectable range.
aking the cloud point as an indicator for the reaction time it can be
een that the mixing time in water is longer than the reaction time,
hereas in sulphuric acid the mixing time is considerably shorter

han the reaction time.
For a further description of the mixing in solution the spe-

ific energy input is needed which was found to be too small
or an experimental determination. Even a build up torque mea-
urement with a minimum power range of 0.1 W was not able
o determine the energy input. However, from the torque mea-
urement it could be taken that the total energy input into the
ystem has to be smaller than 0.1 W. To estimate the lower limit
f the energy input the measured mixing time was used. It can
e assumed that the measured mixing time corresponds to the
icro-mixing time, since for a complete color change the solution

as to be mixed on the microscale. Since the degree of segrega-
ion is not known the energy input cannot be directly calculated
rom Eq. (3). For this purpose the specific energy input is calcu-
ated using Eq. (2) keeping in mind that the macro-mixing time
s always shorter than the micro-mixing time thus getting the
ower limit for the energy input. However, previously the Reynolds
umber (Re = 2.2 × 104) was calculated using a stirrer diameter d
f 0.04 m and a stirring speed n of 5 rpm to make sure that the
ondition of local isotropic turbulence is given. The dynamic vis-
osity and the density of the sulphate solution were taken to be
qual to that of water at 80 ◦C with H2O,80 ◦C = 0.3544 × 10−3 Pa s
nd	H2O,80 ◦C = 971.82 kg m−3 [39], respectively. Subsequently the
acro-mixing time tmacro in dependence of the total energy input

sing Eq. (2) can be derived (Fig. 1).
For a macro-mixing time of 11 s a lower limit of about
× 10−4 W can be calculated which means that the size range of
he energy input of the stirrer has to be between 1 × 10−4 W and
.1 W. These limits of the energy input can then be used, given that
he Schmidt number is much larger than one, to calculate the micro-

ixing time. The Schmidt number was found to be about 3600
Fig. 2. Micro-mixing time in dependence of the power input for a degree of segre-
gation of 0.1 and 0.01.

using a typical diffusion length of 1 × 10−10 m2 s−1. Thus, the micro-
mixing time for a degree of segregation of Is = 0.1 (90% mixed) and
Is = 0.01 (99% mixed) can be derived (Fig. 2, Table 1).

It can be seen that in 0.1 M H2SO4 the mixing time is consid-
erably shorter than the reaction time so that for the theoretical
description an ideally mixed system can be assumed.

In addition to the mixing time the Kolmogorov length scale was
calculated to later on define the agglomeration mechanism. In Fig. 3
the Kolmogorov length scale in dependence of the power input is
given.

The Kolmogorov length scale lies between 22 �m (0.1 W) and
124 �m (0.0001 W). As will be seen later the precipitated par-
Power input (W) Degree of segregation

Is = 0.01 Is = 0.1

0.1 0.60 s 0.054 s
0.0001 18.9 s 1.72 s
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Fig. 3. Kolmogorov length scale in dependence of the power input.

.2. Chemical hydrolysis in water and 0.1 M H2SO4

First of all the chemical kinetics in water and in diluted sul-
huric acid were compared to each other to ascertain the influence
f the additional sulphuric acid on the chemical reaction rate.
or this purpose the reaction constants kr1 and kr2 with respect
o a temperature of 80 ◦C for a 0.1 M TiOSO4·H2SO4 solution
c(H2SO4)/c(TiOSO4) = 1.15) in water and 0.1 H2SO4 were calcu-
ated (table in Fig. 4) and the time-dependent formation of the
recipitated TiO2 compared to each other (Fig. 4). As can be seen
he reaction constant kr1 in 0.1 M H2SO4 is only about half of the
onstant in water. Nevertheless, the influence on the formation
f the precipitated material in the concentration range considered
an practically be neglected. Furthermore, it can be seen that after
bout 50 s the chemical reaction has finished and all the material
as been hydrolyzed. It is worth noting that the chemical reaction
nly represents the dissociation of the titanium oxysulphate and
he hydrolyzation of the complex. These molecular precursors can
hen undergo olation and oxilation forming nuclei which can grow
nd agglomerate.
.3. Precipitation rate in water and diluted sulphuric acid

.3.1. Gravimetric analysis and UV/vis spectroscopy
As the second step the time-dependent precipitation of the

aterial was investigated by the gravimetric analysis and UV/vis

ig. 4. Theoretical hydrolysis of a 0.1 TiOSO4 solution in water and in 0.1 M H2SO4.
n the table in the figure the reaction constants for both systems are given.
g Journal 160 (2010) 351–362 357

spectroscopy. In Fig. 5 the percentage of the precipitated TiO2 mea-
sured by gravimetric analysis (left) and by UV/vis spectroscopy
(right) for the different time steps and the two solutions are given.

As can be seen in the gravimetric analysis the precipitation in
water is faster than in sulphuric acid and additionally the total
amount of precipitated material in water (90%) is much higher than
in sulphuric acid (60%). This difference can already be seen in the
beginning where in water after 1 min already 20% of the material is
precipitated. This corresponds to the fact that the solution becomes
turbid directly after the addition of the concentrated TiOSO4. When
the acidic solution is added to the solution with a pH of about
seven there is a sharp rise of the pH which leads to a strong shift
of the hydrolysis to the side of the product. Thus, the supersatu-
ration, nucleation and agglomeration are strongly increased and
particles can visually be detected. In diluted sulphuric acid there is
not such a strong increase of the pH which prevents the shift of the
equilibrium. However, in sulphuric acid only 60% of the material is
precipitated, which leads to the question if the remaining material
is present in the molecular state or in form of small particles which
could not be held back by the filter. Therefore the experiments were
repeated while the concentration of dissolved titanium dioxide was
measured by UV/vis spectroscopy (Fig. 5, right). The UV/Vis mea-
surement indicates that in water after 360 min almost 100% of TiO2
is precipitated while in sulphuric acid about 85% is detected. This
indicates that in water about 10% (0.4 g) and in sulphuric acid about
25% (1 g) of the material is present as small particles which cannot
be held back by the filter and do not react with hydrogen perox-
ide. It cannot be explained up to now why in sulphuric acid still
15% of the titanium stays in solution after 6 h. To clarify this point
additional spectroscopic measurements would be necessary.

4.3.2. Particle size measurement
The particle size distributions were measured after distinct time

steps as described above and the volume weighted mean diameter
d4,3 (Fig. 6, top left) and the volume density distributions after 6 h
(Fig. 6, top right) of the precipitation in water and in sulphuric acid
were compared with each other. Additionally, SEM pictures after
6 h precipitation in water (Fig. 6, bottom left) and sulphuric acid
(Fig. 6, bottom right) are shown.

It can be seen from the particle size distributions (PSD), the
time-dependent mean particle diameter as well as from scanning
electron microscopy pictures that the maximum mean parti-
cle size in sulphuric acid (d4,3 ≈ 23 �m) is higher than in water
(d4,3 ≈ 15 �m). It is worth noticing that the mean particle diameter
after about 50 min in water and 0.1 M sulphuric acid stays constant.
It seems that there is a maximum agglomerate size, which means
that the agglomeration stops after a certain size is reached although
there is still an effective supersaturation.

It was shown that the hydrolysis of TiOSO4 finishes within about
1 min whereas the final agglomerate size is reached after about
50 min. This indicates that during the precipitation the conden-
sation or agglomeration are the rate determining steps while in
comparison the time for hydrolyzation is quite small.

The PSD in sulphuric acid shows one peak between 10 and
50 �m while the distribution in water shows two distinct peaks,
the first between 1 and 4 �m and the second between 5 and 35 �m.
The smaller mean particle size in water can be explained by the fact
that in the beginning due to the incomplete mixing and thus a high
supersaturation a large number of nuclei are formed. These nuclei
form agglomerates which can visually be detected directly after
the addition. Although the supersaturation was decreased by the

first outburst of nuclei, new particles are precipitated which can
subsequently be gathered by the agglomerates present, leading to
a relatively small distribution between 5 and 35 �m. However, it
seems that a number of small particles (1–4 �m) are still present
after 6 h. In sulphuric acid the nucleation is more a continuous
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Fig. 5. Gravimetric analysis (left) and UV–vis measurement (right) of the precipitation in water and diluted sulphuric acid.

F ter 6 h (top right) and SEM pictures of particles precipitated in water (bottom left) and
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Table 2
Primary particle sizes of the precipitation in water and sulphuric acid, mea-
sured by X-ray diffraction.

t (min) Primary particle size (nm)
ig. 6. Volume weighted mean diameter (top left), volume density distribution af
ulphuric acid (bottom right).

rocess. In the beginning the supersaturation stays at a high level
ince in nucleation only a small amount of material is consumed.
hus, for a longer time period particles are formed which can grow
nd undergo agglomeration forming a relatively broad distribution
nd larger particles. In contrast, it was found by X-ray diffraction
hat the primary particle sizes (Table 2) in water are larger than in
ulphuric acid.

These dependencies are also in line with the previously given
esults of the precipitation of titanium dioxide. Due to the initial

urst of particles in water and accordingly the decrease of super-
aturation the growth of particles in this system plays a more
ominant role than in sulphuric acid. Calculation of the num-
er of primary particles from the mass of precipitated TiO2 and
he mean primary particle diameter after 4 h gives a total num-

H2O H2SO4

15 2.7 0.8
30 3.5 1.1
60 4.3 2.2

240 4.9 3.2
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Fig. 7. Fraction of precipitated TiO2 with and wit

er of 1.65 × 1019 particles in water (dprim = 4.9 nm,mTiO2
= 3.85 g)

nd 5.02 × 1019 particles in sulphuric acid (dprim = 3.2 nm, mTiO2
=

.33 g). This leads to the conclusion that in sulphuric acid more
articles are formed which lead to larger agglomerates.

.4. Coating of capsules

For the analysis of the coating process first of all the precipita-
ion in the presence of capsules was investigated. Capsules were
dded to the reaction vessel and the experiment was performed
s described above. It was found that in water (Fig. 7, left) and in
ulphuric acid (Fig. 7, right) the addition of capsules does not have
significant influence on the precipitation rate. As can be seen the
mount of precipitated mass in case of precipitation with and with-
ut capsules is practically the same. This clearly indicates that the
ucleation is governed by homogeneous nucleation while hetero-
eneous nucleation can be neglected. This is reasonable taking into
ccount the high supersaturation due to the low solubility of TiO2
n water.

After determination of the overall precipitation in the system
he coating rate of the capsules in sulphuric acid was investigated.
n Fig. 8 (left) the weight percentage of TiO2 precipitated on the cap-

ules with respect to the mass of the coated capsules is shown. It can
e seen that in case of the higher total surface area (20 m2 L−1) about
wt.% and in case of the smaller surface (4 m2 L−1) about 20 wt.% of

he coated capsules consist of titanium dioxide. Due to the lack of
eterogeneous nucleation on the surface of the capsules the coat-

ig. 8. Amount of precipitated titanium dioxide on the capsules with respect to the ma
ystem (right).
apsules in water (left) and sulphuric acid (right).

ing rate is only dependent on the number of collisions between
the template and the coating material. If the number of capsules
represented by the total surface area is reduced the ratio of TiO2
particles to capsules and accordingly the amount of precipitated
material per capsule is increased.

In Fig. 8 (right) the rate of titanium dioxide which is part of
the coating to the total amount of TiO2 in the system is shown.
As could be seen earlier the total amount of precipitated material
(coating and in solution precipitated particles) is the same (60 wt.%
after 6 h) with and without capsules. In the coating process in case
of a total surface of 4 m2 L−1 after 6 h about 20 wt.% of the overall
precipitated material is part of the capsule coating while in case
of a total surface of 20 m2 L−1 about 30 wt.% of the precipitated
material represents the capsule coating. Thus, with an increased
template surface the yield of material precipitated on the template
can be increased but in return the shell thickness for each template
is reduced. This can only be overcome when an attractive potential
between the template and the coating material can be established.

Another point which can be used for the control of the coating
efficiency is the nucleation rate. In case of high nucleation rates a
high number of TiO2 particles are formed which can either agglom-
erate with capsules or with other oxide particles. The higher the
number of TiO2 particles the higher the probability of TiO2–TiO2

agglomeration compared to the agglomeration between capsules
and TiO2 particles. Thus, for an effective coating process low nucle-
ation rates are favorable. This can for example be realized by higher
concentrations of TiOSO4 or H2SO4 or by the slow addition of a
TiOSO4 solution to a template dispersion.

ss of the coated capsules (left) and with respect to the overall mass of TiO2 in the
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Table 3
Parameters of the equations used for the modeling of nucleation growth and
agglomeration.

Process Parameters Fitted value Equation

Nucleation k2 5.6 × 1048 (7)
k3 3288

Growth k1 = kg 4 × 10−6 (10)
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Agglomeration ˇbr 1 × 10−18 (16)
ˇtr 0

Furthermore, the agglomeration process can be influenced by
areful control of the size of the template particles and the energy
nput into solution. As it was shown the agglomeration of the TiO2
articles follows a perikinetic mechanism where agglomeration

s only dependent on Brownian motion being independent of the
tirrer speed. However, in case of core particles larger than the
olmogorov microscale the velocity of the particles and thus the
ollision rate with the coating particles could be controlled by the
nergy input.

.5. Modeling

Since it was found that the condition of an ideally mixed solu-
ion is only given for the precipitation in diluted sulphuric acid
nly this system was chosen for the modeling. For this system
he chemical reaction rates kr1 and kr2 were taken as 0.7204 and
.1275 mol L−1 s−1 (see Section 4.2), respectively. For the homo-
eneous precipitation the parameters for nucleation, growth and
gglomeration given in Table 3 had to be fitted to the experimental
ata.

For a first approximation it can be assumed that only in nucle-
tion and growth mass is consumed. Additionally, it can be stated
hat the volume based mean diameter d4,3 is mainly affected by
gglomeration, i.e. nucleation and growth can be neglected. Taking
his into account the parameters for nucleation and growth were
n parallel fitted to the precipitated mass while the agglomeration
onstants were fitted to the volume based mean diameter. Since 6
arameters had to be fitted manually it was only possible to find
local solution for the set while a global solution due to the high

omplexity of the system was not possible. However, the primary

ntention was not to find the very exact solution of the set of equa-
ions but to determine the influence of the individual parameters
n the result of the modeling.

For a starting point for the theoretical description of nucleation
nd growth k2 and k3 were calculated using the classical theory

Fig. 9. Comparison of the model with the experimental data with respect to the time-
g Journal 160 (2010) 351–362

of nucleation Eq. (6) with typical values. By this k2 and k3 were
found to be about 5.6 × 1048 m−3 and 3288, respectively. Starting
from this point the parameters k2 and k3 were fitted to the exper-
imental data using the time-dependent precipitation measured by
UV/vis spectroscopy. In a second step the agglomeration constant
was fitted to the volume weighted mean diameter measured over
time. Due to the fact that the agglomeration has an impact on the
precipitation, since agglomeration reduces the overall surface of
the particles which leads to a reduced precipitation by growth.
By this, after tuning of the agglomeration constant, the nucleation
and growth constants had to be refitted again. The fitting for the
nucleation and growth as well as the agglomeration constants was
repeated a number of times until the best correlation between the
experiment and the theoretical results was reached. The param-
eters best fitting the experimental results are given in Table 3. In
Fig. 9 the time-dependent precipitation (left) and volume weighted
mean diameter (right) for this set of parameters together with the
experimental data are shown.

It can be seen that the correlation between the model and the
experimental data up to about 1200 s is quite good. After that time
in the model the mass is continuously precipitated until the entire
titanium dioxide is precipitated after about 2200 s. However, in the
experiment it was found that the precipitated mass passes into a
plateau at about 3.3 g although there is still a supersaturation of
about 350. The nucleation constant with k2 = 1 × 1048 m−3 is quite
high, which was to be expected, since the equilibrium saturation
of titanium dioxide is quite low and thus the supersaturation very
high. The nucleation constant k3 was taken as 3288, calculated from
the classical theory of nucleation. It was found that there are differ-
ent combinations of k2 and k3 which show very similar results. Due
to the number of parameters and the high computational effort
for the solution of one set of parameters it was not possible to
determine if one of the other combinations would lead to a better fit.

After varying the parameters for nucleation and growth it was
found that the precipitation in the initial time is dominated by
nucleation which can be seen as a steep rise of the precipitated
mass (grey shaded area in Fig. 9, left). A further increase of the
nucleation constant would only lead to a higher amount of precipi-
tated material in the initial time step and thus to a higher deviance
between experiment and theory. In the subsequent time step it was
found that the linear increase of the curve is clearly dominated by
the growth term. In this part higher or lower growth rates lead to

an increased or decreased slope, respectively.

Additionally, an increased growth term exponent, giving an idea
about the growth mechanism, only leads to an increased slope with
a higher deviance from the experimental data. Thus, a growth expo-
nent of one seems to give the best fit to the experimental data

dependent precipitation (left) and the volume weighted mean diameter (right).
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hich would lead to the assumption that the precipitation is best
escribed by a diffusion controlled growth process. It can be seen
hat this simple model can be used to find the optimum parameters
or nucleation, growth and agglomeration.

Comparing the theoretical and the experimental volume
eighted mean diameter d4,3 it can be seen that the correlation

n the beginning is quite good. Up to about 1200 s the experimen-
al data are exactly represented by the theoretical curve. After that
he theoretical d4,3 increases further until a mean diameter of about
7 �m is reached staying constant then. In this case the plateau can
e explained by the fact that after about 2200 s the entire material

s precipitated (see Fig. 9, left) preventing further agglomeration.
f there were still supersaturation then the agglomeration would
ven proceed to larger mean particle sizes.

Comparing the results for the precipitation and the mean diam-
ter, it can be seen that this simple model gives quite a good
escription of the process up to a time of about 1200 s. However,
fter that time the model deviates from the experimental curve giv-
ng an indication for a change in the precipitation mechanism that
annot be described using this simple model. However the model
upports the finding that the process is based on Brownian motion.

. Conclusion

In the present article it was shown that in the investigated sys-
em the precipitation in water is faster than in 0.1 M H2SO4. In
ater there is an initial outburst of particles due to the differ-

nce in pH between the concentrated TiOSO4 solution and the
ater in the reaction vessel. By this difference locally very high

eaction rates, faster than the mixing rate, are yielded. These fast
eaction rates again lead to high local supersaturations followed
y strong nucleation and agglomeration. Furthermore, the ini-
ially formed particles can collect the subsequent formed nuclei
y agglomeration leading to a relative small particle size distribu-
ion, a small volume based mean particle diameter of about 15 �m
nd larger primary particle sizes than in sulphuric acid. In con-
rast in sulphuric acid the difference in pH is much smaller leading
o a prolonged nucleation phase which leads to broader particle
ize distribution and a larger volume weighted mean diameter of
bout 23 �m. From the specific energy input into the system and
he size of the capsules it can be deduced that in sulphuric acid
he agglomeration is based on a perikinetic agglomeration mecha-
ism.

In the coating process the precipitation rate is independent of
he specific surface of the added capsules which shows that het-
rogeneous nucleation can be neglected in this process and that
he coating efficiency only depends on the agglomeration between
apsules and TiO2. The latter can also be seen in the amount of TiO2
n capsules in dependence of the capsule surface. With high spe-
ific surfaces of the capsules the amount of precipitated material
hich is part of the capsules increases while on the other hand the

mount of titanium dioxide for each capsule decreases.
Conclusively it can be stated that for a high coating efficiency

slow nucleation rate (enough time for the capsules to collect the
iO2 particles) and a large total surface area of the capsules are
avorable.

The model used for the theoretical description process shows
hat the initial time step is governed by nucleation followed by a
ime step governed by growth. In addition, the model supports the
xperimental finding that the agglomeration is based on a periki-
etic mechanism.
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