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Titanium dioxide particles in the form of anatase are precipitated from concentrated
titanyl sulfate solution in the sulfate process, which are then reco®ered by a filtration
process downstream of the precipitation stage. A pre®ious study by Sathyamoorthy et al.

( )showed that the final anatase particles are aggregates 1-2 �m consisting of numerous
( ) ( )crystals 7 � 8 nm arranged in primary agglomerates 60 � 100 nm . Pigment quality is

determined by crystal and primary agglomerate size. One way of impro®ing filtration rate
is by the formation of larger aggregates, while maintaining the crystal and primary ag-
glomerate size at optimum ®alues. In a new seeding procedure proposed, the controlled

( )inoculation of seeds used in industry is combined with a new type of seed Large Seeds .
The new seeding procedure has the potential to increase downstream filtration efficiency
by increasing aggregate size, while maintaining crystal and primary agglomerate sizes
close to the ®alues correctly obtained in industry. High yield in the precipitation process
is also maintained.

Introduction

Titanium dioxide is mainly known for its good pigment
properties. Apart from its well-known application in paints, it
is also used in the manufacture of paper, fibers, cosmetics,
sunscreen products, toothpaste, and foodstuffs. One route to

Žtitanium dioxide production is via the sulfate process Barks-
.dale, 1966 . This is the main production method used outside

Ž .North America Tioxide, 1992 .
Ilmenite, the titanium-dioxide-bearing ore is dissolved in

concentrated sulfuric acid. The resulting titanyl sulfate solu-
tion is purified by the removal of iron. Precipitation of tita-
nium dioxide in the form of anatase occurs from concen-
trated titanyl sulfate solution in batch stirred tanks. The
anatase slurry is then filtered to recover the solid particles.
The final processing step involves calcination at 900�C, at
which temperature anatase transforms to rutile, which is the
final pigment form. The precipitation of anatase particles is
crucial to the process, because the optical properties of the
pigment are first established here, the most important prop-
erty being particle size.

Correspondence concerning this article should be addressed to G. D. Moggridge.

Achieving an optimum crystal-size range is desirable for
pigment applications. In order to most efficiently reflect visi-

Ž .ble wavelengths 0.4�0.7 �m , the particle size of titanium
dioxide pigments must be controlled at about half those di-

Ž .mensions, or 0.2�0.4 �m Patton, 1973 .
In the sulfate process, the solid�liquid separation of the

anatase slurry after precipitation is carried out by the cake
filtration technique. The structure of the filter cake deter-
mines the efficiency of the filtration process. Larger anatase
particles allow the formation of a more porous filter cake,
improving filtrability of the slurry and reducing filtration time
in the process. The key factors in industry are process econ-
omy and the high quality of the final product.

Particle Formation During Anatase Precipitation
A comprehensive study of the particle formation process

during precipitation has been described by Sathyamoorthy et
Ž .al. 2001a,b . Seeds were found to be important in accelerat-

ing the precipitation process. Seeds compose 4�5 nm anatase
crystals. These seeds induce the formation of primary ag-

Ž .glomerates approximately 60�100 nm , which aggregate to
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Ž .form particles aggregates of approximately 1�2 �m. Crystal
size at the end of precipitation was found to be between 7

Ž .and 8 nm. Sathyamoorthy et al. 2001a defined a primary
agglomerate to be a tightly bound group of crystals. Crystals
within a primary agglomerate are held together by solid
bridges of crystalline material and cannot be separated by the
addition of barium chloride. It is likely that all the crystals
within a single primary agglomerate were originally formed
by secondary nucleation events occurring on the surfaces of
other crystals present in the same agglomerate. An aggregate
was defined as a more loosely bound collection of primary
agglomerates. The primary agglomerates within an aggregate
are held together only by weak bridges andror surface attrac-
tions. The addition of barium chloride sufficiently modifies

Žthe surfaces of anatase by scavenging sulfate ions from solu-
.tion that the primary agglomerates within an aggregate sepa-

rate. Unfortunately, the term ‘‘aggregate’’ is used differently
by other investigators. In the field of colloid science, the term
‘‘aggregate’’usually refers to permanent, nonredispersible en-
tities that are defined here as ‘‘agglomerates.’’ Colloid scien-

Žtist make use the term ‘‘floc’’ instead of ‘‘aggregate’’ as used
.in this article to define loosely bound entities.

The rate of precipitation in dependent on secondary nucle-
ation, and can be dramatically enhanced by increasing the
amount of seeds inoculated. Earlier work on particle size
during anatase precipitation has been reported by Duncan et

Ž . Ž . Ž .al. 1976 , Santacesaria et al. 1986 , and Raskopf et al. 1999 .
The final size of crystals and primary agglomerates are cru-

Žcial in determining pigment quality Edwards, personal com-
.munication, 1999 . Therefore, these two length scales must

be controlled within an optimum range during precipitation.
On the other hand, the size of aggregates dictates the effi-
ciency of the filtration process downstream of anatase precip-

Žitation, but does not affect final pigment quality Chung et
.al., 1999 . Thus, the formation of larger aggregates is favor-

able to the economy of the process. The main focus of the
work presented in this article is on maintaining crystal and
primary agglomerate size within the optimum range achieved
in industry, maintaining high yield in the process, and at the
same time increasing the size of aggregates and thereby en-
hancing filtration efficiency.

This article describes the possibility of using an alternative,
readily available source of seeding material. Anatase parti-
cles from a previous run were used as seeds in the recovery
of titanium dioxide from fresh titanyl sulfate solution. Unlike
the seeds used in industry, the seeds we made remained in
the micron-size range when inoculated into titanyl sulfate so-
lution. A new seeding procedure was developed, and the
slurry obtained was tested by simple filtration experiments.

Ž .In a recent study, Sathyamoorthy et al. 2001b investigated
the influence of stirrer speed on particle size during anatase
precipitation in a mechanically stirred vessel. It was found
that crystal size, agglomerate size, and yield were essentially
unaffected by stirrer speed, but that aggregate size decreased
as stirrer speed was increased; the range of aggregate size
attainable remained fairly limited.

Another factor that could influence aggregate size is the
effect of seeding during precipitation. In industry seeds are
used to obtain a high recovery rate and control of the parti-

Ž .cles-size distribution PSD . An investigation into the influ-
ence of seeds on aggregate size has been documented by

Ž .Sathyamoorthy et al. 2001a . The final mean size of the ag-
gregates was not significantly influenced by changing the
seeding volume used.

Theory of Cake Filtration
In cake filtration the slurry is forced through a porous

medium of low resistance, on which the solid material is re-
tained, while the liquid passes through. A cake of solid parti-
cles with a complex pore structure is soon established on the
porous medium. This filter cake retains other solid particles
and forms the main resistance to the flow of slurry. The effi-
ciency of the cake filtration process depends on cake perme-

Žability, pore size, particle size, and compressibility Cain,
.1990 .

The macroscopic properties of the filter cake are largely
dependent on the properties of the solid particles in the
slurry. One of the most important parameters of both slurry
and filter cake is the particle-size distribution. In cake filtra-
tion, cake permeability is often regarded as the most conve-
nient characterization parameter.

Ž . Ž .Mydlarz and Jones 1989 , Svarosvsky 1990 , and Ranjan
Ž .and Hogg 1996 have analyzed cake filtration using the Car-

man-Kozeny equation and found it to work reasonably well
over a limited range of experimental parameters. They found
that cake permeability increased with increasing particle size
for monodisperse suspensions. In deriving the Carman-
Kozeny equation, it is assumed that all particles are spheri-
cal. In our case, although the primary agglomerates are
roughly spherical, the aggregates appear more like ‘‘cauli-
flower florets.’’ The aggregates cannot therefore be expected
to arrange themselves in the filter cake as would spherical
particles, and so the Carman-Kozeny equation is unlikely to
give good results. For this reason we have analyzed our filtra-
tion data using a method based on recent work described by

Ž .Meeten 2000 . An outline of the mathematical formulation
is given here.

The simple mathematical description of a filtration process
for an incompressible cake is often based on Darcy’s law
Ž .Mydlarz and Jones, 1989 , shown in Eq. 1. This gives a defi-
nition of cake permeability, k:

dQ kP
s . 1Ž .

dt �L

Ž .Following the work of Meeten 1993 and Akers and Ward
Ž . Ž .1977 , Meeten 2000 derived an expression for desorptivity
Ž .Eq. 2 for an incompressible cake:

0.52kP
Ss , 2Ž .ž /�G

Ž . Ž . Ž .where Gs�r � y� s cake volume r filtrate volume ,cake
which for an incompressible cake is constant throughout the
filtration process.

Further analysis by Meeten produced an expression identi-
cal in form to the formula proposed by Ruth et al. in 1933.
The so-called Ruth relation is given as

ts t qbVqcV 2 , 3Ž .0
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where bs�RAy1Py1 and cs Ay2Sy2 ; t , b, and c are de-o
termined by curve fitting a second-order polynomial to a plot
of time vs. cumulative volume of filtrate; S, desorptivity, is
calculated from the value of c and the surface area of the
porous media. Cake permeability, k, is then determined from
the plot of S vs. P 0.5, Eq. 2; S and R are both assumed to be
constant over time during a given experiment; and R should
also be pressure independent, and S also will be for an in-
compressible cake. This type of analysis allows the effect of
the inherent filter medium hydraulic resistance, R, to be sep-
arated from the cake permeability, k.

In the filtration of fine particles such as anatase, the influ-
ence of pH on the surface charges of the particles and the
resulting network formation through physicochemical inter-
actions in the filter cake should be a prime consideration.

Ž .Koenders and Wakeman 1996 determined the isoelectric
Žpoint for anatase particles produced by a similar precipita-

.tion route to that used in our work and found that it was
close to pH 3.4. Close to the isoelectric point the rate of fil-

Ž .tration varied considerably with pH pH 2 to pH 4 . The fil-
tration rate reached its maximum value at pH 3.4. There-
after, filtration rate reduced as the modulus of the zeta po-
tential was increased up to pH 5.5. At pH greater than 5.5,
the filtration rate did not change significantly, corresponding
to the small change in zeta potential when the pH was greater
than 5.5. Hence, the modulus of zeta potential caused by
changes in the pH of the slurry affects the filtration efficiency
of anatase slurry. This was an important consideration taken
into account in the preparation of anatase slurry for filtration

Ž .work described in this article see Experimental section .

Experimental Studies
Batch mode experiments were carried out in a mechani-

cally stirred tank of 1-L capacity. The vessel is described in
Ž .detail by Sathyamoorthy et al. 2000b . Five hundred mL of

Ž .concentrated titanyl sulfate black liquor obtained from an
industrial source was used. This solution consists of 253.43
grL titanium dioxide and 464.10 grL sulfuric acid. The in-
dustrial fluid also includes 30.56 grL Fe2q in aqueous form
and trace amounts of other impurities. One function of the
industrial digestion and precipitation process is the removal

Ž .of these impurities Tioxide, 1992 .
Industrial Seeds are made from the reaction of titanium

tetrachloride and sodium hydroxide. Industrial Seeds were
obtained from the same industrial source. Titanium dioxide
concentration in Industrial Seeds was 43.6 grL. Inoculation
of 54 mL Industrial Seeds is equivalent to seeding on a basis
of 1.8% wt of titanium dioxide in the vessel. Industrial Seeds
compose particles with mean size of 10 �m. These large par-
ticles break into anatase crystals of 4�8 nm, when innocu-

Ž .lated into black liquor Sathyamoorthy et al., 2001a .
A different type of seed was also used in the experiments.

These seeds were obtained from the final product of a pre-
cipitation run. Fresh titanyl sulfate, inoculated with 54 mL of
Industrial Seeds, was boiled for 6 h, after which the titanium
dioxide slurry was filtered and washed with deionized water
to eliminate any soluble ions. The resulting white pulp was
dried at 200�C for 48 h. Subsequently, it was ground and
reslurried in deionized water to make up suspensions of vari-

Žous titanium dioxide concentrations Cs40 grL, 80 grL, 120

.grL, and 240 grL . Each suspension was stirred overnight to
ensure homogeneity in particle-size distribution. We named
this seed type Large Seeds top differentiate them from In-
dustrial Seeds. The mean particle size of Large Seeds deter-

Ž .mined by laser diffraction Coulter LS 230 was 1.36 �m. This
particle size was maintained after inoculation into hot con-
centrated titanyl sulfate solution.

In each experimental run, the starting solution was heated
to 100�C, after which seeds were inoculated. The precipita-
tion run time was considered to be initiated once the last
drop of seeds was added. The temperature was then raised at
a rate of 1�C per minute to 110�C. All experiments were car-
ried out at 110�C with stirrer speed maintained at 200 rpm.

Ž .A small sample 1�3 mL was extracted at specific times,
Žand quenched with 10% sulphuric acid diluted from 98%

.Sulphuric Acid GPR, Merck in an ice bath, for the determi-
nation of percentage recovery of titanium dioxide. These
samples were centrifuged, after which the supernatant was
carefully removed by pipette and the residue washed with the
quenching medium. In carrying out this separation and wash-
ing routine a number of times, Fe2q and other soluble impu-
rities were eliminated from the wet anatase particles. Finally,
the sample was oven dried and subsequently heated to 900�C
before weighing. At 650�C, the sulphate ions attached on the
surface of anatase particles were removed through the libera-
tion of highly acidic sulphur trioxide fumes. This method en-
ables us to accurately measure the total amount of anatase
formed at a specific time of the precipitation run.

Samples, extracted using the procedure just given, were an-
alyzed to determine the sizes of particles on the three rele-

Ž .vant length scales; namely aggregates 1�2 �m , comprising
Ž .agglomerates 60�100 nm , which are in turn made up of

Ž .crystals 5�10 nm . The methods used to achieve this are now
described.

ŽPSDs of aggregates particle of approximately 1�2 �m di-
.ameter were obtained using an Elzone 280 PC with a 48 �m

orifice tube. The Elzone 280 PC uses the principle of electri-
cal zone sensing to count particles, and measures their size in
terms of diameter of an equivalent volume sphere.
Electrical-zone sensing directly counts numbers of particles:
PSDs for the aggregates are therefore reported weighted by
number and the mean size of aggregates is given as the num-

Ž .ber weighted mean diameter L . Samples were taken from1.0
the stirred tank and subjected to the quenching procedures
described earlier. Dilution of the sample in 40 grL salt solu-
tion is required prior to particle-size analysis.

Aggregates were deaggregated into their composite ag-
Žglomerates agglomerates are approximately 60�100 nm in

.diameter , by treatment of anatase particles in 0.5 M barium
chloride, according to the procedure described by

Ž .Sathyamoorthy et al. 2001a . The mean size and PSD of pri-
mary agglomerates was then determined using a Coulter LS
230 machine working on the principle of laser diffraction, and
measuring diameter of an equivalent volume sphere. Laser
diffraction measures particle volume distribution: PSDs for
the agglomerates are therefore reported as diameter distribu-
tion weighted by volume and the mean size of agglomerates

Ž .is given as the volume-weighted mean diameter L .4.3
Dried samples were taken for powder diffraction studies

Ž .PXRD to determine anatase crystal size. PXRD was car-
Ž .ried out with a Philips XRG 3100 rStoe Powder Diffraction
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Machine. The X-ray source was nickel-filtered copper K �
Ž .radiation �s0.15418 nm . The goniometer was operated

under step scan mode in increments of 0.02� 2� , and at a
scanning speed of 0.01� 2� per second. Diffraction peaks for
titanium dioxide were identified with reference to JCPDS

Ž .Powder Diffraction Files 1969 . Crystal size was determined
Ž .using Scherrer’s formula Hammond, 1997 , shown in Eq. 4

K �S
	s . 4Ž .

l cos �

According to this formula, the line broadening or angular
width at half maximum, 	 , is inversely proportional to the
crystal size, l. The crystal size calculated in this way is a mean
chord length in a direction normal to the crystal plane from
which the diffraction line originates. In order to obtain a
characteristic mean particle diameter from this, the shape
correction factor, K , is introduced; for spherical particlesS
this factor is about 0.9. Since we have no way of knowing the
shape of the crystals present in our particles, we have taken
this shape correction factor to be unity. Calculations were
carried out on anatase peaks located at 2� of 25.4�. The ob-
served line broadening was corrected for ‘‘instrumental’’ fac-
tors by measuring the line broadening of large anatase crys-

Ž .tals ls265 nm, Aldrich Chem. Co., 99.9% purity , and ap-
plying a simple subtraction to obtain the corrected line

Ž Ž .broadening 	s	 -	 Hammond, 1997 .observed instrument
Quenched samples used for PSD measurements were fil-

tered onto a 13-mm Whatman Cylopore membrane filter with
0.2-micron pore size. The membrane filters were air dried
and adhered to aluminum mounting stubs with double-sided
tape. These were gold coated in vacuum. A Joel JSM-820

Ž .scanning electron microscope SEM was used to observe
changes in particle size and population.

Constant pressure filtration tests were carried out in a ver-
tical acrylic pipe, 125 mm high and 75 mm ID. A Whatman
42 filter paper was held at the lower end of the pipe via a
stainless-steel endcap. Compressed air entered the top of the
pipe through a stainless-steel upper endcap. Anatase parti-
cles from a precipitation run were centrifuged and washed

Ž .with a consistent amount of water 3 L . The anatase parti-
cles were then reslurried to appropriate concentrations for
filtration tests. The pH value of the anatase slurry was mea-
sured using a Beckman 40 pH meter with a combination pH
electrode. The pH of all anatase slurry used in the filtration
experiments was between 1.0 and 1.2. As pH changes, the

Žmodulus of the zeta potential which directly affects the par-
.ticle�solution interaction also changes. Since the objective

in this work was to quantify the differences in filtration effi-
ciency influenced by particle size alone, it was important that
pH values did not differ significantly.

Filtration was carried out at 50�200 kPa for a range of
slurry concentrations. A plot of cumulative volume of filtra-
tion vs. time was obtained using a stopwatch and measuring
cylinder. Equations 2 and 3 were used to calculate a value of
cake permeability for each sample analyzed. Filter-cake
porosity and solidosity were determined by estimating the void
fraction, from measurement of the water content of the cake;
this method assumes the filter cake to be fully saturated, an
assumption that is expected to be reasonable for cakes made

up of particles as small as the ones in our samples. We first
weighed the wet filter cake, and repeated the measurement
after it has been dried at 105�C. Density of the fluid was
taken as 1 g �cmy3, and density of the anatase particles as 4

y3 Ž .g �cm Othmer, 1983 .

Results
New seeding procedure

Influence of Large Seeds on precipitation. In the first set of
experiments we varied the Large Seeds concentration. Inocu-
lation of 59 mL of 40 grL titanium dioxide corresponds to
seeding of 1.8 wt. %. The use of 1.8 wt. % seeding is fre-
quently encountered in industrial-scale processes.

The rate of precipitation is reported as percentage recov-
Ž .ery of titanium dioxide anatase in Figure 1. Increasing the

Large Seed concentration had little effect on the kinetics of
the precipitation process: yields after 360 min were all be-
tween 33 and 39%. Recovery of titanium dioxide after 24 h
for the 40-grL seeding case was 87.3%. Comparison is made
with a precipitation run where no seeds of any kind were
inoculated. In this case, observable precipitation of anatase
did not begin until the 90th minute; yield after 360 min was
about 30%. Comparison with a precipitation run inoculated

Ž .with 54 mL 1.8 wt. % of Industrial Seeds confirms that the
role of Large Seeds in promoting rapid precipitation of tita-
nium dioxide was not significant.

The effectiveness of Industrial Seeds over Large Seeds in
promoting the precipitation process and achieving high yield
is probably due to two factors. The surface area in contact
with titanyl sulfate solution is certainly one very important
reason. The nature of the surface chemistry of seed particles

Figure 1. Recovery plots showing the influence of seeds
on the kinetics of precipitation.

Ž .�: 54-mL Industrial Seeds 43.6 grL 1.8% wt seeding basis ;
Ž .�: 59-mL Large Seeds 40 grL 1.8% wt seeding basis ; ^:

59-mL Large Seeds 80 grL; `: 59-mL Large Seeds 120 grL;
� nonseeded run.
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is probably also a crucial factor, since all crystallization pro-
cesses actually initiate in the gel form. Large Seeds have been
dried at a temperature below that necessary for the libera-
tion of sulfuric acid from the surface. The presence of this
impurity might prevent the preferential formation of new nu-
clei on the surface of the seeds. Calcining the seeds at very
high temperature causes phase transformation, from anatase
to rutile. Therefore, we did not attempt to examine the use
of calcined particles as seeding material.

ŽFigure 2 illustrates the evolution of PSDs measured using
. Ž .an Elzone 280 PC with time, for runs inoculated with a 40

Ž . Ž . Ž . Ž . ŽgrL 1.8 wt. % b 80 grL 3.6 wt. % and c 120 grL 5.4
.wt. % of Large Seeds with a constant inoculation volume of

59 mL. Consider first the case of the run inoculated with 40
Ž .grL of Large Seeds Figure 2a : the initial PSD of the seeds

was clearly observable from the start. At the 120th minute, a
bimodal distribution was recorded. A large number of parti-
cles smaller than the Large Seeds inoculated at the start of
the experiment were present in the solution. It is likely that
these smaller particles were formed directly from the solu-
tion, through the combined effects of homogeneous and sec-
ondary nucleation. The distribution of Large Seed particles

( )Figure 2. Evolution of aggregate size distribution on a number-weighted basis measured using an Elzone 280 PC
with 19- �m orifice.
Ž . Ž . Ž . Ža Precipitation run inoculated with 59-mL Large Seeds Cs 40 grL ; b precipitation run inoculated with 59-mL Large Seeds Cs 80

. Ž . Ž .grL ; c precipitation run inoculated with 59-mL Large Seeds Cs120 grL .
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Ž .the righthand lobe of the bimodal distribution , present from
the start, remained visible but shifted to the right as the par-
ticles grew. By the 180th minute the PSD was less bimodal in
appearance. The number of smaller particles that made up
the lefthand side of the PSD has fallen. At the 360th minute,
the PSD was no longer bimodal. A single population of large
particles had evolved from the initially distinct Large Seed
and smaller particle populations.

Similar observations were recorded for the case where 80-
Ž .grL Large Seeds were used Figure 2b . However, the total

number of particles that made up the smaller population of
particles in the bimodal distribution at the 120th minute was
much smaller.

In the case where the concentration of Large Seeds inocu-
Ž .lated was 120 grL Figure 2c , the number of smaller parti-

cles making up the lefthand side of the PSDs at the 120th
and 180th minute were reduced very significantly. As a con-
sequence, these PSDs appeared almost unimodal. By the
360th minute, a unimodal PSD was observed with a slightly
larger mean size than for the 40-grL seeding case.

Data from the PSDs in Figure 2 are reported in terms of
the total number of particles and mean particle sizes in Fig-
ures 3 and 4. Between the 120th and 240th minute, the popu-

Žlation of larger aggregates formed from the population of
.Large Seeds initially inoculated in the bimodal distributions

Ž .see Figure 2 could be easily distinguished from the overall
population. Therefore, we are able to report the total num-
ber and mean size of the larger aggregate population alone.
In Figures 3 and 4 the fact that the total number of these
larger aggregates remained constant throughout each precipi-
tation run indicates that the larger aggregates were probably
formed on Large Seed particles inoculated at the start. How-
ever, the size of these aggregates increased with time during
precipitation.

Figure 3 also illustrates that when the concentration of
Ž .Large Seeds inoculated is high 120 grL , the total number of

particles in solution remains almost constant throughout the
precipitation process. This indicates that when a sufficient

Figure 3. Change in the total number of aggregates in
suspension with time for three different seed
loadings of Large Seeds.
Shaded bullets represent values for the population of large

Ž .aggregates only in the bimodal distribution see Figure 2 .

Figure 4. Diagram showing the change in mean aggre-
( )gate size on a number-weighted basis with

time for three different seed loadings of Large
Seeds.
Shaded bullets represent values for the population of large

Ž .aggregates only in the bimodal distribution see Figure 2 .

number of large particles is present in solution, all new ag-
Žglomerates formed by homogeneous or secondary nucle-

.ation rapidly collide with and attach to one of these parti-
cles. Thus the population of smaller particles, which is ‘‘ visi-
ble’’ at lower Large Seed concentrations, is very small and
transient; all the smaller particles formed are rapidly scav-
enged by the large particles. The number of particles present
remains constant at the number of Large Seeds initially
added, and these increase in size both due to growth and
aggregation with smaller particles.

In Figure 4 we observe that with the highest seed concen-
tration a continuous increase in mean particle size occurred.
The bimodal nature of the PSDs for runs inoculated with
seeds of concentration 40 and 80 grL TiO resulted in a sud-2
den drop in the measured mean particle size as the smaller
particle distribution becomes ‘‘ visible,’’ around the 120th
minute. For these two runs, a surge in the number of smaller
particles was observed between the 90th and 240th minute.

The final mean aggregate size achieved using Large Seeds
was between 2.7 and 3.2 �m.

SEM images taken at different times during precipitation
runs provided further evidence for the formulation of a bi-
modal aggregate distribution. Figure 5 shows SEM images for
one such run. A smaller aggregate population was observed
along with the Large Seed particles at the 90th minute of
precipitation. The population of particles remained segre-
gated into two different distributions until the 180th minute.
It can be seen that the Large Seed particles grew throughout
the precipitation. In Figure 6, higher magnification shows that
the enlargement of the seed particles was the result of aggre-
gation between smaller aggregates and the Large Seeds.
There is evidence, from Figure 6, that the smaller particles,
aggregated on the surface of seed particles, continued to grow
in size during precipitation. From the SEM image of aggre-
gates at the sixth hour, we estimated the mean size of pri-
mary agglomerates to be between 200 and 300 nm. Crystal
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Figure 5. Scanning electron micrographs of aggregates in suspension for a precipitation run inoculated with 59 mL
( )of Large Seeds C=40 g/////L .

size for samples taken at the sixth hour was between 9 and 10
nm.

Although the effect on the overall kinetics of precipitation
is insignificant, the addition of Large Seeds has a consider-
able influence on the population of particles in suspension.
The Large Seed particles play the role of aggregation sites or
‘‘templates.’’ The process of aggregation is aided by the pres-
ence of supersaturation. Supersaturation is required for
growth and speeds the cementation of particles together. A
higher concentration of particles in the solution also encour-
ages aggregation by increasing the collision frequency. There-
fore the number of smaller particles in the bimodal PSD for
runs seeded with Large Seeds only was reduced significantly
when a higher seeding concentration was used due to aggre-
gation onto the Large Seeds. It might be possible to postulate
the type of aggregation mechanism involved by solving popu-
lation balance equations for the PSDs presented in this arti-
cle.

Mixed Seeding. Experimental results in the previous sec-
tion show that the presence of Large Seeds does not have a
significant influence on the kinetics of precipitation. Indus-

trial Seeds do increase the yield and rate of precipitation, but
the mean aggregate size obtained using this seed type
Ž .Sathyamoorthy et al., 2001a was only about 1 �m. Can the
combined influence of both seed types be used to produce
large aggregates and high yield? Two seeding procedures were
investigated.

In the first seeding procedure, 59 mL of Large Seeds of
concentration 240 grL, and 20 mL of Industrial Seeds were
added to the titanyl sulfate solution at the start of the experi-
ment. We call this scheme the simultaneous seeding proce-

Ž .dure SSP . The second inoculation scheme is referred to as
Ž .the controlled seeding procedure CSP ; 59 mL of Large

Seeds of concentrations 240 grL TiO was added at the start2
of the experiment, together with 5 mL of Industrial Seeds.
Subsequently, an additional 5 mL of Industrial Seeds was in-
oculated at each of the 30th, 120th, and 240th minutes of the
experiment.

In both procedures we used Large Seeds at the concentra-
tion of 240 grL TiO because it was found that with lower2
Large Seed concentrations a bimodal aggregate-size distribu-
tion was observed during the entire precipitation process.
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Figure 6. High magnification of aggregates showing the
aggregation of smaller particles on the sur-
face of Large Seeds.
Precipitation run inoculated with 59-mL Large Seeds; 40
grL.

Note that this concentration of Large Seeds is twice that
which was found adequate to give a unimodal distribution in

Žthe case where Large Seeds only were inoculated see Fig-

.ures 2�4 . This is a result of the rapid secondary nucleation
that is promoted by the presence of Industrial Seeds, causing
fast production of smaller particles; a higher concentration of
Large Seeds is required to provide sufficient aggregation op-
portunities to efficiently ‘‘mop up’’ these small particles.

For comparison purposes we carried out a precipitation run
Ž .inoculated with only 20 mL of Industrial Seeds ISO .

From the recovery plot in Figure 7, it can be seen that the
addition of Industrial Seeds has a significant impact on the
kinetics of precipitation. The maximum yield for all runs was
almost identical, and closely resembled that achieved for ISO.
For the SSP, there was initially a higher rate of precipitation
because of the larger amount of seed present from the start.
The initial rate of precipitation was slowest for the case of
the CSP. This is not surprising since the amount of Industrial
Seeds was increased gradually over a period of 4 h. However,
final yield at the sixth hour was similar for all runs: between
90 and 95%.

In Figure 8, we present the evolution of PSDs with time
for the two different novel seeding procedure and ISO. Dur-
ing the fifth minute, there were no obvious differences be-
tween the PSDs of the two different novel seeding proce-
dures. In the case of ISO, no particles were observed at this
time. At the 90th minute, we observed bimodal distributions
for both novel seeding procedures, while a single population
of particles was observed for ISO. The bimodal distributions
were similar to those previously presented in Figure 2, but
the total number of aggregates was about an order of magni-
tude greater. The presence of Industrial Seeds had signifi-
cantly increased the rate of formation of new aggregates.

At the 360th minute, for the CSP, the shape of the bimodal
distribution has changed, and has evolved into an almost uni-
modal distribution of particles, with large mean size. The

Figure 7. Recovery plots showing the influence of In-
dustrial Seeds on the kinetics of precipitation
for mixed seeding procedures.

Ž .Comparison is made with a typical industrial run ISO
Ž . Žwhere only 20-mL Industrial Seeds � was used �: SSP;

.`: CSP .
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( ) ( ) ( ) ( )Figure 8. Evolution of aggregate size distribution on a number-weighted basis for a ISO; b SSP; c CSP.

shape of the bimodal distribution for the SSP remained al-
most unchanged at this time, indicating that the aggregates
remained segregated into two populations. The smaller ag-
gregates emerged from the solution due to the addition of
Industrial Seeds, while the large aggregates were composed
of particles formed on the Large Seeds. In the case of ISO, a
single population of aggregates, with a much smaller mean
size than that achieved using CSP, was recorded at the 360th
minute.

The total number of aggregates and mean aggregate size
were determined from the PSDs. The total number of aggre-

Žgates in the large-sized aggregated distribution the right-
.hand peak of the bimodal distributions , was always similar

to the total number of Large Seed particles inoculated at the
start. The role of Large Seeds is therefore to provide centers
on which particles formed on Industrial Seeds can aggregate.
There is little aggregation between particles growing on sepa-
rate Large Seeds.

The total number of aggregates at the end of 6 h of precip-
itation was highest for ISO, followed by SSP and CSP, re-
spectively. In terms of final mean aggregate size, the order is
reversed, as is inevitable, since the total mass precipitated is
constant. The mean aggregate size at the sixth hour for CSP
was 2.13 �m, while for ISO the mean aggregate size was 1.15
�m. The mean aggregate size observed for the case of CSP
was almost two times larger than that typically achieved in
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Figure 9. PXRD spectra for anatase samples taken at the
sixth hour of precipitation.
All peaks shown in the diagram are anatase.

Ž .the industry Sathyamoorthy et al., 2001a . Mean aggregate
size for SSP was 1.58 �m. However, the aggregate popula-
tion in this case is bimodal with mode sizes of 1.45 and 2.50
�m for the segregated populations.

Figure 9 shows the PXRD patterns of samples from the
three seeding procedures. It is noticeable how similar the
three pattern are, indicating that the different seeding proce-
dures have very little effect on the crystal size or morphology.
Crystal size at the sixth hour for ISO was approximately 8.0
nm. In the cases of CSP and SSP, crystal size was about 8.5
and 8.6 nm, respectively. The error in these measurements is
estimated to be around �1 nm, and so it can be concluded
that the different seeding procedures have a negligible im-
pact on the final crystal size.

The mean sizes of primary agglomerates were determined
from the PSDs shown in Figure 10. Note that primary ag-
glomerate size was measured using laser scattering, and is

Žtherefore reported on a volume-weighted basis see Experi-
.mental section . The aggregate sizes reported in Figures 2�8

were measured using electrical zone sensing and are there-
fore on a number-weighted basis. Direct comparison there-
fore should not be made between either the PSDs or the
mean particle sizes reported for aggregates and agglomer-
ates. Volume weighting will always result in a higher figure
for mean size than number weighting.

The mean primary agglomerate size for the case of ISO
was 76.3 nm. In the cases of SSP and CSP, this value was 82.3
and 138.7 nm, respectively. The PSD for primary agglomer-
ates in CSP was a broad distribution, compared to narrow
distributions for SSP and ISO. It is believed that the particle
size of anatase agglomerates is important in determining the
final size of rutile particles after calcination, which gives the

Žpigment its optical properties Edwards, personal communi-
.cation, 1999 . Certainly the anatase agglomerates are in the

correct size range to account for the final rutile particle size,
which is a factor of 2�3 times larger. However, this is poorly
understood and certainly no mechanism for such a link is well

(Figure 10. Size distribution on a volume-weighted ba-
)sis of primary agglomerates at the sixth hour

of precipitation measured after barium chlo-
(ride treatment using a Coulter LS 230 `:

)CSP; �: ISO; �: SSP .

established. The extent to which the broader PSD of the pri-
mary agglomerates might affect the final pigments properties,
via the rutile particle size, is unknown and beyond the scope
of this study. It would be a fruitful area for future study.

When using mixed seeding procedures, the two seed types
play different roles during precipitation. The Industrial Seeds
are largely responsible for the enhanced precipitation of
anatase, through the rapid formation of new particles. By
contrast, the Large Seeds provide aggregation sizes. By con-

Ž .trolling the inoculation of Industrial Seeds CSP , the rapid
depletion of supersaturation through the formation of new
particles is suppressed. Supersaturation is constantly avail-
able for the formation of larger stable particles via aggrega-
tion. Consequently, a single distribution of larger particles can
be obtained at the end of precipitation, produced by aggrega-
tion of the smaller particles onto Large Seed templates. The
inoculation of a large quantity of Industrial Seeds at the start

Ž .of the precipitation SSP results in a rapid loss of supersatu-
ration, and inhibits the formation of stable aggregates when
collisions occur. In both types of mixed-seeding procedures,
the yield after 6 h is high, primarily because of the inoculated
Industrial Seeds.

The mixed-seeding procedures maintain high yield and re-
Ž .sult in large aggregates �2 �m . Crystals are almost the

same size after mixed-seeding precipitation as those obtained
Ž .in industry ISO . There are, however, marked differences in

primary agglomerate size and population. In particular, mixed
seeding allows a large increase in aggregate size to be
achieved.

Filtration of anatase slurry
Filtrability. Cumulative filtrate volume was measured for

anatase slurry from the different seeding procedures: CSP,
SSP, and ISO. For each seeding procedure we carried out
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Figure 11. Volume of filtrate collected as a function of
time for filtration of anatase slurry from the
ISO method, carried out under constant
pressure of 50 kPa.
Legend indicates anatase slurry concentrations.

filtration tests for three different concentrations of anatase
slurry, in each case at filtration pressures between 50 and 200
kPa. Figure 11 shows the filtration test results for ISO. The
rate of filtration starts to fall as the filter cake builds up.

With an increase in slurry concentration from 9.71 grL to
27.33 grL of anatase, there is a clear reduction in the filtra-
tion rate, due to the higher resistance from the thicker cake
formed.

Figure 12 shows the same experiment, but for the case of
anatase slurry from CSP. The most obvious difference be-
tween Figure 12 and Figure 11 is that the rate of filtration for
the slurry from CSP was much faster compared to the slurry
from ISO. This is believed to be due to the larger aggregate
size in anatase from CSP. The difference between the filtra-
tion rate for ISO and CSP product was more pronounced
when the slurry concentration was high.

Figure 13 shows the same filtration test results for anatase
slurry obtained from SSP. Comparison between Figures 11,
12, and 13 shows that the filtrability of the slurry from SSP
was intermediate between the other two slurries, as was its
mean aggregate size.

As expected, an increase in filtrability of anatase slurry re-
sults from an increase in mean aggregate size in the slurry.

Cake Permeability. Whatman 42 filter paper used in our
experiments has a mean pore size of about 2.5 �m. In the
case of slurries from ISO and SSP, many of the anatase ag-
gregates are less than 1.5 �m. During the early stages of fil-
tration some of the solid particles can therefore pass through
the filter paper. This stage occurs up to the point when about
50 mL of filtrate was accumulated. A steady state will only be
reached once a consolidated cake has covered the filter
medium. In light of this, we only analyzed data beyond 50 mL
accumulated volume of filtrate. This stage was not observed

Figure 12. Volume of filtrate collected as a function of
time for filtration of anatase slurry from the
CSP method, carried out under constant
pressure of 50 kPa.
Legend indicates anatase slurry concentrations.

for the slurry from CSP. It is likely that this was due to the
larger mean aggregate diameter in this case.

Table 1 shows t , b, and c obtained from the Ruth relationo
Žfor the highest slurry concentration tested for ISO 27.33

. Ž . Ž .grL , SSP 30.78 grL , and CSP 32.24 grL at all pressures

Figure 13. Volume of filtrate collected as a function of
time for filtration of anatase slurry from the
SSP method, carried out under constant
pressure of 50 kPa.
Legend indicates anatase slurry concentrations.
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( )Table 1. Data from Ruth’s Equation and Analysis of Filtration Results Using Meeten’s Method 2000 for
Cake Permeability Values

Cake Mean Cake Permeab.
y1 6SlurryrPressure Solidosity, Solidosity, Solidosity y, k�10

y1 y2 2Ž . Ž . Ž . Ž . Ž .kPa t s b smL c smL � � , of Slurry, � G mo cake cake mean

Ž .ISO 20-mL industrial seeds only 20-mL
industrial seeds ts0 min
Slurry concentration: 27.33 grL

50 y9.584 0.670 0.00633 0.1557
100 y5.261 0.382 0.00398 0.1614 0.1624� 0.00677 0.04351 6.800

0.0050
150 y3.445 0.317 0.00288 0.1659
200 y0.945 0.194 0.00214 0.1666
Ž .SSP simultaneous seeding procedure

20-mL industrial seeds ts0 min q 59 mL.
Large seeds ts0 min
Slurry concentration: 30.78 grL

50 y7.767 0.612 0.00466 0.1824
100 y1.458 0.418 0.00239 0.1857 0.1867� 0.00762 0.04258 10.011

0.0036
150 y0.756 0.255 0.00173 0.1877
200 y0.662 0.134 0.00158 0.1910

Ž .CSP continuous seeding procedure
5-mL industrial seeds ts0, 30, 120,
and 240
min. q 59 ML
Large seeds ts0 min
Slurry concentration: 32.24 grL

50 y0.589 0.562 0.00159 0.2138
100 y0.429 0.283 0.00087 0.2159 0.2168� 0.00806 0.03859 25.366
150 y0.539 0.201 0.00069 0.2150 0.0040
200 y0.261 0.184 0.00052 0.2227

tested. Figure 14 shows desorptivity, S, conforming to Eq. 2;
the assumption of an incompressible cake appears to hold,
that is, k is constant. Permeability, k, was calculated by as-

Figure 14. Plots showing relationship between desorp-
tivity, S, and applied pressure, P, for anatase
slurry from ISO, CSP, and SSP.
`: CSP slurry concentration of 32.24 grL: �: SSP with
slurry concentration of 30.78 grL; �: ISO with slurry con-
centration of 27.33 grL.

suming a constant value for cake solidosity, � , with vary-cake
Ž .ing pressure see Table 1 . Filtrate viscosity was taken as 0.001

Pa � s. Values shown in the last column of Table 1 indicate a
permeability over three times higher for the filter cake formed
by slurry from CSP than that formed by slurry from ISO.

The difference in the mean aggregate size of the final
product for ISO and CSP is approximately 1 �m. This differ-
ence has a tremendous effect on the filtration rate of the
resulting anatase slurry. It is believed that smaller particles
form a more compact cake, and this reduces dramatically the
size of pores available for the flow of filtrate during filtration.
Network formation in a filter cake could also determine its
ultimate pore-size distribution, and this may not depend on
size alone, but also on other physical and chemical properties
of the solid particles. We have shown that slurry CSP has a

Ž .marked advantage over a typical industrial case ISO in terms
of filtration efficiency. In addition to the efficiency gain due
to the improved cake permeability, it is likely that achieving
larger aggregate sizes could reduce filtration costs in industry
significantly by allowing the use of higher micron-rating fil-
ters than are currently used.

Conclusions
We have explored the possibility of using recycled titanium

dioxide particles from previous precipitation runs as seeds in
the recovery of titanium dioxide from fresh titanyl sulfate so-
lution. It was found that such Large Seeds have an insignifi-
cant influence over the kinetics of the precipitation process.
However, these seed particles serve as aggregation sites for
smaller particles emerging from the solution. The resulting
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particles were larger in size than those currently obtained in
industry. In order to maintain a high yield of anatase, similar
to that achieved industrially, the use of Industrial Seeds was
necessary. Large Seeds were inoculated at that start of the
experiment. By controlling the subsequent inoculation of In-
dustrial Seeds over a period of time, it was possible to obtain
final aggregates that were larger, but maintained the mean
size of crystals and primary agglomerates close to the values
obtained in industry.

This resulted in a faster filtration rate of the anatase slurry
through the formation of a filter cake with higher permeabil-
ity. The mixed seeding procedure proposed here may have
the potential to enhance plant productivity through more ef-
ficient filtration of anatase slurry downstream of the precipi-
tation process, while maintaining product quality and yield.
The required process modification would be cheap and easy
to implement.
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Notation
Asarea of filter medium, m2

bscoefficient in Eq. 3, smy3

cscoefficient in Eq. 3, smy6

Csconcentration of large seeds, gLy1

Ž . Ž . Ž .Gs cake volumer filtrate volume see Eq. 2
KsKozeny coefficient

Ž .K sshape factor see Eq. 4s
kscake permeability, m2

Ž .lscrystal dimension see Eq. 4 , nm
Lscake thickness, m
Pspressure, kPa

ŽQscumulative filtrate volume per unit area of filter medium see
.Eq. 1 , m

Ž . y1Rsfilter medium hydraulic resistance see Eq. 3 , m
Ž . y1r2Ssdesorptivity see Eq. 2 , ms

tstime, s
Ž .t stime see Eq. 3 , so

Vscumulative filtrate volume, m3

Greek letters
Ž .	sfull width at half maximum of diffraction peak see Eq. 4 ,

rad
�sX-ray wavelength, nm

�sfiltrate viscosity, Pa � s
�ssolidosity

� scake solidositycake
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