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Granulometric analysis of TiO, particles in the aspect of membrane filtration
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ABSTRACT

The paper presents a granulometric analysis of the size of particles of Aeroxide® P25 and P90 tita-
nium oxides in the context of their retention in low-pressure membrane processes (microfiltration,
ultrafiltration). Measurements of the particle size using a laser granulometer showed that the par-
ticle size of TiO, Aeroxide® P25 dispersed in water is in the range from approx. 0.3 pm to approx.
150 pum. The particles with dimensions smaller than 1.0 um constituted about 7.0%, and the largest
particles, with dimensions above 30 um, constituted about 0.9% of the volume of all the particles in
the suspension, respectively. In the case of TiO, Aeroxide® P90, a double curve of grain size distri-
bution was observed. For the main curve, the particle size ranged from approx. 0.3 um to approx.
18.7 um. The particles with dimensions smaller than 1.0 um constituted approx. 3.0% by volume of
all particles in the sample. The second curve, which can be described as oversized/supersized grains,
was comprised of particles ranging in size from about 21 to 170 um, and they accounted approxi-
mately for 3.9% by volume of the total particles in the sample. The specific surface area for the sam-
ples was 0.56 m?/g for TiO, P25 and 0.48 m*/g for TiO, P90. It was found that the observed large
particle sizes of titanium oxide particles in aqueous solutions may be the result of their agglomer-
ation, which gives one hundred percent certainty that they will be retained by ultrafiltration and

microfiltration membranes with pore sizes above 0.3 um.
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1. Introduction

Titanium oxide is a nanomaterial widely used in envi-
ronmental engineering. Among other things, it is widely
used as a photocatalyst in heterogeneous oxidation processes
(photocatalysis) because it is characterized by high photo-
catalytic activity and remains stable in repeated catalytic
cycles, while being an environmentally friendly substance
[1]. These properties of titanium oxide make it possible to
use it in water treatment and wastewater treatment. In the
scientific literature, one can find many works on this subject,
for example for the degradation of pharmaceutical drugs
[2,3], pesticides [4], humic substances [5-7] etc.

* Corresponding author.

An interesting option in water treatment are membrane
photocatalytic reactors, in which titanium oxide is used in
the form of a suspension and is being continuously sepa-
rated from the treated water using membranes, in particular
microfiltration and ultrafiltration.

In the own research [6,7] and in other scientific works
[8,9] it was emphasized that titanium oxide is completely
retained by microfiltration membranes, despite the fact
the average size of TiO, particles is about 25 nm (given
by the producer [10]), which is much smaller than pore
size of microfiltration membranes (the smallest pores are
approx. 0.1 um).
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As aresult, research was undertaken, the purpose of which
was to perform granulometric characteristics of two titanium
oxide powders with different specific surface areas and to
analyze the obtained test results in terms of separation of tita-
nium oxide particles by micro and ultrafiltration membranes.

2. Materials and methods
2.1. TiO, powders

Two titanium dioxide powders with symbols P25 and
P90 from Evonik Degussa GmbH (Germany) were used
in the tests. The characteristics of TiO, powders given by
the producer are shown in Table 1.

2.2. Scanning electron microscopy analysis

Scanning electron microscopy (SEM) images were
obtained using a high-resolution scanning electron micro-
scope SEM Supra 35 by ZEISS (Germany); parameters such
as secondary electron detection (SE) at an acceleration
voltage of 20 kV and a maximum magnification of 20,000x
were applied.

2.3. Methodology of granulometric analysis

To measure sizes of particles the laser diffraction par-
ticle size analyzer Mastersizer 2000 (Malvern Instruments
Ltd., UK) equipped with a standard dispersion units Hydro
2000MU was used. The measuring range of the analyzer is
between 0.02 and 2,000 pm. The instrument uses two laser
lights: red and blue one. The measuring technique is based
on the laser diffraction phenomenon (LALLS - low angle
laser light scattering [11]). The laser beam which passes
through a sample is scattered by particles dispersed in solu-
tion. Determination of particles sizes is an indirect result of
the calculation of their volume. The instrument provides
results as particle size distribution which illustrated percent-
age share of particles with equivalent diameter in relation to
the total volume of all particles in the sample (by volume)
[11-13]. The equivalent diameter is defined as the diameter
of the sphere with the same volume as the measured parti-
cle. The measurements were taken with following settings:
particle = titanium dioxide, refractive index = 2.741, absorp-
tion index = 0.1; dispersant = water, refractive index = 1.330;
analysis model = general purpose; sensitivity = normal.
Measurement time for each laser light (red and blue) equaled
5 s, whereas single measurement took in total approxi-
mately 16 s. 6 measurements were taken for each sample.

Table 1
Characteristics of TiO, P25 and P90 [10]
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In addition to the particle size distribution, character-
istic values such as d,, d,, and d,, were calculated, as well
as the largest and smallest particles observed during the
measurement. The characteristic values (d,, d,, d,) are
defined as: d,; — particles of this and smaller diameters
constituting 10% of the total volume (mass) of all particles
in the sample, d,; (average particle size) - particles of this
and smaller diameters constituting 50% of the total volume
of all particles in the sample and d,, - particles of this and
smaller diameters constituting 90% of the total volume of
all particles in the sample. Water was constantly circulat-
ing in the granulometer measuring cell. The study was car-
ried out using a standard dispersion units Hydro 2000MU
integrated with mixing system and an built-in ultrasonic
probe to aid breaking agglomerates up.

The mixing system consisted of 1 L glass beaker and
automatic stirrer (with adjustable stirring speed) connected
with centrifugal pump which role is to deliver a sample to
the analyzer. After passing the measuring cell the sample
went back to the beaker (water with resin suspension was
flowing in the closed circuit). In order to conduct the mea-
surements a small sample volume was added to about 0.7 L
of water and mixed at 2,000 rpm. The measurement was
started approximately 1 min after the sample was intro-
duced. After the measurement the sample was sonicated for
2 min to break up agglomerates, and the measurements were
repeated.

Each time the term dimension or size of particles is men-
tioned in this study, it means the equivalent diameter of the
particles which value is the average of the measurement
interval with the range of approximately +7% of given value.

3. Results and discussion
3.1. SEM analysis TiO, particles

The vast majority of single TiO, grains visible in the
SEM images have relatively regular, spherical shapes
(Fig. 1). Single nanoparticles have the following diame-
ters: for Aeroxide® P25 from 18 to 49 nm (Fig. 1A), and for
Aeroxide® P90 from 18 to 39 nm (Fig. 1B), while both mate-
rials are dominated by grains with a diameter of 23-29 nm
(although this is quite a subjective assessment). The particles
visible in the SEM images seem to form agglomerates, but it
cannot be ruled out that they are only loose clusters of unsta-
ble primary nanoparticles. It is also impossible to determine
on the basis of SEM images the size of possible agglomer-
ates, as it is difficult to ascertain whether the observed struc-
tures are stable homogeneous agglomerates, or whether they

Properties

Specific surface area (BET)

pH-value in 4% dispersion

Tamped density (acc. to DIN EN ISO 787/11 Aug. 1983)
Crystal structure

Crystal size

Isoelectric point (pHIEP)

Aeroxide® TiO, P25 Aeroxide® TiO, P90
50 + 15 m%/g 90 + 20 m¥/g
3.2-4.5 3.2-4.5

100-180 g/L Approx. 120 g/L

88% anatase, 12% rutile
16 nm anatase, 18 nm rutile
6.4

86% anatase, 14% rutile
12 nm anatase, 18 nm rutile
6.6
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Fig. 1. Scanning electron microscopy images of Aeroxide® P25
(A) and Aeroxide® P90 (B) titanium dioxide fresh material
particles.

are only smaller particles touching each other, or overlap-
ping images of smaller particles. The stability of the visible
agglomerates cannot be assessed on the basis of the SEM
images either. It cannot be ruled out that after introduction
into water and vigorous stirring, the visible structures will
break down into smaller particles or individual nanoparticles.

The agglomerates visible in the SEM images have
irregular shapes and a very expanded and complex mor-
phology. Clumped spherical nanoparticles create porous
structures with an extended surface.

3.2. Granulometric analysis TiO, Aeroxide® P25

Measurements of the particle size with the use of a
laser granulator showed that the particle size of Aeroxide®
P25 titanium dioxide dispersed in water ranges from about
0.3 um to about 170 um (Fig. 2). Characteristic dimensions
were respectively d, approx. 1.2 um, d, approx. 3.7 um, and
d,, approx. 11.7 um (Table 2). The particles with dimensions
smaller than 1.0 um constituted approx. 6.7% (by volume)
of all the particles in the suspension. On the other hand, the
smallest particles, with dimensions below 0.5 pum, consti-
tuted about 0.8% by volume of all particles in the suspen-
sion. The largest particles, with dimensions above 30 um,
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Fig. 2. Particle size of Aeroxide® P25 titanium dioxide suspen-
sion in water.

Table 2
Characteristic dimensions of TiO, suspension particles -
Aeroxide® P25 and P90

Substitute diameter (um) SSA“

i . dy ds, d, m’/g
TiO, - Aeroxide® P25

0.29 170.2 1.2 3.7 11.7 0.56
After US 0.34 372 1.1 32 8.9 0.61
TiO, - Aeroxide® P90

0.30 170.2 1.6 3.6 8.2 0.48
After US 0.45 257.6 14 3.1 74 0.55
TiO, - Aeroxide® P90 (without super-grain)

0.30 18.7 1.6 34 7.2 0.50
After US 0.45 18.7 1.3 3.0 6.2 0.58

“Specific surface area calculated for the spherical particle and
density model 4.26 g/mL [14].

constituted about 0.9% of all particles by volume. Particles
with sizes larger than 50 um accounted for about 0.35%,
which means that they were single particles only (e.g., for
one particle with an equivalent diameter of 50 pum, there
are approx. 125 thousand particles with a diameter of 1 um,
with the same total volume).

The 2-min ultrasound treatment of the suspension
resulted in relatively small changes in the particle size dis-
tribution. The particle size distribution curve has shifted
slightly to the left (towards smaller particles), with larger
particles being shifted more than the smallest particles. The
d,, dimension has decreased by about 23.4%, the average
particle size has decreased by about 13.5% and the smallest
particle size, the d,; dimension has decreased by about 3.9%
only. Mainly there have “disappeared” particles larger than
40 pm. This indicates that the particles with a size greater
than 40 um were created by agglomeration of smaller parti-
cles by relatively weak forces. Despite the disintegration of
the particles, no particles smaller than the smallest particles
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(approx. 0.3 pm) observed in the suspension not subjected
to the ultrasound effect appeared in the suspension. This
means that the agglomerates were relatively stable, and
the decomposition concerned mainly the largest particles,
and the smallest particles did not disintegrate at all.

3.3. Granulometric analysis TiO, Aeroxide® P90

In the case of Aeroxide® P90 dispersed in water, a dou-
ble grain size distribution curve was observed. For the main
curve, the grain size ranged from about 0.3 um to about
18.7 um (Fig. 3). The second curve, which can be described
as oversize, was about 21 to 170 pm in size, with the amount
of oversize being about 3.9% by volume of all particles in
the sample. For the main particle size distribution curve,
the characteristic dimensions were respectively d,, approx.
1.6 pm, d_, approx. 3.4 um, and d,,, approx. 7.2 um (Table 2).
The particles with dimensions smaller than 1.0 um consti-
tuted approx. 1.8% (by volume) of all particles in the sample.
The particles larger than 50 um accounted for about 2.1%.

2-min sonication of Aeroxide® P90 suspension, as with
Aeroxide® P25, resulted in relatively little change in particle
size distribution. The particle size distribution curve shifted
slightly to the left, and, unlike P25, the shift was similar to all
particles in the suspension smaller than 19-20 um. Probably
the difference was due to the fact that the P90 suspension
had fewer most stable particles with the smallest size (less
than 1.0 um). Overall, for the main distribution curve, the
average particle size was reduced by about 14.5%. As in the
case of P25, no particles smaller than the smallest particles
(approx. 0.3 pm) observed in the suspension not subjected
to ultrasound influence appeared in the P90 suspension. On
the other hand, in contrast to P25, in the case of P90 after
the application of ultrasound, the super-grain distribu-
tion curve (particles larger than 20 um) practically did not
change, which means that the largest particles were rela-
tively stable grains or it was a contamination of the sample
with another material.

The particle size distributions of Aeroxide® P25 and
Aeroxide® P90 are different (Fig. 4). Although both mate-
rials are dominated by particles with sizes 3.0-4.0 um, sig-
nificant differences can be seen in the ranges of the smallest
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Fig. 3. Particle size of Aeroxide® P90 titanium dioxide suspen-
sion in water.

and the largest particles. In the P90 material, there are defi-
nitely fewer particles smaller than 1.0 pm. In the P25 mate-
rial, particles with dimensions smaller than 1.0 um consti-
tute by volume approx. 6.7% of the total particles, while
in the P90 material, such particles constitute only approx.
1.8%. In both materials, the smallest observed particles are
about 0.3 um, however in the case of the P90 material, the
particles smaller than 0.5 pm are only 0.3%, while in the
P25 material they account for about 0.8% of all particles in
suspension.

For both P25 and P90, particles larger than 20 um are
observed, but for P25 the curve is homogeneous over the
entire particle size range, while for P90 the particle size dis-
tribution consists of two curves for particles smaller than and
larger than 20 um. Moreover, in the P25 material, the larg-
est particles, with a size greater than 40 um, disintegrated
after the application of ultrasound (which indicates that they
were TiO, agglomerates), while for P90, the ultrasounds
did not break the particles with a size range of 20-200 pum.

The fact, that for Aeroxide® P90 particles larger than
20 um form a separate curve, as well as that they are more
durable than the others (they did not break down when
exposed to the ultrasound suspension), may indicate that
these are separate particles with different properties and
thus it cannot be ruled out that it is a contamination with
another material.

The large particle sizes of TiO, Aeroxide® P25 and
Aeroxide® P90 (Table 2) observed in aqueous solutions,
much larger than the size of nanoparticles declared by the
manufacturer, may be the result of their agglomeration.
This agglomeration could take place in an aqueous envi-
ronment or earlier, during storage of the material in a dry
form. Many authors indicate the agglomeration of TiO, in
aqueous solutions [15,16]. At the same time, it is indicated
that the rate of agglomeration may depend on the composi-
tion of water, including the concentration and type of elec-
trolytes dissolved in water [15]. The presence of Ca* diva-
lent calcium ions in the solution led to the destabilization of
TiO, nanoparticles more effectively than monovalent sodium
ions Na* [15].

It is difficult to assess whether the agglomeration took
place after the material was introduced into water or the
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Fig. 4. Comparison of particle sizes of TiO, Aeroxide® P25 and
P90 in aqueous suspension.
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agglomerates had formed earlier, for example, during stor-
age. However, the observations made during the measure-
ments, including the observations of the particle size at
different times from the introduction of the sample into the
water and the high stability of the agglomerates may indi-
cate, that they formed earlier, before the introduction of
the samples into the water. The particle size measurements
were made about 1 min after the moment, when the sam-
ples were introduced into water and stirred vigorously. Then
the measurements continued for another 2 min. There were
no significant differences between the particle size at the
beginning of the measurements and at their end (Figs. 2 and
3) (Figs. 2 and 3 show the particle size distribution curves
formed by 6 practically overlapping distribution curves
for subsequent measurements made in intervals of 20 s).

In the case of measurements of materials that agglom-
erate (flocculate) after introducing them into water, each
subsequent measurement shows larger and larger parti-
cles during the first few minutes [17]. It is unlikely that the
agglomerates were formed within the first few tens of sec-
onds after the material was introduced into the water, and
for the next few minutes of mixing (with the same inten-
sity) they did not change their size. This applied to both
the smallest and the largest particles in the mixture of both
Aeroxide® P25 and P90.

Moreover, the formed agglomerates were relatively sta-
ble, which would not be expected in case of freshly estab-
lished structures. Both Aeroxide® P25 and P90 agglomer-
ates did not disintegrate during the vigorous agitation of
the slurry used during the measurements, as evidenced by
the fact that subsequent measurements taken at 20 s inter-
vals did not show any reduction in particle size (Figs. 2 and
3). In addition, the 2-min ultrasound treatment of the sus-
pension (used in standard granulometric test methodology
to break up unstable agglomerates) caused only relatively
small changes in the particle size distribution (Figs. 2 and 3).

While a reduction in particle size in the suspension was
observed, it was only about 15%. Moreover, the appearance
of primary titanium dioxide nanoparticles (about 25 nm)
was not observed in the suspension at all. After treatment
with ultrasound, the smallest particles observed in the sus-
pension were practically the same as the smallest particles
observed in the untreated suspension. The smallest particles
were more than ten times larger than the original particles
of the P25 and P90 materials. The high durability of the
agglomerates as well as the lack of particles in the suspen-
sion with sizes similar to the primary particles of the tested
titanium dioxide may also indicate that the agglomerates
were formed before the samples were introduced into the
water.

These results are confirmed by the observations of the
scanning electron microscope images, which show that
Aeroxide® P25 and Aeroxide® P90 titanium dioxide stored
in dry form create agglomerates.

Regardless of the mechanism of agglomeration forma-
tion, the fact is that Aeroxide® P25 and P90 titanium diox-
ide particles in aqueous solutions have a much larger size
than the original nanoparticles. It may also be important
in terms of the properties of material used in water purifi-
cation processes including its photocatalytic activity and in
the process of its separation from aqueous solutions.

As the titanium dioxide agglomerates did not break
down due to the mixing used in the measurements it
means that the agglomerates are relatively stable and will
not break down during the usual mixing processes used in
water treatment technology.

From the point of view of photocatalytic reactions, one
of the most important parameters is the specific surface area
of the material. The surface area of the samples suspended
in water, calculated using a spherical agglomerate parti-
cle model and a density of 4.26 g/mL [14], was 0.56 m?/g
for TiO, Aeroxide® P25 and 0.48 m*g for TiO, Aeroxide®
P90. These values were much smaller than the specific sur-
face area declared by the manufacturer, determined by the
adsorption method Brunauer-Emmett-Teller (BET), about
90 times less for P25, and about 190 times less for P90 [10].
These differences may indicate significant porosity of the
TiO, Aeroxide® P25 and Aeroxide® P90 materials. This is con-
firmed by the analysis, the analysis of SEM images, indicat-
ing the complex and extensive morphology of agglomerates
and their porous structure, what indicates/suggest that the
actual specific surface of the tested titanium dioxide has a
much larger specific surface than that calculated for spher-
ical agglomerate particles.

The particle size of the suspension is important from the
point of view of membrane separation. The smallest parti-
cles in the mixture are the most important in this respect.
On the basis of the particle size distribution of the tested
titanium dioxide suspensions it is possible to evaluate the
separation efficiency through the use of specific membranes.
For example, using microfiltration membranes with 0.45 um
pore size theoretically more than 99.5% Aeroxide® P90 par-
ticle removal efficiency and approximately 98% Aeroxide®
P25 particle removal efficiency can be expected. Many sci-
entific works emphasize that titanium dioxide in aqueous
solutions is 100% retained by microfiltration membranes,
despite the fact that in some studies the average size of
TiO, particles is approx. 25 nm, which is much smaller than
the pore size of microfiltration membranes (>0.1 um) [6-9].

Despite the high efficiency of separation of these materi-
als with the use of microfiltration, the use of membranes with
pore size >0.3 um (the minimum particle size observed in the
tested samples) in longer period may result in permanent,
irreversible blocking, because particles with sizes compara-
ble or slightly smaller than membrane pores can penetrate
deep into the pores and there. It should also be remembered
that the determined particle size is the so-called equivalent
diameter, meaning that also particles with an equivalent
diameter larger than the pores of the membranes, may in
fact be one dimension smaller than the pores of the mem-
brane used and thus penetrate the membranes leading also
to irreversible fouling.

4. Conclusions

e The TiO, Aeroxide® P25 and P90 particles in the aque-
ous solution were in the form of a suspension of stable
agglomerates one to three orders of magnitude larger
than the original titanium dioxide nanoparticles.

* The agglomerates were 0.3-170 um with 80% of the
material being 1.2-11.7 um for Aeroxide® P25 and
1.6-8.2 um for Aeroxide® P90.
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® The analysis of the images obtained with SEM and the
results of granulometric tests shows that the agglomer-
ates were formed during the storage of the material in
a dry form (before introducing the material into water).

e The agglomerates are relatively stable and do not
break down during the usual mixing processes used in
water treatment technology.

e Agglomerates are characterized by complex and exten-
sive morphology, high porosity, and a large specific sur-
face area.

® The use of microfiltration with a pore size of >0.3 um
should be effective in separating TiO, Aeroxide® P25
and P90 suspensions from aqueous solutions.
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