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Microwave drying characteristics and kinetics of ilmenite
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Abstract: The microwave drying of ilmenite was investigated. The effects of power levels and sample mass on drying characteristics
of moisture content, drying rate, moisture ratio were studied, with microwave power ranging from 119 W to 700 W and sample mass
from 5 g to 25 g. The drying processes were completed within 2—8 min at different conditions. The moisture content and drying rates
are found to be dramatically affected by microwave power density. For all drying processes the prior microwave absorption of
moisture produces an accelerating peak on the drying rate curves in the initial stage. For the sample mass of 25 g and power of 385
W, the drying kinetics were studied. The experimental results fit better to the Henderson—Pabis index model rather than the Page’s
semi-empirical model; the drying rate constant k is increased with the increase of microwave power and decrease of sample mass.
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1 Introduction

[lmenite is the most important raw material to be
applied in the pigment and titanium sponge production.
Due to the low FeTiO; grade in the original ore, it is
necessary to enrich by gravity, magnetic and flotation
separation[1—3]. After dressing, the moisture content of
ilmenite ore is between 8%—12%. To meet the
electro-smelting requirement, the moisture content of
ilmenite should not exceed 1%[4], so the ilmenite must
be dried. At present, the principal drying processes for
ilmenite are flash drying, fluidized bed drying, rotary
kiln drying and other conventional drying methods[4—6].
All of them are normal thermal medium or electric
heating drying. During the conventional drying, heat is
transferred from outside to inside, which is in the
opposite direction to the steam diffusion, causing low
drying efficiency. As a result, the conventional drying
takes long time and consumes more energy. Apart from
this, the shortcomings of conventional drying include:
the drying system is very enormous and complicated; the
main drying equipments need huge steam generators,
large number of coal haulage truck and a big yard;
numerous exhaust gases and hazardous substance from

coal fuel burning are produced. Therefore, it is necessary
to search for a new type of drying process to shorten the
drying time and improve the drying efficiency.
Microwave heating meets the above demands and
becomes one of the new drying process candidates.
Microwave is a kind of electromagnetic wave, with
frequency between 3x10° Hz and 3x10" Hz, making
bigger penetration depth in dielectrics. Microwave
heating is realized through increasing the molecular
thermal motion and collisions; in consequence, direct
heating of materials through the energy exchange and
high efficiency are reached without temperature gradient
heating. The outstanding features of microwave heating
are rapid and selective. The water specific inductive
capacity of 60—78 is much bigger than that of the
common ores irradiated in a microwave field, since water
molecules always quickly absorb electromagnetic wave
and the moisture is rapidly transferred to vapor. The
characteristics heating define the
advantages of microwave drying, such as shortening
the process time, reducing the equipment space and
decreasing the released pollutants. Many literatures
referred to the microwave drying of woods[7-8],
vegetables and fruits[9—10], and ores[11-13]. To the
author’s knowledge, so far there is no reported literature
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on the microwave drying of ilmenite. In this work, the
microwave drying characteristics of the ilmenite
concentrates for different amount of materials and power
are studied; and the impact of different powers and the
different amounts of materials on the kinetics are
discussed.

2 Experimental

2.1 Materials

The ilmenite was obtained from a company in
Panzhihua, Sichuan Province of China. The chemical
components and granularity distribution of the sample
are shown in Tables 1 and 2.

Table 1 Chemical components of ilmenite (mass fraction, %)
T102 TFe F6203 FeO CaO MgO SIOZ A1203
3836 2736 5.48 3027 432 6.03 10.02 1.76

Table 2 Granularity distribution of ilmenite
<250 um  100-250 um  75-100 um 48—100 um  >48 um
1.59% 10.27% 70.88% 16.37% 2.48%

It can be seen from Tables 1 and 2 that the ilmenite
is composed of titanic iron ore, iron oxides and gangues;
its granular size mainly ranges from 50 to 250 pm. The
titanic iron ore, iron oxide and gangue consisting of
MgO have strong absorption capacity of microwave
[14—16]. Before the experiments, ilmenite was placed in
the drying oven until final mass reached; then the dried
ilmenite was dipped in water. After adequate absorption
of water, the water inside the sample was reduced to
about 10% in mass by a centrifugal drier; thus the
simulation material made of compounds during the
ilmenite-concentrate flotation process was obtained.
Three copies of simulation materials were placed inside
the oven to bake at 105 °C for 24 h, then their exact
moisture content was determined. The results showed
that the moisture content of ilmenite is 0.11 kg water per
kg dried basis (11%).

2.2 Drying equipment and procedure

The drying equipment (Fig.1) was modified from a
domestic digital microwave oven with technical features
of 220 V and frequency of 2 450 MHz, which has
adjustable output microwave power of 119, 231, 385,
539, and 700 W, respectively.

Moisture loss was measured by a thermogravimetric
balance, which has a precision of 0.001 g and is
connected to the computer. The material to support the
bracket and drainage thread is made of low dielectric
material PTFE. Software provided by Shanghai Precision
Scientific Instrument Company for data collection was
used, with the interval (step size) of 5 s. The simulated
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Fig.1 Diagram of microwave drying equipment

material was tiled on the plate of PTFE with rectangular
shape and thickness of 8—10 mm. The drying surface
area for 5, 10, 15, 20 and 25 g ilmenite are 3, 8, 10, 16.5
and 17.5 cm® respectively. For the fixed sample mass of
25 g and power of 385 W, the drying kinetics were also
performed.

2.3 Data analysis

The moisture content, drying rate and moisture ratio
of ilmenite were calculated using the following
equations[17—19]

mc=my/mx100% (1)

where m¢ is the dried basis moisture content, %; m is the
absolute amount of dried basis, kg; m, is the moisture
amount at the time of t, kg;

Dr=W,/(A't) 2)

where Dy is the drying rate, g/(s-cm?); m, is the amount
of vaporization of water, g; A is the area of drying
surface of ilmenite, cm?; t is the drying time, s;

R:(mt_me)/(mo_me) (3)

where R is the dimensionless moisture ratio; m, is the
moisture content at a specific time, %; m, is the initial
moisture content, %; m, is the equilibrium moisture
content, %. And the material of equilibrium moisture
content is assumed to be zero[19].

It is necessary to take many factors into account in
the drying kinetics, such as the temperature, the wind
speed (air flow), the dry media, as well as the type,
humidity, the thickness and the surface area of the
sample. The experiment was taken in a closed space and
continuous measurements for materials were conducted
maintain the same air flow rate. Because of very tiny
sample size, the effect of the air humidity on drying was
negligible.  Page’s  semi-empirical model and
Henderson-Pabis index model were adopted to fit
experimental data, respectively[20—21]:

Page’s semi-empirical model

R=exp(—k-t") 4)
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Henderson-Pabis index model
R=A,-exp(—k-t) (%)

where R is the dimensionless moisture ratio; k is the
constant of drying rate, s '; t is the drying time, s; n is the
dimensionless reaction order; A, is the index of the
dimensionless preexponential factor.

3 Results and discussion

3.1 Effect of microwave power

Figure 2 describes the microwave drying curves of
the moisture content versus drying time at different
microwave power levels. It can be seen from Fig.2 that,
as the microwave power increases, the ilmenite moisture
content significantly decreases. At the power of 119 W,
the longest drying time is required, while at the power of
700 W the shortest drying time is required. At the power
of 231, 385 and 539 W, the drying time is about the same.
But when the moisture content of ilmenite is less than
2%, the drying curve of 700 W locates at the most left,
indicating that the high microwave power density
benefits the deep drying of ilmenite.

The drying rate curves of ilmenite at different power
are given in Fig.3. Figure 3 shows that the impact of
microwave power on the drying rate is significant, and
the highest drying rate occurs at the power of 700 W. In
the different drying stages, there is a distinctive feature in
the drying rate curves, which displays the sharp peaks at
the moisture content between 11% to 8%. The reason is
that the permittivity of water of 78 is much larger than
the permittivity of ilmenite of 7; in other words, the
microwave absorption of water is much higher than that
of the ilmenite. In the beginning stage, the quick
microwave absorption of water leads to rapid water
evaporation. After the ilmenite microwave absorption the
temperature rises. The process tends to follow a general
procedure: accelerating drying—constant rate drying—
decelerating drying. At the power of 119 W, the drying
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Fig.2 Moisture content vs drying time at various microwave
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Fig.3 Drying rate vs moisture content at various microwave

power

rate shows a more relative remarkable peak than that
under the other power levels, which further proves that
the moisture has priority to absorb the microwave in the
initial stage. Meanwhile, at the power of 119 W, the
significances of acceleration and deceleration stage are
much lower than those of the other powers, resulting in a
long constant rate drying stage (the moisture content
reduces from 10% to 2% in about 150 s). The reason is
that, at low power, the heating rate of ilmenite is low, and
the thermal equilibrium easily reaches. At the power of
700 W, the constant drying rate stage almost disappears.
The reason is that, under high power, the temperature of
ilmenite is higher than those of other power density,
leading to quick drying. At the power of 231, 385 and
539 W, the drying rate changes dramatically, but
generally maintains an accelerating drying—constant
rate drying—decelerating drying pattern. Under all
power levels, the drying process starts entering into the
decelerating drying stage when the moisture content is
close to 2%, it may be related with hard drying of the
capillary and mineral bound water in ilmenite.

Figure 4 shows the moisture ratios of the ilmenite
dried at various microwave power. It can be seen from
Fig.4 that the moisture ratio displays similar trends to the
moisture content. Page’s semi-empirical model and
Henderson-Pabis index model are used to fit the curves
in Fig.4. Henderson-Pabis model shows a 0.99
correlation (Table 3) which is higher than the Page’s
semi-empirical model’s result. The model and
experimental values of the InR are shown in Fig.5,
indicating the precision of Henderson-Pabis model used
to fit the relation of moisture ratio versus drying time.
The drying rate constant k and exponential factors A, are
shown in Table 4.

3.2 Effect of sample mass
Figure 6 shows the microwave drying curves for
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different sample mass. It can be seen from Fig.6 that the
drying time needed increases with the increase of sample
mass, which is more obvious when the moisture content
is less than 4% for each sample. This may be related with
the low power density and small steam diffusion rate
inside the ilmenite layer. The temperature gradient also
can affect the steam diffusion. The mass transfer process
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Fig.4 Moisture ratio vs drying time at various microwave
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Fig.5 Relationship between InR and drying time by Henderson-
Pabis model

Table 3 Fitting coefficient of different models

Model Power/W Correlation coefficient R
119 0.9879
Page’s 231 0.9879
semi-empirical 385 0.973 2
model 539 0.984 7
700 0.942 8
119 -0.993 2
Henderson- 231 —0.991 1
Pabis 385 —0.996 4
index model 539 —0.984 4
700 —0.993 8

Table 4 Kinetics parameters of Henderson-Pabis index model
at various microwave power

Microwave Drying rate constant, Exponential
power/W k/s™! Factor, A,

119 0.0103 1.383 6
231 0.016 0 1.2210
385 0.0183 1.2162
539 0.027 3 2.059 8
700 0.0329 1.359 4
12
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Fig.6 Moisture content vs drying time with various sample

mass

will be intensified by the same direction of temperature
gradient and steam diffusion, and this intensifying effect
will increase with the raise of temperature gradient. In
this work, the temperature gradients are related with the
power density and the heat exchange between ilmenite
layers and the atmosphere.

Figure 7 gives the drying rate curves for ilmenite vs
moisture content with various sample mass. The drying
rate curves at the mass of 15, 20, 25 g look similar. There
is no apparent constant rate drying stage at the end of the
accelerating drying, different from Fig.3. For the sample
mass of 15 to 25 g at the moisture content of about 4%,
the decelerating stage reaches instantly, because at a low
power density, the residual moisture (including part of
free water and capillary water) hardly evaporates. For the
sample mass of 5 and 10 g, the dehydration rate peaks
occur at the moisture content of about 5% and 8%, and it
then quickly changes into the constant rate drying stage.
The reason is that for the mass of 5 and 10 g at the power
of 385 W, the high power density makes the moisture
have bigger microwave absorption rate, so the drying
rate increases rapidly at the beginning.

Figure 8 shows the moisture ratios of ilmenite with
various sample mass. It also can be seen from Fig.8 that
the moisture ratio curves display similar tendency with
the drying curve in Fig.6. Henderson-Pabis index model
also shows an average correlation coefficient of 0.99 (see



206 LI Yu, et al/Trans. Nonferrous Met. Soc. China 21(2011) 202—-207

4 Sample mass
—~ "5
5 *—10g
S A—]S‘:
3 8
23 "—20¢
2 e
S
2
g
%D
.E.‘ l
[a)]

0 2 4 6 8 0 12

Moisture content/%

Fig.7 Drying rate vs moisture content with various sample

mass
1.0 Sample mass
._5 g
*—lI0g
i sa—15g
0.8 Zlse
E +—25g
S 065
E
2 04f
=
“ly
0.2
0 100 200 300 400

Drying time/s

Fig.8 Moisture ratio vs drying time with various sample mass

Table 5), higher than the Page’s empirical model for this
work. The precision of Henderson-Pabis model’s result
for a comparison of theoretical and experimental value
are described in Fig.9. The kinetics parameters are shown
in Table 6.

Table 5 Fitting coefficient of different models

Correlation
Model Sample mass/g .
coefficient, R
5 0.969 7
Page’s 10 0.964 9
semi-empirical 15 0.9819
model 20 0.969 9
25 0.973 9
5 —0.994 6
10 —0.996 4
Henderson-Pabis
. 15 -0.972 1
index model

20 -0.997 9
25 -0.986 7

Table 6 Kinetics parameters of Henderson-Pabis index model
at various sample mass

Sample mass/g Drying rateﬁ1 Exponential
constant, k/s factor, A
5 0.048 0 1.4052
10 0.0340 1.3884
15 0.025 1 1.856 0
20 0.016 5 1.3159
25 0.0185 1.2473
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Fig.9 Relationship between In R and drying time by
Henderson-Pabis model

4 Conclusions

The drying characteristics of ilmenite were studied
under microwave conditions with different power
supplies and sample mass. The variations of moisture
content, drying rate and moisture ratio are found to be
dramatically affected by the microwave power density.
The thermal exchange between material layer and
ambient and the temperature gradient inside ilmenite
layer also can affect the drying process. The prior
microwave absorption of moisture gives rise to an
accelerating peak on the drying rate curves in the initial
stage.
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