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Abstract

Alumina is one of the most widely used materials today,
with a total annual production of millions of tonnes of
highly pure alumina. A large portion of this is used to
make metal aluminum. Apart from that, a growing
amount of alumina is used in ceramics, refractories,
catalysts, and various other products. In nature, alumina
can be found in different phases. These phases can be
transformed into each other in different temperatures.
Among these, y-alumina is used in the chlorination
process in the aluminum production industry because of
the higher reaction rates. Previously, the chlorination of
pure y-alumina has been considered in the CPFD
simulations. Extending previous researches, the present
study investigates the effect of seven percent a-alumina
impurity on the overall chlorination reaction, bed
hydrodynamics, and composition of the outflow of the
reactor. Commercial CPFD software Barracuda®
v20.1.0 is used for the simulations. The results are
compared with the pure y-alumina simulations, and the
results show that the impurity has no considerable effect
on the chlorine concentration at the outlet. However, the
mass balance of the bed shows an unfavorable
accumulation of a-alumina in the fluidized bed reactor.

Keywords: Barracuda, CPFD simulation, a-Alumina
chlorination, y-alumina chlorination, Fluidized bed
reactor (FBR),

1 Introduction

The Romans called materials with a styptic or astringent
flavor "alumen.” Impure forms of aluminum sulfate and
alum could have been among them naturally occurring
in volcanic areas. Term alumina appears to be derived
from the mineral alumen (Beckmann, 1846). Alumina is
the raw material used for the production of metal
Aluminum.

The process which is used almost exclusively in the
aluminum industry is the Hall-Héroult process. This
process has turned aluminum metal into a commodity
product since its invention in 1886 (Kovacs et al., 2020).
Alumina is dissolved in a cryolite bath in this continuous
process, and aluminum is produced by electrolysis. In
this cryolite-alumina melt electrolysis, aluminum oxide
is dissolved in molten cryolite (NasAlFs) and afterward

electrolytically reduced to aluminum at almost 960 °C.
Carbon anodes are used in the process, consumed during
electrolysis, are resulting in the formation of CO,. This
process suffers from relatively high heat loss from the
electrolytic cells and increased CO2 emissions from the
anodes, even though manufacturers have gradually
improved their production processes. Besides, the Hall-
Héroult process moves down to its potentially lowest
energy consumption and CO; emissions during decades
(Prasad, 2000). The following reaction (2.1) can be the
overall reaction of dissolved alumina with carbon to
form the products (Thonstad, 2001).
% Al, 05 (dissolved) + 3% C (s) (1)
- Al(D) + 34CO0, (9)

Alternative aluminum processing strategies have
been under intense investigation due to the
comparatively high energy usage and carbon footprint
associated with anode consumption (Thonstad, 2001).
In continuation of this, in 1973, an innovative process
was introduced by Alcoa Corporation, and it had several
advantages compared to the commonly used method
(Hall-Héroult) at that time (National Fuels and Energy
Conservation Act, S. 2176, 1973). Alcoa's process is
based on the chlorination of processed aluminum oxide.
The chlorination process has the advantages of being
more compact and operating at a lower temperature than
the Hall-Héroult process, normally 700 °C. Unlike the
Hall-Héroult process, which needs pure alumina, one of
the main advantages of the chlorination process is the
possibility of using impure alumina. The following
simplified general reaction can be used to reflect
carbothermic chlorination of alumina (Rao & Soleiman,
1986):

Al,0; + (n)C + 3Cl,

- 24IlCl; + (2n—3)CO (2)
+ (3—n)CO,

where, 1.5 < n < 3. The following sequential reactions
can explain the carbothermic chlorination of alumina as
the reaction progresses with the production of carbon
dioxide and carbon monoxide:

Al, 05+ 3C0O + 3Cl, = 2AICl; + 3CO0, (3)
C + CO, = 2C0,bounded reaction (4)

The experimental techniques for obtaining gas-solid
contact and extracting gaseous materials containing



AIClI; and impurity elements are crucial in deciding the
chlorination rate.

Experiments of different CO/Cl, molar ratios
revealed that CO/Cl, = 1 has the highest chlorination
rate, and this is clear from overall reactions (3), which
involve equimolar concentrations of CO and Cl
(Gokcen, 1983). The optimal temperature for
chlorinating aluminous resources with CO + Cl; is
between 600° and 900°C, with 650 to 750°C being the
most expected range. According to (Alder et al., 1977),
600°C could be a reasonable operating temperature for
an alumina chlorination fluidized bed. In an industrial
chlorination reactor, erosion and chlorination of reactor
lining are significantly reduced at lower temperatures.
Hence, chlorination at low temperatures tends to be
desirable for designers.

Commercial chlorination reactor construction
materials must be kept cold enough to prevent being
chlorinated. As a result, it seems that externally heated
chambers are not feasible. An appropriate series of
reactions must be chosen to produce enough heat to keep
the internal reactor temperature up while retaining a
temperature gradient that allows for a relatively cold and
nearly non-reacting wall (Gokcen, 1983).

The Alcoa process's overall chlorination reaction has
been introduced by equations (2-4), where solid-phase
alumina (mainly Al,Os3) reacts with the gaseous chlorine
and carbon monoxide at 700 °C. It is vital to know that
many alumina particles have different purities and size
distribution, affecting the reaction rate.

a-Alumina has outstanding mechanical properties
and superb thermal properties at high temperatures;
polycrystalline a-alumina is used as a structural
ceramic. As a result, this type has much lower reaction
rates in the chlorination process. The present study aims
to investigate the effect of an impurity (a-alumina) in an
industrial y-alumina chlorination fluidized bed reactor
under the isothermal condition at 700 °C. First, some
critical information about the stoichiometry of alumina
chlorination, reactants, and products is given. Next, the
alumina chlorination kinetics for both types have been
introduced, which are used from previous studies. In the
current study, SOLIDWORKS® has been used for the
mechanical design of the fluidized bed reactor, and the
reactor model is then simulated/optimized with the use
of CFD software called Barracuda VR® version 20.1. At
the final step, the results have been compared with the
same model reacting pure y-alumina (Barahmand et al.,
2021).

2 Alumina chlorination stoichiometry

The stoichiometry of chlorination of reactants is as
reaction (5),
Al,05 (s) + 3Cl, + 3€CO 5)
— 24ICl; + 3C0,

AlOs: In nature and different thermal conditions,
alumina is found in different phases. These phases can
be transformed into each other. Table 1 (Aswad, 2012)
shows some properties of three main types of alumina.
The density of the alpha type is more than other types.

Table 1 Properties of different types of alumina

Type Envelope Melting Temp (°C)
Density (kg/m?®)

a-alumina 2600 2051

y-alumina 2100 y —3:700-800

f-alumina 2330 6 —0:1050

AICl3: because of low vapor pressure (1 atm) at 169.7°C,
the gas phase is almost all Al.Clg (g). However, during
chlorination at high temperatures, both gaseous AICls
and Al.Clg are present in the process. It has a shallow
melting point of about 192°C.
24ICl; 2 Al,Cly (6)

AICl3 in the gaseous phase is in equilibrium with Al>Cls.
Table 2 shows their volume percentage at different
temperatures (Gokcen, 1983).

Table 2 Volume percentage of AICI; and AlClg in
equilibrium
Temperature (K) 600 800 1000 1200

AlICI3 (%) 21 355 884 987
Al,Clg (%) 979 645 116 13

CO and Cl: At the 1 atm pressure, CO and Cl; are in
equilibrium with phosgene (COCI). The volume
percentage of each in a mixture with different
temperatures is given in Table 3 (Gokcen, 1983).

Table 3 Volume percentage of CO + Cl; and COCl; in
equilibrium

Temperature (K) 800 1000

CO (%) 308  48.16
COCl; (%) 308  48.16
Cl, (%) 384 368

An equimolar mixture of CO and Cl; can contain small
amounts of COClI; in the normal temperature range of
chlorination. However, This is not an issue because the
reaction of alumina with phosgene is faster than an
equimolar mixture of CO and Cl, (Bert6ti et al., 1981).

Cl, + CO 2 cocl, (7)

3 Process kinetics

3.1 y-Alumina chlorination Kkinetics

In 1981 the temperature and partial pressure dependency
and the influence of photo-irradiation of the reactive
gases were studied to find reaction rate for y-alumina
chlorination with carbon monoxide and chlorine (T6th
et al., 1982) and phosgene (Bert6ti et al., 1981) in
different temperatures. To experiment with carbon



monoxide and chlorine, the isothermal TG
measurements were taken at temperatures ranging from
327 to 850°C. It has been shown that the reaction
conversion and the specific initial reaction rate (Ro) have
a significant temperature dependency. The reaction rates
for phosgene are higher than the mixture of CO and Cl.
up to around 920 K, as observed, while the data obtained
with both are almost the same as results in (Bert6ti et al.,
1981). Unlike (Milne, 1976), solid samples have been
preheated before chlorination, and as a result, they have
been gotten rid of the uncontrolled behavior of the
change in the sample's reactivity due to structural
changes. The Arrhenius style of specific reaction rate
(Ro) is illustrated in Figure 1.
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Figure 1. The specific initial reaction rate (R0O) vs.
temperature (T) in reaction with phosgene (black) and
CO+Cl; mixture (white) (Toth et al., 1982)

For the reaction with CO+Cl, mixture, the activation
energies (E1) computed by the rate constant of the first-
order Kinetic equation and initial reaction rate are 106
and 118 kJ/mole. Between temperatures 775-878 K, E»
is almost half of the E; and equal to 56 kJ/mole, and for
the range between 920-1123 K, Es is the lowest and
equal to 23 kJ/mole, indicating that the process at these
temperatures is effectively regulated by external mass
transfer.

Figure 2 verifies the above-described phenomenon, as
the results of an experimental investigation (Milne,
1976) studied chlorination of two different sizes (7.9
mm and 0.125 mm) of y-alumina with an equimolar
mixture of CO and Cl,. The particle’s surface area
directly impacts the reaction (Kunii & Levenspiel,
1991). As per the findings of this experiment, it is
expected that the fluidized bed's reaction rate will be
much quicker than the experiment when very tiny
alumina particles are used in the reactor.
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Figure 2. Chlorination of y-alumina with CO/Cl,=1. Solid
lines are for 9.7 mm particles; broken lines are for 0.125
mm particles (Milne, 1976).

3.2 a-Alumina chlorination kinetics

As (Soleiman & Rao, 1987) reported, the reaction rate
and activation energy of the a-alumina in a carbo-
chlorination reaction is much lower than that of the y
type. In the range 800-900°C, the activation energy is
32+2.5 kJ/mole. In general,

Texp = K(Pclz)m(PCO)n (8)

where, P, is the partial pressure of component x, m and
n are reaction orders, K is the reaction constant, and ..,
is an experimentally calculated reaction rate. Table 4
gives calculated m and n in different temperatures.

Table 4. Reaction orders in different temperatures

Reaction Temperatures (°C)
800 835 870 910 950
m 0.71 0.60 0.59 056 048
n 0.77 0.72 0.66 0.65 0.65
The rate expression for the particular case considered
under the experiment considerations can be written as,

Texp = E(Pclz)(PCO) (9)

where, k is the apparent rate constant in gg-min-atm.
Table 5 shows the different values for the apparent rate
constant,

Table 5. Values of k obtained by regression analysis of
Texp VS (Per,) (Peo) results

T (°C) 800 835 870 910 950

k 0.0234 0.0256 0.0281 0.0313 0.0368
Ink -3.755 -3.665 -3.572 -3.464 -3.302
10000/T  9.3197 9.0253 8.8479 8.4531 8.1766




4 CPFD model

The CPFD method is applied to an industrial alumina
chlorination  reactor with  modified geometry
(cylindrical reactor with a section with an extended
diameter on top) with a smooth exit on top (Figure 5),
and the bed aspect ration (H/D) equal to 2 has been used
(Barahmand et al., 2021). The alumina chlorination
calculation is three-dimensional, with chemistry in a
large industrial reactor at isothermal conditions (700°C).
The CPFD method provided a chlorination solution for
3600 seconds. The calculation took 5 days to complete
the computation on a single Intel Xeon E5 computer
using 55000 cells in total.

An equimolar mixture of CO and Cl, enters
continuously from the bottom of the reactor, and the
products leave the reactor from the top. The initial bed
contains mainly y-alumina with only 7% of a-alumina
as the impurity. The amount of y (top) and e-alumina
(bottom) types are patched in the particle bed as shown
in Figure 5 (right). In terms of the concentration, the
same percentage of the impurity (a-alumina) has been
applied to injected solid particles through the feeder
(total particle feed is 0.6 kg/s). Specifications of the
particles have a crucial role in the fluidized bed
hydrodynamics, such as size distribution, sphericity,
porosity, and the void fraction of the particle bed. The
particle size distribution given in Figure 3 is used for
both y and a alumina types.
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Figure 3. Particle size distribution of the alumina sample

The particle sphericity, envelop density, and bed void
fraction cannot be calculated easily and need special
measuring apparatus and procedures. However, an
extensive range of values has been reported in the
literature. To get closer to the acceptable range, an
experiment has been done. Finding a reasonable
estimation of sphericity, a random sample has been

studied under a microscope'.
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Figure 4. Alumina sample under the microscope

It has been observed that this shows a considerable
amount of cracked particles (by attrition), which might
be created during the process. Based on the
approximation guideline (Liang et al., 2016), the
cracked particles mostly have sphericity below 0.5, but
the sphericity for the not cracked particles could be
estimated close to 0.9 (Figure 4). All in all, 0.9 for the
average sphericity of this alumina is somewhat
optimistic, and finally, 0.7 has been chosen.

The parameters defined for the y-alumina particles in the
simulation are given in Table 6. Except for the envelope
density, other parameters are the same in both alumina
types. The envelope density of a-alumina has been set
to 2600 kg/m?.

Table 6. y-Alumina Properties

Parameter Effects on  Used-values
Average diameter H R 98 microns
Sphericity H 0.7
Emissivity RHT 0.75
Envelope Density H 2100 kg/m®
Bulk Density H 1.19 kg/m?
Diffusion coefficient R 2.2E-06 cm?/s
Void Fraction H 0.46

(H: Hydrodynamics, R: Reaction, HT: Heat Transfer)

The WenYu-Ergun drag model (Xie et al., 2018) has
been used, and the reaction rate has been set using the
information in sections 3.1 and 3.2. The superficial
velocity has been set close to the minimum bubbling
velocity (0.1 m/s). The pressure boundary in the outlet
has been assumed 1 atm.
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Figure 5. Reactor meshed geometry (left), different types
of alumina in the initial bed (right)

5 Results and discussion

Comparing the chlorine concentration in the outlet with
pure y-alumina (Barahmand et al., 2021) with the
present study confirms that 7% impurity in the alumina
sample does not affect reaction conversion. The average
chlorine concertation in both cases is below 0.0003
mole/m?® in the outlet. Although the reaction kinetics
clearly shows that the reaction rate for a-alumina is
much slower than the y-alumina, the impurity shows no
adverse effect on the Cl, concentration in the outlet
because the chlorination reaction is rapid. On the other
hand, there are more solid particles than needed to react
with the gaseous reactants.

Figure 6 shows the o and y-type alumina particle
distribution through the reactor. However, because of
the densification, a-alumina is relatively heavier than y-
alumina. After only 700 seconds, it has been distributed
homogeneously through the bed.

Studying the particle outflow in the pseudo-steady-
state shows that the overall particle escape is 156 g/s,
almost one-fourth of the feed. The average escaping rate
of a-alumina (from 500 seconds in steady-state)
particles has been recorded as only 6 g/s, almost 3.8
percent, while this percent is 7 for the feed. As a result,
a-alumina may accumulate inside the reactor. One
reason can be the higher density (about 25 percent) of a-
alumina. Figure 8 shows that the distribution of the
particles leaving the reactor. Almost 97 % of these
particles have a mean diameter below 20 microns.

131.50 s 775.00s
Alumina alpha
Alumina gamma

Figure 6. Different types of alumina particle’s distribution
after fluidization (left) in steady-state (right)
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Figure 7. Cl, concentration (mole/m?®) in different heights,
a) Cl, concentration at the specific time, and b) Average
Cl, concentration in the last 300 seconds.



Particles outflow for different particle size range (radius in micron)
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Figure 8. Composition of the particle outflow

Figure 9 and Figure 10 show the size distribution of the
different alumina components leaving the reactor. The
biggest y-alumina particle that can leave the systemis in
the range of 48-52 microns. This value for the a-alumina
is in the range of 30-34 microns, emphasizing the higher
density of these particles, leading to higher terminal
velocity.
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Figure 9. y-Alumina size distribution in the outlet

The mass balance of the bed shows an unfavorable
accumulation of a-alumina in the fluidized bed reactor.
During the one-hour simulation period, a-alumina is
accumulated at the rate of 5 g/s, and the bed losses y-
alumina at the same rate. Although the alumina inflow
rate is constant (0.6 kg/s with a fixed 7 % impurity), a-
alumina in the bed is increased, and the overall reaction
efficiency of the reactor went down. To minimize the
harmful effects of the accumulated a-alumina particles,
the particles inside the reactor should be replaced
periodically.

An increased amount of non-reactive particles in bed
may also increase the particle outflow, but that could be
minimized by introducing a proper solid circulation
mechanism. However, this may not completely stop the

a-alumina  accumulation  within  the  system.
Nevertheless, the circulation system for particles can
increase the particles' residence time, which may help a-
alumina particles reach complete chlorination.
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Figure 10. a-Alumina size distribution in the outlet

6 Conclusion

Compared with the model with pure y-alumina, the
results show that, as an impurity, a-alumina does not
affect the chlorine concentration at the outlet. The
overall particle outflow has become slightly higher in
the case of pure y-alumina. Compared with the o-
alumina inflow, which is 7 % of the total inflow, only
3.8 % of the total particle outflow is belongs to a-
alumina. In the long run, as a result, a-alumina will be
accumulated in the reactor, which is not favorable. In the
operating temperature, the reaction rate of a-alumina is
much slower, and the accumulation of a-alumina will
affect the overall reaction negatively. As remedies,
adding a circulation path or speeding up the fluid inside
the reactor to a certain point may be helpful, which can
be investigated in future works.
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