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Abstract: The Pedersen process is an alumina production process, which combines pyrometallurgical
and hydrometallurgical methods. In the pyrometallurgical stage, limestone is calcined and CO2

is generated. This off-gas can be captured with a high CO2 concentration. At the end of the
hydrometallurgical process, aluminum hydroxides, like bayerite, are precipitated using CO2. In
this paper, experimental work on precipitation of aluminum hydroxides through the addition of a
mixture of CO2, O2 and N2 is presented. The parameters varied, as were the percentages of each gas
and the temperature. The indicators measured were the time until the beginning of precipitation and
the time that the precipitation lasts. These tests simulate the use of a smelter furnace off-gas in the
precipitation stage of the Pedersen process and have shown promising results.

Keywords: CO2 capture and usage; Pedersen process; precipitation; aluminium hydroxides; bayerite

1. Introduction

The objective of the presented work is to study the precipitation of aluminum hy-
droxides through the addition of a mixture of CO2, O2 and N2. Experiments took place
using a range of percentages of each gas, at temperatures of 40, 50 and 60 ◦C. Following
the conditions of each experiment, the time until precipitation start, after the carbonation,
varies. Another indicator measured was the time from start to the end of the precipitation.
This research was done in the framework of the ENSUREAL project, the aim of which is to
ensure the zero-waste production of alumina in Europe [1–3]. The integration of carbon
capture and usage from an industrial off-gas with low CO2 concentration into the Pedersen
process is a major innovation compared to the original process and can make it competitive
with the Bayer process.

2. Materials and Methods

The solution was produced by leaching a slag with a composition listed in Table 1. The
slag was made by smelting bauxite ore, provided by Aluminium of Greece (AoG), mixed
with CaO. The slag was produced by SINTEF, as a part of a set of pilot-scale experiments.
The slag consisted mostly of Al and Ca in the form of mayenite Ca12Al14O33 and a small
amount of tri-calcium aluminate minerals Ca3Al2O6, Ca-silicates and perovskite. The
slag was leached using 60 g/L Na2CO3 solution at 90 ◦C for 1 h using a solid to liquid
ratio of 300 g of slag to 2 L of solution. The resulting solution has chemistry, described
in detail in Table 2 below. The solution was not desilicated, and this explains the high
value of Si. The precipitation experiments were conducted in a 1 L jacketed glass reactor.
The gas mixtures were sparged into the solution at a rate of 1.5 L/min through plastic
tubing that entered the reactor through an inlet port on the reactor lid. The temperature is
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controlled by circulating heated silicon oil, through the reactor jacket. The volume of the
solution at elevated temperatures was maintained using a water cooled condenser and the
temperature of the solution was monitored using a temperature probe. The entire set up
can be seen in Figure 1.

Table 1. XRF analysis of the leached slag (wt%).

Al2O3 CaO SiO2 TiO2 MgO Other Oxides

43.8 52.1 2.0 1.3 0.4 0.4

Table 2. Solution’s composition.

Na Mg Al Si Ca Ti Cr Fe Ni Cu Zn As Cd Hg Pb
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

31.847 0.05 15.888 297.7 7.1 0.03 0.014 0.58 <0.01 0.12 0.085 0.11 0.0010 <0.001 0.0040
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Figure 1. Reactor.

When the desired temperature is reached, gases are injected at a constant flow, con-
trolled by a gas flowmeter. The study consisted of 13 experiments, listed in Table 3.

All 13 experiments followed the same procedure. The solution in the reactor was
heated to a temperature of 40 ◦C. This took one hour or more. A sample was taken to be
analyzed by ICP-MS method. When the temperature reached 30 ◦C the water flow through
the condenser was allowed. When the temperature reached 40 ◦C the mixture of gases was
injected into the solution. The time until the precipitation starts was measured. After the
precipitation started, the carbonation was allowed to proceed for a certain period of time.
After this, the gas flow to the solution was stopped. The solution with the newly formed
precipitate was allowed to stand for a period of 24 h, a process referred to as aging. This
step is necessary to convert the precipitates, mostly in the form of boehmite, to the desired
aluminium tri-hydroxides. After this, the slurry was vacuum filtered in order to separate
the solution from the precipitates. The volume of the solution (after the filtration) was
measured and another sample was taken for ICP-MS analysis. The filter cake was washed
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with deionized water. After this procedure, the filter cake was placed in a drier at 60 ◦C,
for 48 h. After two days, the produced filter cake was weighed and sent for XRD, XRF and
PSD analyses.

Table 3. Experimental plan: Gas composition and temperatures.

Test CO2% O2% N2% Temperature Conditions

1 5% 0 95% 40 ◦C With condenser, aging in 40 degrees
2 15% 0 85% 40 ◦C With condenser, aging in 40 degrees
3 5% 16% 79% 40 ◦C With condenser, aging in 40 degrees
4 15% 16% 69% 40 ◦C With condenser, aging in 40 degrees
5 15% 16% 69% 40 ◦C Without condenser, aging in room temperature
6 8% 16% 76% 40 ◦C Without condenser, aging in room temperature
7 12% 16% 72% 40 ◦C Without condenser, aging in room temperature
8 5% 16% 79% 50 ◦C Without condenser, aging in room temperature
9 5% 16% 79% 60 ◦C Without condenser, aging in room temperature

10 15% 16% 69% 60 ◦C Without condenser, aging in room temperature
11 15% 16% 69% 50 ◦C Without condenser, aging in room temperature
12 15% 16% 69% 60 ◦C Without condenser, aging in room temperature
13 15% 16% 69% 60 ◦C Without condenser, aging in room temperature

3. Results

The time till the precipitation starts varies in each experiment from 40 min to 2 h and
10 min. It was observed in the first three experiments that the time before the precipita-
tion started was approximately 2 h, whereas in the next two experiments, in which the
percentage of CO2 was higher and there was also O2, the time was 45 min. In the 6th
experiment, where the CO2 percentage was 8%, the time until the precipitation started was
more than 1 h, whereas in the 7th experiment with 12% of CO2, the time was less than 1 h.
This means that the higher the percentage of CO2 was, in combination with the presence
of O2 gas, the faster the precipitation took place. In the 8th and 9th experiment, with 5%
of CO2, even though the temperature was 50 ◦C and 60 ◦C respectively, the time before
the precipitation started was almost 2 h. In the last four experiments, it was observed
that the higher percentages of CO2, with the combination of the high temperatures, made
the precipitation commence after less than 1 h. The mass of the precipitate is listed in
Table 4 and the results of the XRD analysis are listed in Table 5. The dominant phase in
experiments E1–E9 is bayerite, which is the desired phase for the results of the experiments.
In experiments E9 to E13, there is a considerable amount of boehmite as well. The results
of the XRF method for all the samples can be seen in Table 6. The aim of this analysis is
to check the levels of the major contaminants. In an industrial process, a desilication step
would be practiced between the leaching and the precipitation step. This has not been done
in this small scale set-up. Therefore, the Si content was far above the limit. The results
of particle size distribution from the experiments are listed in Table 7, as the D90 and D75
of the particles. On basis of the ICP measurements of the solution before and after the
precipitation, the aluminium recovery was calculated. The results are listed in Table 8.

Table 4. Final mass of precipitate.

Test 1 2 3 4 5 6 7 8 9 10 11 12 13

Mass (gr) 10.99 10.65 12.97 25.53 23.81 18.85 19.59 11.4 10.81 23.74 25.36 24.87 31.23
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Table 5. XRD results (wt%).

Samples E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13

Bayerite 96 95 95 97 98 98 98 96 96 41 75 39 24
Nordstrandite 4 5 5 3 2 2 2 4 4 - - 2 1

Boehmite - - - - - - - - - 59 25 57.5 74
Gibbsite - - - - - - - - - - - 1.5 1

Table 6. XRF results of main contaminants.

wt% E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 Industrial
Specifications

CaO 0.04 0.08 0.1 0.03 0.04 0.18 0.06 0.06 0.04 0.05 0.05 0.04 0.04 <0.040
SiO2 1.56 1.6 1.61 2.81 3.51 2.04 2.64 0.89 1.41 1.62 2.21 1.45 1.18 <0.015
TiO2 0.02 0.02 <0.004
Fe2O3 0.01 0.04 0.02 0.01 0.03 0.03 0.03 0.02 0.01 0.01 0.02 <0.015
Na2O 0.48 0.53 0.62 1.06 1.59 0.58 1.02 0.36 0.39 0.9 1.28 1.04 3.82 <0.400

Table 7. Results from particle size distribution measurements (µm).

Test 1 2 3 4 5 6 7 8 9 10 11 12 13

90%< 59.30 53.99 42.46 37.49 39.26 54.83 43.94 50.22 37.67 53.25 37.51 36.60 32.95
75%< 43.35 38.75 30.42 30.04 31.06 41.99 33.04 35.9 26.92 42.61 25.27 27.68 24.77

Table 8. Al recovery.

Test 1 2 3 4 5 6 7 8 9 10 11 12 13

Al% 43.06 49.35 50.42 58.5 61.87 64.83 64.95 51.3 52.3 74.06 76.94 92.65 82.11

4. Discussion

Regarding the XRF analysis (Table 6), it was observed that especially Si has a higher
concentration than the specified limit. In an industrial process, a desilication step with Ca,
before precipitation, will be implemented to avoid this high Si content in the precipitates [4].
As far as the particle size distribution is concerned, the desired distribution is that 50%
of the particles should be larger than 44 µm. From Table 7, it can be seen that this value
has not been reached. The reactor used was small and the particles had not much time
to grow before they reached the bottom. From the Bayer process, it is known that the
growing of the precipitates is a time consuming process. Therefore, the small size of the
reactor has probably contributed to the small size of the precipitates. A larger reactor size
will probably increase the particle size. Moreover, seeding with fine-grained aluminum
hydroxide crystals, as done in the Bayer process, might increase the size of the particles, as
well as decrease the time until the precipitation starts. There is a clear influence of oxygen
on the precipitation. Comparison between test 1 to 4 shows that the time until precipitation
starts, decreases when oxygen is present. Moreover, the aluminum recovery is improved
significantly. The oxygen is most likely not to take part in any chemical reaction but has
a catalysing effect on the precipitation. An increased precipitation temperature seems to
improve the aluminum recovery rate and also enhances the formation of other phases than
bayerite, which is undesirable, as shown in the XRD analysis, from Table 5. The same has
been observed previously [5,6], with the formation of other oxides, such as dawsonite.

In order to achieve a higher aluminum recovery, a more thorough investigation needs
to be conducted. A longer aging duration would probably lead to a higher recovery and
larger particles.
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5. Conclusions

The most important finding in this work is that the precipitation of aluminum hydrox-
ides is accelerated by the presence of oxygen. Under the present experimental program,
the best conditions for precipitation were: 40 ◦C, 15% of CO2, 16% of O2 and 69% of N2.
In the experiment with these conditions, the percentage of bayerite was 97% wt and the
Al recovery was 58.5%. The combination of carbonation and aging has shown that it can
produce the desired Al tri-hydroxide precipitates. Longer aging periods are likely to result
in an improved precipitation yield of the Al from the solution. As far as the chemical
analysis is concerned, it is obvious that further work is needed in order to reduce the
concentration of contaminants, but this was outside the scope of this work.

This work has shown that it is possible to use an industrial off-gas for the precipitation
stage in the Pedersen process.

In general, this process seems to be very promising for the improvement of the
Pedersen process, but it leaves room for further investigation.
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