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Abstract
Leaching experiments were performed in calcium aluminate slag with a high-sodium carbonate adaptation of the Pedersen 
process. A theoretical thermodynamic study of the pregnant leaching solution was conducted to specify the thermodynami-
cally favored species that exist within. Using the HSC 9.0 software, a carbonation process simulation (neutralization of the 
aluminate solution with CO2 gas) was simulated. Laboratory carbonation experiments were conducted to verify the theoretical 
predictions. According to the thermodynamic study, at temperatures below 50 °C gibbsite precipitates in the first stages of 
carbonation and then is transformed to dawsonite. Temperatures over 65 °C favor the direct precipitation of dawsonite. The 
same route (thermodynamic analysis, carbonation simulation, and experimental verification) was followed by a synthetic 
solution containing lower amount of sodium carbonate to prove that dawsonite precipitation occurred as a result of the high 
free carbonate content, to investigate the effect of temperature and to precipitate alumina hydrate phases.
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Introduction

The Pedersen process is a process for the production of cast 
iron and metallurgical alumina from bauxites and other Al-
containing resources [1]. Originally applied on an industrial 
scale in Norway, it consists of two stages. The first stage is 

The contributing editor for this article was Yiannis Pontikes.

 *	 Danai Marinos 
	 dmarinou@metal.ntua.gr

Extended author information available on the last page of the article

http://orcid.org/0000-0002-3258-2362
http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-021-00403-w&domain=pdf


875Journal of Sustainable Metallurgy (2021) 7:874–882	

1 3

a reductive smelting of bauxite with lime, leading to the 
production of metallic iron and a calcium aluminate (CA) 
slag. In the second stage, the CA slag is hydrometallurgi-
cally treated with a Na2CO3 solution, a process leading, in 
principle, to the extraction of Al in the pregnant leaching 
solution (PLS) and a calcium carbonate residue. Finally, the 
PLS undergoes a neutralization precipitation process with 
carbon dioxide gas, to produce alumina hydrates. These will 
undergo a calcination process to produce metallurgical grade 
alumina.

Although the Pedersen process was abandoned in 1969, 
studying the process from the perspective of sustainabil-
ity and circular economy, certain attractive features stand 
out [2]. Firstly, it promises a complete utilization of bauxite 
ores, even some rejected by the Bayer Process [3], since it 
aims at the production of iron and alumina. Moreover, the 
hydrometallurgical conditions applied are moderate and, 
most importantly, the issue of bauxite residue is eliminated 
as, in its place, a calcium-based residue is produced in the 
leaching stage with potential applications (e.g., in the con-
struction industry or agricultural sector).

Of the two metallurgical stages of the Pedersen Process, 
the most challenging is the hydrometallurgical one and espe-
cially the precipitation of the alumina hydrates with car-
bon dioxide gas. Detailed knowledge of this stage of the 
Pedersen Process is virtually non-existent in literature. The 
only available resources are the patents of the Pedersen pro-
cess; however, the legal nature of these documents provides 
fragmented and vague information. Initially, it is stated that 
carbon dioxide precipitation is feasible but not effective. 
Later, it is claimed that, by adding sodium hydroxide, to 
increase alkalinity and alumina hydrate seed, precipitation 
can be performed according to the principles of the Bayer 
precipitation stage. Spent solution after precipitation is then 
re-carbonated with carbon dioxide gas and recycled to the 
leaching stage.

Besides being mentioned in the Pedersen process [4, 5], 
precipitation by carbonation is highly attractive to alumina 
refineries that operate based on sintering processes, since 
the neutralized product of sodium carbonate can be directly 
recycled. Such is the case in refineries in Russia and China 
that have poor grade diasporic bauxites or nepheline [6, 7]. 
The ore is mixed with Na2CO3 and is sintered in tempera-
tures higher than 1000 °C to form sodium aluminate which 
is highly soluble in water. Out of such aluminate solutions, 
alumina hydrates are precipitated by carbonation [8]. The 
carbonation process is carried out in the temperatures of 
70–80 °C and duration times ranging from 5 to 8 h [9]. Lee 
et al. [10] showed that higher temperatures (70 °C) favor 
the formation of gibbsite, while lower temperatures (room 
temperature) favor the formation of bayerite.

In general, precipitation by carbonation presents some 
drawbacks, compared to Bayer precipitation. It is stated 

that alumina hydrates thus produced are of inferior qual-
ity due to the concentration of impurities [11], such as 
silica, and the inappropriate particle size and morphology 
[7, 11].

The focus of the current work is the link between the 
leaching and the precipitation operations of the hydromet-
allurgical side of the Pedersen process. In theory, the PLS 
enters the precipitation stage, where carbon dioxide gas is 
added to lower the pH of the solution and precipitate alu-
minum as aluminum hydroxide. Firstly, carbon dioxide is 
absorbed in the sodium aluminate solution according to reac-
tions (1) and (2). Then, the alkaline solution is gradually 
neutralized, followed by the decomposition of the alumi-
nate ion, leading to the precipitation of aluminum hydroxide 
according to reaction (3). The overall precipitation reaction 
is shown in reaction (4).

To study these mechanisms, leaching tests in a CA slag 
of modeled composition were performed and a PLS of cho-
sen composition was selected based on maximum dissolved 
Al. This PLS, however, had a high concentration of free 
(unreacted) sodium carbonate, i.e., it is of a composition that 
has not been studied before in a carbonation process. Thus, 
to understand the precipitation behavior of this solution, a 
thermodynamic analysis was performed with the software 
HSC 9.0 to assess the phases predicted to precipitate from 
such solutions under a carbonation process like the original 
Pedersen Process. Afterward, experiments were performed 
to confirm the thermodynamic predictions. The same route 
was followed for a theoretical PLS of lower sodium carbon-
ate content.

Materials and Methodology

A series of leaching tests were conducted on a CA slag of 
modeled composition. The powder XRD analysis of the 
slag and the identified phases are shown in Fig. 1. The main 
phases identified are the calcium aluminates CA, C12A7, and 
C5A3. In addition, a graphite peak is detectable, originating 
probably from the graphite crucible used as the container of 
solids for the bauxite smelting process.
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According to earlier research conducted by the U.S. 
Bureau of Mines on a pilot scale for a modification of the 
Pedersen Process [12], more concentrated aluminate solu-
tions can be produced if higher Na2CO3 concentrations are 
applied to the leaching stage, with a cost in the overall leach-
ing efficiency, which declines progressively. Our work con-
firmed these findings as it was found that the highest Al2O3 
extraction (≈ 70%) for a 5% S/L ratio was achieved in the fol-
lowing conditions: 90 °C, stirring rate of 300 rpm, leaching 
solution of 120 g/L Na2O (92% as Na2CO3, 8% as NaOH), 
and a mean particle size D (V, 0.5) ≈ 90 μm. The concentra-
tion of the PLS in Al2O3 was 16 g/L and 416 ppm of SiO2.

For the carbonation precipitation tests conducted in this 
research, two synthetic starting solutions of different com-
positions were chosen. The first solution is based on the 
pregnant leaching solution (PLS) from the leaching of CA 
slags with an excess of Na2CO3 and therefore it contains 
a high amount of free Na2CO3 as is seen in Table 1. This 
composition was used as the basis for the thermodynamic 
analysis and the precipitation experiments.

The composition of the second solution (low carbonate 
solution-LCS) simulates the outcome of a two-stage leach-
ing process as the one applied both in the original Pedersen 
process and the modified one employed by the U.S. Bureau 
of Mines [12]. In a two-stage leaching circuit fresh slag and 
fresh leaching solution move counter-currently. Fresh leach-
ing solution enters the reactor of the second leaching stage 
(called the half-saturation stage), where it leaches a slag that 
has already been partially leached with a previous batch of 
solution in the first stage. Correspondingly, fresh slag enters 
the reactor of the first leaching stage (also called the satura-
tion stage) and is being leached by a solution coming from 
the half-saturation stage. As the fresh slag contains unre-
acted calcium sites (on the surface of calcium aluminates), 
this stage both desilicates and removes excess carbonates 
from the solution. So, the second synthetic solution is based 
on the PLS expected to overflow from the saturation stage 
of the modified Pedersen process, on which our work was 
also based, for which the free Na2CO3 content is the lowest 
possible (Table 1).

For the thermodynamic simulation of the carbonation 
process, the HSC Chemistry 9.0 software by Outotec was 
utilized with the module Equilibrium composition. To bet-
ter simulate the carbonation process, 22.22 mol of water 
solution (400 mL volume) were considered to balance the 
solution, and to simulate the CO2 addition, 0.0089 mol of 
CO2 gas was added (200 mL/step). The species considered 
were as follows: (1) all aluminum aqueous hydroxo-, mono- 
and poly-nuclear, as well as carbonato- complexes, (2) all 
sodium species, (3) all silicon species, (4) sodium alumino-
silicate phases such as nepheline were considered to simu-
late Si-undersaturated aluminosilicates, as well as several 
zeolite compounds such as analcime, natrolite, etc. and (5) 
carbonated solid phases such as dawsonite [NaAlCO3(OH)2] 
and cancrisilite. Hydroxy sodalite and Na-cancrinite were 
not considered as they are absent from the software database. 
Aluminum in sodium aluminate solutions, in the aqueous 
phase is known to exist as Al(OH)4

− [13]. Al(OH)2
− was 

also considered for the thermodynamic analysis since it can 
exist along with Al(OH)4

− ion in dense sodium aluminate 
solutions [14]. The only gas phase considered was CO2, 
since this is the reacting phase.

Turning to the experimental verification of the theoretical 
modeling, all synthetic aluminate solutions for the precipita-
tion tests were prepared with reagent grade NaOH (pellets), 
Na2CO3 (anhydrous powder), Al(OH)3 (gibbsite) provided 
by MYTILINEOS S.A. alumina refinery, and SiO2 (99.5% 
purity). The reagents were mixed with 400 mL of deionized 
water at 160 °C for 2 h in an autoclave until completely dis-
solved. The precipitation experiments took place in a modi-
fied Parr autoclave system, with a specially made Teflon 
lid. All the carbonation experiments were performed under 
atmospheric pressure conditions. For each test, 400 mL of 

Fig. 1   Powder XRD analysis of the calcium aluminate slag under 
consideration. Identified phases are as follows: (1) 12CaO∙7Al2O3 
(mayenite), (2) CaO∙Al2O3 (monocalcium aluminate), (3) 
5CaO∙3Al2O3 (pentacalcium trialuminate), and (4) C (Graphite)

Table 1   Average compositions 
of aluminate solutions used in 
precipitation tests

Species Concentration

PLS
(g/L)

LCS
(g/L)

Na2CO3 159 21
NaOH 20 15
NaAl(OH)4 35 34
Na2SiO3 1.22 0.24



877Journal of Sustainable Metallurgy (2021) 7:874–882	

1 3

synthetic aluminate solution were introduced into the reactor 
and heated to the desired temperature. Carbon dioxide gas 
(99.995% purity) was then introduced at a constant flow (200 
cm3/min) controlled by a flowmeter (Omega FMA series). 
Introducing the gas into the inlet signified the start of the 
experiment. pH measurements were taken per minute and 
the stirring rate remained constant at 150 rpm. At the end 
of each experiment the solution was filtered and analyzed 
with Atomic Absorption Spectroscopy (AAS), (PinAAcle 
900T, Perkin Elmer). The solid precipitates were dried at 
110 °C for 24 h and then characterized by X-ray diffraction 
analysis (XRD) on an X’Pert Pro diffractometer (PANalyti-
cal) with CuKa radiation (diffraction patterns were recorded 
between 10 and 70° 2θ, in 0.02° steps and 2 s per step) and 
Fourier-transform infrared spectroscopy (FTIR) was carried 
out employing a PerkinElmer Spectrum 100 spectrometer, 
equipped with a diamond attenuated total reflectance (ATR) 
accessory (spectra were acquired in transmittance mode, 
from 4000 to 650 cm−1 with a resolution of 4 cm−1 and 16 
scans per spectrum).

Results and Discussion

Thermodynamic Analysis of PLS

The Al speciation diagram of the PLS (Fig. 2a) shows that it 
is supersaturated in Al. At temperatures below 50 °C, gibb-
site is spontaneously precipitated, whereas, at temperatures 
over 65 °C, dawsonite is spontaneously precipitated. This 
phenomenon can be attributed to the values of ksp of both 
solids at different temperatures. As it can be seen in Fig. 2b, 
at temperatures below 50 °C, the ksp of gibbsite is lower 
than that of dawsonite. Over 65 °C, the values are reversed. 
The prediction that these two phases can precipitate out of 
the PLS at different temperatures formed the backbone for 
the simulation in HSC 9.0. To be more precise, carbonation 
was studied for two temperature values, one below 50 °C 
and one over 65 °C. The values chosen were 40 °C and 80 
°C, respectively.

Carbonation Simulation of PLS at 80 °C

To simulate the precipitation mechanism with carbon diox-
ide gas (CO2) injection in HSC 9.0, the software was pro-
gramed to simulate a stepwise insertion of the gas with each 
step corresponding to the amount of CO2 added per minute 
for a rate of CO2(g) purging of 200 mL/min. The results of 
the simulation are depicted as speciation diagrams for the 
elements of interest, i.e., Al and Na. As it can be seen in the 
Al speciation diagram (Fig. 3a), at 80 °C the main precipi-
tate is dawsonite, a sodium alumino-carbonate phase, which 
forms even without CO2(g) addition because the solution is 

supersaturated. The addition of CO2(g) increases the amount 
of Al precipitated as dawsonite and after 55 steps (cumula-
tive addition of 0.49 mol of CO2(g) under standard condi-
tions) the total amount of Al precipitates as dawsonite. This 
behavior is attributed to the high free carbonate ion content 
of the PLS [15], which shifts the equilibrium of the reaction 
(5) towards the right direction according to Le Chatelier’s 
principle:

This was expected above 65 °C, as seen in Fig. 2b, where 
the solubility product constant (ksp) of dawsonite is lower 
than that of gibbsite.

Carbonation Study of PLS at 40 °C

For the carbonation simulation at 40 °C with HSC 9.0, the 
same parameters were used as with the simulation at 80 °C. 
It can be observed in the Al speciation diagram of Fig. 4a 
that Al(OH)3 is initially precipitated reaching 83% recovery 
after 20 steps (cumulative addition of 0.18 mol of CO2(g) 
under standard conditions). With the progression of car-
bonation, gibbsite is transformed to dawsonite reaching an 

(5)
Al(OH)−

4
+ NaHCO3(aq) = NaAl(OH)(2)

(

CO3

)

(s)
+ OH− + H2O

Fig. 2   a Aluminum speciation diagram of PLS, b Solubility prod-
uct constant (ksp) of aluminum hydroxide (Al(OH)3) and dawsonite 
NaAlCO3(OH)2 versus temperature. [where a = aqueous, a− aqueous 
anion, a+ aqueous cation]
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aluminum recovery, in the form of dawsonite, of 100%, after 
55 steps (cumulative addition of 0.49 mol of CO2(g) under 
standard conditions) of carbonation.

Experimental Verification of Carbonation 
Study of PLS

To verify the thermodynamic analysis, experiments were 
performed at 80 and 40 °C. For the 80 °C experiment, the 
experimental conditions were as follows: 200  mL/min 
CO2 addition, 130-min CO2 purging (cumulative addition 
of 1.16 mol of CO2(g) under standard conditions), and no 
aging. Figure 5a presents the XRD analysis of the precipitate 
which shows that dawsonite is formed as the thermodynamic 
analysis had predicted. AAS analysis of the remaining solu-
tion after precipitation shows that 100% of Al is precipitated 
and 59.8% of Si.

For the 40 °C experiment, the experimental conditions 
were as follows: 200 mL/min CO2 addition, 20-min CO2 
purging (cumulative addition of 0.18 mol of CO2(g) under 
standard conditions), and no aging. Then, an experiment with 

60 min of aging time was performed. Without aging no pre-
cipitation took place. With aging for 60 min, a very small 
amount of precipitate was obtained and XRD analysis could 
not be conducted. Thus, FTIR analysis is presented in Fig. 5b, 
which shows that the main phase is dawsonite [16–21] with 
a very small amount of boehmite. This result indicates that 
during carbonation at 40 °C of PLS there is an initial stage 
(first 20 min or cumulative addition of 0.18 mol of CO2(g) 
under standard conditions) where practically no precipitation 
is taking place and neither Gibbsite (as the thermodynamic 
analysis predicted) or dawsonite are formed. Aging pushes 
gradually and slowly the system towards dawsonite formation.

The Al speciation diagram of the LCS (Fig. 6a), at 80 °C, 
indicates that in an initial stage almost 62% of Al precipitates 
as gibbsite, and then it is transformed to dawsonite. Under 
the conditions where gibbsite is precipitated, there is no soda 
removal (Fig. 6b). At 40 °C, the speciation diagram of Al 
(Fig. 6c) indicates that 96% of Al is precipitated as gibbsite 
and then it is transformed to dawsonite. Again, under the 
conditions where gibbsite is precipitated, there is no soda 
removal (Fig. 6d), cases which show a good chance to pre-
cipitate pure gibbsite. Additionally, the decrease of tempera-
ture makes wider the window in which alumina hydrates are 
potentially precipitated. In general, the simulations on both 
temperatures show that gibbsite can be precipitated. The 

Fig. 3   Carbonation simulation of PLS at 80 °C with 200 mL/min CO2 
injection—PLS speciation diagram of a aluminum, b sodium. [where 
a = aqueous, a− aqueous anion, a+ aqueous cation]

Fig. 4   Carbonation simulation of PLS at 40 °C with 200 mL/min CO2 
injection—PLS speciation diagram of a aluminum, b sodium. [where 
a = aqueous, a− aqueous anion, a+ aqueous cation]
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preferable conditions seem to be 40 °C where more than 95% 
of the aluminum can be recovered compared to 65% at 80 °C.

Experimental Verification of Results of Low 
Carbonate Solution

A precipitation experiment at 80 °C with 200 mL/min CO2 
addition for 20-min CO2 purging (cumulative addition of 
0.18 mol of CO2(g) under standard conditions) was per-
formed. To push the system closer to the equilibrium state 
under those conditions 1-h aging period after the end of 
CO2(g) purging was applied. For the experimental study of 
our system, at 40 °C the following conditions were selected: 
40 °C, 200 mL/min CO2 addition, 30-min CO2 purging 
(cumulative addition of 0.27 mol of CO2(g) under standard 
conditions). To push the system closer to the equilibrium 
state under those conditions, 1-h aging period after the end 
of CO2(g) purging was applied.

Figure 7a depicts the XRD analysis of the precipitate at 
80 °C, which results in the precipitation of a mixture of daw-
sonite, bayerite, and boehmite. Nanocrystalline boehmite is 
the main phase followed by a substantially lower amount of 
dawsonite and traces of bayerite. Thermodynamic analysis 
under the same conditions predicted that alumina hydrates 

(gibbsite) and dawsonite would be the precipitated phases, 
something that is in partial agreement with the experimen-
tal results as the main alumina hydrate precipitate phase is 

Fig. 5   a XRD of precipitate at 80  °C, 200  mL/min CO2 addition, 
130-min CO2 purging, no aging, b FTIR of precipitate at 40  °C, 
200 mL/min CO2 addition, 20-min CO2 purging, 1-h aging. Thermo-
dynamic analysis of low carbonate solution (LCS)

Fig. 6   Carbonation simulation of PLS with 200  mL/min CO2 injec-
tion—PLS speciation diagram of a aluminum at 80 °C, b sodium at 
80 °C, c aluminum at 40 °C, d sodium at 40 °C. [where a = aqueous, 
a− aqueous anion, a+ aqueous cation]



880	 Journal of Sustainable Metallurgy (2021) 7:874–882

1 3

boehmite with traces of bayerite which is an allotropic form 
of gibbsite.

Figure 7b, illustrates the XRD analysis of the precipitate 
at 40 °C, which is a mixture of crystalline bayerite as the 
main phase and amorphous boehmite or pseudo-boehmite as 
a minor phase. Dawsonite was not detected. The results are 
again in partial agreement with the thermodynamic analy-
sis which predicts under the same conditions the formation 
of alumina trihydrate in the form of gibbsite without the 
presence of boehmite. To understand the boehmite forma-
tion, both the experiments were repeated but this time no 
aging period was applied. The XRD results showed the pre-
cipitation of only pseudo-boehmite in both the experiments 
(Fig. 8).

According to the thermodynamic analysis, gibbsite 
should be the thermodynamically favored alumina hydrate 
phase but instead, boehmite was precipitated. The experi-
mental observations can be explained by the current knowl-
edge on alumina hydrates precipitation from aluminate solu-
tions [22]. As the bubbles of CO2 gas are added in the highly 
alkaline sodium aluminate/sodium carbonate solution, neu-
tralization of hydroxide ions occurs and thus the solution pH 
is gradually decreased. Locally, in the area around the CO2 
gas bubbles (Fig. 9), a condition of a very sharp pH gradi-
ent is established due to local high acidity imposed by the 
CO2(g) dissolution. Under that conditions, the formation of 

metastable pseudo-boehmite (Eq. 6) as is shown in previous 
work [23] takes place.

Then, during aging, as the bulk solution is alkaline, the 
metastable boehmite starts its transformation to the stable 
alumina trihydrate phase which seems to be bayerite instead 
of gibbsite. This has also been observed in other research 
groups [24, 25].

Conclusions

Theoretical modeling of an aluminate PLS, originating from 
calcium aluminate slag leaching with Na2CO3, showed that 
according to the ksp of gibbsite and dawsonite, gibbsite is 
spontaneously precipitated below 65 °C and dawsonite over 
65 °C. Modeling a carbonation process for the PLS showed 
that at 80 °C, dawsonite should be precipitated, which was 
also proven experimentally. At 40 °C, according to the ther-
modynamic modeling of the carbonation, gibbsite should 
initially precipitate.

The experiments though showed that only dawsonite with 
a small amount of boehmite is precipitated. In general, the 
PLS produced seems to be unsuitable for the precipitation 
of alumina hydrate phases due to its high sodium carbonate 
content.

(6)Al(OH)−
4(aq)

+ H+

(aq)
= AlOOH(am) + 2H2O(l)

Fig. 7   a XRD of precipitate at 80  °C. 200  mL/min CO2 addition, 
20-min CO2 purging, 1-h aging period b XRD of precipitate at 40 °C. 
200 mL/min CO2 addition, 30-min CO2 purging, 1-h aging period

Fig. 8   XRD of precipitate at 80  °C. 200  mL/min CO2 addition, 
20-min CO2 purging

Fig. 9   Schematic representation of boehmite precipitation
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The simulation of the carbonation of the LCS suggested 
that both at 80 °C and 40 °C, during the first stages of car-
bonation gibbsite is precipitated, while experimentally, 
pseudo-boehmite was precipitated. Boehmite occurrence 
was credited to the very low pH areas generated instantly 
around the CO2 gas bubbles.

Later, since the bulk solution is alkaline, during aging the 
metastable boehmite starts its transformation to the stable 
alumina trihydrate phase, which is bayerite.

It was verified that the very high carbonate content of 
the initial PLS was the reason only dawsonite could be pre-
cipitated out and that if the favorable precipitate is alumina 
hydrate, then the carbonate content should be carefully mon-
itored in the leaching stage to keep the concentration of the 
free carbonate ions as low as possible.
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