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Abstract

The dissolution of iron oxides in mixtures of acids is fairly uncommon but can result in a more efficient dissolution process. The
objective in this work was to investigate the dissolution of synthetic hematite powder in mixtures of oxalic and sulfuric acid.
Experiments were done at different acid ratios and temperatures. An increase in temperature from 15 to 35 °C increased
solubility, whereas an increase from 35 to 50 °C did not change the solubility but had a profound effect on the kinetics. An
important finding was that oxalic acid advanced the dissolution process since increasing the amount of oxalic acid in the system
resulted in faster kinetics and higher solubilities. The dissolution kinetics were well described with the Kabai model, which was
the only studied model able to describe the whole reaction time. However, the solid specific constant a varied for the different
acid ratios and this is argued to be a result of changes in the solid phase. The changes in the constant a were not in line with the
original study of Kabai, which indicates that a cannot be the solid specific constant but it can be the constant connected to

dissolving media describing the changes in the dissolution mechanism.

Keywords Dissolution - Hematite - Oxalic acid - Sulfuric acid - Kinetic modeling

1 Introduction

Better understanding of the mechanisms and kinetics of dis-
solution can benefit several important industrial processes.
For example, exploitation of dissolution phenomena can be
utilized in the leaching of iron from clays, which are often
used as a raw material in different processes. Moreover, the
studies of Salmimies et al. [1] and Smith et al. [2] have shown
that ceramic filter media, which are used in iron ore processes,
can be successfully regenerated by acidic dissolution. A fur-
ther study by Salmimies et al. [3] showed that oxalic acid is a
significantly better acid for magnetite dissolution than com-
monly used sulfuric and nitric acids, primarily because of two
possible dissolution mechanisms in oxalic acid: complexation
and reduction. However, the use of oxalic acid in full-scale
processes can be problematic. Firstly, preparation of the acid
solution can cause dusting, due to oxalic acid commonly be-
ing used in the form of a solid dihydrate powder. Secondly,
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oxalic acid is a costly chemical compared with sulfuric or
nitric acid. Furthermore, the use of oxalic acid in process
systems containing high quantities of calcium and magnesium
can cause unwanted precipitation of oxalate forming salts with
very low solubility.

The dissolution mechanisms, kinetics, and thermodynam-
ics of iron oxides have been extensively studied by numerous
authors; however, full consensus has not been achieved across
the scientific community [3—14]. Most studies have focused
on individual acid systems, and dissolution in mixtures of
acids is a less well-understood phenomenon [5, 6, 15]. The
dissolution of iron oxides in sulfuric acid is much slower than
in oxalic acid, but promoting the sulfuric acid system with a
chemical agent could improve the dissolution of iron oxides
[6, 12, 16, 17].

Panias et al. [11] have suggested that the dissolution of iron
oxides in organic acids undergoes three different steps: ligand
adsorption, non-reductive dissolution, and reductive dissolu-
tion. Reductive dissolution can also process via two steps: a
slow induction step that can be seen at the beginning of the
dissolution followed by an autocatalytic dissolution. Lee et al.
[18, 19] studied the dissolution of hematite in oxalic acid and
found that iron in the solution was only in the form of Fe**.
Based on this information and prior knowledge that iron is in
the form of Fe** in solid hematite, a-Fe,03, they further
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concluded that dissolution takes place via a reductive mecha-
nism. Furthermore, Panias et al. [11] showed that non-
reductive dissolution is not the dominant mechanism at low
temperatures due to the high activation energy needed for the
detachment of Fe** from the solid surface. It is also reasonable
to presume here that the dissolution could proceed via com-
plex formation and reductive dissolution, because the temper-
ature used is 35 °C.

In dissolution of the iron oxides, oxalic acid is first disso-
ciated (Eq. (1) and Eq. (2)), which is followed by a proton-
ation of oxygen on the hematite surface, Eq. (3) [11, 12, 20].

H2C204<—>H+ + HCZOZ (1)
HC,0,H" + C,03 (2)
> Fe"-0 + H & > Fe'"-0.. . H* (3)

where symbol “>" describes the surface of the solid, /7 or
111 is the oxidation stage of iron in the solid, and “...” adsorbed
species on the solid surface.

The OH-groups on the solid surface are now positively
charged, which enables ligand adsorption on the hematite sur-
face, which is also called surface complexation, according to

Eq. (4).

> Fe™OH + ox" + H < > [Fem*ox] ~(n2)

+H0 (4)

where ox refers to species formed from oxalic acid, i.e.,
HC,0, or C2042_. The presence of these ions is strongly
connected to the pH of the solution [20]. For example, as
Panias et al. [20] have demonstrated, oxalic acid is mainly
undissociated at very acidic solutions (pH is close to zero).

After the surface complexation, the dissolution is followed
by the detachment of iron via reductive dissolution, which can
be characterized by two stages: a slow induction step followed
by fast autocatalytic dissolution.

First, electron transfer from the ox-ligand to Fe(Ill) takes
place according to Eq. (5). This equation assumes that there
are C,0,% ions in the solution.

[> Fe''-C,05 ][> Fe'-C,0,] (5)

Second, Fe(Il)- ions are dissolved from the solid surface to
the bulk solution:

2[> Fe'-C,0,] + 2H" 2Fef) +2CO, + C,05 +2

>H (6)

When a sufficient amount of Fe** ions are formed in the
solution, autocatalytic dissolution takes place:

[> Fe'"~ox] + [Fe’"—ox],  — > Fe"—ox...Fe* —ox (7)

(aq)

i

> Felll—ox...Fe*™—ox— > Fe''-ox...Fe’ T —ox (8)
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> Fe''~ox...Fe’ —ox— > Fe''~ox + [Fe’*ox] (aq) ©)

> Fe''~ox— [Fe**—ox] (20) (10)

Fe(Il) and Fe(II) represent the ferric and ferrous ions on
the solid phase, whereas Fe** and Fe* represent ions in the
liquid phase. Possible rate limiting steps could be adsorption
of the ligands or electron transfer [21]. On the other hand,
when a sufficient amount of Fe** ions are liberated into the
solution, the dissolution is accelerated, which leads to the
conclusion that also the formation of Fe?* can limit the rate
of dissolution. If there are only Fe** ions in the liquid phase,
Egs. (8) and (9) can be excluded.

Majima et al. [9] pointed out the importance of anion ad-
sorption on the dissolution of hematite in sulfate solutions and
concluded that the adsorption of sulfate anions on the solid
surface can be the rate-determining step. For this reason, it can
be assumed that the dissolution mechanism in pure sulfuric
acid has some similarities to that in oxalic acid: surface com-
plexation. The dissolution in sulfuric acid begins with disso-
ciation of acid in water according to Egs. (11) and (12).

H,S04 + H,0-H;0" + HSO, (11)
HSO, + H,0<H;0" 4 802" (12)

Senanayake and Muir [22] and Senanayake and Das [13]
speculated that the most stable ferric sulfate complex is
Fe(SOs),. Therefore, the dissolution of hematite in sulfuric
acid can be described by the following equation:

0.5Fe, O3 + 2H2$O4<—>FC(SO4)£ +H" +1.5H,0 (13)

Firstly, SO,* and HSO, are adsorbed on the solid surface,
forming Fe(IlI) complexes, which finally leads to detachment
of the complexes and their release into the solution. The final
step could be proton adsorption/surface restoration. The study
of Majima et al. [9] showed that there were only sulfate ions
next to the solid surface; therefore, bisulfate ions could be
withdrawn from the reaction scheme. No literature stating that
the dissolution of iron oxide in sulfuric acid can proceed via a
reductive mechanism was found so it may reasonably be as-
sumed here that the dissolution proceeds via a non-reductive
mechanism. On the other hand, sulfuric acid could also pro-
cess via a simple protonation mechanism where the surface
coordinated OH/OH,-pair adsorbs protons, resulting in posi-
tively charged (OH,)"-pair. Two more protons are adsorbed,
which weakens the Fe—O bond and finally leads to desorption
of the Fe(Ill) from the solid surface. The dissolution via a
simple protonation mechanism has been identified as the
slowest mechanism [23].

The first question in evaluation of dissolution mechanisms
is to ascertain the most suitable kinetic model since a specific
kinetic model represents a specific dissolution mechanism,
either chemical or physical or both in nature. Cornell and
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Schwertmann [24] listed several models that can be used to
describe the dissolution of iron oxides. Brown et al. [25] have
discussed the background of some of these models in detail. It
is worth noting that the models are not specific to any partic-
ular solids, and the same equations can thus describe the dis-
solution behavior of several different solids. Khawam and
Flanagan [26] have emphasized that these models are mathe-
matical fits with experimental data and, as Costa and Lobo
[27] have criticized, there is no fundamental theory of disso-
lution phenomena behind the models. The models and the
mechanisms that they are based on are presented in Table 1,
where « is the fraction of the dissolved solid (—), k is the
reaction rate constant (s '), # is time (s), and a is the solid
specific constant of the Kabai model (-). The fraction of dis-
solved iron is determined by widely accepted way by dividing
the concentration of dissolved Fe by the concentration of ini-
tial added Fe [28]. The left side of the equation is plotted
against time, or, in the case of Eq. (21), logarithmic time,
and the reaction rate constants are determined using the slope
of'the straight line. The values of coefficient of determination,
R?, and the overall fits of the models are used to analyze the
suitability of the different equations. For instance, the linear-
ized form of Kabai model includes a double logarithm, which
may smooth out small deviation in the data; therefore, the
overall fits, i.e., - curves result in better understanding of
phenomenon. In general, the kinetic model is often fitted to
the first data points, which may not be representative enough
to describe the whole extent of reaction.

Equations (14)—(17) are diffusion controlled reactions
where the reaction rate is limited by the diffusion of either a
reactant or a product from or to the solid interface. Equation
(14) is applied when the reactant is in a thin sheet. Equation
(15) is for cylindrical particles and Egs. (16) and (17) are for
spherical particles. Equation (17) is also called the Ginstling-
Brounshtein equation or diffusion controlled shrinking core

model [18, 19]. Equation (18) is the first-order random nucle-
ation model and can be linked to the final stages of dissolu-
tion. Chiarizia and Horwitz [29] have criticized that this mod-
el, Eq. (18), does not give the rate-limiting factor of dissolu-
tion. The initial stages of dissolution could then be described
with another kinetic equation, Eqgs. (14)—(17) or Egs.
(19)—(25). For Egs. (14)—(18), the dissolution #-o curves are
deceleratory. A deceleratory shape means that the maximum
reaction rate is achieved in the beginning of the dissolution,
after which the reaction rate decreases.

Equations (19) and (20) are also known as the Avrami-
Erofe’ev models, which have been found to be valid for o
between 0.05 and 0.9. Number 2 or 3 on the exponent (in a
general form, the exponent is n = 3+ A) includes information
about the number of steps involved in nucleus formation, (3,
and number of dimensions in which the nuclei grow, A.
Generally, § is 1 or 0, where the number 0 corresponds to
instantaneous nucleation. The term ) is 3 for spheres or hemi-
spheres, 2 for discs or cylinders, and 1 for linear growth.
However, the exponent does not directly give the information
on the terms 3 and )\ but, for example, microscopic images are
needed to support findings. Equations (19) and (20) represent
random nucleation and can be described by sigmoidal #-«
curves. For example, Cornell and Giovanoli showed that dis-
solution kinetics of hematite in hydrochloric acid can be
modelled with the Avrami-Erofe’ev model [30].

The Kabai model [31], Eq. (21), which is either diffusion or
surface reaction controlled, was originally presented by
Weibull [32] and derived from the Nernst equation. It has been
claimed that the constant a of the Kabai model depends only
on the nature of the solid phase [31]. Depending on the con-
stant a, the overall dissolution kinetics are either diffusion or
surface reaction controlled. The dissolution kinetics are diffu-
sion controlled when a <1 and surface reaction controlled
when a>1. The dissolution mechanisms can be discussed

Table 1 Kinetic equations for dissolution of iron oxides. 1D, 2D, and 3D represent one-, two-, or three-dimensional diffusion, respectively. Adapted

from Brown et al. [25], and Cornell and Schwertmann [24]

Mechanism Equation Eq. no.
Diffusion (1D) o’ =kt 14
Diffusion (2D) (1-a)In(l —a)+a=kt 15
Diffusion (3D) 1-(1-a3) | 2 =kt 16
Diffusion (3D) 1-2a) ~(i-)f =kt 17
Surface reaction —In(l1 —a)=kt 18
Surface reaction [~ In(1 - )] =kt 19
Surface reaction [~ In(1— )] =kt 20
Diffusion or surface reaction Inln (ﬁ) = alnk + alnt 21
Surface reaction 1*(1*04)Zl =kt 22
Surface reaction 1—(1—(1)% =kt 23
Surface reaction o=kt 24
Surface reaction Ina =kt 25
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based on the constant a, too [31]. When a < 1, the dissolution
mechanism is called rounding off or sphericalization. The sol-
id is assumed to be at the lowest energy stage (spherical par-
ticles) at this point, and the background is similar to other
diffusion controlled models for spherical particles, for exam-
ple Egs. (16) and (17). When a > 1, the dissolution mechanism
is called disintegration, which refers to the beginning of the
dissolution when the solid disintegrates into smaller particles
after a slow induction period. This solid disintegration accel-
erates the dissolution and results in the sigmoidal shape curve.
When these two dissolution mechanisms take place at the
same time, a = 1, the mechanisms are considered complex or
combined. Thus, we can conclude that the shape of the disso-
lution curve should give some kind of estimation of the con-
stant a without requiring linearized calculations.

Both Eq. (22) and Eq. (23) are surface reaction controlled
mechanisms in which the reaction can take place at all faces of
the solid. Equation (22) is for cylindrical-shaped particles, and
it is also known as the contracting area equation. Also Eq. (23)
is known as the contracting area equation or chemical reaction
controlled shrinking core model but it is applied for spherical
and cubic particles. Equation (23) is better known as the cube
root law. Equations (22) and (23) have deceleratory -«
curves. Equations (24) and (25) are nucleation models having
acceleratory t-a curves. Equation (24) represents the power
law while Eq. (25) represents the exponential law. However,
the exponent 7 in Eq. (24) is related to the order of the reaction
and it requires more information about the reaction to get
satisfactory results. Also, this model assumes that the nucleus
growth is constant and does not take into account any limita-
tions of growth. Usually, the limitations are either ingestion or
coalescence [27].

Previous research by the authors [5] investigated the disso-
lution of magnetite in mixtures of oxalic and sulfuric acid. The
Kabai model was found to be the best model for describing the
dissolution kinetics, but some contradictory findings with
Kabai’s conclusions were reported; the solid specific constant
of the model, a, varied for different acid media, which should
not be the case when the same solid powder is used. Changes
in the solid phase during dissolution in different acid mixtures,
observed through the SEM-images and XRD-patterns, were
suggested as being the main reason for the finding. For exam-
ple, iron(Il) oxalate was identified in pure oxalic acid, whereas
magnetite was the mineralogical phase when sulfuric acid was
used. Hence, the aim here is to extend the previous research to
investigate the thermodynamics and kinetics of hematite dis-
solution in similar acid systems. Consequently, the experi-
mental work is carried out using a similar experimental design
to yield comparative results. The main research aim is to dis-
cover whether the dissolution mechanisms in different acid
systems can be defined and, additionally, whether it is feasible
to improve the dissolution of hematite by adding oxalic acid
into a sulfuric acid system.

@ Springer

2 Materials and Methods
2.1 Chemicals

The volumetric particle size distribution of synthetic hematite
powder, obtained by laser diffraction particle size analysis, is
shown in Fig. 1. The solid was from Alfa Aesar and the purity
was 97%. XRD analysis further verified that hematite was the
only mineralogical phase, shown in Fig. 5.

Oxalic acid solutions, 0.33 mol/dm?, were prepared using a
solid dihydrate powder (99%) and 0.26 mol/dm® sulfuric acid
solutions were prepared using a strong concentrated sulfuric
acid solution (95-97%). The concentrations were chosen to
yield comparative results with previous studies [3—5]. Strong
concentrated nitric acid (65%) was used for the preparation of
14 wt% nitric acid solution for the dissolved Fe concentration
analysis. All chemicals were analytical grade from Merck
(Darmstadt, Germany) and the solutions were prepared using
Millipore-water.

2.2 Analysis
2.2.1 Liquid Phase: pH and AAS

The pH was measured from the reactor using a WTW pH
40li-meter with a WTW SenTix 41 electrode. The total dis-
solved Fe concentration was analyzed with a flame atomic
absorption spectrometer (Thermo Scientific iCE 3000 AAS).
The calibration standards were 1, 3, 5, and 7 mg/dm3 and were
prepared in 14% nitric acid. The samples were further diluted
with nitric acid to meet the calibration range where necessary.

2.2.2 Solid Phase: PSD, XRD, and BET

The volumetric particle size distribution (PSD) was obtained
using a laser diffraction particle size analyzer (Mastersizer
3000, Hydro EV unit, Malvern). First, the hematite powder
was mixed with Millipore-water to yield slurry, after which
the measurement was repeated 10 times for the same sample
to observe the variation between the measurements.

9.0 ¢
8.0 f
70 £
6.0 [
50 f
40 £
3.0 f
20 ¢
1.0 £
00 B A w0l S i

0.0 0.1 1.0 10.0  100.0 1000.0 10000.0

Particle diameter, pm

D1 1.13 pm
Dso 2.59 pm
Dgg 5.43 pm

Volume fraction, %

Fig. 1 Volumetric particle size distribution of synthetic hematite powder
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X-ray diffractometric analysis (XRD, Bruker D8 Focus)
was used to analyze further the mineralogical composition of
the solid phase. Prior to the XRD analysis, the dried residual
solids were gently ground using a mortar.

The specific surface area of the original hematite powder
and a few solid samples after the dissolution experiments was
determined by BET (Brunauer-Emmet-Teller) method using a
Gemini V series analyzer with the FlowPrep degasser unit.
First, the samples were oven-dried at 105 °C, after which the
samples were gently ground using a mortar. Then, the samples
were degassed at 120 °C for 18 h prior to analysis by a 5-point
BET method. Each sample was measured twice, and the spe-
cific surface area was reported as an average of the measure-
ments. The difference between the measurements was within
2%.

2.3 Experiments

The dissolution experiments were done in a 1 dm® water-
jacket glass reactor with an inner diameter of 9.5 cm. A
Lauda Proline RP855 thermostat controlled the temperature
of the reactor. A pitched-blade turbine with a diameter of
4.4 c¢cm and four baffles with a diameter of 1 cm, ensured
effective mixing. First, the test solution was heated to the
desired temperature, after which hematite was added into the
reactor and mixing was switched on. A constant mixing speed,
800 rpm (corresponds a tip speed of 1.84 m/s), was used in all
tests. This mixing speed yields homogeneous mixing and
eliminates mass transfer from the bulk phase [4]. An excess
quantity of hematite, 40 g, was used in the thermodynamic
experiments because the aim was to reach the equilibrium
state of iron solubility. On the other hand, a smaller amount
of hematite, 12 g, was used in the kinetic experiments, as the
aim was to reach complete dissolution. Salmimies et al. [4]
and Salmimies et al. [5] used similar pulp densities, whereas
Taxiarchou et al. [33] used almost double pulp density. The
data showed complete and incomplete dissolution in both
studies. Samples were collected from the reactor using a sy-
ringe, filtered with a 0.22-pum syringe filter, and further diluted
approximately 10 times with 14 wt% nitric acid to avoid any
changes in the samples prior to analysis. The sampling was
more frequent at the beginning of the dissolution in order to
observe any changes in the dissolution profiles and the sam-
pling interval was extended at the later stages of the dissolu-
tion. The experiment was terminated after observing the equi-
librium state.

An extensive set of dissolution experiments was conducted
by varying the volumetric ratio between oxalic and sulfuric
acid (Ox/H,SO,). The experimental conditions are listed in
Table 2.

The experimental error for the dissolved Fe concentration
was determined by repeating experiment 8 three times and
error was found to be within £2%.

Table 2 Plan for dissolution experiments. The concentration of oxalic
acid (Ox) was 0.33 mol/dm® and sulfuric acid was 0.26 mol/dm>

No. Type Ox/H,S0y4, — T, °C Initial pH, —
1 Kinetic 0/100 35 1.0
2 Kinetic 30/70 35 0.8
3 Kinetic 50/50 35 0.8
4 Kinetic 70/30 35 0.9
5 Kinetic 100/0 35 1.0
6 Thermodynamic 50/50 15 1.1
7 Thermodynamic 50/50 35 0.9
8 Thermodynamic 50/50 50 0.8
9 Thermodynamic 30/70 50 0.8
10 Thermodynamic 70/30 50 0.9

3 Results and Discussion
3.1 Thermodynamic Experiments

Figure 2 shows the solubility curves in the thermodynamic
experiments. As can be seen in Fig. 2a, with the acid mixture
of 50/50, the temperature affected the solubility more signifi-
cantly when it was increased from 15 to 35 °C than when it
was increased from 35to 50 °C. The first increase resulted in
an approximately 30% increase in the solubility (from 7000 to
9200 mg/dm?*), whereas the latter case resulted in approxi-
mately the same solubilities. This could indicate that the
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Fig. 2 Total dissolved iron in the thermodynamic experiments (a) at 15,
35, and 50 °C, and (b) at different acid ratios (Ox/H,SQO,)
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maximum solubility was reached at 35 °C, which is in line
with the findings that Salmimies et al. [5] presented for mag-
netite. Although a notable difference was no longer observed
in the solubility, the reaction kinetics were significantly influ-
enced by the increase in temperature from 35 to 50 °C.
Equilibrium was achieved in roughly 150 h at 50 °C, while
at 35 °C, it took 330 h, and at 15 °C 900 h with the acid ratio of
50/50. The dissolution curve was deceleratory at 50 °C and
35 °C, but at 15 °C, the dissolution curve was sigmoidal.
Taxiarchou et al. [33] also observed that the shape of the
dissolution curve varied at different temperatures and sug-
gested that the sigmoidal shape could indicate that the reaction
is proceeding through the autocatalytic mechanism and that
the concave shape of the curve could represent the prolonged
induction period. The authors showed that in the beginning of
the reaction, the iron was as Fe** ions in the acid solution, after
which Fe?* ions were generated through the reductive mech-
anism, boosting the dissolution of hematite. Then, the amount
of Fe** in the solution decreased and the reaction mechanism
may change to autocatalytic dissolution. Here the induction
period and accelerated dissolution confirms that the dissolu-
tion mechanism includes non-reductive and reductive dissolu-
tion proposed by Panias et al. [11].

As can be seen from Fig. 2b, a higher amount of oxalic
acid in the system improves the equilibrium solubility as
well as results in accelerated kinetics. The solubility of he-
matite at 50 °C increased from 6800 to 10,000 mg/dm’
when the amount of oxalic acid in the system was increased
from 30 to 70%. The increase was more remarkable for the
interval from 30 to 50% (6800-8900 mg/dm3) than for the
increase from 50 to 70% (8900-10,000 mg/dm3). This
change in solubility levels may indicate that a higher
amount of oxalic acid in the system, over 50%, could facil-
itate the formation of solid product, iron(Il) oxalate, which
in turn may hinder the dissolution of iron. Ambikadevi and
Lalithambika [6] have found that adding 0.15 mol/dm?
oxalic acid into 0.1 mol/dm® sulfuric acid system can im-
prove the solubility of hematite from 6.34% even to
70.28%. In an earlier study, in the case of magnetite, the
maximum solubility was already attained with an acid mix-
ture of 50/50 and higher amounts of oxalic acid did not
result in higher solubility [3].

The behavior of pH during the dissolution was also inves-
tigated. First, the pH decreased from 0.84 to 0.79, after which
the pH started to increase and reached a steady state at 1.19,
i.e., at 50 °C and an acid mixture of 50/50. The changes in pH
can be a result of dissolution reactions and might represent the
reaction steps when the dissolution mechanism changes from
one mechanism to another.

The decrease in pH indicates that an electronic double layer
is formed by ionization of acid and protonation of oxygen at
the interface of hematite and acid, which generates hydrogen
ions in the solution and decreases the pH. The decrease in pH
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can also be explained by generation of carbon dioxide in the
solution during the induction period, Eq. (6), which decreases
the pH, since the amount of formed carbon dioxide is assumed
to be relatively low and carbon dioxide therefore is expected
to stay in the liquid phase.

The increase in pH can indicate that the dissolution mech-
anism shifted to the adsorption of oxalate and reductive dis-
solution, which both consume protons. The rate of dissolution
then reduces, too. At the final stages of the process, the pH
value and the concentration of hematite reached a steady state.
The behavior of pH was different at 15 °C and an acid mixture
0f 50/50. In the reaction at 15 °C, the pH increased from 1.08
to 1.24 during the first 150 h, after which the pH decreased
and seemed to reach a constant value, 1.17; however, the pH
later started to increase again to over 1.38.

Linking the changes in the pH with the dissolution curve
was not straightforward at 15 °C; it remains an interesting
topic worthy of future study. Salmimies et al. [4] also ob-
served that a decrease of pH was followed by an increase of
pH when hematite was dissolved by oxalic acid.

3.2 Kinetic Experiments

The dissolution curves from the kinetic experiments over the
whole reaction time are presented in Fig. 3a. The dissolution
curves were sigmoidal in all acid systems except in pure sul-
furic acid, Fig. 3b, which indicates a slow induction period
followed by autocatalytic dissolution with increased reaction
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Fig. 3 Dissolution profiles (a) over the whole reaction time and (b)
during the first 55 h in the kinetic experiments for different acid
systems (Ox/H,SOy,) at 35 °C
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rate. Only minor changes in the beginning of dissolution could
be observed between the different oxalic acid systems but it
can be concluded that an increased rate of dissolution short-
ened the induction period. In pure sulfuric acid, the curve was
almost linear, which suggests that the dissolution mechanisms
did not include the formation of Fe?* ions in the solution,
which can accelerate the dissolution. However, the most im-
portant finding here is that the oxalic acid in the system result-
ed in not only accelerated kinetics but also the higher solubil-
ity compared with the pure sulfuric acid. For instance, increas-
ing the amount of oxalic acid from 0 to 30%, the solubility
increased from 3900 to 6600 mg/dm”.

The pH behaved similarly in the kinetic experiments as
in the thermodynamic experiments. The pH decreased in
the beginning of the experiment, after which it increased
and finally reached a constant level. The initial decrease
was more drastic with higher oxalic acid amounts in the
system, for example, from 1.0 to 0.8 in the acid mixture
0/100 and from 0.9 to 0.8 in the acid mixture 70/30.
Moreover, higher oxalic acid amounts in the system result-
ed in faster dissolution. However, pH behavior was differ-
ent in pure sulfuric acid. First, the pH decreased from 1.0
to 0.9, after which it started to increase but did not achieve
a steady state. The pH was 3.0 in the last sample after 556-
h reaction time. The suggested dissolution mechanism for
hematite in sulfuric acid is complexation (see Section 1),
where the latter stage is the surface restoration, which also
consumes protons and can be seen as an increase in pH.
Complete dissolution was not achieved in pure sulfuric
acid, which might explain why the pH did not reach the
steady state. Linking pH to changes in the dissolution
mechanisms has been discussed earlier in Section 3.1.

3.3 Kinetic Modeling

The twelve models presented in Section 1 were tested with the
kinetic data in order to get a better understanding of the kinetic
limitations of the dissolution process. The reaction rate con-
stants and coefficient of determination are presented in
Table 3. The Kabai model, Eq. (21), was the only model
resulting in good coefficient of determination for all acid sys-
tems. As it was mentioned in Section 1, the double logarithm
may smooth out small deviation in the data; therefore, t-a
curves should also be used in evaluation of model suitability.
Equation (16) and the second Avrami-Erofe’ev equation, Eq.
(20), yielded poor coefficient of determination, R?, for the
whole data set, varying between 0.12 and 0.63. The reason
for this poor correspondence can be found from the physical
background of these two equations: both models can only be
applied when the dissolution occurs in three dimensions. Also
Egs. (24) and (25) failed to fit the data; hence, these equations
were not considered further in this study. Salmimies et al. [4]
and Salmimies et al. [S] have observed similar behavior.
Previously, Lee et al. [19] found that the diffusion controlled
shrinking core model, Eq. (17), would be the best model to
describe the dissolution kinetics of hematite in oxalic acid, but
in this work, the 7~ curves could only describe some of the
data collected.

Figure 4 shows the linear fits as well as the #-a curves for
the Kabai model. An improved Kabai represents a case where
two linear fits yield better results than one linear fit

One linear fit described well the dissolution kinetics over
the whole data set in the case of pure oxalic acid and the acid
mixture of 70/30. Variation in the slopes was observed when
the amount of sulfuric acid in the system increased. It seems

Table 3 Reaction rate constants

and coefficient of determination 0/100 30/70 50/50 70/30 100/0

for Egs. (14)—~(25) in different

acid systems (Ox./H,SO,) at Eq. ks R, ks R, ks’ R, ks’ R, ks R,

35°C no. - - - - -
14 1.00-107 095 3.00107 092 7.00-107 089 800107 092 1.0010° 097
15 6.00-10°% 096 200107 096 400107 096 800107 098 1.0010° 097
16 400107 032 600107 012 7.00107 034 100107 053 2.0010° 0.63
17 2.00-10°% 097 6.0010° 097 1.00107 097 100107 098 3.00107 097
18 400107 079 9.00107  0.85 1.0010° 093 3.0010° 092 50010° 099
19 500107 0.1 9.00107 0.15 1.00-10° 054 2.00-10° 090 3.0010° 0.90
20 na. na.  na. na.  na. 0.05 2.0010° 057 20010° 055
21 373107 098 1.01:10°° 099 14910° 098 26410° 099 3.71-10° 099
22 200107 074 3.00107 072 500107 079 8.00-107 095 1.0010° 097
23 1.00-107  0.76  3.00107 077 3.00.107 084 7.00-1077 098 1.00:10° 0.99
24 n.a. n.a. n.a. n.a. n.a. 0.61 n.a. n.a. n.a. n.a.
25 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

n.a. means that the model failed to fit the data
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Fig. 4 Kabai fits for different acid systems (Ox/H,SOy,) at 35 °C. Insets show linear fitting of the Kabai model (Eq. (21)), where ¥ means the left side of

the model

that the dissolution could be better described by splitting the
linear fits into two different linear sections. In pure sulfuric
acid, the first data points gave a steeper slope, after which the
slope declined as the end of dissolution was approaching.
Similar behavior was also observed with the acid mixture of
30/70. The first data points gave a shallower slope after which
the slope declined again as the dissolution ended. These
changes in the slopes might indicate changes in the solid phase

@ Springer

but the points where the changes have taken place cannot be
determined in a straightforward manner.

Taking into account two linear fits, the improved Kabai
models fitted well with the experimental data. For instance,
Ruan and Gilkes [34] observed that the dissolution of pure
goethite and pure hematite could be better described using
two lines of the Kabai model, which will lead to two different
values of constant a. Schwertmann et al. [35] used the Kabai
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model to describe the dissolution of goethites synthetized at
various temperatures and concluded that the changes in con-
stant a were insignificant, and thus the value of @ was found to
be constant. However, in this work, it was found that variation
was within a range of 40%, which cannot be considered as
constant. Kabai [31] reported considerably smaller variation
(within 4%). Salmimies et al. [5] also found variation in con-
stant a in the dissolution of magnetite in oxalic and sulfuric
acid systems, and concluded that changes in the solid phase
could cause the differences.

The coefficient of determination, the constants of average
order, a, and the reaction rate constants, &, for the Kabai model
are presented in Table 4. As can be seen, the amount of oxalic
acid in the system is directly connected to the rate of dissolu-
tion: the rate of dissolution was approximately 3 times faster
with an acid ratio of 30/70 than an acid ratio of 0/100. Oxalic
acid has previously been shown to be a better dissolving agent
for magnetite than sulfuric acid [3, 4, 15].

Kabai [31] speculated that a is a constant that depends only
on the solid phase. In this study, however, a varied for differ-
ent acid systems, which is not in line with the conclusions of
Kabai because the same synthetic hematite powder was used
in all experiments. Changes in the solid phase might have
taken place during the dissolution, which could explain the
different values of a and still be consistent with Kabai’s con-
clusions. Kabai [31] carried out dissolution experiments in an
excess of acids; hence, complete dissolution should be expect-
ed to take place. In this work, complete dissolution was only
achieved with pure oxalic acid and in an acid mixture 70/30,
where the values of constant @ were close to each other. In the
acid mixture 30/70 and in pure sulfuric acid, complete disso-
lution was not achieved, although the values of the first sec-
tion constant a were close. In acid mixture 50/50, however,
complete dissolution was not achieved and constant a was not
close to the values of constant @ in the acid mixture 30/70 and
in pure sulfuric acid. It should be noted that data from earlier
studies [5] showed complete and incomplete dissolution,

Table 4 Parameters of the Kabai model, Eq. (21). The experiments
were done at 35 °C. I and II represents the first and second part of the
linear fits, respectively

Ox/H,S0, Initial pH, — kst a, - R, -
0/100, 1 1.0 4.00-1077 0.964 1.00
0/100, 11 1.35:1077 0.406 0.98
30/70, 1 0.8 1.62:107° 0.976 1.00
30/70, 11 9.55:1077 0.528 0.98
50/50, 1 0.8 2.30-10°° 1273 0.99
50/50, 11 1.80-10°¢ 0.650 1.00
70/30 0.9 2.64:10°° 1234 0.99
100/0 1.0 3.71-10°° 1.269 0.99

indicating that a lack of dissolving agent is most probably
not the reason for the variation.

The rate determining step of the reaction can be discussed
based on the solid specific constant a [31]. In two cases, pure
sulfuric acid and acid mixture of 30/70, a < 1, indicating that
the dissolution was diffusion-controlled. Also for these two
cases, the shrinking core model, Eq. (17), gave good coeffi-
cient of determination (0.97 for both) and good fits. The rate
limiting step of the shrinking core model is similar to the
Kabai model when a < 1; both equations are diffusion-con-
trolled. When more oxalic acid was added to the system, over
50%, the value of the constant a increased above 1, changing
the controlling step to the chemical reaction on the solid sur-
face. Moreover, Eq. (23) gave good coefficient of determina-
tion, 0.99 and 0.98 with the acid ratio of 70/30 and pure oxalic
acid, which could again be explained by the similar back-
ground of the equations. The rate limiting step of Eq. (23) is
the same as the Kabai model when a > 1; the rate of chemical
reaction.

3.4 Correlation Between the BET Specific Surface Area
and the Dissolution Mechanisms

In further investigation, the BET specific surface areas of the
solids were determined for three experiments. In the case of
pure acids, three samples were taken: two in the beginning and
one at the end of the dissolution. For the acid mixture 50/50,
two samples were taken at the early stages. The sampling was
based on the observed changes in the slopes of the Kabai
model. The results are presented in Table 5. Here, the specific
surface area was found to both increase and decrease with the
increase of the dissolution time.

As can be seen from Table 5, the variation in the specific
surface area did not show a similar smoothly increasing or
decreasing trend as Kabai [31] showed in all experiments.
Moreover, the changes were relatively low in almost all ex-
periments, between 2 and 10%, which suggests no drastic

Table 5 Specific surface area for hematite in different acid
environments and for different dissolution times at 35 °C

Sampled system Sampling time, h SSApgr, m%/g
Original hematite powder 10.94
Sulfuric acid 5 10.19
52 10.02
End 9.93
50/50 5 10.70
28 11.28
Oxalic acid 5 12.11
29 11.21
End 32.20
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changes took place during the dissolution in different acid
environments and there is no clear correlation between the
BET specific surface area and the dissolution mechanisms.
Despite this finding, it can be concluded that the changes were
different in different acid systems. A smooth decreasing trend
in the specific surface area was observed only in pure sulfuric
acid. The decrease in the specific surface area could indicate a
fast surface reaction or the decrease in the area could indicate
that the smaller particles dissolved first, which resulted in the
decrease in the specific surface area [28]. In pure oxalic acid,
the specific surface area increased during the first 5 h of dis-
solution. The second sampling showed decreased specific sur-
face area, but the specific surface area did not fall below that of
the initial sample. In the later stages of dissolution, the area
increased to three times that of the specific surface area of the
initial sample. One possible reason might be that the solids
disintegrated into smaller particles during the dissolution,
which could result in an increase in specific surface area,
and therefore, an increased rate of dissolution, or the forma-
tion of a solid product layer, which has also been observed
previously [5, 19]. In the acid mixture 50/50, the trend was
similar to that in pure oxalic acid.

Kabai [31] speculated that dissolution mechanisms could
be determined based on the solid specific constant a.
However, in this work, the solid specific constant varied for
different acid systems, which indicates that the dissolution
mechanism cannot be speculated based on only this constant.
On the other hand, the rate limiting step can be relatively well
determined based on constant a because the other kinetic
models with a similar physical background fitted well with
the data. The dissolution mechanisms are quite complex, as
can be seen from the chemical reactions (Egs. (1)—(13)), and
that may be a reason why constant a does not correlate well
with the dissolution mechanisms. The overall dissolution
mechanisms consist of several steps, which could be ioniza-
tion of acid, dissolution of hematite, and formation of the
product layer. Previous research has speculated that the solid
product layer is formed on the solid surface in both oxalic and
sulfuric acid systems [13, 18-21]. To verify whether this was
the case here, XRD analyses were done for the same solid
samples as for the BET specific surface areas. Figure 5 shows
that the XRD patterns for the solid samples were similar to the
original hematite powder in almost all cases. Only in the case
of pure oxalic acid can a few undefined peaks be seen at the
end of the dissolution, which might indicate the formation of a
product layer and could result in the increase in BET specific
surface area. The product layer might form in the latter stages
of dissolution and therefore it does not limit the reaction rate
as the reaction rate was identified to be chemical reaction
controlled.

Changes in the solid phase could be the main reason for the
changes in the constant a. Another reason could be that the
Kabai model is based on a statistical Weibull distribution
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Fig. 5 XRD patterns for solid samples dissolved in different acid
environments and for different dissolution times at 35 °C

function [32] and not only on the dissolution phenomena.
Possible dissolution mechanisms for iron oxides in organic
acids were identified over 20 years after the Kabai model
was introduced and the dissolution mechanisms might be
more complex than originally expected. Consequently, the
solid specific constant ¢ may represent the point where the
dissolution mechanism changes another and not represent
one dissolution mechanisms.

4 Conclusions

Dissolution of synthetic hematite powder was studied in pure
oxalic and pure sulfuric acid and in mixtures of these two
acids. Based on the experimental data, two main findings
can be pointed out. The first finding is that increasing the
temperature from 15 to 50 °C decreased the experimental time
by approx. 6 times, from 900 to 150 h. A small change in
temperature that results in a large change in the kinetics indi-
cates that the dissolution is controlled by a chemical reaction,
which can be the generation of Fe** ions into the solution. The
second important finding is that adding even a small amount
of oxalic acid in to sulfuric acid resulted in higher solubility.
This finding has a significant effect on the process economy
because dissolution of iron oxides in sulfuric acid is important
reaction from an industrial point of view.

From the kinetic point of view, the Kabai model was the
only model able to describe the dissolution kinetics of hematite
in different acid environments over the whole reaction time.
However, the solid specific constant a of the Kabai model var-
ied for different acid systems, which is not in line with Kabai’s
conclusions but could be explained by possible changes in the
solid phase during the dissolution. Slight changes were ob-
served by BET specific surface area measurements. The most
drastic change was observed in pure oxalic acid, which could be
linked to a difference in the dissolution mechanism. Earlier
study [5] also noted changes in the solid phase when dissolving
magnetite in similar acid systems, observed through SEM-
images and XRD-analysis. These contradictory findings with
Kabai indicate that a cannot be the solid specific constant but it
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could be a constant connected to dissolving media which de-
scribes changes in the dissolution mechanisms between differ-
ent acid systems. Kabai [31] suggested that the rate limiting step
of dissolution depends only on the solid phase and not the
dissolving liquid, which is interesting since previous studies
have shown different dissolution mechanisms for different acid
systems, which would naturally lead to different rate limiting
steps and different values of constant a. This study clearly
shows that the determination of dissolution mechanisms re-
quires careful analysis of the chemical reactions taking place
during the dissolution process, and dissolution is not straight-
forward in different acid systems.
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