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ARTICLE INFO ABSTRACT

Keywords: Decarbonization solutions enabling the use of low-grade iron ores are essential for a sustainable steel industry,
Green steel reducing dependence on scarce high-grade ores and environmental impact. Current processes mainly require
Modelling

high-grade ores, highlighting the need for efficient methods to process lower-quality feedstocks. This study ex-
plores a hydro-pyrometallurgical approach for sustainable production. Dihydrate ferrous oxalate, obtained via
oxalic acid extraction of iron oxide, was analyzed by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC), with postmortem samples characterized by X-ray powder diffraction. Non-isothermal ex-
periments were conducted from 25 to 800 °C at 2, 5, and 10 °C/min under inert (argon) and reducing (carbon
monoxide and hydrogen) atmospheres. The curves show three main steps: dehydration, decomposition, and,
under reducing conditions, reduction to metallic iron. In carbon monoxide, iron carbide formation and graphitic
carbon deposition were also observed. DSC revealed endothermic peaks for dehydration and decomposition and
in carbon monoxide, a strong exothermic peak, due to the reverse Boudouard reaction.Activation energies were
calculated using the Kissinger method. Dehydration showed an activation energy of 62 kJ/mol in argon and
carbon monoxide, and slightly lower in hydrogen (58 kJ/mol), likely due to faster diffusion. Decomposition
appeared gas independent, with an activation energy of 90 kJ/mol. A mathematical model was developed to
relate reaction conversion to time at a fixed heating rate. The model accurately fits the experimental data and
remains valid even at higher heating rates, comparable to industrial conditions. This kinetic model supports
simulation and scale-up of the iron oxalate reduction process.

Hydro-pyrometallurgy
Decarbonization
Thermogravimetric measurements
Iron oxalate

industry is one of the largest contributors to greenhouse gas emissions,
accounting for ~ 8 % global emissions [4—6]. A promising solution to
producing green steel while reducing carbon dioxide (CO2) emissions is
the direct reduction process using green hydrogen (HyDR) [5,7—9]. In
this process, water is the only by-product from the redox reaction,
allowing iron to be produced without CO, emissions. HyDR processes
face limitations including high energy consumption for hydrogen pro-
duction and dependency on the availability of renewable energy.
Additionally, maintaining high-temperature conditions and controlling
the process efficiently can be challenging at industrial scale. Further-
more, the reliance on high-grade iron ore (Fe > 65 %) for direct reduced
iron (DRI) production presents significant challenges related to resource
availability. High-grade ores are limited and unevenly distributed
globally, leading to supply constraints and price volatility. This

1. Introduction

The steel industry is facing critical challenges that will shape its
future as well as the future of human society. Steel is, in terms of mass,
with its 1.8 billion tons produced each year [1], the second most widely
used material by humanity, after concrete. Its demand is expected to
grow in the coming years, with projections indicating an increase of up
to 11 % by 2030 compared to 2020, highlighting the ongoing upward
trend in global steel consumption driven by infrastructure, construction,
industry, mobility and the energy sector [2,3]. Primary growth in this
and the next decades will take place due to the massively growing
industrialization in developing nations, particularly in countries like
India, Indonesia and various regions across Africa. However, the steel
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Nomenclature

Ar Argon

B Heating Rate

C Carbon

°C Celsius degree

Cco Carbon Monoxide
CO, Carbon Dioxide

DRI Direct Reduced Iron
DSC Differential Scanning Calorimetry
E, Activation Energy
EAF Electric Arc Furnace

Fey(C204); Ferric Oxalate

FeC,04 Ferrous Oxalate

FeCy04-2H,0 Dihydrate Ferrous Oxalate
Fe Iron

FeO Wiistite

Fe, 03 Hematite

Fe304 Magnetite

FesC Cementite

h Hour

HCl Hydrochloric acid

HyDR  Hydrogen Direct Reduced Iron
H, Hydrogen

H>,O Water

H,SO,  Sulfuric acid

g Gram

J Joule

kp Gaseous Diffusion Rate Constant
1 Liter

M Molarity

min Minute

s Second

T Temperature

t Time

TGA Thermogravimetric analysis

X Conversion

XRD X-ray Powder Diffraction

dependence not only increases production costs but also limits the
flexibility of the steel industry to respond to fluctuations in raw material
supply. Therefore, reducing reliance on these high-quality ores is critical
for both economic and environmental sustainability. As a result,
developing sustainable methods to produce steel from low-grade iron
ore and waste streams has gained significant attention [10—12].

A viable alternative to conventional primary steel production
methods is the hydrometallurgical route. Several studies have analysed
the selective dissolution of iron oxides from low-grade iron ores using
oxalic acid [13—15]. The dissolution process has recently gained
attention as a crucial reaction in the development of clean iron pro-
duction methods [16].

The dissolution of iron oxides (hematite, magnetite, goethite) can be
achieved using inorganic or organic acids. Inorganic acids (e.g., HoSO4,
HCI) risk contaminating the product and the environment, whereas
organic acids, particularly oxalic acid, offer selective iron leaching with
minimal contamination because they form stable iron.

The mechanism of oxalic acid dissolution involves three steps: (1)
adsorption of ligands on the iron oxide surface, creating active sites; (2)
nonreductive dissolution, enhanced by low pH and high temperature;
and (3) reductive dissolution, where Fe?t formation accelerates iron
removal through an autocatalytic process. Magnetite, containing Fe?*,
dissolves faster, while hematite requires slower Fe?* generation via
electron transfer from the ligand.

Key factors affecting dissolution rate include pH, oxalic acid con-
centration, and temperature. The solution is most effective around pH
2.5-3.0, though practical limitations often require buffering with alkali
salts. Higher temperatures (> 80-90 °C) and higher acid concentrations
increase dissolution rates.

Oxalic acid is particularly selective for iron, avoiding contamination
from other metals, and is effective in both nonreductive and reductive
dissolution. For industrial processes, dissolution must occur in the dark
using only iron oxides and oxalic acid, as light or other additives can
reduce selectivity or produce low-quality Fe (II) oxalate. Productivity
thus depends mainly on the concentrations of oxalic acid and iron oxide,
as well as temperature, under strongly acidic conditions to prevent Fe?*
reoxidation.

Santawaja et al. [17] investigated three low-grade iron sources
(I0-A, I0-B, and CS), treated through dissolution in oxalic acid followed
by photochemical reduction. Dissolution with 1 M HyC504 led to a key
result: a significant increase in iron purity, which rose from 33.9 % to
93.3 % in the raw materials to values above 80 %, reaching 99.7 % for
I0-A.

This step allows for the production of an aqueous solution of iron (III)
salts, while the undissolved metals can be easily separated from the
solution. The resulting solution exhibits interesting properties under
light exposure. Due to its photosensitivity, the iron (III) salt is reduced to
iron (II), specifically upon excitation within the tropospheric solar
UV-visible region (approximately 290-570 nm) [18,19]. During
photochemical reduction, the precipitation of iron (II) oxalate dihydrate
crystals, with a very low solubility in water (approximately 22 mg/L),
occurs [19].

Tanvar et al. [20] developed a process to produce iron oxalate from
red mud. The method begins with an acid washing step using HCI to
remove calcium and sodium. The resulting solid is then subjected to
leaching with oxalic acid, yielding a solution rich in iron oxalate. By
exploiting the photosensitivity of this solution, it was possible to obtain
ferrous oxalate with a purity greater than 99 %.

Based on these phenomena, Santawaja et al. [17] proposed an
intriguing process for the potential production of sustainable iron from
low grade iron ores. The process consists of three steps: an initial
dissolution step, followed by a photoreduction step that forms iron (II)
oxalate, and a final pyroreduction step, where the metal salt is reduced
to metallic iron using gaseous hydrogen (Hy). As highlighted in the work
of Hickling [21], the pyroreduction process of iron (II) oxalate occurs in
three stages: dehydration, decomposition into iron oxides, and reduction
to metallic iron. This reaction sequence takes place according to the
reactions (1)-(9).

Dehydration:

FeC,0, ¢ 2H,0(s)>FeCy04(s) + 2H,0(g) 1)
Decomposition:

FeC,04(s) »FeO(s) + CO,(g) + CO(g) @)
Disproportionation:

4FeO(s)—>Fe(s) + Fe304(s) 3

Solid-gas reduction:

FeO(s) + Ha(g)—Fe(s) + H20(g) “
FeO(s) + CO(g)—Fe(s) + CO(g) )
Fe304(s) + 4H, (g)—3Fe(s) + 4H,0(g) 6
Fe304(s) + 4CO(g)—3Fe(s) + 4C0,(g) @
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Carburization:

3Fe(s) +2CO(g)—Fe3;C(g) + CO2(g) ®
Boudouard reaction:

C(s) + CO,(g)=2CO(g) ©)]

Prior to the reduction reactions, iron oxalate transitions from its
dihydrate form (FeCy04-2H50) to the anhydrous phase (FeCy04)
through a dehydration reaction occur (1). As the temperature increases,
iron (II) oxalate starts to decompose into wiistite (FeO), releasing CO
(carbon monoxide) and CO5 (2). At temperatures below 570°C, wiistite
disproportionates into iron (Fe) and magnetite (Fe3O4) (3). Finally, both
wiistite and magnetite can be reduced to metallic iron in the presence of
reducing agents, such as gaseous Hy or CO (4)—(7). In the presence of CO
gas, the reactions involve carbon deposition and the carburization of
iron (8, 9).

Recently, Trinca et al. [22] evaluated a hydro-pyrometallurgical
process that begins with the dissolution of low-grade ores using oxalic
acid, followed by reduction to metallic iron and its conversion into steel.
An assessment of the process examined its technical feasibility as well as
its economic viability. The study emphasized the advantages of pro-
ducing green steel via the oxalate-based process with a lower Hy con-
sumption compared with other green steel production methods, despite
high energy costs of the process. Specifically, the study proposed reusing
the CO generated during the decomposition reaction (2) as a reducing
agent for the reduction of iron oxides, which are also formed during the
decomposition. In the proposed route, oxalic acid is regenerated by the
electrolytic reduction of CO2, which requires an external CO2 source,
while hydrogen is obtained through alkaline water electrolysis. Ac-
cording to the results, it is possible to produce green steel at a levelized
cost of 1093.32 $/tsrgrr, assuming renewable electricity cost of 30
$/MWh. The main challenge of the process is its substantial energy
requirement, which mainly stems from the electricity demand of the
electrolyzers. However, as electrolyzer efficiency improves in the future,
a reduction in energy consumption is expected, which would also drive
down production costs.

The behaviour of iron (II) salts under various atmospheres is a topic
widely discussed in the literature [23—26]. Using thermogravimetric
analysis (TGA), a study was conducted on the thermally induced
solid-state transformations of FeC504-2H50 in a closed environment
[24]. The solid sample is encapsulated and isolated inside an aluminium
capsule, then heated to temperatures up to 640 °C at a rate of 5 °C/min.
In this way, the formation of all possible gaseous products (CO, CO,
H50) in the reaction system is enabled, leading to the decomposition of
the oxalate into a solid composed of wiistite and iron. In contrast, Her-
mankova et al. [23], investigated the thermal decomposition of ferric
oxalate tetrahydrate, Fep(C204)3-4H20, in inert and oxidative atmo-
spheres. In both cases, the intermediate formation of FeC;0,4 was found
during the decomposition of Fe3(C204)3. Subsequently, the ferrous ox-
alate decomposes into wiistite in an inert atmosphere, while in an
oxidative atmosphere, the oxalate decomposed and simultaneously the
iron oxidized, resulting in a final solid composed of hematite (Fe3Os3).
Carles et al. [25] investigated the thermal decomposition of
FeCy04-2H,0 under Ar (argon), Hy/Ar mixture, and Hy, with a heating
rate of 2 °C/min, resulting in a mixture of FeO, Fe, CO, and CO,. All
these studies implemented non-isothermal tests with low heating rates
(2-10 °C/min). This is because the three reaction steps (dehydration,
thermal decomposition, and reduction) occur simultaneously at high
temperatures. At high heating rates (> 50 °C/min), these steps would
not be distinguishable, preventing a proper kinetic analysis of the
competing phenomena.

Another study [26] investigated the thermal dehydration of a- and
B-phase ferrous oxalate dihydrate particles with distinct shapes. A
combined kinetic model, covering induction period, surface reaction,
and phase boundary reaction, was developed to explain the observed
sigmoidal mass-loss behaviour.
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The model accurately simulated the dehydration kinetics under
various conditions, including inert and oxidative atmospheres, non-
isothermal conditions at a single heating rate of 10 °C/min, and
isothermal conditions in the range of 121-145 °C.

A comprehensive kinetic model for the three reaction steps is
essential for advancing process design and optimization in hydro-
pyrometallurgical steel production from low-grade iron ores. Under-
standing the behaviour of iron (II) oxalate under CO flow is funda-
mental, as CO-based reduction offers significant process advantages,
including iron carburization and energy savings due to the exothermic
nature [22]. Thus, it is crucial to develop kinetic models for the dehy-
dration and reduction steps. This study aims to identify the kinetic
mechanisms for the behaviour of iron (II) oxalate in inert and reducing
environments. To achieve this, the reaction kinetics was investigated
using TGA during non-isothermal tests at different heating rates. The
post-mortem samples were analysed using X-ray Powder Diffraction
(XRD) to determine their final composition.

2. Experimental
2.1. Materials

Iron (II) oxalate dihydrate powder was purchased from the Thermo
Scientific Chemicals platform. It has a purity of over 99 %. The original
sample was characterized by XRD. The powder has a mean particle
diameter of 20 pm.

2.2. Thermal analyses of oxalate decomposition and reduction

The TGA measurements were conducted using the SETARAM TG 96
system. The setup consisted of a vertical alumina tube reactor built
around a balance with high accuracy (10~ mg). The weights of the
initial samples for each test ranged between 275 and 285 mg. The ox-
alate samples were placed in an alumina crucible, which was suspended
by a Nichrome wire connected to the balance beam. The tubular furnace,
controlled by a temperature programmer, enabled a linear increase in
the sample temperature. The reactor was heated using electrical
graphite heating elements. Precise temperature control was ensured by a
S-type (Pt/Pt-Rh) thermocouple positioned very close to the sample
crucible. Once the sample was placed in the balance, a primary vacuum
was created using a vane pump to eliminate air present in the interior of
the furnace, then it was filled with the desired gas up to atmospheric
pressure. Gas flows were regulated by Bronkhorst mass flow controllers.
The sample was placed under a constant gas flow of 10 1/h of high-purity
Ha, CO, or Ar (99.999 %). The tests were conducted by replicating the
same conditions (temperature, gas composition, and flow rate) using an
empty crucible (blank test). The TGA curve obtained from the blank test
was subtracted from the curve of the actual test in order to suppress the
effects of the crucible’s thermal expansion due to the temperature. All
tests were conducted under non-isothermal conditions, with a heating
rate () of 2, 5, or 10 °C/min, heating from a temperature of 20 up to 800
°C. The samples were then held at 800 °C for 5 min and finally cooled in
Ar at a cooling rate of 10 °C/min. In experiments conducted at a heating
rate of 5 °C/min, the TGA tests were coupled with Differential Scanning
Calorimetry (DSC), using a Discovery SDT 650 TA instrument.

Solid decomposition products were identified by X-ray diffraction
(XRD) using a RIKAKU SMARTLAB 9KW diffractometer with Cu Ky
radiation (A = 1.54059 A). The scanning range 20 ranged from 10° to

100° with a scanning step of 0.01° and a scanning speed of 2° min™_.

2.3. Kinetic modelling

Several authors employed the Kissinger method as one of the
established fitting approaches that can be applied to analyse a series of
experiments with varying linear heating rates [27]. Its strength lies in
requiring only the temperature at which the maximum reaction rate
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Fig. 1. The weight changes of the samples in 1a Ar, 1b H,, and 1c CO atmospheres as a function of temperature; and at different heating rates of 1d 2 °C/min, le
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Table 1

Times, temperatures, and peak temperatures of the dehydration, decomposition,
and reduction steps derived from thermogravimetric curves, and determination
of the activation energy through the Kissinger relation (Eq. (10)).

p (°C/min) 2 5 10

Dehydration

Ar tin-tin (5) 4014-6682 2100-3219 1375-2024
Tin-Tin (°C) 147-238 166-276 191-322
Tm (°C) 199 229 253
E, (kJ/mol) 62.19

Cco tin-tein (S) 4290-6801 2112-3512 1342-2001
Tin-Tsin C) 146-242 167-302 191-317
Tm (°C) 196 232 253
E, (kJ/mol) 62.15

Hy tin-tein (S) 3660-6550 1903-2855 1223-1774
Tin-Tfin (°C) 134-233 142-241 160-273
Tm (°O) 179 202 221
E, (kJ/mol) 58.55

Decomposition

Ar tintfin (5) 6684-18,194 3219-8138 2024-4432
Tin-Tin (°C) 238-623 276-690 322-744
Tm (°C) 396 423 447
E, (kJ/mol) 90.29

Cco tin-tein (5) 6801-11,642 3512-5087 2001-2855
Tin-Tin (°C) 242-404 302-435 317-476
Tm (°C) 396 421 451
E, (kJ/mol) 89.51

H, tin-tin (5) 6560-11,582 2855-5023 1774-2749
Tin-Tgin (°C) 233-402 241-429 273-458
Tm °O) 393 417 438
E, (kJ/mol) 90.45

Reduction

co tin-tein (S) 11,642- 5087- 2855-
Tin-Ttin 404- 435- 476-
T (°0) 404 436 477
E, (kJ/mol) 92.75

Hy tin-tein (5) 11,582-12,970 5023-9773 2749-3004
Tin-Tin (°C) 402-448 429-469 458-503
Tm (°C) 402 429 458
E, (kJ/mol) 91.52

occurs for different linear heating rates as input parameter, without
requiring deeper knowledge about the underlying reaction mechanism.
The method is based on the Arrhenius equation and assumes that the
process follows a first-order reaction model or that the reaction rate
exhibits a single dominant maximum. This relationship allows the
evaluation of the activation energy from thermal analysis data. By
incorporating the heating rate (), the Kissinger Eq. (10) is derived [28]
as

In (_1%) = ;fa +1In (I:Z—R) + constant (10)

where A is the preexponential factor, R (J mol ™ K1) is the constant gas,
E.(J mol~1) the activation energy, Tn, (K) is the temperature at which
the maximum reaction rate is reached for a given heating rate. Thus,
conducting a series of experiments with different linear heating rates
should result in a straight line when the left-hand side of Eq. (10) is
plotted against 1/Tp,. The slope of this line provides the activation
energy.

An additional mathematical fitting of the experimental curves was
performed. This allowed deriving a relationship to determine the reac-
tion rate as a function of the considered heating rate.

3. Results

The TGA curves for samples tested in three gases (Ar, CO, and Hy) are
shown in Fig. 1. The graphs reveal the weight loss in percentage as a
function of temperature (a, b, ¢) and time (d, e, f). The trend of the
curves is similar in all cases showing a continuous weight loss, except for
the CO case with a weight gain in the end of reaction. A first dehydration
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step is observed in a lower temperature range (Table 1). The weight
curve reaches a plateau around 79.9 %, indicating that all the water
(20.1 % of the theoretical initial weight) has evaporated (Fig. 1a). As the
temperature increases, the decomposition of iron (II) oxalate begins. For
Ar, the decomposition reaction results in a further weight loss of 39.9 %,



A. Trinca et al.

Journal of Environmental Chemical Engineering 13 (2025) 119573

a) 120 1
——m, 0
100
* !
* s
S ERCYS
B %Eo
g o * [
8 SRS
e rS5RE
40 N
-6
TGA
-7
20 DSC
L -8
dW/dt
0 9
0 100 200 300 400 500 600 700 800
Temperature (°C)
120 2
b)
100 i 0
b2
80
- )9
X 42
< g E
:E“ 60 TGA S [\:
= DSC L6 @ §
A el
40 dW/dT
L -8
20 L -10
0 -12
0 100 200 300 400 500 600 700 800
Temperature(°C)
¢) 120 5
b g
L3
100
1
\ M-l
%0 —
g * b3 @0
< * <z
5 60 S g E
5] O 5
= F-7 @ E
A o
40
-9
TGA
L-11
20 DSC
L -13
dAW/T
0 -15
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 3. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) with the derivative of the TGA curve with respect to temperature (dW/dT)
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matching the expected value for wiistite, which is approximately 39.9 %
of the initial mass. Then, the TGA curve halts and no further weight
change is observed with a further increase in the temperature to 800 °C.
In contrast, the TGA curves of the samples in CO (Figure 1c) and Hy
(Fig. 1b) atmospheres continue declining due to the reduction of wiistite
to metallic iron.

Under H; condition, the change in mass reaches a minimum around a

small neighbourhood of 31.0 % for all the heating rates, indicating
complete reduction of wiistite into metallic iron. In contrast, carburi-
zation starts to dominate at 37-38 % under CO exposure conditions,
leading to the formation of cementite and solid carbon deposition, in the
form of graphite (Fig. 2d). From this stage onwards, the TGA curve
begins to rise, showing a weight increase until it reaches a plateau. The
curve, once it starts to rise, shows three sections with different slopes. In



A. Trinca et al.

Journal of Environmental Chemical Engineering 13 (2025) 119573

2 \
) W\

6 \'

dW/dT (mg/°C)

— » H2

|
\' co

0 100 200 300

400 500 600 700 800

Temperature (°C)

Fig. 4. First derivative with respect to time of the thermogravimetric curves, at a heating rate of 5 °C/min.

the first section, reduction (leading to weight loss), carburization and
graphite formation (leading to weight gain) all occur simultaneously.
Once the reduction of iron oxides is complete, carburization and
graphite deposition persist, leading to a measurable increase in sample
mass (Fig. 1c). After full carburization of the iron, the system enters a
regime dominated solely by graphite deposition, causing the mass gain
rate to decline. This process continues until the CO gas flow is termi-
nated. Consequently, the sample mass increases steadily throughout the
5-minute isothermal hold at 800 °C (Fig. 1c), indicating ongoing reac-
tion kinetics. Due to the simultaneous occurrence of these reactions, it is
not possible to determine the final temperature of the range in which the
reduction reaction takes place. For this reason, in Table 1, for the
reduction step under CO, only the starting temperature of the reaction is
indicated.

When the atmosphere is replaced with Ar during cooling, the mass
stabilizes, reflecting cessation of reactive processes.

The DSC tests, at the heating rate of 5 °C/min, show the heat flow
generated during the reactions, Fig. 3a—c. The generated power is
negative, indicating the endothermic nature of the reactions. Specif-
ically, the peaks are clearly visible in correspondence with the sections
characterized by weight loss, which correspond to dehydration,
decomposition, and reduction reactions. The trend of the DSC curves in
the cases of Hy and Ar is similar (Figs. 3a, 3b); the difference is that in a
reducing atmosphere of Hj, the reduction reaction also occurs. The
reduction reaction is known to be endothermic (23 kJ/mol Fe), which is
why the second peak is higher in the case of Hy atmosphere compared
with Ar atmosphere.

For the sample treated in CO gas (Fig. 3c), there is a first peak of
absorbed heat occurring simultaneously with water evaporation and a
second peak due to the decomposition of the solid (reaction (2)).
However, this peak is lower than the H one (-33 %) since the reduction
of wiistite with CO is exothermic (-17.9 kJ/mol Fe). Additionally, in the
presence of iron, graphitic deposition takes place, which is also
exothermic. For this reason, once the reverse Boudouard reaction
dominates, the DSC curve shifts to a positive signal, exhibiting a peak
that corresponds to the maximum rate of graphite deposition.

4. Discussion

As shown by the results in Table 1 and Fig. 1, the reaction steps occur
at higher temperatures and shorter times as the heating rate increases.
For example, in Ar, the dehydration step occurs in approximately 45 min
at a heating rate of 2 °C/min, and in 11 min at 10 °C/min.

Additionally, the plateau duration shortens progressively with

increasing heating rate. At very high rates exceeding 50 °C/min, the
plateau becomes negligible, causing reaction steps to overlap and pre-
venting kinetic analysis. The maximum temperature (Ty) at which
dehydration and decomposition occur also depends on the heating rate,
and as the heating rate increases, it shifts towards higher temperatures.

In Hy atmosphere, dehydration occurs at a slightly lower tempera-
ture (e.g., at 134°C at f = 2 °C/min, 9 % lower compared with that in Ar
and CO atmospheres (at 147 °C at p = 2 °C/min)). The latter exhibits an
almost identical profile in the dehydration phase. This difference in the
onset temperature of dehydration in Hy versus Ar and CO atmospheres,
was also observed in the study by Carles et al. [25]. The authors
attributed this phenomenon to the higher diffusivity of Hy, owing to its
smaller molecular size, which facilitates penetration into interparticle
pores. This enhanced gas-solid contact was suggested to promote more
efficient heat transfer between the powder and the hot gas stream. Ka-
wasaki et al. [29], studying the reduction of hematite pellets with Hp and
CO, estimated the gaseous diffusion rate constant (kp), in g cm ™! min~},
for both Hy and CO. The results show that Hy has significantly higher
constants. For example, at 870°C, considering a pellet of 1.7-1.8 cm, the
kp for Hy is 0.025, while for CO, it is 0.007 g cm ™! min~?.

The solid decomposition step (reaction (2)) is evident for all three
samples in different gas atmospheres: in the initial minutes following the
activation of the reaction, whose activation time and temperature are
reported in Table 1, the slope of the weight curve for the sample is
similar (Fig. 4). It can therefore conclude that the decomposition step is
influenced solely by heat, and that the gas used does not play a direct
role in it [25].

As the reaction progresses, the slope for CO and H; increases (Fig. 4),
while that for Ar decreases until the reaction is exhausted as it ap-
proaches complete decomposition to wiistite, as confirmed by XRD re-
sults (Fig. 2). The samples treated under an argon atmosphere are
composed of wiistite, magnetite, and metallic iron, indicating that part
of the wiistite has undergone disproportionation.

It is interesting to note how the curve initially stabilizes at a 41.2 %
weight, before gradually approaching 39.7 %, which corresponds to the
weight of wiistite (Fig. 1a). This phenomenon has also been observed by
Hermanek et al. [24]. During the last part of the decomposition phase,
some of the CO generated reacts with the solid to form iron carbide
according to the following reaction:

3FeC,04(s) + 2CO(g)—>FesC(s) + 7CO2(g) an

This sluggish reaction is accompanied by weight loss. The small
portion of cementite formed during this reaction then further slowly
degrades at temperatures above 600 °C into iron and solid carbon,
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Table 2
X-ray powder diffraction results.
Weight %
p (°C/min) 2 5 10
Ar Fe 10.2 12.0 12.2
Fe304 26.3 18.4 19.2
FeO 63.5 69.6 68.6
H, Fe 100.0 100.0 100.0
Cco C 54.4 48.3 36.8
FesC 45.8 51.7 63.2

according to reaction (12). This behaviour was reported by Hermanek
et al. [24], who observed the progressive decomposition of iron carbide
into a-iron through Mossbauer spectroscopy.

Fe;C(s)—3Fe(s) + C(s) 12)

The wiistite disproportionates in varying amounts depending on the
heating rate (Table 2). No presence of carbon is detected in the XRD
results (Fig. 2b), which is likely due to its very small weight percentage
(< 1.5 wt%).

The decomposition and reduction phases occurring under hydrogen
and CO atmospheres result in steeper slopes of the weight curve. This
phenomenon is even more evident in the case of CO, where the reduc-
tion occurs at a faster rate compared to Hy. This can be easily explained
by analysing the reduction equilibria of wiistite with Hy and CO (Fig. 5).
Within the temperature range of interest, it can be seen that the ther-
modynamics of reduction with CO is more favourable than that with Ho,
resulting in a higher reaction rate.

When the sample is subjected to reduction with CO, it is observed
that, at all heating rates investigated, the curve starts to rise again at a
weight percentage between 37 % and 38 %, due to carburization and
graphite deposition. The activation of the Boudouard reaction and
carburization, therefore, depend more on the composition of the solid
rather than the temperature, as the carburization reaction depends on
the presence of iron, which acts as a reactant, while graphite deposition
reaction is catalysed by iron. For this reason, these two reactions are
ignited when the decomposition is complete, and the reduction to
metallic iron has begun. The results of the XRD analysis (Table 2)
confirm that when using CO as reductant, the final solid is composed of
cementite and graphite. At lower heating rates, as the residence time
increases, the amount of graphite also increases.

To prevent excessive CO consumption in a reactor, it is important to
determine the point of complete reduction. At this point, the process can

10

Journal of Environmental Chemical Engineering 13 (2025) 119573

be stopped by setting the correct solid residence time in the furnace. This
prevents the onset of the Boudouard reaction, in which CO is converted
into unwanted CO5 and carbon.

Under H; exposure conditions. a complete reduction is achieved, and
the XRD results confirm that the final solid is composed of 100 %
metallic iron.

Carles et al. [25] performed the same TGA tests in Ar (Fig. 6a) and Hy
(Fig. 6b), the trend of the curves is identical. However, Carles’ reactions
[25] activate earlier, at slightly lower temperatures (15 %), and exhibit
steeper slopes. The discrepancy is attributable to the different setups
used. Specifically, Carles et al. [25] employed a sample with a mass up to
ten times lower (viz., 0.02-0.04 g) and larger gas-solid ratios (viz., ~
21 min’lg’l).

The DSC results (Fig. 3) also confirm the findings obtained from the
TGA experiments. In all cases, the first peak is attributed to the evapo-
ration of water, the second to the decomposition of iron (II) oxalate into
wiistite, and the third to its further reduction to metallic iron. After the
reduction, in Hy, the absorbed power returns to almost zero, and then, as
the temperature increases, the absorbed power grows linearly. This is
due to phase transformations without weight changes. This trend is also
visible in the results that had been published by Hermankova et al. [23]
and Hermanek et al. [24].

Simultaneously with the decomposition reaction, the dispropor-
tionation of wiistite (reaction (3)) takes place also. This reaction does
not involve any measurable mass change and is, therefore, not detect-
able through TGA analysis. However, it is a thermodynamically
exothermic reaction, with a reaction enthalpy of — 15.17 kJ per mole of
iron.

In a reducing atmosphere, the disproportionation process is difficult
to quantify, as the wiistite formed by decomposition is simultaneously
reduced to metallic iron. In contrast, under an inert atmosphere, wiistite
disproportionates into iron and magnetite [31]. This behaviour is
consistent with the results reported by Hermankova et al. [23]. This is
particularly evident from the XRD pattern of the sample at the end of the
thermal treatment under argon, where the presence of wiistite, metallic
iron, and magnetite is clearly detected (Fig. 2b). The XRD analysis also
shows that the amount of disproportionated wiistite decreases with
increasing heating rate. This can be explained by the fact that the
disproportionation reaction is faster than the synproportionation, where
synproportionation is the reaction where Fe® and Fe®! react to form
Fe2t.

Therefore, at lower heating rates, it is reasonable to conclude that a
greater fraction of wiistite undergoes conversion below 570 °C.
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Fig. 5. Wiistite reduction equilibrium [30].
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Likewise, lower heating rates also favour the reformation of wiistite via
synproportionation, simply because the duration of the thermal treat-
ment increases. However, since the disproportionation is the faster
process, the net result is that the final amount of wiistite in the sample
decreases as the heating rate increases.

The heat released by the disproportionation reaction contributes to
reducing the intensity of the endothermic peak observed in the DSC
curve under Ar, which corresponds to the decomposition step. This peak
is noticeably lower compared to that observed in Hy atmosphere
(-30 %), while it is slightly higher than the one recorded in CO atmo-
sphere (+ 4 %).

Once the temperature reaches a value around 570 °C (Fig. 3a), the
reverse reaction occurs, namely the synproportionation of iron and
magnetite to form wiistite, which is an endothermic process (15.17 kJ/
mol Fe). In Fig. 3a, the DSC curve confirms this phenomenon, where a
small endothermic peak is observed at 577 °C, followed by a linear
decrease in the signal throughout the rest of the thermal treatment. This
decreasing trend of the curve, which does not level off towards zero,
indicates that the reaction rate of the synproportionation process is
increasing over time and, more importantly, that the reaction is not yet
complete. This suggests that not all the magnetite and metallic iron have
been reconverted into wiistite by the end of the thermal treatment.

In the case of CO, the trend is different because exothermic reactions
take place, namely the reduction of wiistite to iron and the Boudouard
reaction, whereas the carburization of iron to iron carbide is slightly
endothermic.

In this context, the global reduction reaction of iron oxalate salt with
Hp requires 253 kJ/mol Fe. Of this amount, 87 kJ/mol Fe is needed for
the dehydration reactions, 142 kJ/mol Fe for the decomposition reac-
tion, and finally, the reduction of wiistite requires 23 kJ/mol Fe (Aspen
Plus library). Consequently, approximately 35 % of the total heat is

absorbed by the dehydration process. This occurs because each mole of
iron (II) oxalate contains 2 moles of water.

To reduce the amount of heat that needs to be supplied to the system,
one possible solution is to introduce an anhydrous solid into the furnace.
Comparing the reduction process of the iron salt with the direct reduc-
tion of hematite using Hy, which requires approximately 50 kJ/mol Fe
(Aspen Plus library), it is evident that, from an energy perspective, the
iron salt reduction process demands significantly more energy.

However, at the same time, as indicated by the reaction stoichiom-
etry (13), the reduction of the salt requires only 1 mol of H per mole of
metallic iron produced, whereas the direct reduction process requires as
much as 1.5 moles of Hy per mole of iron (15). The same applies when
CO is used as the reducing agent (14), (16). Furthermore, experimental
apparatus has shown that the reactions initiate and proceed at relatively
low temperatures, significantly lower than those required for the direct
reduction process, which takes place in the range of 700-900°C.

Global iron (II) oxalate dihydrate reduction reaction:

FeC,0, o 2H,0(s) -+ Hy(g)—~Fe(s) + CO(g) + COx(g) + 3H,0(g)  (13)

FeC,04 o 2H,0(s) + CO(g)—>Fe(s) + CO(g) +2C0,(g) +2H,0(g) (14)
Global hematite reduction reaction (DRI process)

Fe,05(s) + 3H,(g)—>2Fe(s) + 3H,0(g) (15)

Fe,05(s) +3CO(g)—2Fe(s) +3C0,(g) (16)

It is crucial to reduce the energy consumption of the thermal treat-
ment. Consequently, it is important to investigate the extraction of iron
oxides in a non-aqueous environment. Gumtya et al. [32] tested the
dissolution of oxalic acid in ethanol, thus providing an alternative to the
use of water as a solvent. The results showed that the solubility of oxalic
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Fig. 7. 7a Overall conversion and 7b conversion for the dehydration and decomposition reactions in Ar; 7c dehydration conversion in Hp.

acid in ethanol is even higher than in water. Therefore, future studies
should assess the extraction capability of an oxalic acid-ethanol solution
and verify whether the resulting iron (II) oxalate solid is indeed
anhydrous.

In the case of CO, the behaviour is different since the reduction of
wiistite with CO is an exothermic process. The heat required to reduce
iron (II) oxalate dihydrate to iron using CO is 212 kJ/mol Fe (Aspen Plus
library), which is 16 % lower than in the case of Hy, and 125 kJ/mol Fe
when starting from the anhydrous iron salt. To this, the heat from the
Boudouard reaction and the carburization of iron must also be added.
Carburization is a slightly endothermic reaction, with a heat of 7.3 kJ/
mol Fe, while the reverse Boudouard reaction is highly exothermic, with
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a heat of — 172 kJ/mol Fe.

The result of CO is important because it allows for substantial energy
savings. Moreover, the carburization of iron is beneficial for the subse-
quent processing stages of the iron powder obtained from the reduction.
In fact, iron carbide enables better efficiency within the electric arc
furnace (EAF). The Boudouard reaction generates a significant amount
of heat, but it is an undesirable reaction. As previously mentioned, it is
essential to stop the reduction with CO precisely when the reduction of
wiistite is complete, in order to minimize carbon formation.

Furthermore, the decomposition reaction produces 1 mol of CO per
mole of iron oxalate (2), which is exactly the stoichiometric requirement
to reduce wiistite (5). Therefore, the generated CO can be recovered and
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reused as a reducing agent, while providing a makeup to compensate for
CO losses due to the Boudouard reaction. Thus, there is no need to resort
to another reducing agent such as Hp.

Furthermore, the total heat required is obviously lower compared to
the H; case, however, even in this case, it would be important to start the
process with an anhydrous salt.

It is important to highlight the carbon footprint of the oxalate
reduction process. During the decomposition step, one mole of CO and
one mole of CO; are released. To subsequently reduce wiistite to metallic
iron, either one mole of H or one mole of CO is required, producing one
mole of HoO or COy, respectively. From these reactions, the carbon
footprint of the reduction stage can be quantified, corresponding to
788 kgcoz/tre in the case of hydrogen and 1576 kgcoa/tre When CO is
used. To this, the heat required to compensate for the endothermicity of
the reduction step must be added. This can be achieved using electric
heaters powered by renewable energy, as is already practiced in in-
dustrial applications [33].

Clearly, hydrogen represents a greener reducing agent compared to
CO. However, Trinca et al. [22] proposed a process scheme in which the
CO4, generated is captured and recycled through the electrolytic regen-
eration of oxalic acid, the reagent needed for leaching iron oxides. This
approach significantly mitigates the overall carbon footprint of the
process.

4.1. Kinetic modelling

TGA analyses revealed that the evaporation step begins earlier in Hy
atmosphere compared to CO and Ar, which exhibit similar behavior.
This is supported by the activation energy, which is lower for Hy (58 kJ/
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mol) than for CO and Ar (62 kJ/mol). The kinetics of thermal decom-
position, however, are independent of the atmosphere. Therefore, the
activation energy remains almost the same for all gases (90 kJ/mol).
Carles et al. [25] identified the activation energy of the dehydration and
decomposition reactions in Hy as 85 and 152 kJ/mol. It should be noted,
however, that Carles et al. results were obtained from a single curve with
a heating rate of 5 °C/min, whereas the results of this study were derived
from multiple curves with different heating rates.

A different consideration applies to the reduction steps in a reducing
atmosphere. The reduction reaction begins before the decomposition is
fully completed, causing the two steps to overlap. In the case of CO,
carburization and graphite formation reactions must also be taken into
account. Therefore, it is imprecise to establish reduction kinetics from
non-isothermal TGA curves. Nevertheless, the reduction of wiistite with
Hjy and CO is a well-known and extensively studied phenomenon in
literature. Several studies report detailed kinetics, such as those con-
ducted by Hou et al. [34] and Hou et al. [35]. This also holds true for the
carburization and carbon deposition reactions by CO, whose kinetics
have been reported by Knapp et al. [36], for example.

An alternative approach was adopted to determine the reaction ki-
netics, particularly for the two reactions whose kinetics are not reported
in the literature: evaporation and decomposition. As already observed
from the TGA results, and in the literature [25], the decomposition re-
action is independent of the surrounding atmosphere. Therefore, the
decomposition kinetics were determined from tests conducted in Ar.
Such kinetics remain valid also for gas mixtures other than pure Ar. A
different behaviour is observed for the dehydration reaction, which
occurs more rapidly in Hy compared to Ar and CO.

Fig. 7a reports the conversion-time graph, derived from Eq. (15). Itis
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evident that the two reactions, as extensively discussed, occur in series,
separated by a plateau region. As the heating rate increases, this plateau
decreases until it disappears at high heating rates, indicating that the
two reactions overlap. The presence of the plateau allows the two re-
action steps to be analysed separately, as shown in conversion-time
graph (Fig. 7b, c), derived from Egs. (17) and (18). The global (17),
dehydration (18) and decomposition conversion (19) are expressed as:

Wi,
X %) = —————— 100 a7
ciabat () Weec,04021,0 — Wre
W, — W, .
XDehydration (%) = W L FECZO"VGHZO +* 100 (18)
FeC»0402H,0 — WFeC,0,
Wy — W,
XDecomposition (%) = L TTReCy0s * 100 (19)

Wrec,0, — Wreo

where Wy, represents the weight loss (mg), Wrec,04¢2H,05 Wrec,0,5 WEeo»
Wrge represent the weight (mg) of the initial sample, the sample after
complete dehydration, the sample after complete decomposition to
wiistite, and the sample after complete reduction to metallic iron.

The conversion (%), as documented in Fig. 7, exhibits a sigmoidal
trend and can be expressed with the following zero-order relationship
(20):

X(%) = 100/(1 + e X)) (20)

Thus, the conversion depends on time and the kinetic constant k. tg is
a time that depends on the activation time (t,) of the reactions.

The experimental data (Fig. 7) were plotted and fitted using the
sigmoidal Eq. (20). Three kinetic constants were extracted for each re-
action (three for evaporation and three for decomposition). The kinetic
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constant follows an Arrhenius trend and can be expressed as (21):

Ea
k = koe Rl (@3]
where Ty, is the peak reaction temperature. As shown in Fig. 8, the peak
temperature Ty, is closely related to the heating rate p: as ff increases, Tp,
also increases (Table 1).

This implies that the kinetic constant k depends on p. The kinetic
constants were plotted as a function of 1/T,, from which kg and E, were
determined (Fig. 9).

Additionally, t,.t varies with B, as shown in Fig. 10. There is a linear
relationship between ty and ty:

to Dehydration (Ar) =1 ‘262*tactDehydration (Ar) (22)
Topehydration (HZ) =1 '430*tactDehydration (HZ) (23)
to Decomposition — 1.618 *lact Decomposition (24)

Finally, the overall kinetics can be expressed as X (t, ) and graphed
in Fig. 11. The trend is clear: as p increases, the activation times shift
toward zero, and the slope of the curve increases until it reaches an
infinite slope for f approaching infinity. The mathematical model proves
to be consistent, as it fits the experimental results obtained from the TGA
curves with accuracy.

Moreover, it also reliably predicts the plateau between dehydration
and decomposition, as shown by the overlap between the end time of the
dehydration reaction and the onset time of the decomposition reaction.
This behaviour remains valid even at heating rates significantly above
those tested, confirming the robustness of the model even when
applying it beyond the regime probed by experiments (f = 2, 5, 10 °C/
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min).

These kinetics is important because, for a fixed B, it allows under-
standing how the conversion of decomposition and dehydration re-
actions evolves over time. Therefore, it is possible to design a reduction
reactor based on the reactor type, where different reducing gases can
also be used. Moreover, the model remains valid even at heating rates
typical of industrial reactors (§ ~ 100 °C/min), which are significantly
higher than those used in this study and in all other works reported in
the literature (p < 10 °C/min). Future studies should apply this kinetics
to conduct a techno-economic assessment of the entire steel production
process from low-grade ores through a hydro-pyrometallurgical route.

5. Conclusions

The study investigated the decomposition and reduction behaviour
of iron (II) oxalate under non-isothermal conditions with linear heating
rates of 2, 5, and 10 °C/min using thermogravimetry analysis (TGA),
differential scanning calorimetry (DSC), and X-ray diffraction (XRD).
The main conclusions are summarized as follows:

e The reaction process of iron (II) oxalate involves sequential dehy-
dration, decomposition, and reduction steps. In Hy, faster kinetics are
observed due to enhanced thermal exchange by fast hydrogen
diffusion. In Ar atmosphere, the final product is wiistite, which
partially disproportionates into magnetite and iron during final
cooling at temperatures below 570 °C. Full reduction to metallic iron
occurs in Hy and CO, while CO leads to carburization, forming
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2 25 3
p (K/s)

3.5 4

tact in function of beta in 10a Ar and 10b Ha. t,: activation time of the reactions.

cementite and depositing graphitic carbon via the Boudouard reac-
tion, both catalyzed by metallic porous iron.

DSC results revealed that reactions in Ar and H, are endothermic.
Dehydration proved to be an energy-intensive step. Achieving
anhydrous precursors is therefore crucial for energy-efficient pro-
cessing. Kinetic analysis via the Kissinger method yielded activation
energies of 58 kJ/mol (Hy), 62 kJ/mol (CO and Ar) for dehydration,
and 90 kJ/mol for decomposition, independent of gas atmosphere. A
kinetic model was developed to describe the dehydration and
decomposition reactions as a function of heating rate, enabling
future process simulations of the steel production process from low-
grade ore.

The study advances kinetic modelling of the evaporation and thermal
decomposition steps of FeC204-2H50 in inert and reducing atmo-
spheres and supports the development of innovative hydro-
pyrometallurgical processes for low-grade iron ores. This process
offers advantages such as moderate operational temperatures (< 500
°C) and reduced gas consumption compared with hydrogen-based
direct reduction of iron oxides, with potential for CO recycling and
reuse, which is generated during decomposition of FeC204-2H50.
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