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INTRODUCTION

The global cement industry represents one 
of the most significant contributors to anthro-
pogenic greenhouse gas emissions, constitut-
ing approximately 8% of the total CO2 emis-
sions worldwide, generating an estimated 4.1 
billion tonnes of carbon dioxide annually [1]. 
This substantial environmental impact arises 
from dual emission sources, which involve the 
energy-intensive combustion processes required 
for clinker production at temperatures exceeding 
1450 °C and the inherent chemical decomposi-
tion of limestone (CaCO3 → CaO + CO2) during 
calcination, which accounts for approximate-
ly 60% of cement-related emissions [2]. With 
global cement production projected to increase 
by 12–23% by 2050, driven by rapid urbaniza-
tion and infrastructure development in emerging 

economies, the environmental implications of 
continued dependence on Portland cement have 
become increasingly unsustainable [3, 4].

Ferrock is an innovative iron-based binder 
that utilizes waste materials to produce a car-
bon-negative binding system through innovative 
carbonation chemistry. The study presented the 
carbonation of metallic iron powder with aque-
ous CO2, along with additives (fly ash, limestone 
powder, metakaolin, and oxalic acid), to form 
complex iron carbonate binders [5–7]. The me-
chanical strength achieved was comparable to 
that of ordinary Portland cement (OPC). The 
carbon-negative potential of these is attributed 
to their unique carbonation mechanism, wherein 
atmospheric CO2 reacts with iron particles un-
der controlled humidity and pressure conditions 
to form iron carbonate phases, primarily siderite 
(FeCO3), with minor phases including magnetite 
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(Fe3O4) and various iron hydroxides [8, 9]. The 
complex carbonation process involved multiple 
consecutive reactions:
	 Fe²⁺ + CO2+ H₂O → FeCO₃ + H₂
	 (primary carbonation)	 (1)

	 4Fe + 3O₂ + 6H₂O → 4Fe (OH)₃ 	
	 (oxidation pathway)	 (2) 

	 Fe (OH)3 + CO2→ FeCO₃ + H₂O + ½O₂	
	 (secondary carbonation)	 (3)

The formation of iron carbonate minerals in 
ferrock contributes directly to strength develop-
ment and sequesters atmospheric carbon dioxide at 
rates of 0.5–1.5 kg CO2 per kg, surpassing conven-
tional concrete potential [10, 11]. The combined 
benefit mechanism distinguishes ferrock from 
conventional hydraulic cements that depend pri-
marily on calcium silicate hydration reactions, and 
positions it as a carbon-negative construction ap-
plication. Geopolymers utilize the alkali activation 
of aluminosilicate precursors and exhibit reduced 
reactivity to carbonation conditions compared with 
iron-based systems [12]. Magnesium oxychloride 
cement demonstrates rapid setting characteristics, 
but suffers from water sensitivity and limited dura-
bility in humid environments [13].

An early study [5] compared OPC with an 
iron-based binder, which achieved a strength of 
approximately 30 MPa, which is comparable to 
OPC systems. This study reported that the devel-
opment of an iron-based binder is suitable for wid-
er construction applications and is also benefits 
CO2 sequestration [14]. The microstructural study 
revealed that the iron binder had refined pores dur-
ing carbonation, leading to reduced porosity and 
enhanced densification [15]. Further examination 
of the iron carbonate binder temperature-induced 
systems confirmed the formation of stable sider-
ite and other carbonate phases at elevated tem-
peratures, highlighting the durability properties 
comparable to those of OPC [16, 17]. This study 
confirmed that iron-based concrete has better me-
chanical properties than equivalent curing peri-
ods, indicating a dense matrix formation of car-
bonate phases aligned with the performance and 
durability of OPC. Most literature on ferrock em-
phasizes the performance improvements for con-
trolled carbonation conditions. Limited research 
has investigated how poor carbonation efficiency 
leads to failure pathways, and risk assessment re-
mains insufficient. This knowledge gap presents 

challenges for practical implementation, as ideal 
conditions are often difficult to achieve.

This study investigates the significant de-
crease of ineffective carbonation in ferrock 
through a comprehensive analysis of failure 
mechanisms induced by 48 hours of pre-air ex-
posure followed by 5 days of CO2 curing, which 
resulted in significant variation in strength devel-
opment. This study involved various character-
ization approaches, including mechanical testing, 
microstructural analysis, and chemical composi-
tion evaluation, to demonstrate the degradation 
pathways associated with improper carbonation 
procedures. This investigation aims to establish 
essential control parameters for carbonation lim-
its, detect governing failure mechanisms due to 
strength loss, and provide fundamental insights 
into the use of effective oxalic acid dosage varia-
tions to develop iron binders for carbon curing 
techniques. This study provides key insights into 
carbonation-related failure mechanisms and of-
fers guidance for the development and applica-
tion of alternative iron-based binders.

MATERIALS AND METHODS

The raw materials employed in this study in-
cluded iron powder or steel dust, Class F fly ash, 
metakaolin, and calcium carbonate. The chemical 
compositions of the raw materials are listed in Ta-
ble 1. Iron powder was sourced from Civitech En-
gineering Private Limited, and the remaining raw 
materials, metakaolin, calcium carbonate, and 
class F flyash, were purchased from Astra Chemi-
cals, Chennai, India. In this study, the raw materi-
als were combined with oxalic acid, which acts 
as a chelating agent, with a water-to-binder ratio 
(w/c) of 0.26. The mix proportions and sample 
specifications are presented in Table 2. The raw 
materials, iron powder, Class F fly ash, metaka-
olin, and calcium carbonate were first blended in 
a tray using a spatula to ensure the uniform distri-
bution of the materials. Subsequently, oxalic acid 
and water were added to the dry blend to obtain 
a cohesive and homogeneous binder paste. The 
obtained iron-binder paste was blended using a 
mechanical mixer for 5 minutes to attain uniform 
consistency. After mixing, the paste was poured 
into a cubic mould measuring 50 × 50 × 50 mm 
and prism moulds measuring 40 × 40 × 160 mm. 
The step-by-step preparation, casting, and testing 
of iron binders are shown in Figure 1.
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Oxalic acid was added at various percentages 
of 0, 1, 2, 3, and 4, along with the raw materials 
and the required water. The oxalic acid content 
was limited to 4% as its solubility decreased be-
yond this level, with dissolution becoming less 
effective above 55 °C (376 g/L). The iron-binder 
paste was blended using a mechanical mixer for 
5 minutes to achieve a uniform cohesion. After 

mixing, the paste was poured into a cubic mould 
measuring 50 × 50 × 50 mm and prism moulds 
measuring 40 × 40 × 160 mm. Each sample ID 
was cast with 45 cubes and 15 prisms; three sam-
ples from each ID were tested at each age, and 
the average strength was reported for both com-
pression and flexure. The samples were left to 
be exposed to air drying for 48 hours, and after 

Table 1. Chemical composition of calcium carbonate, iron powder, metakaolin, and fly ash

Raw materials
Chemical composition in %

Fe2O3 Al2O3 CaO K2O SiO2 Na2O P2O5 MgO TiO2 SO3

Fly ash 2.95 36.11 0.78 0.74 57.38 - 0.37 1.01 0.82 0.03

Iron powder 87.32 0.33 - 0.01 1.32 - 0.34 0.15 0.00 0.18

Calcium carbonate 3.27 35.95 2.01 0.27 43.74 0.11 - 0.68 - 0.07

Metakaolin 0.54 46.70 0.09 0.12 50.20 - 0.39 0.17 1.47 0.03

Table 2. Mix proportion of the iron-based binder

MIX ID
Raw materials proportion in %

Iron powder Fly ash Metakaolin Calcium carbonate Oxalic acid Water/binder

Sample A 60 20 8 8 4 0.26

Sample B 60 20 8 8 3 0.26

Sample C 60 20 8 8 2 0.26

Sample D 60 20 8 8 1 0.26

Sample E 60 20 8 8 0 0.26

Figure 1. Preparation and testing of iron carbonate binder
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demoulding, they were placed inside a carbon-
ation chamber for CO2 curing. The CO2 chamber 
was maintained at a temperature of 30 ± 2 °C 
and relative humidity of 85 ± 5%. CO2 gas was 
introduced into the chamber at regular intervals 
to ensure saturation inside the chamber. Carbon-
ation curing lasted up to 5 days, and later, the 
samples were tested for compressive strength 
at 7, 14, and 28 days. The flexural strength test 
was performed after 28 days.  The compressive 
strength of the hardened cubes was evaluated 
using a Compression Testing Machine (CTM) 
with a maximum loading capacity of 2000 kN 
according to the ASTM C109 standard [18]. The 
prism samples were tested for flexural strength 
using a three-point loading machine at a loading 
speed of 0.1 mm/min, according to the ASTM 
C78 standard [19]. After testing, the samples 
were collected and their microstructural proper-
ties were analyzed using X-ray diffraction anal-
ysis (XRD) and scanning electron microscopy 
(SEM). XRD analysis was conducted to identify 
the crystalline phases present in the CO2-cured 
samples using an XRD RIGAKU SmartLab 3 
kW apparatus in the range of 5 to 80. SEM anal-
ysis was performed using a Thermo Fisher FEI 
QUANTA 250 FEG instrument.

RESULTS AND DISCUSSION

Air-dried samples exposed to atmospheric 
conditions were tested for their compressive and 
flexural strength at different ages. These samples 
were then analyzed for microstructural character-
ization using scanning electron microscopy and 
X-Ray diffraction. The results are presented in 
Figures 1–6, and a detailed discussion was con-
ducted to understand sample behaviour.

Compressive strength

The compressive strength of the iron-based 
binders incorporating varying percentages of ox-
alic acid in the cube samples was evaluated at 28 
days, as depicted in Figure 2. The results revealed 
that there was a progressive strength gain over 28 
days, confirming the carbonation reactions and 
formation of reaction products in the iron-based 
binders. Among the mixes, Sample A (4%) out-
performed the other samples, whereas Sample B 
(3%) exhibited the lowest strength. The enhanced 
strength of sample A at 4% oxalic acid is attrib-
uted to the composition of iron powder, fly ash, 
limestone, and metakaolin. These compositions 
help enhance the overall reactivity and refine the 

Figure 2. Compressive strength development of iron-carbonate binders at 7, 14, and 28 days for sample mixes 
with varying percentages of oxalic acid
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microstructure by forming iron oxalates, con-
tributing to a higher compressive strength [5, 
20]. Iron oxalates precipitate into iron carbonate 
phases such as siderite (FeCO3) [21]. This strength 
gain over time of carbonation is attributed to the 
densification of the microstructure induced by car-
bonation reactions and CO2 diffusion into the ma-
trix [22]. The iron carbonate formation reactions 
occurred when the samples were air-cured and 
cured in a CO2 chamber. Carbonation reactions 
facilitated the early formation of iron phases such 
as Fe2O3 (hematite) and Fe3O4 (magnetite), which 
react with CO2 to form stable iron carbonate (sid-
erite) [23]. The lower strength of samples B and 
C (2–3%) indicated that the proportion of oxalic 
acid content influenced the carbonation kinetics, 
reduced the reaction kinetics, and formed fewer 
carbonate products [24]. The reduced formation 
of oxalates leads to insufficient chelation of iron 
ions, which slows the precipitation of the products 
[25]. Samples D (1%) and E (0%) performed bet-
ter than sample B because of iron oxidation be-
fore the formation of the iron oxalate complexes. 
Sample E resulted in fewer carbonation reactions 
and lower strength due to the poor solubility and 
mobility of ions in the absence of oxalic acid.

This proves that the higher oxalic acid content 
(4%) promotes carbonation reactions with higher 
efficiency by facilitating ion mobility through che-
lation effects [26]. The chelating property of oxalic 
acid accelerates carbonation, forming carbonate 
phases at both early and long-term strengths [27]. 
The oxalic acid content enhanced the dissolution of 
iron and promoted denser matrix formation of the 
binder, with stable rhombohedral siderite crystals 
and calcite [15]. In contrast to lower oxalic acid 
dosages, the carbonation process is less efficient 
because of suboptimal chelating effects, which lead 
to incomplete carbonation reactions, limiting the 
formation of carbonate products and strength de-
velopment [28]. The formation of surface precipi-
tates due to CO2 exposure blocks further diffusion 
of CO2, leading to various unreacted phases inside 
the matrix [29]. The dominant reaction mechanisms 
involved in the conversion of Fe to Fe2+ ions react 
with CO2 molecules to form stable iron-carbonate 
complexes [30]. In the absence of oxalic acid, the 
insufficient mobility of the iron oxalate complexes 
hinders the carbonation reaction and the formation 
of carbonates. Initial air curing inhibited the oxida-
tion reactions and ensured that the sample partially 
facilitated the formation of Fe2O3 and Fe3O4. Ex-
posure of the sample to air allowed the oxidation 

of iron, increasing its reactivity for subsequent 
carbonation. This results in immediate surface for-
mation under CO2 curing, which restricts further 
improvement of carbonation reaction kinetics. The 
combination of air curing and CO2 curing main-
tained the reactivity of the binder, forming a less 
compact but sound carbonate matrix. 

The standard deviation of the compressive 
strength results showed a relationship with the 
concentration of oxalic acid, particularly at an 
early age. At 7 days, samples with higher percent-
ages of oxalic acid exhibited greater variability. 
Specifically, Sample B (3% oxalic acid) and Sam-
ple A (4% oxalic acid) had the highest standard de-
viations of 0.99 MPa and 0.91 MPa, respectively. 
In contrast, Sample E, which contained no oxalic 
acid, showed the most consistent results with the 
lowest standard deviation of 0.17 MPa. This sug-
gests that the presence of oxalic acid, especially 
at higher concentrations, may introduce inconsis-
tencies in the early strength development of iron-
based binders. As the curing period progressed to 
28 days, the variability generally decreased for 
most samples, with Sample E maintaining one of 
the lowest standard deviations at 0.12 MPa, indi-
cating consistent long-term performance.

Flexural strength

The flexural strength results are shown 
in Figure 3. Sample A, with a higher flexural 
strength, suggests that the strength gain is due 
to the optimal formulation and microstructural 
development resulting from the enhanced re-
activity and denser packing. The formation of 
siderite (FeCO3), iron carbonate, and calcite 
(CaCO3) phases contributes to the increased flex-
ural strength [31]. The addition of oxalic acid 
acts as a chelating agent, which promotes ion 
mobility and denser matrix formation, favoring 
energy dissipation under loads [14]. From Fig-
ure 2. Sample B exhibited a lower strength than 
sample A (4%) and C (2%). This may be due to 
the over-chelation of oxalic acid and the immedi-
ate surface precipitation of Fe and Ca ions. The 
microstructure may form owing to inefficient 
carbonation, which causes the early failure of the 
sample [32]. Sample C performed well, indicat-
ing that oxalic acid improved matrix ductility 
and crack resistance under bending stress. This 
suggests that there is a balance between ion dis-
solution and carbonate precipitation, making the 
binder ductile [33]. In contrast, Samples B and D 
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show significantly lower strength owing to poor 
particle packing and incomplete carbonation re-
actions, which limit stress transfer during flex-
ural loading [16]. In the case of sample D (1%), 
there was a slight decrease in the strength, indi-
cating less carbonate formation and weaker in-
ternal bonding of the binder. A lower concentra-
tion of oxalic acid limits the availability of ions 
to participate in carbonation reactions, rendering 
the matrix fragile under bending [34]. Whereas 
Sample E (0%) attains lower flexural strength, in 
the absence of oxalic acid, there is poor ion dis-
solution and limited carbonate matrix formation. 
Air exposure alone is insufficient for the forma-
tion of crystalline phases to sustain stress. Partial 
air-drying leads to capillary stress, which forms 
micro-cracks, as these cracks act beneficially to 
provide nucleation sites during CO2 curing. Ini-
tial oxidation leads to the formation of iron ox-
ides before carbonation. Oxalic acid incorpora-
tion facilitates the chelation of Fe2+ and Ca2+ ions, 
increasing their solubility and denser matrix for-
mation. This proves that there is a need for an 
ideal concentration of oxalic acid to perform car-
bonation reactions and produce carbonates [35]. 
The strength result indicates that the moderate 
strength gain is due to the partial development of 
carbonate phases in the reaction with iron phases 
and other reactive phases. At the same time, a 
lower percentage of oxalic acid leads to lower 
strength, which indicates that there are limited 
reactions in carbonation, which reduces the for-
mation of carbonate phases [24, 36, 37].

According to previous studies on iron car-
bonate binder samples, these iron-based matrix 

systems continue to densify over a long period 
due to the  dissolution of Fe ions in the matrix 
and iron carbonate (FeCO3) precipitation, which 
reduces the pore refinement and permeability. 
This indicates that the iron carbonate matrix is 
favorable in terms of durability against damage 
from moisture and carbonation-induced dete-
rioration [15]. Furthermore, the presence of car-
bonate phases, such as siderite and calcite, along 
with unreacted Fe particles, enhances the stabil-
ity of the material at high elevated temperatures, 
which improves the crack-bridging capacity and 
resistance to mechanical degradation [20].

For the 28-day flexural strength, the stan-
dard deviation did not follow a clear linear trend 
with respect to oxalic acid content. Sample B 
(3% oxalic acid) displayed the highest vari-
ability, with a standard deviation of 0.13 MPa. 
Conversely, Sample A, with the highest con-
centration of oxalic acid (4%), yielded the most 
consistent results, with the lowest standard de-
viation of just 0.05 MPa. The control mix, Sam-
ple E (0% oxalic acid), had a moderate standard 
deviation of 0.09 MPa. This pattern indicates 
that, while an intermediate concentration of 3% 
oxalic acid resulted in the least uniform flexural 
strength, the highest concentration of 4% pro-
duced the most consistent and reliable results 
among all the tested samples.

Overall, the mechanical strength (compression 
and flexure) depends more on the carbonate phase 
formation, along with other parameters, such as 
the homogeneity and integrity of the binder. Al-
though oxalic acid, which is used as a chelating 
agent, catalyzes the reaction, the observation as a 

Figure 3. Flexural strength development of iron-carbonate binders at 28 days for sample mixes with varying 
percentages of oxalic acid
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whole does not support the strength gain behavior 
owing to an increase in oxalic acid concentration. 
This shows that higher oxalic acid leads to a higher 
availability of free Fe ions, which are ready for car-
bonation. The strength depends solely on the rate 
of carbonation and the allowed carbonation period.

Scanning electron microscopy analysis

The microstructure and morphology of the 
reaction products in the iron-based binder sys-
tem were examined using SEM to understand the 
reaction mechanism during carbonation curing. 
This study aimed to evaluate the impact of oxalic 
acid concentration on the carbonation efficiency, 
densification, and crystal formation in samples 
with different concentrations of oxalic acid: 4% 
(Figure 4) and 2% (Figure 5).

The 4% oxalic acid samples showed greater 
formation of siderite (Figure 4(A)). The siderite 
phases in carbonated systems occur when CO2 
dissolves in water and turns into carbonate ions 
(CO3

2-). Siderite was observed as elongated, 
needle-shaped crystals that were slender in form 
[38]. The needle-like crystal morphology exhibits 

a high nucleation density, as the iron surface rap-
idly becomes passivated because of the rapid 
precipitation of FeCO3 from the atmosphere and 
the carbonation chamber [39]. The increased con-
centrations of Fe2+ and CO3

2- ions accelerated the 
nucleation process, resulting in the production of 
elongated crystals, which were the carbonated 
phases in the iron carbonate binder. The observed 
crystal formation was due to the increased rate 
of ion exchange and the high surface area of the 
particles, which facilitated nucleation in certain 
regions of the iron particles.

The rhombohedral in shape, with well-formed 
FeCO3 crystal structures, is seen in the iron car-
bonated binder SEM images in Figure 5(A), with 
2% oxalic acid. A more balanced Fe2+/CO3

2- ratio 
during precipitation typically leads to the forma-
tion of this crystal structure. This facilitated a 
more gradual nucleation and crystal growth pro-
cess [40]. The outcome is larger, more system-
atically arranged crystals that can form a denser, 
more stable structure than needle-shaped variet-
ies. This controlled formation indicates that the 
rates of CO2 and iron dissolution can attain equi-
librium, thereby promoting more organized and 

Figure 4. Microstructure and morphology of reaction products formed with 4% (Sample A) of oxalic acid after 2 
days of air exposure and 5 days of CO2 curing
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robust crystal growth. This enhances the strength 
of the iron binder [41].

These shape modifications transformed not 
only the appearance of the carbonated products, 
but also the mechanical strength of the iron binder 
by promoting the growth of denser rhombohe-
dron-shaped crystals, as shown in Figure 5(B). 
This improved bonding strengthened the material 
under strain [42]. The interplay among iron dis-
solution, carbon dioxide diffusion, and carbon-
ate precipitation results in many pathways for 
crystal formation [43]. Under CO2 curing con-
ditions, a dense network of cementing particles 
developed. Conversely, if the conditions facilitate 
rapid nucleation with minimal growth, the resul-
tant microstructure may exhibit numerous voids 
and insufficient carbonation, thereby weakening 
its structural integrity [44]. During carbonation, 
the interaction between Fe2+/Ca2+ ions and CO2 
molecules leads to the formation of rhombohe-
dral siderite crystals (FeCO3) and cubical calcite 
(CaCO3) crystals [45]. The resulting shape from 
this process exhibited significant differences from 
that of pure siderite crystals, leading to a structure 
that was less compact and more porous.

Oxalic acid is a chelating chemical agent that 
helps iron particles dissociate into Fe2+ ions. Be-
cause of this reaction, more iron could react with 
CO2 to produce FeCO3, which is the major prod-
uct of the iron carbonate binders [46]. The over-
all SEM examination showed that adding oxalic 
acid made the carbonated binder matrix denser 
and more compact. Calcite and siderite crystals 
spread out more uniformly in the matrix and have 
a higher density [44]. The compressive strength 
tests showed that this structure was more com-
pact and uniform, which made the carbonated 
binder stronger [45]. The Fe–Ca systems of the 
deformed crystals show a higher porosity than the 
FeCO3 compounds, which indicates the deteriora-
tion of the cementation properties of the system. 
In this process, the matrix of the iron binder re-
duces the strength because of the increased pres-
ence of pores and irregular crystal forms owing 
to improper binding. The samples with 2% oxalic 
acid showed greater formation of siderite, which 
led to a denser microstructure and increased the 
mechanical strength of the samples [46]. The un-
reacted fly ash in Figure 4(C) and Figure 5(C), 
which are shown in both oxalic acid percentages 

Figure 5. Microstructure and morphology of reaction products formed with 2% (Sample C) of oxalic acid after 2 
days of air exposure and 5 days of CO2 curing
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of 2 and 4%, indicates that carbonation does not 
occur in this matrix, so the fly ash remains in the 
unreacted form.

The SEM analysis showed that the addition 
of 2% and 4% oxalic acid significantly enhanced 
the microstructure of the carbonated iron binders. 
Carbonated elements, such as granular CaCO3 
(calcite) and rhombohedral FeCO3 (siderite), 
along with unreacted fly ash, increase the density 
of the matrix, indicating that these matrix sys-
tems exhibit better mechanical performance. The 
results indicate that blending oxalic acid with iron 
carbonation is an effective method for develop-
ing durable, viscous construction-based binders 
capable of sequestering CO2.

X-ray diffraction analysis

The X-ray diffraction peaks of the carbonated 
iron-based binders containing 2% and 4% oxalic 
acid showed a composition of elements consist-
ing of both reaction products and unreacted raw 
materials. The primary key components detected 
in the XRD analysis were siderite (FeCO3), cal-
cite (CaCO3), magnetite (Fe3O4), alite (C3S), 
quartz (SiO2), and residual metallic iron (Fe). 
In addition, phase variations were observed in 
both the inner (core) and outer (surface) regions 
of the samples, as shown in Figures 6 and 7, re-
spectively. A comparison of peak intensities and 

distributions of peaks indicates that carbonation 
products form distinct peaks with different inten-
sities of developed products due to varying levels 
of CO2 exposure and ion exchange in the inner 
core and outer surface areas.

Siderite (FeCO3)

The primary crystalline phase of siderite was 
observed in samples with 2% and 4% oxalic acid, 
as shown in Figures 6 and 7. The outer surface of 
the sample showed a strong and sharp peak in the 
4% oxalic acid combination, indicating that sid-
erite possessed a more crystalline structure and a 
higher volume fraction. The ability of oxalic acid 
to chelate facilitates the development of siderite by 
aiding the dissolution of Fe²⁺ ions from iron pow-
der. In the aqueous phase, the dissolved iron read-
ily interacts with CO₂, resulting in the formation 
of siderite as a stable carbonate mineral [47]. A 
higher concentration of oxalic acid (4%) increas-
es the availability of Fe²⁺, thereby accelerating 
the nucleation and formation of siderite crystals. 
These crystals exhibit strong adhesion properties 
in iron-based binders [48]. The inner core samples 
showed less intensity when compared to the outer 
samples of 4% oxalic acid because carbon dioxide 
diffusion was limited in the inner core samples; 
therefore, strong peaks of siderite formation were 
not observed in the inner core samples.

Figure 6. XRD peaks depicting the formation of minerals revealed (1. Siderite, 2. Calcite, 3. Magnetite, 4. Alite, 
5. Quartz, and 6. Metallic iron) in the iron carbonate binder with 4% (Sample A) of oxalic acid
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Calcite (CaCO3)

The formation of calcite (CaCO3), which is 
trigonal in shape, exhibited a pattern similar to 
that of siderite formation [49]. The outer layers 
showed stronger peaks at approximately 29.4°, 
particularly in the combination containing 4% ox-
alic acid. These peaks were observed in both oxal-
ic acid samples, at 2% and 4%, but were stronger 
in the 4% sample. Because CO2 availability was 
higher at the surface, this implies that Ca2+ ions, 
which were obtained from CaCO3 and metakaolin, 
were more actively involved in carbonation at the 
surface of the samples [50]. The inner regions had 
lower calcite peaks, indicating a lower precipita-
tion of CaCO3. This is most likely due to the slow-
er ion exchange and more difficult CO2 diffusion. 
The combination of siderite and calcite formation 
in the matrix became denser and had fewer pores, 
which made the material tougher [51].

Magnetite (Fe3O4)

The inner core sample components of both sam-
ples with 2% and 4% oxalic acid exhibited a higher 
concentration of magnetite than the outer surface 
of the components. The intensity of the curves 
showed sharper and more pronounced peaks, par-
ticularly for the 2% oxalic acid sample. This in-
dicates that the iron oxides did not completely 

convert into carbonates in the inner core, because 
the reduced presence of chelating agents compli-
cated the extraction of Fe2+ from Fe3O4, resulting in 
a significant amount of unreacted magnetite. Iron 
and carbon dioxide exhibit poor solubility owing 
to limited chelating activity and insufficient gas 
diffusion within the matrix [52]. In the external re-
gions, the reduced magnetite intensity indicated a 
more effective transformation into siderite.

Alite (C3S – tricalcium silicate) and quartz (SiO2)

A quartz phase was observed in both regions 
and exhibited minimal variation in intensity, be-
cause it is an inert filler phase that does not par-
ticipate in carbonation. However, alite, which is a 
hydraulic phase, was considerably more prevalent 
in the inner regions. This indicates that hydration 
is less probable because of the more intense car-
bonation reactions that occur at the surface. The 
outside region likely underwent initial carbon-
ation, which limited the further hydration of alite 
[53]. The deficiency in hydration is possibly due 
to the reaction of CO2 with dissolved Ca2+ and Fe2+ 
to form carbonates, which occur more frequently 
than the alite hydration pathways. The presence of 
quartz in both samples indicated that the silicate-
rich materials (fly ash and metakaolin) exhibited 
minimal alterations in their crystalline structures 

Figure 7. XRD peaks depicting the formation of minerals revealed (1. Siderite, 2. Calcite, 3. Magnetite, 4. Alite, 
5. Quartz, and 6. Metallic iron) in the iron carbonate binder with 2% (Sample C) of oxalic acid
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in the presence of carbon dioxide. Quartz primari-
ly functions as a filler, enhancing the packing den-
sity and facilitating the mechanical interlocking of 
the matrix, although it does not directly participate 
in the carbonation reactions [54].

Metallic iron (Fe)

The peaks for unreacted iron at approximately 
44.6° and 65° showed greater intensity in the in-
ner core sample layers, particularly in the 2% ox-
alic acid sample. This indicates a higher presence 
of unconverted Fe owing to the lower reaction of 
oxalic acid and the poor penetration of CO2 in the 
core. The outer surface of the samples showed 
reduced Fe peak intensities, indicating that iron 
dissolution and carbonate production were more 
distinct than those on the inner surface.

The variation in phase development between 
the inner core and outer layer samples of the bind-
er matrix shows the significance of the carbon di-
oxide presence and oxalic acid percentage in con-
trolling the carbonation process in the chamber 
[55]. In 2% oxalic acid, the chemical reactions of 
carbonation and dissolution were less efficient, 
especially in the inner core areas. The 4% oxalic 
acid samples exhibited improved carbonation ef-
ficiency and increased mechanical strength of the 
binder. The inner areas retained a greater amount 
of unreacted iron and magnetite, indicating that 
CO2 diffusion was minimal and the carbonation 
reaction was reduced. The outer portion of the 
sample, which was directly exposed to carbon di-
oxide, resulted in the increased development of 
carbonated products such as calcite and siderite. 
This study was limited to 28 days of curing and 
up to a 4% range of oxalic acid concentrations, 
without long-term durability assessments. Future 
research should address extended curing, wider 
dosages, and durability aspects to validate the 
structural applicability.

The intensity of the peak of the 4 percent ox-
alic acid samples in Figure 6 is roughly propor-
tional to the amount of the crystalline phase in the 
sample. The inner core sample shows magnetite 
(Fe3​O4​, peak 3) as the most intense peak in the pat-
tern (at ~36° 2-theta), indicating that it is the most 
abundant crystalline component in the inner core. 
Calcite (CaCO3​, peak 2) at ~30° 2-theta was the 
second most intense. Calcite was a major compo-
nent of the sample. Siderite (FeCO3​, peak 1), alite 
(Ca3​SiO5​, peak 4), and quartz (SiO2​, peak 5) show 
peaks of significantly lower intensity compared to 

magnetite and calcite, suggesting they are present 
as minor components. Estimated abundance rank-
ing (Inner Core): magnetite is greater than calcite 
and siderite. Outer surface sample shows a dra-
matic shift in composition where the metallic iron 
(Fe, peak 6) peak at ~45° 2-theta is exceptionally 
strong, dwarfing all other peaks. This indicated 
that metallic iron was the dominant crystalline 
phase on the surface. The calcite (CaCO3​, peak 2) 
peaks at ~30° 2-theta and remains strong, indicat-
ing that calcite is still a major component. Siderite 
(FeCO3​, peak 1), magnetite (Fe3​O4​, peak 3), and 
quartz (SiO2​, peak 5) were minor components. 
Notably, the intensity of the main magnetite peak 
(peak 3) decreased significantly compared with 
that of the inner core. The alite (Ca3​SiO5​, peak 4) 
phase was absent or below the detection limit, as 
its corresponding peak was missing. In general, 
this analysis revealed a clear chemical transfor-
mation. The process that occurred on the surface 
caused the reduction of the dominant magnetite 
phase in the core into metallic iron, which be-
came the new dominant phase on the surface.

The intensity of the peak of the 2 percent ox-
alic acid samples in Figure 7 indicates an intense 
peak belonging to calcite (CaCO3​, peak 2), making 
it the most abundant crystalline phase. Alite (Ca3​
SiO5​, peak 4) also exhibited a strong peak, indicat-
ing that it was the second major component. The 
peaks for siderite (FeCO3​, peak 1), magnetite (Fe3​
O4​, peak 3), and metallic iron (Fe, peak 6) were 
present at significantly lower intensities. These are 
minor constituents of the core. The XRD pattern 
of the outer surface shows a dramatic change in 
the relative proportions of minerals. The peak for 
calcite (CaCO3​, peak 2) increased significantly in 
intensity, towering over all the other peaks. This 
signifies that calcite was the dominant crystalline 
phase on the sample surface. In comparison to the 
calcite peak, all other phases. Alite (Ca3​SiO5​, peak 
4), siderite (FeCO3​, peak 1), magnetite (Fe3​O4​, 
peak 3), and metallic iron (Fe, peak 6) are pres-
ent as minor or trace components. The relative in-
tensity of the alite peak appears to have decreased 
compared with that of the inner core. The primary 
transformation from the inner core to the outer 
surface was a substantial increase in the relative 
amount of calcite. In general, the key quantita-
tive difference was the significant enrichment of 
calcite on the outer surface, where it became the 
dominant phase. This is accompanied by a relative 
decrease in the proportion of alite.
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CONCLUSIONS

The key findings of this study are to analyze 
the insights of carbonation during exposure to air 
and CO2 curing for the development of iron-based 
alternative binders. This research highlights the 
following conclusions:
1.	The formation of iron carbonate phases, such 

as FeCO3 (siderite) and CaCO3 (calcite), main-
ly contributes to strength development and 
stable matrix formation.

2.	The addition of oxalic acid promotes Fe ion 
dissolution and mobility through carbonation, 
resulting in a higher mechanical strength and 
denser microstructure.

3.	An oxalic acid concentration of 4% is optimal for 
maximizing both the compressive and flexural 
strength of the iron-carbonate binder. This dosage 
proved superior to all other tested concentrations, 
including lower and intermediate amounts. 

4.	Oxalic acid acts as an effective chelating agent, 
accelerating the dissolution of iron (Fe2+ ions) 
and promoting the reaction with CO2. This fa-
cilitates the formation of a dense, crystalline 
matrix of siderite (FeCO3) and calcite (CaCO3), 
which is the primary source of the binder’s me-
chanical strength.

5.	SEM confirmed the formation of siderite, cal-
cite, and residual Fe with distinct morpholo-
gies linked to mechanical performance.

6.	The inner core and outer surface in the XRD 
analysis demonstrate that there is variation in 
the distribution and intensity of the peaks due 
to reactivity and CO2 exposure.

7.	The study concluded that air exposure of the iron 
carbonate binder before CO2 curing influenced the 
carbonation mechanism within the matrix. 

8.	The mechanical properties are a direct result 
of the binder’s microstructure. The optimal 4% 
oxalic acid dosage creates a more compact and 
uniform matrix of carbonate crystals, leading to 
enhanced strength. In contrast, sub-optimal con-
centrations result in a less efficient, more porous 
structure that compromises performance.

9.	The partial oxidation that occurs during air expo-
sure prior to carbonation leads to surface harden-
ing, which restricts CO2 penetration and reduces 
carbonation efficiency within the matrix.

10.	The research was confined to a limited con-
centration range (up to 4%) and a short cur-
ing period of only 28 days. This prevents any 
conclusions about the long-term durability, 
potential degradation, or the effects of wider 

dosage variations on the binder’s performance 
in real-world structural applications. 
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