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A B S T R A C T

There is increasing interest in using Fe-rich materials in cement, yet the Fe speciation in hydrated cement paste 
remains poorly understood. This study quantitatively investigates the fate of amorphous Fe in hydrated white 
Portland cement-fayalitic slag pastes with varying Fe contents cured for 3, 28, and 90 days. The results show that 
Fe precipitated as ferrihydrite and potentially adsorbed on calcium (alumino)silicate hydrate (C-(A)-S-H) after 3 
days of hydration. Afterwards, Fe stabilised in Fe-siliceous hydrogarnet and Fe-adsorbed C-(A)-S-H phases, ac
counting for ~15% and ~ 85% of total reacted Fe, respectively, after hydration for 90 days. The high Fe uptake 
by C-(A)-S-H was mainly attributed to Fe(III) adsorption rather than Fe(II). Thermodynamic modelling combined 
with microstructural analysis supported the predominant distribution of Fe on the C-(A)-S-H phase. These 
findings can advance understanding in using reactive Fe-containing materials in Portland cement pastes and the 
development of their chemical and physical properties.

1. Introduction

The rapid pace of population growth and urbanisation has driven 
extensive infrastructure development, resulting in significant demand 
for construction materials. Concrete, known for its low cost, adjustable 
strength, and durability, is one of the most widely used civil engineering 
materials, with global annual production of 17–22 billion tonnes [1]. 
However, its massive scale of production leads to the consumption of 
~20 billion tonnes of natural resources annually and ~ 7% of global CO2 
emissions [2–4], primarily due to the production of Portland clinker 
(hereafter ‘clinker’).

One of the primary strategies for mitigating the carbon footprint of 
clinker is the use of supplementary cementitious materials (SCMs), 
including natural pozzolans, calcined pozzolans, and industrial by- 
products and wastes, such as ashes, glasses, and slags [5–7]. Among 
these SCMs, Fe-rich SCMs, including Fe-rich clays, steel slag, non-ferrous 
metallurgy slag, and bauxite residues, present promising alternatives 
due to their substantial cumulative global production of ~750 million 
tonnes/year [8] and composition (SiO2, Al2O3, and CaO) that is similar 

to that of clinker and conventional SCMs. Moreover, their use as partial 
replacements for Portland cement can enhance mechanical performance 
[9–11] without significantly compromising concrete durability (e.g. 
resistance to carbonation, water and chloride ingress) [9,12–15] pro
vided that the replacement level and slag chemistry (e.g. bauxite res
idue) are optimised.

It has been shown that reactive phases like alite (Ca3SiO5) and 
amorphous phases can be formed in Fe-rich cementitious materials 
through processes such as vitrification [16] and mechanical/chemical 
activation [17,18]. A promising approach involves modifying electric 
arc furnace slag to develop an alite-rich phase composition similar to 
Portland cement clinker by (partially) replacing the lime-dolomite flux 
with recycled cement paste. This engineered electric arc furnace slag can 
potentially meet the standard specification for clinker while signifi
cantly reducing its carbon footprint [19].

A key distinction between traditional and Fe-rich SCMs, especially 
non-ferrous metallurgy slags and vitrified bauxite residue [20], lies in 
their high FeO contents; the total content is higher as Fe-rich phases 
either form part of the process residue or cannot be recovered, whereas 
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the Fe2+ oxidation state is due to the process requirement, i.e., low ox
ygen partial pressure. Knowledge of the phase assemblages produced by 
hydrating Fe-rich SCMs in composite Portland cement remains limited, 
restricting the establishment of correlations between hydration chem
istry with macro-scale properties (e.g. mechanical properties and 
durability) and hence engineering the design of Fe-rich cement systems. 
While pure phases, including Fe-ettringite [21], Fe- mono/hemi
carbonate [22], Fe-monosulfate [23], Fe-katoite, Fe-siliceous hydro
garnet [24], Mg-(Al, Fe)-layered double hydroxides (LDHs) [25,26], 
Fe‑carbonates [4], ferrihydrite [27], goethite, lepidocrocite [28], and 
Fe-bearing calcium-silicate-hydrate [29–31], have been successfully 
synthesized under ambient conditions, they have rarely been clearly 
identified and characterised experimentally in hydrated cements. For 
example, in hydrated calcium aluminate cement blended with zinc slag, 
Fe was identified in Al-rich and intermixed gel phases containing Ca, Al, 
and Si, whilst Fe uptake in ettringite, strätlingite, or mono
sulfoaluminate was not evident [32,33]. In hydrated Portland cement 
blended with non-ferrous metallurgy slag, Fe was suggested to be in a 
mossbauerite-like (Fe, Mg)-Al-LDH phase [34,35] in addition to sili
ceous hydrogarnet [23], ferrihydrite, and calcium-silicate-hydrate [36]. 
The composition, crystal structure and morphology of this LDH phase 
remains poorly understood, including notably the role of Al in its for
mation. The limitations of previous research show the need for addi
tional quantitative analysis of Fe-bearing hydration products in 
hydrated cement samples containing Fe-rich SCMs to more clearly 
determine their formation and compositions. A better understanding of 
these materials can inform the engineering of blended cements with Fe- 
rich SCMs, thereby modifying their hydration product assemblages and 
improving their overall performance.

This study focuses on quantitative analysis of the distribution of Fe in 
hydration products formed in a Fe(II)-containing fayalitic slag-white 
Portland cement (wPC) paste. The fayalitic slag was selected because 
of its high content of amorphous Fe, enabling a high dosage of Fe in 
hydrate phases. The use of wPC, with its low inherent Fe content, en
sures that the Fe in the hydration products predominantly originates 
from the slag. The quantitative analysis can contribute to the under
standing of the dissolution-precipitation of Fe from Fe-rich SCMs in 
hydrated blended wPC cements, thereby guiding their use in these 
systems.

2. Materials and methods

2.1. Raw materials

Fayalitic slag, wPC, and tap water were used to prepare blended 
cement pastes. The chemical and mineralogical compositions of wPC are 
shown in Tables 1 and 2, respectively. The amount of Fe2O3 in the wPC is 
as low as 0.33 wt%. The fayalitic slag used was synthesized by Siakati 
et al. [37]. It is mostly composed of FeO and SiO2 (Table 1). The 
amorphous content in the slag is 85.6 wt%, and its crystalline phases are 
fayalite (14.3 wt%) and magnetite (0.1 wt%) (Table 2). The amount of 
Fe2O3 in the wPC is as low as 0.3 wt%.

The particle size distribution of the fayalitic slag spans approxi
mately 1–35 μm (Fig. 1), with d10, d50, and d90 values are 0.9, 6.8, and 

32.2 μm, respectively, and a Blaine specific surface area of the fayalitic 
slag is 4140 cm2/g [37]. The wPC shows a broader size range, from 0.1 
to below 90 μm, with d10, d50 and d90 values of 2.1, 10.1 and 30.7 μm, 
respectively.

2.2. Preparation of the white cement-fayalitic slag paste

To investigate the fate of amorphous Fe in hydrated cement paste, 
samples were prepared with systematically varied fayalitic slag contents 
such that FeO from the slag amorphous phase corresponded to 10 wt%, 
20 wt%, and 30 wt% of the binders, alongside a reference paste of pure 
wPC. The FeO content was selected based on the reported FeOx con
centrations in Fe-rich clinkers (e.g. electric arc furnace clinker) [38–40]
and in Portland cement blended with Fe-rich SCMs [14,34,35]. The 
corresponding proportions of wPC and fayalitic slag added into these 
samples are shown in Table 3. The water-to-binder mass ratio (w/b) was 
maintained at 0.5.

To prepare cement paste samples, wPC and fayalitic slag powders 
were dry-mixed for 10 min before water was added and blended for 

Table 1 
Chemical composition of the wPC and fayalitic slag.

Raw materials Composition (wt%)

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Fe2O3
a/FeOb Others LOIc/GOId

White cement 0.1 0.5 2.2 25.0 0.3 1.8 0.1 69.0 0.1 0.3 0.3 0.3
Fayalitic slag – – – 33.0 – – – – – 65.6 1.4 − 8.0

a Fe2O3 in the white cement.
b FeO in the fayalitic slag, but minor amounts of Fe3+ are also expected to be present.
c Loss on ignition.
d Gain on ignition.

Table 2 
Mineralogical composition of the wPC and fayalitic slag precursors used here.

Phases Formula White cement (wt%) Fayalitic slag (wt%)

C3S Ca3SiO5 71.9
β-C2S Ca2SiO4 11
γ-C2S Ca2SiO4 4.9
C3A Ca3Al2O6 3.8
C4AF Ca2(Fe, Al)2O5 2.3
Gypsum CaSO4•2H2O 2.5
Dolomite CaMg(CO3)2 1.9
Calcite CaCO3 0.5
Lime CaO 0.4
Thenardite Na2SO4 0.4
Periclase MgO 0.4
Fayalite Fe2SiO4 14.3
Magnetite Fe3O4 0.1
Amorphous 85.6

Fig. 1. Particle size distributions of the wPC and fayalitic slag.
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another 15 min. The mixture was cast into 20 × 20 × 20 mm3 steel 
moulds which were subsequently covered with plastic film to prevent 
water evaporation. The covered samples were cured in air for 1 day, 
then demoulded and further cured in N2-filled sealed bags at 23 ◦C for 3, 
28, and 90 days to minimize oxidation of ferrous iron from air exposure, 
hence the speciation alterations of Fe upon hydration can be better 
analysed.

To stop hydration, samples were crushed, then immersed in iso
propanol immediately for 15 min, after which the isopropanol was 
removed by filtration, and the residues were rinsed with isopropanol 
and diethyl ether for 1 and 2 times, respectively, as recommended by 
[41]. The residual samples were then dried at 40 ◦C in an oven for 8 min, 
then stored in a desiccator under low vacuum (~2 × 104 Pa) before 
analysis. Neither solvent exchange nor oven drying can fully prevent 
exposure of the samples to atmospheric oxygen, potentially resulting in 
slight oxidation.

2.3. Characterization of the wPC-fayalitic slag paste

Fourier-transform infrared spectroscopy (FTIR) was performed on 
the hydrated blended cement paste. Anhydrous white cement and 
fayalitic slag were also analysed for comparison. The samples ground 
into powders below 63 μm were placed against an ATR crystal of an FTIR 
analyzer (Nicolet iS50, Thermo Scientific) and scanned in the wave
number range of 4000–400 cm− 1 at a step size of 1 cm− 1 for 40 times 
after background scans were collected.

Thermogravimetric analysis (TGA) was conducted on the dried hy
drated samples from 30 to 900 ◦C at a heating rate of 10 ◦C/min under 
nitrogen flow by using a thermal analyzer (STA 449, NETZSCH). 
Dehydroxylation and decarbonation of samples were estimated using 
the tangential method by calculating the mass loss within temperature 
ranges of 400–550 ◦C and 600–800 ◦C respectively. The H2O and CO2 
mass losses from the samples were further used to calculate X-ray mass 
absorption coefficients during X-ray diffraction analysis.

X-ray diffraction (XRD) was applied to analyze the crystalline phase 
assemblage and reaction degree of fayalitic slag in hydrated white 
cement-fayalitic slag paste. The dried samples were ground into powders 
with particle size below 63 μm then backloaded into sample holders 
which were mounted on a spinning stage and scanned over an angular 
range of 5 to 80◦ 2θ using CoKα radiation on an X-ray diffractometer 
(Empyrean, Malven Panalytical) at 45 kV and 40 mA. Quantitative XRD 
(QXRD) analysis was performed by Rietveld refinement in Highscore 
Plus v4.1a software. Corundum (Aluminium oxide, ≥99.70%, Thermo 
scientific) was used as the external standard to calculate the G-factor 
[42]. R-Bragg (RB) factor calculated by using Eq. (1) [43,44] was used as 
the criterion of Rietveld refinement for each individual phase. The 
chemical compositions of white cement and fayalitic slag, as shown in 
Table 1, were combined with TGA results to determine the X-ray mass 
absorption coefficients of these hydrated paste samples. The un
certainties in quantitative XRD and RB factors were determined based on 
3 replicates. 

RB =

∑

K
|IK − IcK|

∑

K
IK

(1) 

where RB denotes the R-Bragg factor; IK denotes the observed intensity 
of the Kth Brag reflection; IcK denotes the calculated intensity of the Kth 

Brag reflection.
Backscattered electron (BSE) imaging analysis coupled with energy 

dispersive spectroscopy (EDS) was carried out to identify the Fe-bearing 
hydration products and determine Fe adsorption on C-(A)-S-H. The ~1 
mm dried cement paste samples obtained by breaking the bulk paste into 
pieces were impregnated in epoxy resin, ground using SiC papers (120, 
220, 500, 1000 and 1200 grit sizes) and polished on cloths embedded 
with diamond abrasives (9, 6, 3, 1 and 0.25 μm), according to the 
method in [45]. The polished samples were washed ultrasonically in 
acetone after each grinding and polishing step. The prepared samples 
were carbon-coated and then observed at a backscattered mode under a 
20 kV accelerating voltage and an 8.5 mm free working distance by 
using a scanning electron microscope (Sigma 500 VP, Zeiss) equipped 
with an energy dispersive spectrometer (X-Max 150, Oxford In
struments). Due to the high Fe Kα critical excitation energy of 7.1 keV, 
the relatively high accelerating voltage is selected to reach an acceler
ating voltage to Fe Kα critical excitation energy ratio of 2.8, which is 
close to the optimal ratio (~2.7) as recommended in [46].

To analyze Fe-bearing hydration products and Fe adsorbed on C-(A)- 
S-H, EDS mapping, point and line analysis were carried out. The EDS 
maps were collected at a resolution of 4096 × 3072 pixels with a dwell 
time of 512 μs. The EDS mapping data were then quantified with the 
built-in standard database using the AZtec software. The EDS data points 
were collected at a total number of X-ray counts of 50,000. The Fe/Si 
atomic ratios were calculated from data points with Si/Ca atomic ratios 
within one standard deviation of the Si/Ca ratio of C-(A)-S-H, which is 
determined according to the method in [47]. The Welch's t-test was 
performed to assess differences in Fe/Si atomic ratios between inner and 
outer C-(A)-S-H. The EDS line data were collected at a point density of 
256 from inside slag particles to the hydrated cement paste.

57Fe Mössbauer spectroscopy measurements were acquired using 
acrylic absorber discs containing tens of milligrams of powdered sample 
spread over an area of 1.767 cm2. The absorber discs were loaded to 
present an Fe areal density of up to 2.16 × 10− 3 g/cm2 and achieve a 
Mössbauer thickness of 1 [48,49] by diluting each specimen according 
to its iron content. The 14.4 keV γ-rays were supplied by the cascade 
decay of 25 mCi 57Co in a Rh matrix source and were oscillated at 
constant acceleration with a velocity range of ±12 mm/s. All mea
surements were performed at 296 ± 2 K. All spectra were calibrated 
relative to α-Fe foil at room temperature. Spectral fitting was carried out 
using the Recoil software package [50], adopting a Lorentzian-based 
fitting approach.

Fe K-edge X-absorption spectroscopy (XAS) analysis was performed 
at beamline B18 (Diamond Light Source, UK) using Si (111) double- 
crystal monochromator [51]. The synchrotron was operated at 3 GeV 
with a ring current of 300 mA. XAS was used to quantify the proportions 
of Fe in different phases of the hydrated wPC-fayalitic slag paste. The 
cement pastes and references, including fayalitic slag, Fe-siliceous 
hydrogarnet (C3FS1.34H3.32, C3(A0.5F0.5)S0.84H3.32), 2-line, 6-line and 
siliceous ferrihydrite ((Fe2O3)0.97SiO2(H2O)2.81, Fe2O3(
SiO2)0.74(H2O)2.36), were diluted using powdered cellulose, lightly 
pressed into thin pellets and sealed between Kapton films. Each sample 
was scanned 3 times over the energy range 7012–8092 eV in trans
mission mode at room temperature.

Energy calibration was conducted by assigning the energy of Fe K- 
edge (7112 eV) to the first inflection point of Fe foil XAS spectrum. The 
spectra of each sample were merged and normalised using Athena from 
the Demeter software package [52]. Least-square linear combination 
fitting (LCF) was carried out on the X-ray absorption near edge structure 

Table 3 
Mixture proportions of wPC, and wPC-fayalitic slag systems.

Mixture Description wPC 
(wt% in the 
binder)

Fayalitic slag 
(wt% in the 
binder)

w/ 
b

WC White cement paste 100.0 0.0

0.5

10FeO
10 wt% FeO from the slag 
amorphous phase in the binder 82.0 18.0

20FeO
20 wt% FeO from the slag 
amorphous phase in the binder

63.9 36.1

30FeO 30 wt% FeO from the slag 
amorphous phase in the binder

45.9 54.1
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(XANES) region from 20 eV below to 80 eV above the Fe K-edge. The 
spectra from reference samples and Fe(II)/Fe(III)-adsorbed calcium-sil
icate-hydrate (C-S-H) in [29,30] were used for the LCF analysis and all 
the weights of reference spectra were constrained between 0 and 1. The 
goodness of fit was assessed by using the R-factor calculated according 
to Eq. (2). 

R =
∑ (Iobs − Ical)

2

N
(2) 

where R denotes the residual factor; Iobs denotes the observed normal
ised intensities; Ical denotes the calculated normalised intensities; N 
denotes the number of data points.

2.4. Thermodynamic modelling

Thermodynamic modelling was conducted using the Gibbs Energy 
Minimization software GEMS v3.7 [53] with PSI/Nagra [54] and Cem
data 18 databases [55]. Goethite, hematite and magnetite phases in the 
database were excluded from the simulations, as their formation in 
cement paste is kinetically hindered under ambient temperature and 
pressure. The C-(A)-S-H compositions were simulated by using the C-(N- 
)A-S-H solid solution model [56]. Fe adsorption on C-S-H was set based 
on the Fe/Ca and Fe/Si atomic ratios of outer C-(A)-S-H at slag/cement 
interface and cement matrix regions, respectively, due to the different 
phase assemblage at these regions. These atomic ratios were determined 
by EDS point analysis as introduced in Section 2.3. The Fe-siliceous 
hydrogarnet phases (Ca3(AlxFe1− x)2(SiO4)y(OH)4(3− y)) used for model
ling were C3(A,F)S0.84H4.32 and C3FS1.34H3.32, which are present in the 
Cemdata18 database. While Fe-siliceous hydrogarnet with silica content 
outside this range (i.e., 0 < y < 3) is possible [24], these phases (i.e., 
C3(A,F)S0.84H4.32 and C3FS1.34H3.32) fall within the silica content range 

of Fe-siliceous hydrogarnet observed in hydrated cement paste [23], so 
we use them here.

To model the distributions of hydration product phase assemblage in 
localized Fe-rich zones, EDS line analysis in Section 2.3 was applied to 
determine the chemical compositions around fayalitic slag particles, 
including CaO, SiO2, Al2O3, MgO, SO3, FeO and Na2O. In order to 
determine the reacted FeO content of near-surface regions of the slag 
particles and given the high Fe content in fayalitic slag (65.6 wt%), 
hydration products within the regions of slag particles were assumed to 
be Fe-siliceous hydrogarnet (Ca3(Fe)2(SiO4)y(OH)4(3− y)). On this basis, 
the CaO content was used to determine to the amount of Fe-siliceous 
hydrogarnet at near-surface slag regions. The reacted FeO content at 
the region was subsequently estimated by using the calculated Fe- 
siliceous hydrogarnet amount. By assuming congruent dissolution, the 
reacted SiO2 content in the region was determined based on the FeO 
reaction degree, which was calculated by dividing the estimated reacted 
FeO content by the total FeO content from EDS analysis. For the hy
drated cement paste area, the reaction degree of all components was set 
at 100%. The mass ratio of water-to-reacted components was 0.5. The 
environmental conditions for hydration were set to 25 ◦C and 1 bar.

3. Results and discussion

3.1. Reaction degree of fayalitic slag in wPC paste

The reaction degree of fayalitic slag after hydration of 28 and 90 days 
is determined by 57Fe Mössbauer spectroscopy. The 57Fe Mössbauer 
spectrum of the fayalitic slag (Fig. 2) was fitted with 2 doublets (D1 and 
D2) corresponding to ferrous ions [37] (Table 4). Given the wide range 
of local environments in amorphous networks typically lead to larger 
linewidth (Γ) than the well-defined bonds of crystals [57,58], the D2 
doublet is more likely associated with the amorphous phase of the 

Fig. 2. 57Fe Mössbauer spectra of raw fayalitic slag and 28 and 90-day hydrated cement paste with the binder containing (a) 10 wt%, (b) 20 wt%, and (c) 30 wt% 
FeO from the slag amorphous phase in the binder. D1, D2 and D3 are doublets for fitting the spectra. The fitting details can be seen in Table 4.
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fayalitic slag than D1. As the QXRD analysis suggested only a minor 
content of magnetite (0.1 wt%) in the fayalitic slag (Table 2), its con
tributions cannot be identified within these two doublets.

The 57Fe Mössbauer spectra of the hydrated cement paste were fitted 
with 3 doublets (Table 4). The Fe(II)-related doublets (D1 and D2) 
showed CS and QS values similar to those of Q1 and Q2 in the fayalitic 
slag, suggesting they were attributed to unreacted fayalitic slag. Another 
doublet (D3) was related to Fe(III) and showed distinctly different hy
perfine parameters to those of fayalitic slag, indicating its relation to the 
reaction products of fayalitic slag. Based on the relative area of D3, the 
reaction degree of fayalitic slag in “10FeO”, “20FeO” and “30FeO” 
cement pastes after 28 days of hydration was estimated to be ~14 ± 2%, 
~13 ± 2% and ~ 16 ± 2%, respectively. After hydration for 90 days, the 
increase in area fraction of D3 doublet in “20FeO” and “30FeO” was 
limited, compared with the spectra of their 28-day samples, indicating 
the limited reaction degree increase of fayalitic slag from 28 to 90 days. 
This is consistent with previous work [59], which shows that the in
crease in Fe reaction degree in fayalitic slag slows after 14 days of 
curing. The decrease in relative area of D3 of 10FeO group from 28 to 90 
days of hydration could be associated with the fitting uncertainties. 
Three doublets were adopted to ensure fitting reliability; however, the 
single doublet D3 might not fully correspond to the complex assemblage 

of Fe-containing phases in the hydration products. Moreover, the evo
lution of Fe-bearing hydration products with curing age, as discussed in 
the following Sections 3.2 and 3.3, could alter the recoil-free fraction of 
Fe, such that the absorption area fractions do not accurately represent 
the exact atomic fractions of Fe at different sites [60]. These limitations 
led to uncertainties in the estimation of the reaction degree.

3.2. Fe-bearing hydration products

3.2.1. Fe adsorbed on C-(A)-S-H
BSE-EDS analysis of C-(A)-S-H indicates distinct Fe concentrations in 

inner and outer C-(A)-S-H. A typical result for the hydrated cement paste 
with 30 wt% FeO from the slag amorphous phase in the binder (45.88 wt 
% wPC, 54.12 wt% Fayalitic slag) after curing for 28 days is shown in 
Fig. 3. In Fig. 3 (a), regions where wPC clinker particles have completely 
dissolved are filled with typical ‘inner’ hydration products (C-(A)-S-H) 
and surrounded by ‘outer’ hydration products (both appear as dark grey 
regions), porosity (black regions), and fayalitic slag particles (light grey 
particles), as verified by the EDS mapping results in Fig. 3 (b-d). The Fe 
distribution inside and outside the fully hydrated cement particle is 
shown in Fig. 3 (b), revealing that the Fe concentrations in inner hy
dration products are much lower than in outer hydration products. 
Portlandite is located in the regions with the highest calcium concen
trations (Fig. 3 (c)).

The distinction in the distribution of Fe in inner and outer hydration 
products is further supported by the EDS point analysis in Fig. 3 (e-g). 
These results show that there is limited intermixing of C-(A)-S-H with 
AFt and AFm. The inner and outer hydration products primarily con
sisted of C-(A)-S-H with similar Si/Ca (0.73 and 0.74 for the inner and 
outer products, respectively) and Al/Ca ratios (0.05 and 0.04, respec
tively), as shown in Fig. 3 (e), which is consistent with previous results 
[47,62]. However, the Fe/Ca ratios were much higher in outer C-(A)-S-H 
compared to inner C-(A)-S-H (Fig. 3 (f)), indicating greater Fe adsorp
tion on the outer C-(A)-S-H. The needle-shaped C-(A)-S-H was identified 
around or on the surface of fayalitic slag particles, as shown in Fig. 4 (a- 
c).

Estimated Fe/Si atomic ratios from at least 150 points in inner and 
outer hydration products are summarized in Table 5. The Fe/Si atomic 
ratios of inner and outer C-(A)-S-H in the blended cement paste differed 
significantly (p < 0.01). The Fe/Si atomic ratios in outer C-(A)-S-H were 
higher than those in inner C-(A)-S-H, and both were significantly higher 
than the Fe/Si ratios in plain white cement paste, indicating adsorption 
of Fe originating from fayalitic slag particles in addition to the cement 
particles. These Fe/Si atomic ratios in C-(A)-S-H are comparable to those 
reported in previously hydrated cement paste studies [32,34,36,63]. 
Compared with Fe sorption in synthetic C-S-H [29,30], the Fe/Si atomic 
ratios in inner C-(A)-S-H in this study generally fall within the range of 
Fe(II) and Fe(III) sorption in synthetic C-S-H, whilst the Fe/Si atomic 
ratios in outer C-(A)-S-H exceeds the range for Fe(II) uptake but remains 
within the limit for Fe(III) adsorption in synthetic C-S-H. Given the 
higher Fe(III) than Fe(II) adsorption on C-S-H at equilibrium [29,30], 
the higher Fe adsorption on outer C-(A)-S-H could be relevant to the 
oxidation of Fe on outer hydration products. Additionally, the low sol
ubility of Fe-hydroxides [64] and potential adsorption of Fe on fayalitic 
slag surfaces could limit the diffusion of Fe dissolved from the fayalitic 
slag [65,66], which could lead to the higher adsorption of Fe on outer 
than inner C-(A)-S-H.

Furthermore, the Fe adsorption on C-(A)-S-H increased with the 
fayalitic slag content in the blended cement paste, which could be due to 
higher dissolved Fe content in these samples at constant curing age (i.e., 
similar slag reaction degrees). We note that the increase in Fe adsorption 
on C-A-S-H was not linear with the increase of FeO content from the slag 
amorphous phase in hydrated cement paste, suggesting the Fe adsorp
tion on C-(A)-S-H was also determined by wPC content. This could be 
attributed to variations in C-(A)-S-H content due to differences in wPC 
content in the cement paste, and reactions between Fe and hydration 

Table 4 
57Fe Mössbauer hyperfine parameters of components for fitting of the spectra of 
fayalitic slag, 28 and 90-day hydrated cement paste containing 10 wt%, 20 wt% 
and 30 wt% FeO from the slag amorphous phase in the binder. CS denotes the 
centreshift, QS denotes the quadrupole spilt, Γ denotes the half-width at half- 
maximum (HWHM), AA denotes the relative absorption area of the compo
nents. D denotes doublet. Calculated uncertainties are given in parentheses.

Sample CS 
(mm/s)

QS 
(mm/s)

Γ (mm/ 
s)

AA (%) Component

Fayalitic slag 1.14 
(0.02)

2.74 
(0.02)

0.21 
(0.03)

24.7 
(4.0)

D1: Fe(II)

1.06 
(0.02)

1.87 
(0.04)

0.41 
(0.02)

75.3 
(4.5)

D2: Fe(II)

28-day “10FeO” 
cement paste

1.10 
(0.02)

2.67 
(0.03)

0.21 
(0.03)

26.0 
(5.8)

D1: Fe(II)

1.02 
(0.08)

1.93 
(0.18)

0.35 
(0.03)

59.5 
(7.3)

D2: Fe(II)

0.26 
(0.31)

0.45 
(0.60)

0.33 
(0.09)

14.4 
(2.3)

D3: Fe(III)

90-day “10FeO” 
cement paste

1.10 
(0.02)

2.67 
(0.03)

0.28 
(0.02)

32.7 
(4.2)

D1: Fe(II)

1.03 
(0.02)

1.84 
(0.04)

0.41 
(0.02)

60.1 
(4.6)

D2: Fe(II)

0.20 
(0.03)

0.38 
(0.05)

0.21 
(0.04)

7.2 
(2.0)

D3: Fe(III)

28-day “20FeO” 
cement paste

1.14 
(0.02)

2.70 
(0.02)

0.17 
(0.02)

25.9 
(2.7)

D1: Fe(II)

1.04 
(0.06)

1.92 
(0.12)

0.32 
(0.02)

61.3 
(3.8)

D2: Fe(II)

0.32 
(0.24)

0.49 
(0.47)

0.29 
(0.06)

12.7 
(2.0)

D3: Fe(III)

90-day “20FeO” 
cement paste

1.11 
(0.02)

2.57 
(0.02)

0.27 
(0.02)

42.5 
(2.0)

D1: Fe(II)

1.03 
(0.02)

1.74 
(0.02)

0.29 
(0.02)

44.3 
(2.0)

D2: Fe(II)

0.29 
(0.03)

0.58 
(0.06)

0.32 
(0.05)

13.2 
(2.3)

D3: Fe(III)

28-day “30FeO” 
cement paste

1.14 
(0.02)

2.73 
(0.02)

0.18 
(0.02)

24.6 
(2.4)

D1: Fe(II)

1.05 
(0.02)

1.93 
(0.03)

0.34 
(0.02)

59.7 
(3.2)

D2: Fe(II)

0.35 
(0.03)

0.71 
(0.07)

0.29 
(0.03)

15.8 
(2.0)

D3: Fe(III)

90-day “30FeO” 
cement paste

1.12 
(0.02)

2.67 
(0.02)

0.22 
(0.02)

27.3 
(2.1)

D1: Fe(II)

1.05 
(0.02)

1.87 
(0.02)

0.35 
(0.02)

57.9 
(2.6)

D2: Fe(II)

0.34 
(0.02)

0.70 
(0.06)

0.31 
(0.03)

14.8 
(2.0)

D3: Fe(III)
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Fig. 3. BSE-EDS analysis at 28-days of hydration for cement paste containing 30 wt% FeO from the slag amorphous phase in the binder. (a) A BSE image of the 
sample; (b-d) EDS mappings of Fe, Ca and Si elements; (e) EDS point analysis of Al/Ca as a function of Si/Ca, I represents the Al/Ca range in Al-(Fe)-ettringite solid 
solution [21], II represents the Al/Ca range of Fe-(Al)-ettringite solid solution [21], and III represents the Al/Ca range of Fe-(Al)-monosulfate solid solution [61]; (f) 
Fe/Ca as a function of Si/Ca, I represents the Fe/Ca range in Al-(Fe)-ettringite solid solution [21], II represents the Fe/Ca range of Fe-(Al)-ettringite solid solution 
[21], III represents the Fe/Ca range of Fe-(Al)-monosulfate solid solution [61], IV represents the Fe/Ca range of Fe-(Al)-siliceous hydrogarnet solid solution, and V 
represents the Si/Ca range in the miscibility gap between C3FS0.84H4.32 and C3FS1.34H3.36 [24]; and (g) (Al + Fe)/Ca as a function of Si/Ca in inner and outer 
hydration products, I represents the Si/Ca range in miscibility gap between C3AS0.41H5.18 and C3AS0.84H4.32, II represents the Si/Ca range in miscibility gap between 
C3FS0.84H4.32 and C3FS1.34H3.36 [24].
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products of wPC, which is further investigated in the following sections.

3.2.2. Fe-siliceous hydrogarnet
The FTIR spectra (Fig. 5) show that siliceous hydrogarnet potentially 

precipitated in the blended cement pastes samples. As shown in Fig. 5
(a), the hydrated white cement paste presented the bands for O–H 

stretching in portlandite, CO3 stretching in carbonation products and 
Si–O stretching of Q1 and Q2 tetrahedra within C-(A)-S-H at 3642 cm− 1, 
1419–1409 cm− 1 and 966–944 cm− 1, respectively [67]. The FTIR 
spectrum of fayalitic slag revealed the Si–O stretching band at 862 
cm− 1 attributed to the amorphous phase, along with bands at 827 cm− 1 

and 941 cm− 1 corresponding to fayalite crystals [37,68]. In the blended 
white cement-fayalitic slag samples, the bands were associated with 
both the plain wPC paste and the fayalitic slag, and this was especially 
clear in samples with higher slag contents (i.e. 20FeO and 30FeO 
groups). The band at 862 cm− 1 in the FTIR spectrum of anhydrous 
fayalitic slag decreases and another band at 872 cm− 1 appears in the 
blended cement paste after hydration for 28 and 90 days. This band is 
positioned similarly to the band for CO3 bending (873–872 cm− 1), but is 
much broader, as shown in Fig. 5 (b). The broad band at 872 cm− 1 may 
be related to both CO3 bending and Si–O stretching in siliceous 
hydrogarnet [69]. No characteristic ferrihydrite band (e.g. the Fe-OH 
band at ~1335 cm− 1) was identified.

The TG results (Fig. 6 (a)) indicate that the siliceous hydrogarnet in 
the hydrated cement paste after curing for 90 days could be predomi
nantly Fe- rather than Al-bearing, since there is no prominent peak at 
~300 ◦C in the derivative thermogravimetric (DTG) data that is typi
cally associated with the decomposition of Al-bearing siliceous hydro
garnet [24]. The TG results of hydrated cement paste at other ages can 
be found in Fig. S2. Fe-bearing siliceous hydrogarnet synthesized at 
room temperature exhibits steady mass loss between 200 ◦C and 400 ◦C 
[24], which is what is observed here.

Fig. 6 (b) shows that hydration of fayalitic slag consumes Ca(OH)2 
and increases bound water content per gram of wPC, consistent with the 
QXRD results (Table S2). This increase in bound water was particularly 
pronounced in the 20FeO and 30FeO samples, primarily due to the 
pozzolanic reaction and the formation of more C-(A)-S-H per gram of 

Fig. 4. BSE images of fayalitic slag in 90-day hydrated cements with the binder containing (a) 10 wt%, (b) 20 wt% and (c) 30 wt% FeO from the slag amorphous 
phase in the binder.

Table 5 
Estimated Fe/Si atomic ratios by EDS analysis for inner and outer hydration 
products.

Curing 
age (days)

Mix 
group

Estimated Fe/Si in 
inner C-(A)-S-H

Estimated Fe/Si in 
outer C-(A)-S-H

p

3 WC 0.013 ± 0.0046 0.015 ± 0.0048 0.285
10FeO 0.032 ± 0.0187 0.136 ± 0.0128 1.10 ×

10− 3

20FeO 0.096 ± 0.0359 0.366 ± 0.1681 2.41 ×
10− 6

30FeO 0.179 ± 0.0486 0.419 ± 0.1365 1.84 ×
10− 11

28 WC 0.012 ± 0.0054 0.011 ± 0.0048 0.367
10FeO 0.023 ± 0.0134 0.206 ± 0.1433 1.83 ×

10− 4

20FeO 0.023 ± 0.0049 0.386 ± 0.1831 3.22 ×
10− 11

30FeO 0.036 ± 0.0124 0.298 ± 0.1467 5.38 ×
10− 24

90 WC 0.017 ± 0.0036 0.010 ± 0.0058 1.04 ×
10− 3

10FeO 0.023 ± 0.0072 0.110 ± 0.1030 6.93 ×
10− 4

20FeO 0.037 ± 0.0203 0.229 ± 0.1257 9.72 ×
10− 12

30FeO 0.082 ± 0.0334 0.457 ± 0.1476 1.05 ×
10− 14

Fig. 5. FTIR spectra of hydrated cement paste and raw materials. (a) FTIR spectra of anhydrous fayalitic slag (FS), hydrated white cement paste (wPC) and blended 
cement paste (10FeO, 20FeO, 30FeO) after curing for 3, 28 and 90 days, (b) a close-up view of the FTIR spectra within wavenumber of 950–750 cm− 1.
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wPC. The formation of Fe-bearing hydration products, such as Fe- siliceous hydrogarnet, may also contribute.

Fig. 6. TG analysis of cement paste after hydration for 90 days. (a) TG and derivative thermogravimetric (DTG) results; (b) calculated Ca(OH)2 and bound water 
content based on the results shown in (a) and the tangential method (see Section 2.3).

Fig. 7. XRD patterns of hydrated plain white cement paste and blended white cement-fayalitic slag paste focused on 2 different 2θ regions of interest. (a) 20–28◦ 2θ 
CoKα of samples after curing for 3 (a), 28 (b) and 90 (c) days respectively. (d-f) 42–54◦ 2θ CoKα of samples after curing for 3 (d), 28 (e) and 90 (f) days respectively. 
H: hydrogarnet, E: ettringite, F: fayalite, β: β-C2S, γ: γ-C2S, a: C3S, C: calcite.
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The XRD patterns (Fig. 7) show that Fe-siliceous hydrogarnet 
precipitated in the hydrated cement paste, which is identified by its 
characteristic peaks at 20.3◦, 23.5◦, 43.1◦, 46.4◦, and 52.3◦ 2θ CoKα. 
These peaks became prominent in the “20FeO” and “30FeO” samples at 
28 and 90 days of hydration, especially the peak at 23.5◦, which shows 
the crystallization of siliceous hydrogarnet at later stages, consistent 
with the FTIR results (Fig. 5). The XRD data also show precipitation of 
portlandite, C-(A)-S-H (amorphous hump), and ettringite (see full dif
fractograms in in Supporting Information S1, Fig. S3).

The estimated Fe-siliceous hydrogarnet contents in the samples 
studied here, calculated using Rietveld analysis, are presented in 
Table 6. Al-siliceous hydrogarnet was excluded from the QXRD calcu
lations because (i) no peak for Al–Si hydrogarnet is present in the TGA 
results and (ii) mass balance results showed that the majority of Al was 
present in the C-(A)-S-H phase in slag-containing cement paste (see 
Table S3). No Fe-siliceous hydrogarnet was identified in plain wPC 
paste. In blended FS-wPC paste, the total content of Fe-siliceous 
hydrogarnet increased with hydration durations and higher fayalitic 
slag dosages. In the 10FeO samples (10 wt% amorphous FeO in the 
binder), the calculated Fe-siliceous hydrogarnet amount was low, 
reaching only 1.2 wt% after hydration for 90 days. It increased to above 
1% after 3 days of hydration and rose to 2.95 wt% and 5.65 wt% for the 
20FeO and 30FeO sample groups respectively after 90 days of hydration. 
The ratio of Fe-bearing silica-rich hydrogarnet (Ca3Fe2(
SiO4)1.34(OH)6.64) amount to the total Fe-siliceous hydrogarnet amount 
generally increased over time, which corresponds to increased dissolu
tion of fayalitic slag with time.

Fe-siliceous hydrogarnet crystals were found on the surfaces of 
fayalitic slag particles under SEM-BSE, as illustrated in Fig. 8 (a-b), 
which were identified from their Ca-rich compositions and particulate 
morphology (Fayalitic slag has CaO content <1.4 wt%). They were 
assigned as Fe-siliceous hydrogarnet because the chemical composition 
cloud of data points for these crystals (Fig. 8 (c)) was far from those for 
the slag (fayalite crystal and bulk slag) and Fe-adsorbed C-(A)-S-H 
identified through BSE-EDS analysis. The lower Ca/Si but higher Fe/Si 
atomic ratios could be owing to intermixing with ferrihydrite. Further
more, these crystals had nano-sized spherical morphology, consistent 
with the previously reported morphology of Fe-siliceous hydrogarnet 
[31,70].

3.3. Distributions of reacted Fe in hydration products

Fe K-edge XANES spectra of the fayalitic slag and the hydrated 
cement paste with slag are shown in Fig. 9. The pre-edge centroid 
observed at ~7112.8 eV is due to quadrupolar 1s→3d electronic tran
sitions of Fe, suggesting the presence of Fe(II) and Fe(III) in the Fe- 
containing phases [71,72]. After hydration, the XANES spectra of 
cement paste showed a shoulder near 7114.1 eV in the pre-edge region, 
corresponding to Fe(III) compounds [28]. Moreover, the white-line 
positions of cement paste spectra shifted toward higher energies with 
hydration ages, indicating the partial oxidation of Fe(II) to Fe(III), which 

is consistent with the Mössbauer spectroscopy analysis (Fig. 2).
Extended X-ray absorption fine structure (EXAFS) multi-shell fitting 

(Fig. S4 and Table S4) reveals a progressive shortening of Fe–Si dis
tances (Fe–Si1 and Fe–Si2 in Table S4) from 3 to 28 and 90 days of 
hydration, consistent with increasing structural ordering and incorpo
ration of Fe into silicate hydrate environments such as Fe-siliceous 
hydrogarnet (Section 3.2.2) and Fe-adsorbed C-(A)-S-H (Section 3.2.1).

The Fe partitioning among various phases of hydrated cement paste 
was determined by LCF of the XANES spectra, as shown in Table 7 and 
Fig. S5. The Fe fraction in fayalitic slag generally decreased with curing 
ages, suggesting the reaction of Fe from the slag. The reacted Fe fraction 
was below 20%, consistent with the Mössbauer spectroscopy results 
(Fig. 2 and Table 4). The reaction degree was lower than the overall slag 
reaction degree estimated from XRD- PONKCS and BSE imaging analysis 
(S1.1, S1.2, Table S5), indicating Fe in the fayalitic slag could react more 
slowly than the Si.

Limited Fe was identified in the ferrihydrite phase within 28 days of 
hydration. Notably, although the inclusion of ferrihydrite in the com
bination fittings resulted in the lowest R-factor, comparable fits were 
obtained without this phase, indicating its presence cannot be reliably 
determined based on the LCF results. Furthermore, no experimental 
results from FTIR, TGA or XRD suggested the formation of ferrihydrite in 
this study.

The Fe proportions in Fe-siliceous hydrogarnet generally increased 
with hydration time (Tables 7 and 8), which is consistent with the XRD 
analysis (Fig. 7 and Table 6). Notably, the Fe proportions in Fe-siliceous 
hydrogarnet were all at 15–16% after hydration for 90 days, regardless 
of the fayalitic slag content in cement (Table 8). This contrasts with the 
earlier study that most reacted Fe was in the Fe-siliceous hydrogarnet 
phase after hydration for more than 1 day, because the Fe-adsorbed C-S- 
H phases were not included in the previous LCF calculations [23].

The relative amount of Fe in Fe(III)-adsorbed C-S-H also increased 
with curing age. Among all 28 and 90 day hydration products (Table 7), 
most of the Fe was in Fe(III)-adsorbed C-S-H, indicating its thermody
namic stability over other Fe-bearing hydration products in the white 
cement-fayalitic slag paste. Although the proportion of Fe in Fe(III)- 
adsorbed C-S-H varied with time, they stabilised within the range of 
75–84% after 90 days of hydration (Table 8). These values could contain 
uncertainties as the reference spectra [29,30] were based on Fe- 
adsorbed C-S-H rather than C-(A)-S-H, which was formed in this study.

Reacted Fe was also identified in the Fe(II)-adsorbed C-S-H phase of 
blended cement paste with high slag content (36 and 54 wt% in binder). 
Except for the 3 day 30FeO cement paste sample, where the Fe(II)- 
adsorbed C-S-H was reliably identified in the LCF, comparable fits 
were obtained for the other samples without it, indicating its presence 
cannot be clearly determined beyond the 3-day 30FeO system. The Fe 
proportions in Fe(II)-adsorbed C-S-H were much lower than those in Fe 
(III)-adsorbed C-S-H (Tables 7 and 8), which verified the hypothesis that 
relatively high Fe/Si atomic ratios in C-(A)-S-H were primarily associ
ated with Fe(III) adsorption (Section 3.2.1).

Table 6 
Fe-siliceous hydrogarnet content determined by QXRD analysis. RB denotes the R-Bragg factor. The full QXRD results are shown in Table S2.

Curing age (days) Sample group Ca3Fe2(SiO4)1.34(OH)6.64 (wt%) RB Ca3Fe2(SiO4)0.84(OH)8.64 (wt%) RB Total Fe-siliceous hydrogarnet (wt%)

3 WC – – – – –
10FeO 0.0 ± 0.02 2.4 ± 2.4 0.2 ± 0.03 3.7 ± 0.2 0.3 ± 0.05
20FeO 0.4 ± 0.04 4.1 ± 2.3 0.6 ± 0.09 3.9 ± 0.7 1.0 ± 0.05
30FeO 0.4 ± 0.14 4.6 ± 0.4 0.8 ± 0.53 3.6 ± 0.2 1.2 ± 0.39

28 WC – – – – –
10FeO 0.6 ± 0.12 6.5 ± 0.0 0.6 ± 0.21 4.8 ± 0.6 1.2 ± 0.09
20FeO 1.0 ± 0.28 4.4 ± 0.7 1.0 ± 0.37 3.5 ± 0.6 1.9 ± 0.65
30FeO 3.8 ± 1.50 3.1 ± 0.8 1.8 ± 1.03 2.5 ± 0.9 5.6 ± 2.53

90 WC – – – – –
10FeO 0.8 ± 0.21 7.4 ± 0.0 0.4 ± 0.17 5.4 ± 0.3 1.3 ± 0.05
20FeO 1.2 ± 0.66 4.5 ± 0.6 1.8 ± 0.59 4.8 ± 1.9 3.0 ± 0.08
30FeO 4.9 ± 0.62 2.9 ± 0.0 0.8 ± 0.51 2.6 ± 0.2 5.7 ± 1.18
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3.4. Thermodynamic modelling

As portlandite and C-(A)-S-H were the main hydration products 
(Figs. 7 and S3), thermodynamic modelling was performed on a line 
from fayalitic slag to portlandite-dominated hydration products, as 
shown in Fig. 10 (a), and another line from the C-(A)-S-H dominated 

area through fayalitic slag to the other side, as shown in Fig. 10 (d).
Here the fayalitic slag-cement paste interface was separated into 

three regions: (I) unhydrated slag particle, (II) outer surface of slag, (III) 
hydrated cement paste, according to the assumptions introduced in 
Section 2.4 and the mass percentages determined by EDS line analysis, 
as illustrated in Fig. 10 (b, e).

Fig. 8. Fe-siliceous hydrogarnet on the surface of fayalitic slag particle. (a-b) BSE images of the Fe-siliceous hydrogarnet; (c) Fe/Si and Ca/Si atomic ratios. a.

Fig. 9. Normalised Fe K-edge XANES spectra of fayalitic slag and cement paste with various slag contents and after curing for different ages. The insets show 
expanded views of the 1 s→3d pre-edge region.

Table 7 
Fe partitioning in the Fe-bearing phases of hydrated cement paste determined by LCF of XANES spectra. Calculated uncertainties are given in parentheses.

Mixture Curing age (days) Fe speciation percentages (%) R-factor

Fayalitic slag Fe-siliceous hydrogarnet Fe(III)-adsorbed C-S-H Ferrihydrite Fe(II)-adsorbed C-S-H

10FeO 3 96.6(0.10) 0.0(1.57) 3.4(0.88) 0.0(1.08) – 6 × 10− 5

28 89.1(0.30) 0.0(1.58) 6.6(0.99) 4.2(0.99) – 1 × 10− 4

90 90.4(0.29) 1.5(0.59) 7.9(0.59) – 0.3(0.29) 7 × 10− 5

20FeO 3 97.2(0.10) 0.0(0.90) 2.3(0.60) 0.5(0.60) – 2 × 10− 5

28 92.5(0.39) 0.0(0.68) 6.9(0.68) – 0.6(0.39) 1 × 10− 4

90 90.7(0.20) 1.5(0.68) 7.8(0.68) – – 1 × 10− 4

30FeO 3 96.6(0.20) 0.0(0.59) – 2.2(0.59) 1.2(0.20) 2 × 10− 5

28 89.9(0.29) 1.4(0.49) 8.1(0.49) – 0.7(0.29) 5 × 10− 5

90 83.2(0.20) 2.6(0.39) 12.5(0.39) – 1.7(0.20) 3 × 10− 5
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Under both conditions, the thermodynamic modelling results 
revealed the Fe-bearing hydration products were Fe-siliceous hydro
garnet, ferrihydrite, and Fe adsorbed C-(A)-S-H (Fig. 10 (c) and (f)), in 
agreement with the experimental observations (Section 3.2).

The Fe siliceous hydrogarnet and ferrihydrite phases were mainly 
formed at the interface between regions II and III (Fig. 10 (c) and (f)), 
consistent with the microscopic observation in Fig. 8. Their contents 
dramatically declined beyond ~1 μm from the slag surface owing to the 
reduced Fe content in the cement matrix, suggesting the limited content 
and restricted locations favourable to formation of these phases. Given 
the intermixing between the fayalitic slag and the cement paste at the 

interface during EDS analysis (Fig. 10 (c) and (f)), the actual content of 
Fe siliceous hydrogarnet and ferrihydrite phases at the interface is likely 
lower than that predicted by the thermodynamic modelling. As the 
content of these two phases decreased to ~0, Fe was mainly incorpo
rated into the Fe adsorbed C-(A)-S-H phase. This agrees with the XANES 
LCF results (Tables 7 and 8), which showed that most of the reacted Fe is 
in the Fe(III)-adsorbed C-S-H phase.

4. Discussion

This study quantified a significant partitioning of Fe adsorbed on the 
C-(A)-S-H phase (Tables 5, 7 and 8) in Portland cement paste, especially 
Fe(III) adsorption on outer C-(A)-S-H, which is often overlooked in 
previous studies of Fe hydration [15,23,73]. The Fe-adsorbed C-(A)-S-H 
phase was stable until 90 days of hydration, potentially due to the Fe 
incorporation into the interlayer structure of C-(A)-S-H phases [29]. The 
Fe/Si atomic ratios generally increased with decreasing Ca/Si atomic 
ratios, especially for the outer C-(A)-S-H (Fig. S6). Previous studies 
[29,30] have indicated that Fe adsorption on C-S-H increased linearly 
with Fe concentrations, irrespective of Ca/Si atomic ratios and solution 
pH. Hence, the reduction in Ca/Si atomic ratios could suggest a higher 
total dissolved slag content, which increased Fe concentrations and 
thereby enhanced the Fe adsorption on C-(A)-S-H.

Fe-siliceous hydrogarnet was another stable phase identified at the 
fayalitic slag surface (Figs. 7 and 8), particularly after hydration for 90 
days. Prior research has also reported its slow formation kinetics 
(~years) in Portland cement systems [23,24,74]. Given the increasing 
Fe fractions in Fe-siliceous hydrogarnet with curing age (Table 8), it is 
plausible this phase will continue to incorporate Fe with prolonged 
hydration, which deserves to be studied in the future.

Fe-bearing hydration products identified in this study are mainly Fe 

Table 8 
Distributions of Fe in the hydration products of cement paste, calculated based 
on the LCF results in Table 7. Calculated uncertainties are given in parentheses.

Mixture Curing 
age 
(days)

Distributions of Fe species in the hydration products (%)

Fe-siliceous 
hydrogarnet

Fe(III)- 
adsorbed 
C-S-H

Ferrihydrite Fe(II)- 
adsorbed 
C-S-H

10FeO 3 0.0(45.71)
100.0 
(28.57)

0.0(31.43) –

28 0.0(14.55) 60.9 
(10.75)

39.1(10.16) –

90 15.3(6.59) 81.6(8.62) – 3.1(3.15)

20FeO 3 0.0(32.14)
82.1 
(24.36) 17.9(22.07) –

28 0.0(9.09)
92.2 
(13.88) – 7.8(5.60)

90 15.8(7.70) 84.2(9.14) – –
30FeO 3 0.0(17.65) – 64.7(21.45) 35.3(7.96)

28 13.6(5.25) 79.6(7.17) – 6.8(3.11)
90 15.3(2.53) 74.7(3.23) – 10.0(1.29)

Fig. 10. Thermodynamic modelling based on chemical compositions determined by EDS line analysis. (a) Line for EDS analysis on a BSE image of a “20FeO” group 
sample after hydration for 28 days, the arrow denotes the direction of EDS analysis; (b) chemical compositions of the points on line in (a); (c) phase assemblage 
predicted by thermodynamic modelling on the line in (a); (d) line for EDS analysis on a BSE image of a “30FeO” group sample after hydration for 90 days, the arrow 
denotes the direction of EDS analysis; (e) chemical compositions of the points on line in (d); (f) phase assemblage predicted by thermodynamic modelling on the line 
in (d). I: unhydrated slag particle; II: outer surface of slag; III: hydrated cement paste.
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(III)-containing phases (i.e. Fe(III)-adsorbed C-(A)-S-H and Fe-siliceous 
hydrogarnet) rather than Fe(II)-containing phases, indicating the 
oxidation of Fe(II) from the fayalitic slag. Although the samples were 
cured under N2, oxygen may still have been introduced through dis
solved oxygen in the tap water and entrapped air during cement paste 
preparation. In addition, the high pH of cement paste pore solution 
could also promote Fe(II) oxidation [75]. As neither water degassing nor 
vacuum mixing is commonly applied for preparation of cement-based 
materials, this research suggests that Fe(II) oxidation can occur even 
in oxygen-limited environments (e.g. the interior of high-strength con
crete) during service life. Moreover, despite completing the hydration 
stoppage procedure (described in Section 2.2) within 1 h, exposure to air 
during this procedure may have also contributed to Fe(II) oxidation 
(<6%), potentially leading to an underestimation of Fe(II)-containing 
hydration products.

The synthetic fayalitic slag used in this study consists of FeO and 
SiO2, whereas industrial fayalitic slag can have more complex chemis
tries, for example containing CaO and Al2O3 [8,76]. Variations in slag 
chemistry can influence the speciation of Fe in the hydration products of 
Portland cement system. For instance, changes in contents of CaO and 
SiO2 in the slag could promote the formation of Fe-siliceous hydrogarnet 
and alter the Ca/Si atomic ratios of C-(A)-S-H, leading to different Fe 
adsorption mechanisms (e.g. interlayer bonding and formation of a 
separate cluster) on C-(A)-S-H [29,30]. In addition, a high alumina 
content in slag amorphous phase could promote the precipitation in 
mossbauerite-like LDH phases [34,35]. To better understand Fe chem
istry in Portland cement system blended with Fe-rich slag of varying 
compositions, it is essential to establish a comprehensive thermody
namic database for the Fe-containing phases that are not currently 
included in Cemdata18 [55,77,78], such as Fe-adsorbed C-(A)-S-H and 
Fe(II)/Fe(III)-containing LDH phases.

To further utilise the reactive Fe in Fe-rich slags for improving 
cement performance, the formation of Fe-containing hydration products 
could be further engineered. Fe-rich ettringite has been demonstrated to 
improve the sulfate resistance of Portland cement-based concrete 
[79,80], whilst the effects of Fe-adsorbed C-(A)-S-H and Fe-siliceous 
hydrogarnet on concrete performance, such as the compressive 
strength (Table S6), remain largely unclear [81,82]. There is therefore a 
need for further research to understand the effects of this Fe speciation 
(Fe adsorption on C-(A)-S-H and Fe-siliceous hydrogarnet) on concrete 
performance. Another direction for future research can be to understand 
the effects of modifying the chemistry of Fe-containing cement to pro
mote Fe-rich ettringite formation over other Fe-bearing phases.

5. Conclusions

This study investigated the reaction and speciation of Fe in blended 
white Portland cement-fayalitic slag paste with varying slag content and 
hydration durations. The reacted Fe was identified in Fe-siliceous 
hydrogarnet and Fe-adsorbed C-(A)-S-H phases, with possible incorpo
ration into ferrihydrite phase. The ferrihydrite phase might form but 
subsequently destabilise within the 28 days of hydration period. 
Conversely, Fe partitioning of Fe-siliceous hydrogarnet and Fe-adsorbed 
C-(A)-S-H phases increased with hydration time. Among these phases, 
the Fe(III)-adsorbed C-(A)-S-H phase contained the most reacted Fe 
across all slag content. Thermodynamic modelling results suggested that 
ferrihydrite and Fe-siliceous hydrogarnet were confined to the slag/ 
cement paste interfaces, whereas Fe-adsorbed C-(A)-S-H was the main 
Fe-containing phase at the hydrated white cement paste region, 
consistent with the experimental observations.

These findings provide fundamental insights into Fe hydration and 
phase assemblage in the Portland cement paste environment, advancing 
the understanding of the Fe speciation upon hydration.
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