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A B S T R A C T   

Effect of Fe3+ on the precipitation of synthetic calcium silicate hydrates (C-S-H) under controlled conditions has 
been evaluated. Using extremely basic either initial calcium nitrate or sodium silicate solutions (pH > 11), 
incipient formation of ferrihydrite in both solutions was observed. In this case both C-S-H and iron-containing 
siliceous hydrogarnet are formed. For pH < 11, ferrihydrite was absent. Only C-S-H is formed. The presence 
of magnetically dilute Fe3+ in the C-S-H was shown by EPR and the atomic Fe/Si ratio of the C-S-H phase was 
shown to be between 0.01% and 0.1% by measuring and modelling the 29Si spin-lattice relaxation in NMR ex
periments. A uniform distribution of Fe3+ when C-S-H precipitates in the absence of initial ferrihydrite is ob
tained. When initial ferrihydrite is present, a non-uniform distribution of Fe3+ is found and the concentration of 
Fe3+ in the C-S-H is merely 3% of the overall iron concentration, suggesting the initial formation of ferrihydrite 
restricts the incorporation of iron into C-S-H.   

1. Introduction 

Supplementary cementitious materials (SCMs) such as fly ash, 
calcined clays, ground granulated blast furnace slag and silica fume are 
commonly used for clinker substitution in blended cements. The per
centage of clinker replacement (approximately 5–20%) reduces CO2 
emissions linked to the production of clinker [1–3]. Each of these SCMs 
have different chemical compositions which can result in different re
activities and the formation of different hydrated phases. Thus using 
SCMs makes concrete more sustainable; however, interaction of SCMs 
with Portland cement can affect reactivity and performance at early 
ages, which can reduce strength, an undesired behavior [2,4,5]. 

The major anhydrous phases in Portland cement, are alite (Ca3SiO5) 
and belite (Ca2SiO4). The minor phases are calcium aluminate 
(Ca3Al2O6), ferrite (Ca2(Al,Fe)2O5), calcite (CaCO3) and gypsum 
(CaSO4) [1,2,6]. When cement reacts with water, various ions (e.g. Ca, 
Si, Al, Fe and hydroxide) release continuously into the pore solution 
forming various hydration products [7,8]. The main hydration products 
are calcium silicate hydrates (C-S-H), portlandite (Ca (OH)2), ettringite, 
calcium monosulphoaluminate or calcium monocarboaluminate. Typi
cally, Portland cement contains approximately 2–5% of Fe2O3. Iron- 
containing phases such as AFm phases are not very stable and can 

transform to stable Al–Fe siliceous hydrogarnet phases during hydra
tion [6,9,10]. Furthermore, metastable ferrihydrite (FeOOH) is often 
formed as an intermediate phase in the early stage of hydration, even
tually transforming into siliceous hydrogarnet. 

Calcined clay minerals, which when used in cement can lower the 
clinker factor, are often associated with relatively high Fe2O3 the con
tent (0.3–15.4%) [11] which depends on the source of material. Chak
chouk et al. [12] reported 5.87% of Fe2O3 in Tunisian clay and Danner 
et al. [13] found 10.6% of calcined marl in Norway. Ghorbel and Samet 
[14] investigated the pozzolanic activity of kaolin by varying iron 
contents in blended white cements. The pozzolanic activity was 
enhanced when adding iron up to 2.7% Fe2O3, where compressive 
strength increased with a higher consumption of portlandite. Moreover, 
a dense structure of C-S-H and ettringite containing iron was observed 
by electron microscopy. 

C-S-H is the major hydration product and the most important 
component in cement [15–17]. The volume of C-S-H is up to 50% of a 
fully hydrated cement paste [18]. It is a poorly crystalline non- 
stoichiometric material, which is difficult to characterize and describe 
at an atomistic level [15,17]. Solid-state 29Si NMR has been among the 
most useful methods to study silicate arrangements in C-S-H 
[15,16,19,20]. For a given silicate unit this technique can be used to 
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describe the extent of bridging to other silicate units and the degree of 
silicate polymerization. The silica arrangement in C-S-H comprises 
parallel linear rows of silicate dimers, occasionally bridged together by 
another tetrahedron to create pentamers or longer oligomers. Such a 
“dreierketten” structure resembles the structure observed in some 
naturally occurring minerals such as tobermorite. 14 Å tobermorite is 
composed of calcium layers which are terminated on each side by sili
cate chains. Both Ca2+ and water can be found between these layers and 
it has been recently demonstrated from combined NMR and atomistic 
modelling that Ca2+ can in fact substitute the bridging silicate site in the 
silicate chain [15]. Furthermore, foreign ions such as Fe3+, Al3+and 
Zn2+ may be incorporated into C-S-H [21,22] but their exact position 
and nature are not fully understood. How such ions may affect the for
mation and growth of C-S-H has not been thoroughly investigated, often 
because of the complexity of cement hydration where more than eight 
solid phases can exist at any given time. 

The aim of this work is to investigate the incorporation of Fe3+ ions 
into C-S-H prepared using the rapid precipitation method of Kumar et al. 
[15], who reported that uniform synthetic C-S-H with controlled Ca/Si 
ratios can be produced using a well-designed reactor with different 
precipitation modes. This reduces the chemical complexity of the 
products and allows us to identify the effect of individual parameters on 
nucleation and growth of synthetic C-S-H. The Ca/Si molar ratio of 
synthetic C-S-H can be controlled between 1.0 and 2.0 without the 
formation of any secondary phases. The addition of iron to the initial 
solutions will provide fundamental understanding on the role of Fe3+ on 
key factors like C-S-H formation which may influence early age prop
erties while using SCMs containing iron. The resulting precipitates were 
fully characterized including magic-angle spinning (MAS) NMR, elec
tron microscopy, electron paramagnetic resonance (EPR) spectroscopy 
and XRD, allowing us to determine the distribution and effects of iron in 
the products of the synthetic C-S-H precipitation system. Our results 
suggest the Fe3+ is incorporated into the C-S-H structure but is limited by 
the prior precipitation of a secondary phases such as ferrihydrite or 
hydrogarnet. 

2. Materials and methods 

2.1. Synthesis of pure phase C-S-H 

The synthetic C-S-H was prepared via the dropwise method. A 0.1 M 
sodium silicate solution (Na2SiO3, Sigma-Aldrich, CAS:6834-92-0) at pH 
13.5 was present in the vessel and 0.2 M of calcium nitrate (Ca 
(NO3)2.4H2O, Fluka Chemicals, CAS:13477-34-4) at pH 6.5 was intro
duced into the vessel in a drop wise manner at a fixed rate of 2.17 mL/ 
min. The pH of the solutions was adjusted by using sodium hydroxide 
(NaOH, Acros organic, CAS:1310-73-2) as indicated by Kumar et al. [15] 
to target a C-S-H with a Ca/Si ratio of 2.0. The total reaction time was 3 
h. All solutions were prepared by using ultra-pure water previously 
boiled to remove dissolved CO2. After precipitation, the samples were 
washed with ultra-pure water mixed with ethanol (50:50 vol%) and 
followed by pure ethanol to remove unwanted ionic species in the pre
cipitate. Then, samples were collected by vacuum filtration and stored as 
wet pastes in polystyrene containers. 

2.2. Synthesis of C-S-H with Fe3+

Iron (III) nitrate (Fe(NO3)3⋅9H2O, Acros Organics) solutions at pH 2.5 
were used at 1.0 and 4.0 mM concentration (typical of calcined clay Fe 
contents) and added to either the initial sodium silicate solution or 
calcium nitrate solution. The synthetic conditions are summarized in 
Table 1. For samples Fe_A1, Fe_A2, Fe_B1, and Fe_B2, the precipitation of 
an Fe-containing phase was observed in the initial Fe containing solution 
with pH > 11. This is henceforth referred to as pre-precipitation as it 
occurred prior to precipitation of the C-S-H. The experimental condi
tions were modified by lowering the pH of the initial solution I to avoid 

pre-precipitation for samples Fe_C1 and Fe_C2. The synthetic C-S-H with 
Fe3+ was synthesized via the dropwise method in the same manner as for 
the synthesis of the pure phase C-S-H, i.e. by adding dropwise initial 
calcium solution I to initial silicate solution II that was already in our 
reaction vessel. 

2.3. Characterization methods 

The morphology of samples was observed by transmission electron 
microscopy. A Thermo Scientific™ Talos F200X scanning transmission 
electron microscope was operated in high-resolution mode at 200 kV. 
TEM images were collected and then exported by using TEM Imaging 
and Analysis (TIA) software. The samples were prepared by dispersing 
the precipitated C-S-H in isopropanol and treated in an ultrasonic bath 
for 15 min. The dispersed samples were dropped onto the charged grid 
(carbon films on 300 mesh copper grids, Agar Scientific Ltd.) and allowed 
to dry for a few minutes. High angle annular dark field (HAADF) scan
ning transmission electron microscopy (STEM) combined with EDX was 
used to make an elemental mapping of the samples. 

Synthetic C-S-H precipitates were dissolved in concentrated HNO3 to 
determine the Ca/Si ratio and Fe content by inductively coupled plasma 
(ICP) on an ICPE-9000 series (Shimadzu) instrument. For characteriza
tion by XRD and TGA the C-S-H samples were freeze-dried for 24 h after 
washing. The freeze-drying was performed with Alpha 1–2 LD plus, 
Martin Christ Gefriertrocknungsanlagen GmbH. The filtered samples were 
kept in polystyrene containers at − 80 ◦C overnight. Then, the samples 
were put in glass containers and finally attached to the freeze dryer 
valve for 24 h. The diffractogram of the freeze-dried powder was 
measured using CuKα XRD (PANanalytical) with a fixed divergence slit. 
The size of the slit is ½. The patterns were scanned for values of 2θ be
tween 5◦ and 70◦. Thermogravimetric analysis (TGA) was performed on 
a Mettler Toledo SDTA851 instrument using a temperature ramp from 
30 ◦C to 1000 ◦C at 10 ◦C/min under a nitrogen atmosphere. The data 
presented is typical of two replicates. 

Thermodynamic modelling has been carried out using the Gibbs free 
energy minimisation program GEMS [23,24]. This software package 
GEMS v.3 has been developed to compute the chemical speciation of the 
pore solution and hydrate phase assemblage during cement hydration. 
In our work, the cem18 database was used for thermodynamic calcula
tion. The activity model used was the extended Debye-Huckel with the 
associated values of the b_gamma and a0 values of 0.123 and 3.67 
respectively. The C-S-H model used was the cshq model [23]. GEMS 
predicts possible equilibrium phases in our synthetic C-S-H system in the 
presence of Fe3+. 

X-band EPR experiments were carried out using the Bruker EMX 
Nano platform with a variable temperature (VT) accessory to lower the 
sample temperature to 100 K. The fixed operating frequency of the 
spectrometer was 9.60 GHz and the field was swept from 40 mT to 600 
mT. For each analysis approximately 40 mg of sample was loaded into 
3.2 mm outer diameter (OD) sapphire rotors capped with a PTFE insert 
and frozen directly in the VT accessory. A reference spectrum of the 
empty sample container at 100 K was used for background subtraction 

Table 1 
Description of the solutions used in the precipitation of synthetic C-S-H in the 
presence of iron.  

Sample Initial solution I Initial solution II 

Ca 
(NO3)2⋅4H2O 

Fe 
(NO3)3⋅9H2O 

pH Na2SiO3 Fe(NO3) 
3⋅9H2O 

pH 

CSH 0.2 M –  6.5 0.1 M –  13.5 
Fe_A1 0.2 M 1.0 mM  11.0 0.1 M –  13.5 
Fe_A2 0.2 M 4.0 mM  11.0 0.1 M –  13.5 
Fe_B1 0.2 M –  6.5 0.1 M 1.0 mM  13.5 
Fe_B2 0.2 M –  6.5 0.1 M 4.0 mM  13.5 
Fe_C1 0.2 M 1.0 mM  2.5 0.1 M –  13.5 
Fe_C2 0.2 M 4.0 mM  2.5 0.1 M –  13.5  
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and an additional third-order baseline correction was applied during 
processing. 

Solid-state magic-angle spinning (MAS) NMR experiments were 
carried out at 21.14 T on a Bruker Avance Neo spectrometer. The 
samples were packed in 3.2 mm OD sapphire rotors capped with a PTFE 
insert and zirconia drive cap and spun at 12.5 kHz in a dynamic nuclear 
polarization MAS probe capable of lowering the sample temperature to 
100 K. The 29Si and 1H rf field amplitudes were 66 kHz and 93 kHz, 
respectively, with the 1H amplitude ramped from 90% to 100% during 
the 4 ms contact pulse used for cross-polarization (CP) enhancement of 
29Si signals prior to longitudinal storage using a z-filter. Multiple echo 
acquisition using the Carr-Purcell-Meiboom-Gill (CPMG) scheme was 
implemented during detection for further signal enhancement [25]. 
Integration of the CPMG signal across the 29Si chemical shift region of C- 
S-H to obtain the normalized intensities used in the NMR determination 
of iron concentration in the C-S-H foils was done using the macOS 
application RMN [26]. Fitting the intensity data for the iron concen
tration was done with a script written for gnuplot. 

3. Results 

3.1. Morphology 

TEM micrographs of the synthetic C-S-H samples are shown in Fig. 1 
(low Fe content) and Fig. 2 (High Fe content). All samples exhibit C-S-H 
in the foil morphology, as expected for Ca/Si ratios around 2.0 [15]. 
Spherical nanoparticles roughly 100 nm in diameter are also observed 
for Fe_A2 (Fig. 2(a)) and Fe_B2 (Fig. 2(b)), when the samples prepared 
with high initial concentrations of Fe3+. HAADF-STEM measurements 
combined with EDX were used to analyze the elemental distributions of 
samples Fe_C2 and Fe_B2, shown in Figs. 3 and 4, respectively. The 
HAADF image of Fe_C2, where the reaction conditions were such that 
pre-precipitation was avoided, shows C-S-H with a relatively homoge
neous foil morphology. The distribution of Ca, Si and O are relatively 
uniform. The elemental map for Fe shows the iron is distributed over the 
whole sample, but some nonuniformity is suggested by bright regions 
observed in the mapping. These regions generally span 10 nm (occa
sionally up to 30 nm), suggesting some ultrafine Fe containing particles 
are embedded in the C-S-H foils. The HAADF-STEM-EDX measurements 
on sample Fe_B2 (Fig. 4) show the mixture of C-S-H foils and the large 
spherical nanoparticles that are well-evident in the TEM imagery. Uni
form distributions of Ca, Si, and O are detected in both foils and 

(a) (b)

(c) (d)

CSH Fe_A1

Fe_B1 Fe_C1

Fig. 1. Morphology of synthetic C-S-H (a) CSH, synthetic C-S-H with low concentration of Fe3+ (b) Fe_A1, (c) Fe_B1, (d) Fe_C1.  
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spherical nanoparticles. In contrast to the Fe_C2 sample, however, Fe is 
concentrated almost exclusively in the spherical nanoparticles. The C-S- 
H foils are of questionable visibility in the Fe mapping, and as such 
STEM-EDX analysis alone does not allow us to confidently establish the 
presence of iron in the C-S-H phase. 

3.2. Chemical compositions 

The Ca/Si ratio and Fe content for the precipitated synthetic C-S-H 
samples are shown in Table 2. The quantity of iron in the samples mainly 
depends on the Fe3+ concentration of the reactants. At low concentra
tion of Fe3+ the C-S-H shows 0.010–0.014 mmol/g of Fe, whereas at high 
concentrations of Fe3+ there are 0.039–0.048 mmol/g of Fe, consisting 
of about 3% of the iron initially added to the reaction vessel. The 
presence of Fe3+ in the precipitation of the synthetic C-S-H leads to 
overall Ca/Si ratios in general lower than the pure C-S-H system. The 
Fe_B2 sample, where high initial Fe3+ concentration and pH led to sig
nificant pre-precipitation in the initial sodium silicate solution, is the 
most remarkable of these, exhibiting the lowest overall Ca/Si of around 
1.2. This does not necessarily reflect the Ca:Si ratio of the C-S-H phase 
itself, owing to the significant amount of Ca and Si contained in the 
spherical nanoparticles. 

3.3. XRD data 

When preparing the initial Fe containing solutions for samples 
Fe_A1, Fe_A2, Fe_B1, and Fe_B2, pre-precipitation of an iron-containing 
phase occurred when the pH of the solution reached the designated pH 
shown in Table 1. The colour of the pre-precipitate in both initial so
lutions I and II was dark brown. The XRD pattern of the Fe-containing 
solution in the initial solution I and II after pre-precipitation is shown 
in Fig. 5. The lack of any well-defined peaks indicates that the dark 
brown solid is a poorly crystalline material. Given its characteristic 
colour, the precipitate is an iron-containing material such as ferrihydrite 
[27,28]. 

XRD analysis results for the seven synthetic C-S-H products show 
characteristic peaks for 2θ values of 16–18◦, 29.2◦, 33◦, 50◦, 55◦ and 
67◦, which corresponds well to dried synthetic C-S-H [16]. When 
comparing C-S-H in the presence of Fe3+ at low concentration (Fig. 6), 
all samples shows similar pattern to C-S-H except for a small broad peak 
around 2θ = 17◦, which, according to recent results from Grangeon et al. 
[16], corresponds to the occupancy of Si atoms in bridging sites of the 
silicate chains in C-S-H. At the higher Fe3+ concentration, (Fig. 7), the 
Fe_C2 sample also shows a similar pattern to pure C-S-H again with the 
small broad peak around 2θ = 17◦. On the other hand, Fe_A2 and Fe_B2 
show additional crystalline peaks at 2θ values of 17.4◦, 20.0◦, 26.8◦, 

(a) (b)

(c)

Fe_A2 Fe_B2

Fe_C2

Fig. 2. Morphology of synthetic C-S-H with high concentration of Fe3+ (a) Fe_A2, (b) Fe_B2, (c) Fe_C2.  
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28.7◦, 33.0◦, 35.2◦, 39.6◦, 44.7◦ and 52.9◦, which correspond to sili
ceous hydrogarnet containing iron [29]. There are some small crystal
line peaks of NaNO3 at 23.2◦ and 48.4◦ and Ca(OH)2 at 18.1◦, 34.1◦ and 
47.3◦ (2θ). 

3.4. TGA data 

TGA analysis of the samples are shown in Figs. 8 and 9. In cemen
titious materials, mass loss of samples up to 600 ◦C relate to the loss of 

water and above 600 ◦C corresponding to the loss of CO2 [30]. All freeze- 
dried samples show the main weight loss in TGA curve between 80 ◦C 
and 150 ◦C, typical of interlayer water in C-S-H. The broad weight loss 
between 650 ◦C and 700 ◦C could be due to poorly crystalline CaCO3. At 
high concentrations of Fe3+ (Fig. 9), there are weight losses at 320 ◦C 
approximately 2 wt.-%, and 450 ◦C approximately 5 wt.-%. These can be 
attributed to siliceous hydrogarnet containing iron [11] and Ca(OH)2, 
respectively. When analyzing wet samples (without freeze drying) we do 
not see any Ca(OH)2 or CaCO3 suggesting some minor degradation and 

Fig. 3. STEM-EDX of synthetic C-S-H with high concentration of Fe3+ (Fe_C2). Bright regions spanning up to 30 nm in length suggest slight nonuniformity in the Fe 
distribution and are indicated by red circles in the Fe map. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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formation of CaCO3 and Ca(OH)2 can sometimes take place during the 
freeze-drying stage. 

3.5. Thermodynamic modelling, GEMS 

With an initial solution pH ≥ 11, pre-precipitation of an iron- 
containing phase was observed, regardless of whether the ferric ni
trate was added to the calcium nitrate or sodium silicate solution. The 
thermodynamic modelling (GEMS) predicts iron species and possible 
solid phases of the initial Fe containing solution, as shown in Fig. 10. We 
see that the solid phase of the initial solution (Fe_A1, Fe_A2, Fe_B1 and 

Fig. 4. STEM-EDX of synthetic C-S-H with high concentration of Fe3+ (Fe_B2).  

Table 2 
Ca/Si ratios and quantity of Fe per gram of sample from ICP measurements. The 
‘±’ represents the standard deviation of three individual measurements.  

Sample Ca/Si Fe/Si Fe/mmol/g 

CSH 2.2 ± 0.6 – – 
Fe_A1 1.7 ± 0.3 0.0006 0.014 
Fe_A2 1.7 ± 0.1 0.0027 0.048 
Fe_B1 1.7 ± 0.3 0.0006 0.010 
Fe_B2 1.2 ± 0.1 0.0025 0.039 
Fe_C1 1.8 ± 0.1 0.0006 0.011 
Fe_C2 2.2 ± 0.6 0.0027 0.039  
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Fe_B2) is expected to be ferrihydrite (FeOOH). The quantity of this phase 
depends on the concentration of Fe3+ and pH of the solution. Generally, 
Fe3+ is commonly used to prepare ferrihydrite precipitation in homo
geneous solution which acts as a precursor of goethite synthesis 
[31–34]. Ferrihydrite is metastable and poorly crystalline, generally 
forming at pH > 2.5, preceding transformation to more crystalline and 
stable phases. At a pH of 2.5 for the initial solutions (Fe_C1, Fe_C2), there 
is no pre-precipitation of a solid phase. In this case, we see from Fig. 10 
that the major Fe species in the initial solution are predicted to be Fe3+, 
FeOH2+, and Fe2(OH)2

4+. From the thermodynamic modelling ferrihy
drite (FeOOH) is not expected in the initial Fe containing solutions of 
Fe_C1 and Fe_C2, in agreement with our experimental findings. 

The formation of C-S-H in the presence of Fe3+ was modelled using 

GEMS. The possible solid phases and their quantities at equilibrium are 
shown in Table 3. GEMS only considers the final equilibrium point, and 
the matter whether the Fe3+ is considered to be added to the calcium 
nitrate or the sodium silicate is irrelevant here. In each case, C-S-H is the 
dominant solid phase in the system. In the presence of Fe3+, GEMS 
predicts a second phase, an iron-containing siliceous hydrogarnet phase, 
Ca3Fe(SiO4)0.84(OH)4.32 . The calculations from GEMS shows good 
agreement with our experiments with high Fe3+ concentration of Fe_A2 
and Fe_B2. 

3.6. Electron paramagnetic resonance (EPR) 

Further investigation into the speciation and distribution of iron in 
these samples was done using magnetic resonance. Fig. 11 shows low 
temperature X-band EPR spectra of two iron containing C-S-H samples 
prepared with and without pre-precipitation of ferrihydrite phases. The 
EPR spectrum of the sample Fe_C1 is dominated by a tall feature 
centered around an apparent g value of geff = 4.3. From this feature, a 
prominent wing extends toward lower field values, terminating at geff =

9.7. This broad pattern can be assigned to isolated Fe3+ ions (S = 5/2) in 
slightly distorted environments which lead to zero field splitting (ZFS)- 
induced displacements away from geff = 2.0 and into the low-field re
gion. Such signals have a long history in the literature of silicates [35] 
and in the pioneering work of Castner et al. [36] it is proposed that they 
originate when Fe3+ substitutes for Si4+ in tetrahedral coordination as a 
network former. This remains circumstantial, however, since other 
configurations such as surface bound or solvated Fe3+ ions in the pore 
solution could conceivably lead to signals in this region and which 
would be nearly indistinguishable from those generated by bulk tetra
hedral Fe3+ [37]. 

Toward higher field, a less distinct roll is visible as a minor feature, 
centered around geff = 2, which covers nearly the entire baseline to the 
upper end of the field sweep range (0.6 T, geff = 1.1). This is the result of 
iron centers in such proximity that the magnetic interaction between 
them becomes significant. This is expected in regions of higher iron 
density, an interpretation which is supported by the EPR spectrum of 
sample Fe_B2, which contain iron-rich nanoparticles. The broad feature 
at geff = 2 now dominates the spectrum, appearing as a rolling Gaussian 
line shape. The tall feature around geff = 4.3 due to isolated Fe3+ is a 
minor feature in comparison to the roll but remains visible nonetheless, 
suggesting that the sample does contain Fe3+ but at such a low con
centration that the region is rendered dark in the Fe mapping by STEM- 
EDX. 

3.7. Nuclear magnetic resonance (NMR) 

Solid-state NMR is typically a method of choice for structural char
acterization, but can be challenging in samples containing iron due to 
signal quenching effects arising from strong magnetic couplings. We 
were able to observe the 29Si nuclei in the C-S-H foil phase. High- 
resolution 29Si spectra of Fe_B2, Fe_C1, and a C-S-H reference sample 
at a Ca:Si ratio of 2 are shown in Fig. 12. The 29Si signals in each case 
correspond to the expected Q(1) (− 79 ppm), Q(2b) (− 82 ppm), and Q(2p) 

(− 86 ppm) signals found in C-S-H, which partially overlap in yielding 
the NMR line shape characterstic to C-S-H. Because CP was used to 
measure these signals, the spectra in Fig. 12 are not quantitative, i.e. the 
ratio of the NMR signal intensities assigned to each Q species does not 
equal the corresponding atomic ratio of Q species in the C-S-H. None
theless, assuming the reference spectrum corresponds to a Ca:Si ratio of 
2, the relatively small intensity of the Q(2) signals for Fe_B2 and the 
relatively large Q(2) signals for Fe_C1 would indicate Ca:Si ratios slightly 
larger and smaller than 2, respectively. 

To selectively determine the concentration of Fe3+ in the C-S-H phase 
we measured the paramagnetic relaxation enhancement (PRE) of the 
29Si nuclei [38]. We accomplished this by measuring the decay of lon
gitudinal 29Si magnetization in z-filtered CP-MAS experiments as a 

Fig. 5. XRD patterns of pre-precipitation of initial Fe containing solution in the 
initial solutions I and II. 

Fig. 6. XRD patterns of synthetic C-S-H and C-S-H synthesized in the presence 
of a low concentration of Fe3+. (* - C-S-H). 

Fig. 7. XRD patterns of synthetic C-S-H and C-S-H synthesized in the presence 
of a high concentration of Fe3+ (HG-siliceous hydrogarnet, CH‑calcium hy
droxide and NN‑sodium nitrate). 
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function of longitudinal storage interval, τz. The intensities we measure 
are plotted in Fig. 13. We observe decays governed by multiexponential 
T1 relaxation, mostly due to the wide distribution of 29Si relaxation rates 
arising from the varied 29Si-Fe3+ distances in our samples. Single 
exponential relaxation is a poor model of the decays we observe and 
hence we avoid providing explicit values of T1 parameters in our dis
cussion. We see that the 29Si magnetization of C-S-H in the absence of 

any added iron decays on the time scale of many hours, which may itself 
be due to residual paramagnetic impurities. The decay of 29Si magne
tization is an order of magnitude faster for the sample Fe_B2, which was 
prepared with high initial Fe3+ concentration and ferrihydrite pre- 
precipitation. Likewise, the 29Si signal from the foils of Fe_C1, which 
was prepared at a lower Fe3+ concentration and without ferrihydrite 
pre-precipitation, decays yet another order of magnitude faster than 
Fe_B2, approaching zero after τz = 300 s. This indicates that PRE is the 
dominant relaxation mechanism for the samples Fe_B2 and Fe_C1. 

Our relaxation data can be quantitatively analyzed for the iron 
concentration of the C-S-H phase using a model which connects the 
density of iron centers to the signal decay by the PRE. Our NMR ex
periments were carried out at 100 K, 12.5 kHz MAS, and at the 29Si 
natural abundance of 4.7%; therefore, we expect that molecular motion 
is effectively frozen and that 29Si nuclear spin diffusion is exceedingly 

Fig. 8. TGA of synthetic C-S-H and C-S-H synthesized in the presence of a low concentration of Fe3+. Solid curves correspond to mass fraction and dashed curves to 
the smoothed first derivative. 

Fig. 9. TGA of synthetic C-S-H and C-S-H synthesized in the presence of a high concentration of Fe3+. Solid curves correspond to mass fraction and dashed curves to 
the smoothed first derivative. 

Fig. 10. Iron species of the initial Fe containing solution predicted from GEMS 
at equilibrium. The amount of Fe2+, FeOH+, FeO2

− , FeO2H@H2O, [FeHSiO3]2+, 
and Ca3Fe(SiO4)0.84(OH)4.32 species are predicted to be several orders of 
magnitude lower than those shown in the chart for each solution we consider. 

Table 3 
Possible phases in synthetic C-S-H experiments with the presence of Fe3+

calculated by GEMS.  

Sample C-S-H (mM) C3FS0.84H4.32 (mM) 

CSH  15.0 – 
Fe_A1  14.8 0.2 
Fe_A2  13.6 1.0 
Fe_B1  14.8 0.2 
Fe_B2  13.6 1.0  
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slow. Neglecting these influences, the magnetization M(r, τz) at a dis
tance r away from the nearest paramagnetic center is to a good 
approximation given by [39]. 

M(r, τz) =
(
M(r, 0) − Meq

)
exp

(
− Cτzr− 6)+Meq, (1)  

where Meq is the equilibrium level of magnetization and C is a rate- 
related parameter [40,41]. In principle, Eq. (1) fails to describe the 
behavior of magnetization at sufficiently long τz, when more distant 
paramagnetic centers begin to affect the relaxation at a given point and 
the effects of nuclear spin diffusion can become significant [39,42]. 
Nevertheless, Labouriau, Kim and Earl showed in their 29Si NMR study 
of Fe3+ in clays that in many practical cases a robust analysis can still be 
achieved assuming that the PRE by Fe3+ is governed by Eq. (1) at all 

times [43]. Their model is equivalent to one in which the magnetization 
is contained within a single sphere, of radius R, whose volume is equal to 
the mean volume of C-S-H per Fe3+ center. This makes R the Wigner- 
Seitz radius of the Fe3+ dopants; by determining R, the concentration 
of iron follows. We also exclude magnetization within the quenching 
barrier radius b, for where r < b there is no significant contribution to the 
NMR signal due to paramagnetic broadening effects. In adopting this 
single relaxation center model Eq. (1) can be integrated in the shell 
where b < r < R and normalized under the approximation that the initial 
magnetization profile is uniform to obtain the analytic response function 
for our data, 

S(τz) =
1

R3 − b3

[

R3exp
(
− CτzR− 6) − b3exp

(
− Cτzb− 6)

+
̅̅̅̅̅̅̅̅̅̅
πCτz

√
(

erf
( ̅̅̅̅̅̅̅

Cτz
√

R3

)

− erf
( ̅̅̅̅̅̅̅

Cτz
√

b3

))]

(2) 

Labouriau, Kim, and Earl calibrated b by collating their MAS NMR 
results with independent analyses of Fe3+ concentration and found that 
b = 1.0 nm at 9.4 T and temperatures near 300 K. Adjusting this value to 
our magnetic field B0 = 21.14 T and sample temperature T = 100 K 
according to the B0

1/3 and T-1/3 dependencies of the barrier radius [39], 
we take b = 1.89 nm in Eq. (2) and jointly fit the relaxation data on 
Fe_B2 and Fe_C1 for the Fe3+ concentration (via c[Fe3+] = 3/(4πNAR3), 
where NA is the Avogadro constant) and C. Our fit excludes the region 
where τz > 300 s, when roughly 10% of the 29Si magnetization in the 
iron-free C-S-H reference sample decays and relaxation by mechanisms 
other than PRE by Fe3+ may begin to contribute significantly. This also 
reduces the influence of any 29Si nuclear spin diffusion. The result of this 
analysis is shown as the solid curves in Fig. 13. The best fit concentra
tions are, to 95% model confidence, c[Fe3+] = (2.4 ± 0.6) mM for Fe_B2 
and c[Fe3+] = (7.5 ± 2.0) mM for Fe_C1, along with the joint fit 
parameter C = (6.6 ± 2.8) nm6/s. Assuming the chemical formula of the 
C-S-H phase is (CaO)2-(SiO2)-1.9 H2O (neglecting the expected tiny Fe 
contribution) and the density of the C-S-H phase is 2.0 g/mL (not dried, 
[15]), these concentrations correspond to the atomic ratios Fe/Si = (250 
± 60) ppm and Fe/Si = (770 ± 210) ppm for Fe_B2 and Fe_C1, 
respectively. 

Fig. 11. X-band EPR spectra at 100 K of C-S-H samples synthesized with a high 
concentration of Fe3+ with pre-precipitation of ferrihydrite at a high Fe3+

concentration, Fe_B2; and without pre-precipitation at a low Fe3+ (1.0 mM in 
starting solution), Fe_C1. 

Fig. 12. (a) High-resolution 29Si CP MAS NMR spectra of the C-S-H reference 
(green), Fe_B2 (blue), and Fe_C1 (red) at 21.14 T and a temperature of 100 K. 
The spectra are normalized with respect to the maximum height of the signal, 
which corresponds roughly to the height of the Q(1) signal at − 79 ppm. (b) 
Structural schematic of a basic pentamer silicate chain in C-S-H with the Q 
speciation of each silicate identified. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 13. Semi-log plot of the intensity of 29Si signals as a function of the lon
gitudinal storage interval τz at 21.14 T and 100 K for a reference sample of C-S- 
H synthesized in the absence of iron (green), Fe_B2 (blue) and Fe_C1 (red) at 
100 K in the z-filtered CP experiment. The solid curves are the best fit of Eq. (2) 
to the data points where τz < 300 s. The dashed green curve is fit to the entire 
dataset and is intended as a guide to the eye. Error bars correspond to 95% 
confidence intervals. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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For both samples, the fit to Eq. (2) is excellent in the region where τz 
< 300 s. For τz > 300 s, Eq. (2) is an extrapolation. We see that the 
extrapolation is good for Fe_C1, correctly predicting where the decay 
nears completion. Interestingly, this is not so for Fe_B2, where an 
increasingly positive deviation of S(τz) from the prediction emerges as τz 
increases. Indeed, at a τz of 5000 s, S(τz) ≈ 0.20, over twice the value 
predicted by our model of PRE relaxation. This suggests that for a sig
nificant portion of the C-S-H foils in Fe_B2, but not Fe_C1, the influence 
of PRE due to Fe3+ is not the same throughout the sample. 

4. Discussion 

In real Portland cement, ferrite is the major Fe phase which reacts 
with water forming ettringite, ferrihydrite and siliceous hydrogarnet 
containing iron. The ferrihydrite converts to more stable siliceous 
hydrogarnet in a few hours with increasing pH in the pore solution 
because of its metastable nature [6,10]. Fe enriched-kaolinite in blended 
white cement improves pozzolanic activity, for which an optimum level 
is 2.7% Fe2O3 [14]. A dense structure of C-S-H containing iron was 
found. At higher Fe2O3 contents, pozzolanic activity decreases and a 
new phase of AlCaFeS(OH)5 was observed. 

Our results demonstrate the effect of Fe3+, investigated at 1.0 and 
4.0 mM, on the synthetic C-S-H via a dropwise precipitation method. 
This reflects a reduction in the chemical complexity relative to Portland 
cement blends. Nonetheless, multiple solid phases are sometimes 
observed. The precipitated C-S-H is the major phase and, occasionally, a 
prominent secondary phase of iron-containing siliceous hydrogarnet 
(Table 3). For Fe_A1 and Fe_A2, adding NaOH at pH 11.0 in the Ca and 
Fe solution leads to the pre-precipitation of ferrihydrite, which was 
predicted by thermodynamic calculations (Fig. 10) and observed as a 
poorly crystalline phase by XRD (Fig. 5). When the suspension of ferri
hydrite in calcium drops into the silicate solution, the metastable ferri
hydrite is expected, from thermodynamic modelling with GEMS, to 
transform to the more stable phase of siliceous hydrogarnet, Ca3Fe 
(SiO4)0.84(OH)4.32 . When adding NaOH to the Si and Fe solution 
(Table 1, Fe_B1 and Fe_B2), the iron again could be in the form of a pre- 
precipitation of ferrihydrite, as well as contributing to the formation of 
Fe(III) silicate complexes [34]. After introducing of Ca solution into the 
suspension of ferrihydrite and Fe(III) silicate complexes, the siliceous 
hydrogarnet phase is once again observed to form, in accordance with 
the prediction by thermodynamic modelling using GEMS. 

Without pre-precipitation of ferrihydrite (Fe_C1 and Fe_C2), little 
siliceous hydrogarnet is seen after 3 h of reaction, as seen by XRD in 
Figs. 6 and 7. GEMS calculates the equilibrium state, and in this case the 
same concentrations of reactants are present but a different initial pH. As 
such GEMS still predicts the formation of siliceous hydrogarnet for 
samples Fe_C1 and Fe_C2, which XRD indicates is only a minor con
stituent at best. This suggests that without the pre-precipitation of fer
rihydrite the reaction of C-S-H with Fe3+ is faster than hydrogarnet 
formation. Similarly, for Portland cement [6,10,35], a two-stage reac
tion is known, with a prior precipitation of ferrihydrite and its subse
quent transformation of ferrihydrite to hydrogarnet. This processed is 
evident in our simpler C-S-H systems; with the pre-precipitation of fer
rihydrite, 3 h is sufficient for the hydrogarnet formation. 

The synthetic C-S-H with and without Fe3+ were characterized by 
XRD, TGA, TEM and STEM-EDX. The results confirm that the precipi
tated synthetic C-S-H is the major phase of seven samples. From Table 2, 
we see that the Fe contents in samples are 0.010–0.014 mmol/g 
(0.06–0.08%) of low Fe3+ concentration and 0.039–0.048 mmol/g 
(0.22–0.27%) of high Fe3+ concentration. Assuming an average sample 
density of 2.0 g/mL, this corresponds to an average concentration be
tween 20 mM and 28 mM for the low Fe3+ concentrations and between 
78 mM and 96 mM for the high Fe3+ concentrations. This represents the 
iron not only in C-S-H but also in secondary phases such as the Fe- 
containing siliceous hydrogarnet. However, the Ca/Si ratios of precipi
tated synthetic C-S-H with presence of Fe3+, as evidenced by ICP, are 

slightly decreased when compared to the pure synthetic C-S-H. This may 
be by the substitution of Fe3+ in the C-S-H structure or interlayer or the 
iron could be adsorbing onto the C-S-H surface. From XRD and TGA, 
Fe3+ does not show a great effect on nucleation and growth of synthetic 
C-S-H (interlayer or structure), although ionic radius of Fe3+ (0.645 Å) is 
smaller than Ca2+ (0.99 Å) and could thus possibly substitute in the Ca 
sites either in the main layer structure or the newly identified bridging 
sites in the interlayer [15]. We can corroborate the trends observed in 
ICP with Ca:Si ratios analyzed from the high-resolution 29Si NMR 
spectra shown in Fig. 12. Using the C-S-H sample synthesized in the 
absence of added Fe3+ with a Ca/Si ratio of 2 as a reference, the speci
ation of silicates in the C-S-H phases of Fe_C1 features a lower Q(1)/Q(2) 

ratio than in the reference, whereas this ratio is higher for Fe_B2. More 
chain-terminating Q(1) species indicates a greater number of defects, 
shorter chain segments, and consequently additional calcium and a 
greater Ca/Si ratio. We find that the ICP and NMR results for Fe_C1 are 
consistent. For Fe_B2, we find the results are in opposition: NMR in
dicates the C-S-H Ca/Si ratio is greater than 2, whereas the ICP analysis 
indicates this ratio is merely 1.2. In order to reconcile these observa
tions, we note that the Ca/Si ratio determined by ICP includes secondary 
phases as well, whereas the NMR result is selective for the C-S-H phase. 
Given the large quantity of iron-containing siliceous hydrogarnet in the 
sample (which is invisible to NMR by its very high iron concentration, as 
suggested by its assignment to the broad rolling line shape in EPR – see 
below), it may be that the Ca:Si ratio of this hydrogarnet phase is low. 

To analyze the incorporation of iron into the C-S-H structure itself, 
EPR and 29Si NMR relaxation data have been used. The EPR indicates 
two primary iron environments: magnetically isolated, paramagnetic 
Fe3+ ions and clustered iron moieties where Fe3+ centers are of sufficient 
density to allow for spin-spin coupling of the iron centers. The isolated 
Fe3+ environments dominate the EPR spectrum of Fe_C1, whereas for 
Fe_B2, the clustered moieties dominate. Based on STEM-EDX and XRD, 
the clustered iron signal corresponds to the nanoparticles of siliceous 
hydrogarnet, which are probably superparamagnetic [44–46]. 

We find by NMR that the concentration of isolated Fe3+ ions in the C- 
S-H phase of Fe_C1 is about three times that of sample Fe_B2, despite an 
initially lower concentration of iron during synthesis. This is qualita
tively consistent with the intensity of the feature assigned to isolated 
Fe3+ in the EPR spectra shown in Fig. 12. Since the EPR method is not 
selective for the C-S-H phase, this agreement would indicate that most of 
the isolated Fe3+ is contained within the C-S-H. The agreement also 
suggests that the iron-rich nanoparticles observed in Fe_C1 by STEM- 
EDX do not contribute to the 29Si PRE in the C-S-H phase, despite the 
high interfacial volume expected on account of their small size and 
dispersal throughout the majority of the C-S-H foil volume. To explain 
this, note that magnetically dilute Fe3+ ions are efficient nuclear relax
ation agents in high-field NMR experiments due to their relatively long 
electron correlation times τe on the order of ns [47]. Because of anti
ferromagnetic spin exchange between Fe3+-O-Fe3+ linkages [45], how
ever, oligomeric and polymeric iron clusters in iron-rich oxides are 
expected to have much shorter τe than magnetically isolated Fe3+ ions, 
reducing their efficacy as nuclear relaxation agents [47–49]. We are thus 
confident that our method determines accurately the concentration of 
isolated, magnetically dilute Fe3+ ions in the C-S-H phase. 

For Fe_C1, the 29Si relaxation data shows a complete loss of NMR 
signal as τz approaches 1000 s, suggesting that Fe3+ ions are uniformly 
distributed throughout the C-S-H foils, in line with the prediction of our 
model of PRE by Fe3+. For Fe_B2, the decay predicted by our model of 
PRE in Fe3+ is too rapid at long τz. This may indicate a nonuniform or 
heterogeneous distribution of Fe3+ ions in the C-S-H phase, featuring 
relatively iron-poor regions where PRE by Fe3+ becomes an ineffective 
relaxation mechanism. Such heterogeneity may be a consequence of the 
pre-precipitation reaction, which forces the nucleating C-S-H to scav
enge Fe3+, favoring foils in proximity to iron-rich ferric precipitates. 
This interpretation is supported by the observation that the average iron 
concentration determined by ICP is three times higher for sample Fe_B2 
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than it is for Fe_C1. In other words, while the concentration of Fe3+ in 
the C-S-H phase of sample Fe_C1 (7.5 mM) is only a factor of three lower 
than the overall iron concentration (22 mM) of the sample, the con
centration of Fe3+ in the C-S-H phase of sample Fe_B2 (2.4 mM), is over a 
factor of thirty times lower than its overall iron concentration (78 mM). 
This supports our inference from the NMR data that most of the iron in 
Fe_B2 is locked up in the iron-rich precipitates (siliceous hydrogarnet) 
seen in STEM-EDX, limiting the amount of Fe3+ available during C-S-H 
formation. The excess iron in sample Fe_C1 may be accounted for by the 
nascent iron-rich nanoparticles, which is likely the iron-containing 
siliceous hydrogarnet predicted to be stable by GEMS, and which EPR 
shows to be present at a low concentration (Fig. 12). Since the NMR 
results show that Fe3+ in Fe_C1 is uniformly distributed in the C-S-H 
phase, any iron-rich phases likely formed in such a way that iron uptake 
during C-S-H formation was not restricted. Indeed, it may be the other 
way around, with C-S-H uptake of iron limiting the formation of iron- 
rich nanoparticles, which would explain both the uniform distribution 
of C-S-H iron and the brightness nonuniformity of the STEM-EDX results 
on the similar sample Fe_C2, shown in Fig. 3. It may also be possible that 
excess iron exists as residual Fe3+ ions adsorbed to the surface of C-S-H 
foils or located in pores, but this alone does not fully explain our results. 

In this study we have made a first attempt to understand the Fe3+

interaction with a C-S-H of a single Ca/Si ratio near 2. Recent work by 
Mancini et al. [50] shows similar uptake values: Fe/Si atomic ratios 
around 0.001 for nominal Ca/Si ratios of 1.2 and 1.5. Investigating the 
Fe3+ incorporation of precipitated C-S-H with lower Ca/Si ratios, similar 
to those looked at by Mancini et al., would provide further insight into 
the effect of Ca/Si ratio on Fe3+ uptake. It is also worth investigating 
Fe3+ uptake or incorporation into C-S-H in the presence of aluminium, as 
Al3+ may compete with Fe3+ for sites in the C-S-H structure. Recent 
work using the precipitation method to produce C-A-S-H samples has 
shown promise [51] and will be a fruitful avenue for future research. 

5. Conclusions 

The precipitation of synthetic C-S-H was performed via dropwise 
method in the presence of Fe3+. The addition of Fe3+ to the system re
sults in precipitation of C-S-H and sometimes iron-containing siliceous 
hydrogarnet, Ca3Fe(SiO4)0.84(OH)4.32 depending on the concentration 
of Fe3+ and the pH. The formation of ferrihydrite as a pre-precipitation 
phase when the initial solutions before C-S-H precipitation was sug
gested by XRD and predicted by thermodynamic modelling. This was 
due to the adjustment of the pH with NaOH to control the stoichiometry 
of the C-S-H to be precipitated. By lowering the pH of the initial Fe3+

containing solution the precipitation of C-S-H in the presence of Fe3+

occurs without any pre-precipitation. In the presence of Fe3+, the Ca/Si 
ratios of precipitated synthetic C-S-H are generally slightly decreased, an 
effect which may be due to Fe affecting the structure of C-S-H but also in 
part to the presence of secondary phases with relatively low Ca/Si ratios. 
The morphology of synthetic C-S-H we form always shows a nanofoil 
like morphology, regardless of Fe3+ concentration or pre-precipitation 
of ferrihydrite. EPR and 29Si NMR relaxation data indicate that very 
small amounts of isolated (magnetically dilute) Fe3+ions, not in excess 
of an Fe/Si ratio of 0.001, are incorporated into the C-S-H structure. 
These measurements do not indicate whether the iron is incorporated 
into the chains or is merely present in the interlayer. 

The second phase of iron-containing siliceous hydrogarnet (Ca3Fe 
(SiO4)0.84(OH)4.32) is clearly seen after precipitation at 4.0 mM when the 
Fe is in either the calcium nitrate or the sodium silicate solution before 
precipitation, i.e. with the prior formation of ferrihydrite. It is distrib
uted as fine, roughly spherical nanoparticles, each less than 200 nm in 
diameter. The presence of Fe in these nanoparticles was confirmed by 
STEM-EDX. Quantitative analysis of Fe3+ concentration by NMR using 
measurements of the 29Si PRE indicates isolated Fe3+ ions are present in 
the C-S-H phase but at concentrations not exceeding an Fe/Si ratio of 
0.0003, suggesting the pre-precipitation of the secondary iron-rich 

phases restricts iron incorporation into the C-S-H. When there is no 
pre-precipitation of ferrihydrite, no significant formation of Ca3Fe 
(SiO4)0.84(OH)4.32 was observed at either concentration investigated 
within the 3 h of the precipitation experiment. However, very small 
(<30 nm) iron rich phases were observed in the STEM-EDX and 
confirmed by EPR, possibly ferrihydrite or siliceous hydrogarnet. Rela
tive to the case of synthesis where pre-precipitation occurs, the quan
titative NMR analysis here indicates a higher concentration of Fe3+ in 
the C-S-H phase, even when the overall iron content during synthesis is 
much lower. Thus, when solvated Fe3+ is freely available, Fe3+ uptake 
into C-S-H appears to be competitive with the formation of other iron- 
rich secondary phases. 

Our results suggest that the formation of Ca3Fe(SiO4)0.84(OH)4.32 
passes through ferrihydrite as an intermediate phase and needs a longer 
time to reach the thermodynamic equilibrium when ferrihydrite is not 
initially present in the C-S-H precipitation experiments. The pathway is 
akin to that suggested for Portland cement systems illustrating the 
power of the synthetic C-S-H precipitation system for clarifying the ef
fects of individual ions, which is not always easy to follow and discern in 
real cement mixes. 
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