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The cement industry is an energy-intensive industry, and improving the energy efficiency
of cement has become necessary to reduce its carbon footprint and to compete in
the global market. Clinker production consumes more than 90% of the total energy
used in the cement industry. Therefore, a reduction in the burning temperature of the
cement clinker can reduce the energy consumption; however, it alters the mineralogy
of the clinker composition. Ferrite-rich Portland cement can be produced by lowering
the burning temperature by ~100°C (i.e., at 1,350°C), which can reduce the energy
consumption by ~5% in comparison with ordinary Portland cement (OPC) clinker. In
this study, the hydration reaction and properties of the ferrite-rich Portland cement
were examined by experimental techniques and thermodynamic modeling approach,
and the results were compared with that of OPC. The produced ferrite-rich cement
has almost twice the amount of ferrite phase and half the amount of belite phase
contents present in the OPC. The hydration reaction and the composition of hydrates
were studied by the X-ray diffraction (XRD)/Rietveld analysis and thermogravimetry (TG)
and differential thermal analysis (DTA). The different proportions of the ferrite and belite
phases in ferrite-rich cement change their hydration reaction from that of the OPC, but
not the total hydration of cement. The XRD results reveal similar phases in both the
cements, and the analysis could not identify the new phases formed in the ferrite-rich
cement. An equal degree of hydration and quantified hydrates at the early age results in
almost identical initial and final setting times in both the cements. The ferrite-rich cement
demonstrates a high early strength and relatively slower strength development; however,
it can develop adequate strength at 28 days. The thermodynamic model predicts the
hydration of ferrite-rich cement and shows comparatively high amount of Fe-containing
phases, mainly Fe-ettringite and Fe-siliceous hydrogarnet. Model predictions of the
hydrates compositions agreed with the experimental results, and a relationship between
the predicted total porosity and the measured compressive strength was derived.

Keywords: Fe-containing phases, hydration, thermodynamic modeling, X-ray diffraction, compressive strength,
setting time
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INTRODUCTION

The cement industry is a high-energy consuming sector,
and the production of ordinary Portland cement (OPC) is
responsible for ~5% of the total anthropogenic greenhouse
gas emission by limestone calcination (Imbabi et al, 2012;
Amato, 2013). Reduction of CO, emission associated with the
cement manufacturing process without affecting the cement
demand is a very challenging task for the cement and concrete
industry. Investigations on novel cement systems and low-carbon
concretes are thus important to reduce the environmental impact
of cement. A number of novel cement systems and low-carbon
concretes are currently being developed as alternatives for the
OPC (Gartner, 2004; Gartner and Macphee, 2011). Replacement
of clinker or OPC by supplementary cementitious materials can
help to mitigate the carbon footprint of the OPC (Lothenbach
et al,, 2011), and various alternative clinkers have been proposed
to reduce the limestone amount in the raw mix of cement
production (Morin et al., 2017).

Over the years, cement industry has been reducing the CO,
emission associated with the heating process by improving the
energy efficiency, increasing the use of alternative fuels, and
deploying renewable energy sources (Morin et al., 2011; Folliet

TABLE 1 | Physical properties and chemical composition of cements used (Oxide

in wt.%).

Cement OPC FC
Blaine specific surface area (cm2/g) 3220 3220
Density(g/cm?3) 3.19 3.20
Lol 0.80 0.76
f-CaO 0.82 0.81
SiOo 21.40 18.53
Al, O3 5.36 6.83
Feo O3 3.06 5.67
CaO 65.44 63.83
MgO 0.91 0.96
SO3 1.99 2.04
Na,O 0.11 0.17
KoO 0.15 0.31
TiOo 0.24 0.31
PoOs5 0.26 0.31
MnO 0.04 0.03
SrO 0.04 0.05
Cl 0 0
MINERAL COMPOSITION

CsS 57.6 59.1
CoS 18.0 8.6
CsA 9.0 8.5
C4AF 9.3 17.2
RAW MATERIALS

Limestone 80.1 78.4
Silica stone 7.7 0.7
Coal ash 104 16.1
Iron source 1.8 4.8

et al, 2017). However, it needs further energy conservation
technologies to reduce its carbon footprint. The conventional
OPC clinker is burnt at a very high temperature of about
1,450°C, and the heating process is the most energy-consuming
part in cement manufacture. Therefore, decreasing the clinker
burning temperature reduces both the energy consumption and
CO; emission. Various technologies have been developed to
reduce the energy consumption during the burning process,
such as changing the mineral composition of the clinker or
using alternative clinkers for OPC and using mineralizers to
reduce the burning temperature (Yamashita and Tanaka, 2011).
However, studies on the systematic adjustment of the mineral
composition of clinker to reduce the burning temperature
are limited.

Authors’ previous study has reported that compared to the
other components of the clinker, the ferrite phase contributes
the most to the sintering of the clinker, and the contributions
of the various components to clinker burnability is in the
order, C4AF>C3A>C,5>C3S (Chabayashi et al., 2012, 2015).
A low-burning-temperature clinker, which sinters at 1,350°C,
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FIGURE 1 | XRD patterns of cements. (A) OPC and (B) FC.
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which is ~100°C lesser than temperature required for the OPC
clinker, was produced by increasing the C4AF and decreasing 100
the C,S proportions while targeting a strength equal to that of 90 -
the conventional OPC. It was successfully burnt in an actual T 0
kiln as well (Chabayashi et al., 2015). The cement manufactured -~ 80
using this low-burning-temperature clinker is called ferrite- s 70 - A
rich Portland cement (FC), and it can reduce ~5% of total s A
CO, emission compared to the OPC during the clinkering 2 60 A E
process (Chabayashi et al., 2015). Furthermore, the amount = 50 L A m
of limestone required for cement production, calculated from =y .
mineral composition of clinker, proved that compared to the 3 40 -
OPC, the FC would reduce ~1.29% of CO, emission during §
the heating of limestone. Therefore, the overall CO, emission » 30 - & -
in cement manufacturing process can be decreased by 2.77% by R0 L
replacing OPC with FC (Shinmi et al., 2017). The characteristics A m OPC A FC
of FC are investigated in this study. 10 T
To the best of authors’ knowledge, only a few studies have been 0 i .
reported on the production, hydration, property development, | 10 100 1000
and performance of FC. It has been reported that use of Time(honrs)
FC delays the strength development compared to those with
less ferrite and more aluminates (Gartner and Myers, 1993). ) ) o
. . FIGURE 3 | Hydration degree of cements as a function of hydration time
Furthermore, chemical admixtures are necessary to enhance the determined by XRD.
hydration reaction of the ferrite phase (Gartner and Myers,

100 100
A L | B
9 - 90
A
— 80 A ~ 80
S » " S
E 70 - N - z 70 -
g 60 F - E 60 .
T 50 - . .50 | ]
- =
S 40 L S 40 + LI A
g A g
& 30 - s 5 30 |
5 A 5
[=] a L A
20 a 20 iy " R A
0! = OPC A FC 0 & s
| ]
0 L L 0 L L
1 10 100 1000 1 10 100 1000
Time(hours) Time(hours)
100 c i = 100 b -
90 - 90 "
—~ 80 = —~ 80 +
X 2
< 70 < 70 s
g g . s
€ 60 & € 60 A
- [ ] - L
350 A 250 | .
n
T 40 ¢ " S 40 | - N
g | g [} A
5 30 + 50 30 A A
D A )
S0 | % H S 201
0% - 10 -
0 1 L 0 L 1
1 10 100 1000 1 10 100 1000
Time(hours) Time(hours)
FIGURE 2 | Hydration of (A) C3S, (B) C»S, (C) C3A, and (D) C4AF in the cements as a function of time from the XRD/Rietveld analysis.
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FIGURE 4 | Experimentally determined (A) portlandite, (B) ettringite, (C) monosulfate, and (D) amorphous contents variations as a function of hydration time for OPC
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1993; Schwarz, 1995); this in turn contributes to later-age
strength development. Poor crystalline Fe-containing phases
could form during the hydration of the ferrite phase (Dilnesa
et al., 2011, 2014), influencing the properties of the cement
matrix. Difficulties in understanding the hydration reaction
of the ferrite phase and the identification of Fe-containing
phases in the hydration products limit the development and
application of FC. Therefore, the objectives of this study are to
understand and evaluate the hydration reaction and mechanical
performance of FC and to compare the results with that of
the conventional OPC. The X-ray diffraction (XRD)/Rietveld
analysis and thermogravimetry (TG) and differential thermal
analysis (DTA) were used to identify and quantify the clinker
minerals and their hydration products as well as to estimate
the amount of amorphous in the hydration products. The
thermodynamic hydration model developed in authors’ previous
study (Elakneswaran et al., 2016) was applied to the FC to predict
the hydration reaction and to estimate the hydration products.
The modeling results were verified with the experimental
results. Finally, a relationship between the measured compressive
strength of the cement paste and predicted total porosity
was derived.

MATERIALS AND METHODS

Clinker and Cement Production

The limestone, silica stone, coal ash, and iron source were used
for the clinker production of both cements. The mixture of raw
materials for OPC was first heated to 1,000°C using electric
furnace in 30 min and burnt at that temperature for another
30min. Further, the temperature was increased to 1,470°C
in 47 min and kept constant for 90 min to limit the amount
of free lime to <1%. The calcination of FC up to 1,000°C
follows the same procedure as that used for OPC; thereafter, the
temperature is raised to 1,370°C in 37 min and sustained for
90 min.1 The clinkers were rapidly cooled to room temperature
in the air. Finally, gypsum (gypsum: bassanite 1:1) was
added to the produced clinkers in an amount equal to 2% of
SOs3, and the mixture was then ground using a ball mill to
the target Blaine value of 3,200 & 50 cm?g~! to produce the
cements. The Blaine specific surface area and the density based
on JIS R 5201, the oxide composition by X-ray fluorescence
(XRF), and the mineral composition by Bogue analysis
were determined for the produced cements; the results are
listed in Table 1.
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FIGURE 6 | Compressive strength of hydrated cements.

Sample Preparation

The cement was mixed with distilled water at a water to cement
ratio of 0.5. The mixture was stirred manually until bleeding
stopped. Further, it was cast into cylindrical molds and sealed-
cured at 20°C. The samples that reached the predetermined
curing time (1, 6, and 12h and 1, 2, 3, 7, 14, and 28 days) were
ground and immersed in acetone for 1h to stop the hydration.

Thereafter, the samples were removed from the acetone solution
by suction filtration using an aspirator. Finally, the samples were
kept in an oven at 40°C until they reached a constant mass. The
prepared samples were ground and powdered for XRD and TG
measurements. The 2 x 2 x 8 cm paste specimens were prepared
for compressive strength measurement using a mixer given in
JIS R 5201.

Experimental Methods

The fine powders of the samples were blended with 10 wt.%
of corundum (a-Al;O3) and analyzed by XRD. The XRD
was performed using a Rigaku MultiFlex X-ray generator
with CuKo radiation. The measurement was performed
under the following conditions: tube voltage of 40 kV, tube
current of 40mA, scan speed of 1°26 min~!, scan range
of 26 = 5-70° and step width of 0.02°. Siroquant Version
4.0, manufactured by Sietronics, was used for quantitative
Rietveld analysis. In the Rietveld analysis, monotrinic and
triclinic C3S, a- and B-C,S, cubic C3A, C4AE Gypsum,
Bassanite, Portlandite, Ettringite, Monosulfoaluminate (simply
called monosulfate), and Corundum (a-Al;O3) were assigned
as targets. The quantitative value of C3S was taken as the
sum of the measured values of polymorphic minerals with
different crystal structures. The amount of amorphous
phase content was calculated according to Equation (1)
from the quantitative value obtained by adding 10% mass of
corundum (a-Al,O3).

100 A
P=—— x (1—f> %100 (1)
(100 — A) R

where P is the amount of amorphous phase content (% mass);
A is the mixing rate of corundum (% mass); and R is the
quantitative value of corundum (% mass). The amount of
amorphous phase content in the sample was calculated from
the quantitative value obtained by the Rietveld analysis using
corundum as an internal standard substance, according to
Equation (1). This result was used to correct the determined
values of cement minerals. The loss on ignition was obtained as
a mass loss between 105 and 950°C, using the mass measured
after the ignition loss. To determine the hydration degree
against the unhydrates, the value obtained by the Rietveld
analysis was corrected with the ignition loss value using
Equation (2).

100

Q=150 101

2)
where: Q is the corrected quantitative value (%); Qo is the
quantitative value before the correction (%); and LOI is the loss
on ignition (%).

TG/DTA measurements were performed in nitrogen using a
HITACHI TG/DTA 7220 analyser at a heating rate of 5°C/min
up to 1,000°C. Cement setting time experiment was conducted
according to JIS R 5201 and the compressive strength of the paste
specimens was measured on 3, 7, 14, and 28 days of curing.
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Modeling Approach

The coupled thermodynamic model developed in our previous
work (Elakneswaran et al., 2016) was used to model the hydrate
assemblage of OPC and FC as a function of hydration time.
The thermodynamic model combines the IPhreeqc module
(Charlton and Parkhurst, 2011) and Excel for computations.
The thermodynamic properties of various phases including Fe-
containing hydrates and minerals in the cement system were
collected from Cemdatal8 (Lothenbach et al., 2008a, 2019)
and others (Myers et al., 2014), and the data were converted
into a format suitable for PHREEQC. The converted data by
Elakneswaran et al. (2016) along with the PHREEQC default
thermodynamic database (Parkhust and Appelo, 1999) were used
for the calculations.

RESULTS AND DISCUSSION

The XRD patterns of un-hydrated cements and their pastes
hydrated for 1 h and 28 days are shown in Figure 1. In addition
to the cement clinker minerals, peaks of portlandite, ettringite,
and monosulfate were identified in both the cements, and

calcium silicate hydrates (C-S-H) exists in amorphous phase. The
quantitative amounts of the phases were determined by Rietveld
analysis and TG/DTA, and the results are discussed later. No
qualitative difference is observed in the product formation in the
decreasing of the C,S proportion and increasing of the C4AF
proportion in FC. Ettringite production is noted from 1h in
the hydration products, and it transformed to monosulfate after
3 days of hydration in both the cements. Further, the results
suggest that the Fe-hydrates may exist in their amorphous states
as they cannot be identified by XRD. Figure 2 illustrates the
hydration degree of each clinker mineral in OPC and FC, while
the total degree of hydration as a function of time is plotted in
Figure 3. As given in Table 1, both the cements have almost the
same proportions of C3S and C3A; therefore, variation in their
hydration degree with time is the same. However, the change in
the proportions of C,S and C4AF affects their hydration; ~20%
difference was observed between the C4AF hydrations of OPC
and FC at 28 days. Nevertheless, the differences did not influence
on the total degree of cement hydration (Figure 3).

The XRD/Rietveld analysis reveals that the portlandite,
ettringite, monosulfate, and amorphous phase contents are the
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main hydration products of both OPC and FC, and the variation
in their quantities with respect to the hydration time are plotted
in Figure 4. The phenomenon of hydration in FC is similar
to that observed in the conventional Portland cement system:
portlandite and amorphous phase contents are formed from the
beginning of the hydration process and increase with hydration
time, and the decrease in the amount of ettringite correlates with
the formation of monosulfate. It can be observed that the increase
in ferrite and the decrease in belite in FC do not significantly
influence the quantitative value of hydration products at an
early age. However, at a later age, a difference is observed
particularly in amorphous phase contents. The hydration degree

of belite and ferrite in FC further affects the difference

(Figure 2). Although it is difficult to distinguish the amorphous
phase contents using XRD/Rietveld analysis, it is believed that
the hydration products which containing Fe are quantified
as amorphous.

Figure 5 illustrates the setting time results of OPC and FC.
With an identical value of Blaine specific surface area, both the
cements demonstrate similar initial and final setting times. As
shown in Figures 3, 4, the hydration reaction and the amounts of
solid products formed in FC are equivalent to that of OPC, which
attribute to the similar setting time in both the cements. The
measured compressive strength of the hydrated cements, mean
of 4 samples, is shown in Figure 6 (standard deviation is shown
by bars). It demonstrates that the strength continues to develop
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with the hydration time in both the cements, and the ferrite-
rich cement displays a higher compressive strength at early age
and becomes equal to OPC at 14 days. Early age compressive
strength of OPC paste is slightly lower than the values reported
in the hydrated paste, however it shows the similar strength
at 28 days (Hoshino et al, 2006). Although the 28 days
compressive strength of FC is lower than that of OPC, but it is
sufficiently developed.

A coupled thermodynamic model, proposed in a previous
study for OPC and slag-blended cementitious materials
(Elakneswaran et al, 2016), is employed without any
modifications in this study to understand the hydration
reaction of the ferrite-rich cement system. The coupled model
solves the kinetic equation of the clinker minerals in Excel,
and the dissolved quantities are input to PHREEQC for the
thermodynamic equilibrium and solid solution calculations. An
ideal solid-solution model consisting of six end-members was
considered for C-S-H. Prior to predicting the hydration products,
the kinetic model is used to predict the hydration degree of the
clinker minerals and the total degree of hydration in both the
cements. The comparison of results estimated from the model
and that obtained from XRD/Rietveld analysis are shown in
Figure 7. Despite certain discrepancies between the calculation
results and the experimental data on individual clinker hydration,
the kinetic equations and constants (Elakneswaran et al., 2016)
can predict the hydration reaction of ferrite-rich cement and its
clinker minerals.

The hydration degree or amount of dissolved clinker
phases was used in the thermodynamic calculations with the
thermodynamic database for cement minerals and phases. It
has been reported that the Fe-siliceous hydrogarnet is expected

to form in the hydrated cement system, and it is more stable
than Al-siliceous hydrogarnet (Lothenbach et al., 2019). Fe-
ettringite, Fe-monosulfate, and Fe-siliceous hydrogarnet were
considered in addition to other hydrates commonly found in
the hydrated cement system for the calculations of both the
cements. For the input of the clinker composition of cement
determined by XRD/Rietveld analysis and the mixing conditions,
the predicted phase-assemblage composition of the hydrated
OPC and FC in mass percentage, relative to the total amount of
solid products, is shown in Figure 8. Both the cement systems
form the same kind of phases with the hydration time, but the
initial clinker proportion influences their quantitative values.
The presence of Fe-containing phases from the model prediction
is consistent with the experimental observation (Dilnesa et al.,
2011). Fe-ettringite formed at early age, destabilized and
transformed to form Al-ettringite; Fe-monosulfate was not
produced. The stable Fe-siliceous hydrogarnet starts to form
from early age and continues with the hydration time. The
dissolved Fe from the ferrite phase transforms into Fe-
ettringite and Fe-siliceous hydrogarnet. The high quantity
of ferrite phase in the FC enhances the formation of the
Fe-containing phases.

The predicted mass percentage of portlandite, ettringite, and
amorphous phase content are compared with the experimental
data in Figure9. As reported, the poor crystalline phases of
AFm and Fe-containing phases are difficult to quantify by
XRD/Rietveld analysis, since they might exist in the amorphous
phase as well (Matschei et al., 2007; Lothenbach et al., 2008b).
Therefore, the summation of the total amorphous phase content
and monosulfate was compared with the addition of the
predicted C-S-H, monosulfate, and Fe-siliceous hydrogarnet.
Apart from certain variations, the calculated phase assemblage
generally agrees well with the experimentally determined values,
both qualitatively and quantitatively. A high proportion of
the Fe-containing phases formed from the hydration of ferrite
phase in the FC contributes significantly to the increase in
the calculated amorphous phase content. The composition of
the phase assemblage in terms of volume fraction is shown in
Figure 10. The volume of each hydrate was calculated from its
molar volume, and the total porosity is estimated based on the
volumes of hydrates and un-hydrated cement at any time and
the initial volume of the paste, assuming that chemical shrinkage
does not occur. The calculated total porosity is found to be closely
associated with the measured compressive strength, as shown in
Figure 11, and the relationship is found to be more prominent
in FC. As shown in Figure 10, the porosity does not change
significantly with the increase in ferrite and decrease in belite
phase proportions in FC, though certain differences are observed
between the quantitative values of the hydration products of the
two cements.

CONCLUSIONS

Burning of clinker at ~1,350°C, which is 100°C lower than the
burning temperature of OPC, produces a high-ferrite and low-
belite content cement. The manufacturing process of this cement
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may release 5% lesser CO, than that of OPC, thus demonstrating
a potential to substitute the OPC. The hydration behavior of
the FC is similar to that of OPC, but the different proportions
of the clinkers influence their hydration degree; low hydration
degree of C,S and C4AF are found in FC, in contrast to the
OPC. The hydration products were identified and quantified
by the XRD/Rietveld analysis and TG/DTA, except the C-S-H
and Fe-containing phases that were accounted as amorphous
phase contents. The degree of hydration and hydration products
of ferrite-rich cement are comparatively similar to that of the
OPC; therefore, both the cements exhibit the same initial and
final setting times. The ferrite-rich cement develops higher initial
compressive strength than the OPC, and displays slow strength
development at later age, but achieves the required final strength.
Thermodynamic modeling results reveal the hydration reaction
of FC. Fe-siliceous hydrogarnet is the main Fe-containing phase
formed during the hydration of both FC and OPC, and Fe-
ettringite is produced at a very early age and then converted
to Al-ettringite. The predicted quantities of the Fe-containing
phases strongly depend on the proportion of ferrite in the
cement. The estimated compositions of portlandite, ettringite,
and amorphous phase contents agree satisfactorily with the
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