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Abstract

Carbonation of fly ash mortars augmented with portlandite (CH) under ambient conditions to produce cement-free binding agents that seques-

ter CO, is discussed. Fly ash-CH blends are proportioned to produce shape-stable mixtures that can be conventionally cast or extruded. The strength
and CO2 uptake are noted to strongly depend on specimen saturation. High-Ca fly ash blended with 10% CH (by mass) results in a 7-day compressive
strength of more than 35 MPa when carbonated, which is ~40% higher than that of the conventionally cured mixture, and a CO, uptake of ~8% by
mass of the binder. Low-Ca fly ash blended with 30% CH results in 15 MPa strength, which is 3 times higher than that of the conventionally cured
mixture, and a CO, uptake of ~16% by mass of the binder. The proportion of initial voids that remain after carbonation or conventional curing, which
scales well with compressive strength, is shown to be a convenient measure to quantify the relative efficiency of carbonation. Thermal analysis, elec-
tron micrographs and X-ray maps, and FTIR spectroscopy confirm the carbonation efficiency of the mixtures. The beneficial effects of low w/p and
particle packing in extrudable mixtures towards providing increased strengths and CO2 uptake are also brought out. Overall, this study establishes
the applicability (in terms of strength) of portlandite-enriched fly ashes to form binding agents with significantly lower CO, footprint for several

construction applications.

Introduction

Efforts to reduce the CO, footprint of construction materials,
especially concrete, are vital from a climate-and-sustainability
viewpoint. It is well accepted that one ton of ordinary portland
cement (OPC) production emits ~0.8 tons of CO,, mostly from
calcination of limestone [1]. While the use of a host of cement
replacement materials of lower environmental impact definitely
aids to reduce the amount OPC used in concrete construction (for
e.g, the global average clinker ratio is estimated to be 0.65 [2]), they
do not provide a means to sequester the CO, emitted. Moreover,
the extent of utilization of solid waste materials such as fly ash in
concrete alsoislimited due to: (i) improved coal processing methods
that make many fly ashes non-compliant (e.g., as per ASTM C 618)

@ @ This work is licensed under Creative Commons Attribution 4.0 License | CTCSE.MS.ID.000676.

because of the presence of impurities like unburnt carbon, and (ii)
adverse effects on concrete property development, especially when
higher volumes of fly ash are used. The International Energy Agency
estimates the average global utilization factor of fly ash to be less
than 0.20 [3]. Hence, in order to increase the utilization of fly ash
in cementitious applications, and at the same time sequester CO,,
carbonation-aided cementation emerges as a promising route [4].
Such cementitious binders can be net carbon-negative (depending
on the nature of reactants used) owing to the sequestration of CO,
from a process-related emission stream, and the reduction in CO,
emitted as a result of reduction in OPC production and use. The use
of alkaline waste materials (e.g., fly ash) for mineral carbonation
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(reaction of alkali or alkaline earth metal oxides to form
thermodynamically stable carbonates) has received considerable
attention [5,6]. Direct mineral carbonation relies on the single-
step reaction of metal oxides or silicates with CO,. Several studies
have examined the gas-solid route or aqueous route of fly ash
carbonation [7-10]. The influence of operating parameters (e.g.,
temperature, CO, concentration and pressure, solid-to-liquid ratio,
reaction time) on the carbonation efficiency of fly ashes have been
elucidated in detail [11-14]. Previous work has reported that CO,
sequestration by fly ashes under gas-solid reaction conditions
requires higher temperature and pressure, and can be accelerated
through steam addition [10,11,15]. In aqueous medium, under
high solid-to-liquid ratios and enhanced temperatures, fly ashes
have been shown to sequester up to 20% of CO, by mass [7,16],
though realistic values are much smaller; of the order of 5-10%
[6,17]. However, such efforts are not beneficial towards creating
value-added construction materials because of the impractical
operating conditions (temperature and pressure) or the use of high
liquid contents. The focus of this work, therefore, is to tailor the
ingredients and processing conditions for fly ash carbonation in
such a way that cementitious binders with mechanical properties
appropriate for many concrete applications can be fabricated.

While fly ashes contain varying amounts of CaO (and are
classified as Class C or Class F in ASTM C 618 according to its Ca
content), the Ca present is not all mobile, resulting in substantially
less carbonation than predicted from their chemical composition.

Table 1: Chemical composition of the fly ashes.

Fly ashesrich in Ca have been shown to produce carbonated binders
with adequate strength under elevated temperatures [18], whereas
Ca-poor fly ashes require additives (such as OPC and portlandite) to
produce moderately strong carbonated binders [19]. In this work,
both high-Ca and low-Ca fly ashes are augmented with portlandite
(Ca (OH), or CH) to form OPC-free binders. Portlandite is used as an
additive since it has a very high potential CO, uptake (0.59 g CO, per
g of CH at reaction completion), the precursor for its manufacture
abundantly available, and its production, less energy intensive
than OPC [17,20]. The mixture proportions are designed in such
a way that shape-stable specimens can be conventionally cast or
extruded. The rheological characteristics of the fly ash-CH mixtures
amenable to different types of processing, the influence of specimen
saturation on the strength and CO, uptake, and the microstructural
features of the carbonated fly ash binders are examined.

Experimental Program

Materials and mixtures

A Class C (Ca-rich) and a Class F (Ca-poor) fly ash, both
conforming to ASTM C 618 were used as the starting materials in
this work. The median particle sizes (d, ) of the Class C and F fly
ashes were 10.8 pm and 8.9 um respectively, as measured using
dynamic light scattering. The oxide compositions of the fly ashes
and their specific gravities measured using a pycnometer are
provided in Table 1. The portlandite used contains >99% calcium
hydroxide (CH) and had a specific gravity of 2.33. The median
particle size of portlandite is around 3.8 pm (Table 1).

% of oxides, by Mass
Fly Ash Type . Specific Gravity
Sio, ALO, Fe,0, CaO Na,0 K,0 MgO SO,
Class C fly ash (C) 35.44 17.4 7.15 26.45 1.9 0.53 5.73 2.34 2.82
Class F fly ash (F) 53.97 20.45 5.62 12.71 0.57 1.11 2.84 0.52 2.37

Class C fly ash-based binders were proportioned with 5, 10, or
15% of portlandite (by mass) whereas Class F fly ash-based binders
were proportioned with 10, 20, 30, or 40% of portlandite (by
mass). Both paste and mortar mixtures were designed. The mortar
mixtures contained 50% of fine silica (Si0,) sand (d;, of 0.2 mm;
specific gravity of 2.40) by volume. The Class C fly ash mixtures
demonstrated rapid setting (~2-4 minutes), necessitating the use of
a commercially available retarding admixture. Several trial mixtures
were produced to optimize the dosage of the retarding admixture to
provide initial setting times in the 45-75-minute range. Since shape
stability isan important consideration for these mixtures, the water-
to-powder ratio (w/p; powder includes fly ash and portlandite) was
kept low and a superplasticizer (polycarboxylic ether based) was
used to ensure cohesive mixtures. Trial mixtures using several w/p
and superplasticizer dosages were cast to evaluate shape stability
using a 25 mm diameter x 50 mm long cylinder as shown in Figure
1. Mixtures satisfying shape stability (Figures 1(c) & (f) for Class C

and Class F fly ash-based mortars respectively) were arrived at for
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all portlandite dosages. The extremely fine nature of the portlandite
powder and its affinity to water resulted in the need to increase
the w/b with increasing portlandite content. In addition to these
conventionally cast mortars, two mixtures each based on Class C
and Class F fly ash binders were proportioned at reduced w/b to
be used for extrusion-based production. Two different compaction
pressures (1 MPa and 2 MPa) were used to compact the mixtures
before extrusion. A specially designed fixture was used to push the
specimens out of the mold immediately after casting. The extruded
mortar cubes are shown in Figure 2. The mixture proportions used
for conventionally cast and extruded mortars are shown in Table
2. The letters ‘C’ or ‘F’ denote the type of fly ash and the number
following it denotes the percentage of portlandite (by mass) in the
binder phase. In the first set of conventionally cast and extruded
mixtures, the Class C fly ash-based pastes and mortars were kept
in a sealed condition after casting, demolded after 24 hours, and
subjected to carbonation or moist-curing. The Class F fly ash-based

pastes and mortars were subjected to 50° in an oven for 5 hours
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immediately after casting since they did not set and harden under
ambient conditions. They were then subjected to carbonation or
moist curing. A few other time-temperature treatment regimens
were also used to determine the influence of initial saturation
levels on the progress of carbonation, for the conventionally cast
mixtures. In the second set of mixtures, both the Class C and Class
F fly ash-based mixtures were kept in an oven at 70° for 3 h
immediately after casting, demolded, and immediately transferred
to the carbonation or moist-curing environment. The saturation

levels for all the treatment cases were determined using vacuum
saturation. The specimens were dried at 105°¢ to a constant
mass and submerged under vacuum to determine the maximum
absorption, which corresponds to a saturation level (s ) of 1.0. The
mass of water present in the specimens under different treatment
regimes, normalized by the maximum absorption is used to obtain
the saturation levels. The carbonation environment is described
in the next section. Moist curing was carried out at >95% RH and
23+2°C (Figures 1, 2) (Table 2).

Table 2: Mixture proportions of the carbonated binders to ensure shape-stability.

Fly Ash | Casting Procedure Mixture ID CH content (% by | w/p (mass- | Volume frac- | Superplasticizer (% by | Retarder (% by
Type and Treatment mass of binder) based) tion of solids mass of binder) mass of binder)
C-0 0 0.18 0.66
C-5 5 0.19 0.65
Class C 1 2
C-10 10 0.21 0.63
Conventionally cast, C-15 15 0.23 0.62
~75% €O, F-0 0 0.24 0.63 1
F-10 10 0.26 0.62
Class F 0
F-20 20 0.3 0.59 1.5
F-30 30 0.33 0.57
ClassC | Conventionally cast, C-10 10 021 0.63 1 2
Class F ~15% CO, F-30 30 033 057 15 0
C-5 5 0.15 0.71
Class C 1 3
Extrusion, ~75% C-15 15 0.17 0.68
Class F co, F-30 30 0.26 0.62
1.5 0
F-40 40 0.29 0.6
- N
— -— -
|I| | "
Figure 1: Evaluating the shape stability of conventionally cast mixtures; (a)-(c) Class C fly ash mortars, and (d)-(f) Class F fly ash mortars.
\ J

As shown in Table 2, the w/p and the admixture dosages
required to attain shape-stability differed with fly ash type and CH
content.

Carbonation process

A small-scale, ambient temperature carbonation set-up was
fabricated using a heavy-duty polypropylene container with a
snap-fit lid, further sealed with 12.5 mm weather strip sealing. The
container was outfitted with two openings - an inlet and an outlet,

controlled by valves. A sensor that can measure CO, concentration,
temperature, and relative humidity was installed at the bottom of
the lid and connected to a computer running a custom LabVIEW
program for data collection. A specimen support system, 60 mm
high, made of coated wood (so that it does not absorb any CO,) was
fabricated and placed inside the container so that the cube samples
can be placed at a distance of about 50 mm from each other. The

support system and cube placement ensured maximum exposure of
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the specimen surface area to CO,. With the lid closed and tightened
with clamps, CO, was let into the chamber with the outlet valve open
for a few minutes so that the container is purged of other gases.
The outlet valve was then closed, and the chamber filled with CO,.
The inlet valve was closed after CO, concentration reached 100%.
It was observed that during the early stages of carbonation, the
CO, concentration in the chamber drops to around ~60% after 24
hours, due to the consumption of CO, by the specimens (depending
on the number and type of specimens - specimens with higher
amounts of portlandite absorb more CO,), and minor unidentified
leaks. Hence, the chamber was refilled with CO, every 12 to 18
hours to maintain an average CO, concentration of ~75%. The
specimens were cured under this high CO, concentration condition
for a period of 7 days. A subset of specimens was also subjected to
a lower CO, concentration of ~15% to simulate the effect of using
flue gases of low CO, concentration. The CO, concentration in the
chamber was continuously monitored using the LabVIEW program.
The mortar mixtures were used for strength determination
whereas corresponding paste mixtures were used to determine the
CO, uptake.

Volume 8-Issue 1

Test methods

Rheological tests: The shear rheological tests on the fly ash-
based mixtures were performed using vane shear geometry in a
TA AR 2000 EX rheometer. The rheological sequence consisted of:
(i) a stepped ramp up pre-shear phase lasting approximately 80 s
to homogenize the paste, (ii) a subsequent stepped ramp-up, and
(iii) a stepped ramp-down, as shown in Figure 3(a). The data was
acquired during only the final ramp-up and ramp-down phases,
with only the down-ramp data used to extract the rheological
parameters. The data was collected every second at each step
(excluding the pre-shear phase), until steady state (defined by
three consecutive torque measurements within 5% of each other)
was achieved. The time expended at each shear step in which data
is collected was typically 5 s. Shear stress and shear rate data were
extracted using TA Instruments’ TRIOS software package. The yield

stress was extracted based on the shear stress-strain rate (t-(y))

" relationships observed in a strain rate range of 5-to-100 s™. The

Y-intercept of this relationship was recorded as the Bingham yield
stress and the slope as the plastic viscosity (Figure 3).
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Figure 3: Experimental procedure used for: (a) vane shear rheology, and (b) extrusion rheology.
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Extrusion (capillary) rheology experiments were carried out on
the fly ash-CH mixtures that were used for compaction and extrusion
processing. The extruder barrel had a diameter (D) of 36 mm and a
length of 100 mm. The length (L) and diameter (d) of the extrusion
nozzle (die) were varied between 36 mm and 16 mm, and 4 mm and
8 mm respectively. The barrel of the extruder was filled with the
fresh mixture and the plunger was positioned to be in contact with
the surface of the mortar filled in the barrel. The extruder assembly
was placed in a specially fabricated holder to enable the top of the
plunger to be pushed by the top platen of a servo-controlled MTS
load frame (4.45 kN maximum load) at predefined velocities. Ram
velocities ranging from 140 mm/min to 30 mm/min were used in
one experimental run. The ram displacement (and thus, the time) at
each velocity was determined from trial mixtures such that stability
was ensured in the measured force vs. ram advance relationships.
The extrusion velocities corresponding to the ram velocities were
obtained by equating the flow rates in the barrel and the die, i.e.,

Dszmm = Dszm ; where Vam and V.. are the ram and extrusion
velocities respectively. Figure 3(b) shows the procedure adopted
for extrusion rheology. The total pressure P exerted in extruding

the material through a die is given as [21,22]:

D L
P:P1+P2=cg(Vm)ln[;}43—%(&,) 0

P, is the die entry pressure, which is the pressure required to
force the suspension from the barrel to the die, P, is the pressure
that enables the flow of paste under pure shear conditions along

the die, o, (V,.,) is the velocity-dependent apparent extrusion yield

stress of the plastic material, and 7 W(Vm) is the velocity-dependent

wall shear stress experienced by the paste.

Determination of strength and CO, uptake: The compressive
strength of the mortars (both the control samples that were
cured in a moist environment and the carbonated samples) were
determined in accordance with ASTM C 109 after 1, 3, and 7 days of
exposure to respective environments. At least 3 cubes were tested
for each mixture at each curing duration. Thermogravimetric
analysis (TGA) was used to determine the CO2 uptake of the
binders. A PerkinElmer STA 6000 simultaneous thermal analyzer
(TGA/DTG/DTA) with a Pyris data acquisition interface was used.
A small quantity of powdered paste sample was acquired from
the center and midway to the center of the cubes after 7 days of
exposure. The tests were performed in an inert N2 environment at
a gas flow rate of 20 mL/s. The samples were heated from ambient
temperature to 950°C at a heating rate of 10°C /min. The mass
loss (TG) and differential mass loss (DTG) patterns were used to
quantify the CO, uptake by determining the mass loss associated
with calcium carbonation decomposition (550°C to 900°C). For
well-carbonated samples, the mass loss corresponding to samples
from both the locations were very similar.

Physical properties, microstructure and FTIR spectrosco-
py: A gas pycnometer (Ultrapyc 1200e, Quantachrome Instruments)
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was used to determine the specific gravity and bulk density of the
samples. Scanning electron microscopy (SEM) and Energy Disper-
sive X-ray spectroscopy (EDX) were performed in high vacuum (7-
10 torr) with an accelerating voltage of 15 kV or 30 kV, a working
distance of 10 mm, and the sample tilted to 10° to maximize the
number of electrons entering the EDX detector. Secondary electron
(SE) mode in the SEM was utilized to detect electrons emitted from
close to the specimen surface. Once a location and magnification
were chosen, spot EDX or EDX chemical maps as desired, were ob-
tained. The electron counts per second was set to 10 kcps and the
dwell time was 128ps such that each frame of the 600 x 450-pixel
image took ~6 s to scan. Fourier Transform Infrared (FTIR) Spec-
troscopy was performed on the powdered samples before and after
carbonation. A Mattson Genesis FTIR spectroscope configured with
an Attenuated Total Reflectance (ATR) attachment was used to ob-
tain the spectra in the wavenumber range of 700 cm™ to 4000 cm™.
The resolution used was 1cm™. A 51-point Savitsky Golay-Quintic
smoothing window was used to smooth the transmittance vs. wav-

enumber data.

Results and Discussions
Plastic characteristics of fly ash-portlandite blends

The fresh state performance of fly ash-portlandite blends is
important for their casting and fabrication. The Bingham yield stress
and plastic viscosity of the fly ash-portlandite blends determined
from vane shear rheometry are shown in Figures 4(a) & (b). The
Bingham yield stress (ty), which can be related to slump or slump
flow [23], is generally considered to depend on the interparticle
forces, which in turn are influenced by the particle-scale properties
and their packing. The plain Class C fly ash mortar demonstrates
a higher yield stress than the Class F fly ash mortar, owing to the
differences in w/b used in these mixtures; to ensure shape stability,
Class F fly ash mortars required a higher w/b as shown in Table 2.
For both the Class C and Class F fly ash-based mortars, the yield
stress increases with portlandite content. It also needs to be noted
that the w/b also was increased when the portlandite content was
increased (see Table 2), and the yield stress increase is evident in
spite of the increase in w/b. This is because the decrease in solid
volume fraction (see Table 2) was only minimal: from 0.66 at 0%
CH to 0.62 at 15% CH for Class C fly ash-based mixtures, and from
0.64 at 0% CH to 0.57 at 30% CH for Class F fly ash-based mixtures.
The smaller size of portlandite particles increases the total number
of particles in the system and the number of particle contacts,
decreases the median particle size of the system, and along with the
angular shape of the particles, enhances the dynamic yield stress of
suspensions. This observation is consistent with the inverse square
of size dependence of yield stress (i.e., T o< ¢/d?) [24,25], and is
more evident for the Class F fly ash-based mixtures where higher
amounts of portlandite are used. Shape stability is achieved for all
the mortars in the shear yield stress range of 150 to 500 Pa, similar
to the results for 3D-printable mortars reported in [26]. The plastic
viscosity of all the mortars are in the 5 to 7 Pa.s range.
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Extrusionrheology experiments were carried out to characterize
the mixtures subjected to compaction and extrusion since these
experiments are more suitable for stiffer materials. Note that the
w/p was reduced for the mixtures selected for compaction and
extrusion mode of processing (Table 2). Using the experimental
P vs. L/d relationship for different extrusion velocities, the die
entry pressure (P,) is obtained, from which the velocity-dependent
extrusion yield stress, is calculated for the extruded mortars,
as shown in Figure 4(c). Further details of this procedure can
be found elsewhere [25,26]. Extrusion yield stress accounts for
deformations suffered by the material in the barrel while being
axially compressed, and the shaping effects when the cross-section
changes from the barrel to the die entry. Significantly different

particle rearrangements result under this imposed stress state
as compared to nominal pure shear applied in shear rheometric
techniques. This is obvious from a comparison between Figures
4(a) and (b) and Figure 4(c) which show different trends for
shear and extrusion yield stresses. The extrusion yield stress for
mortars amenable for extrusion is generally reported to be 100 to
500 kPa [27] and the values obtained for the mortars used in this
study are within this range. Note that the mixture design resulted
in very similar extrusion yield stress for the considered mixtures.
Capillary rheology experiments, thus, can be a promising approach
to determine the extrudability of such mixtures and can be used for

mixture selection and qualification (Figure 4).

s ™
00 5 00 5 k]
Class © iy anh | Comventionally caw) | Claws F fy ash [Conventicnally cast)
Theid 3irean 1.
500 = L777 Prasne veics sy L 30 = S00 - L 30 = E Eatruded mixbures
g 4 E-m g 4 g 2004 B
w 15BE . =15 & 'ﬂ =
H i - H [
z E g E = ” . | | L
3 0 3 L5 2 7 % /
; i el | I
* Bl N
b / / /
0 0 AV AV
0 3 10 16 0 10 n 30 T T T T
CH content (% by mass) CH content (% by mass) C5 CA5% F-30 F40
Figure 4: Yield stress and plastic viscosity of fly ash-portlandite blends: (a) Class C fly ash-based mortars, (b) Class F fly ash-based mortars,
and (c) extrusion yield stress of the extrudable mortars.
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Strength and CO2 uptake of conventionally cast mixtures

Saturation levels: Figure 5 shows the moisture saturation
levels, s , for the conventionally cast fly ash-portlandite blends
before they were subjected to carbonation. For the Class C fly
ash-based blends cured under ambient conditions for 24 h before
carbonation, s increases with CH content, commensurate with
the increase in w/b that was required to fabricate shape stable
mixtures shown in Figure 1. For both Class C and Class F fly ash-
based blends subjected to a higher temperature for a specified time
period, s is relatively independent of the portlandite content. The
s,, values for the Class F fly ash mixtures are higher than those of
Class C fly ash mixtures subjected to the same treatment regime.
This can be attributed to the higher w/p ratios used in fabricating
the Class F fly ash mixtures, as well as the possibility that some of
the water in the Class C fly ash-CH blends would have turned into
bound water because of the improved cementitious and pozzolanic
activity of Class C fly ash at elevated temperatures (Figure 5).

Exposure to high CO, concentration: Influence of saturation
levels: Class C fly ash mortars (s, ~ 0.62-0.80): Figure 6(a) shows the
7-day compressive strengths and the incorporated CO, contents of
the conventionally cast Class C fly ash-portlandite mortars subjected
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to high CO, concentrations (~75%) at ambient temperature, as a
function of the portlandite content. The saturation levels of these
mixtures varied between 0.62 to 0.80 as can be seen from Figure 5;
i.e., these mixtures were not subjected to the short-duration, mildly
elevated temperature treatment. The 1- and 3-day strengths of
the carbonated mortars were found to be between 40% and 70%,
respectively, of the 7-day strengths. It can be noticed from Figure
6(a) that the strengths of the conventionally cured and carbonated
Class C fly ash-based mortars under the specified treatment regime
are very similar, and the CO, uptake is rather low, especially for the
mixtures with higher CH contents (and higher s ). CO, uptake is
almost non-existent for the blends containing higher amounts of
CH, which was also confirmed through phenolphthalein spray test
on cut sections of the cube and TG/DTG curves that showed almost
no consumption of CH. In other words, in spite of higher availability
of Ca-species provided by portlandite, there is insignificant CO,
uptake for blends with higher portlandite contents and higher
sw. While moisture accelerates carbonation reaction on mineral
surfaces, CO, diffusion is hindered by a higher pore saturation since
diffusion of CO, is significantly slower in water than in air. In fact,
diffusion of CO, is about four orders of magnitude higher in air than
in water [28,29]. Also note that these mortars were carbonated after
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24 hours of casting. Thus, some reaction between the Ca-species
from CH and silica from fly ash would have already occurred to form
C-S-H gel under conditions of high saturation. This could render CH
surfaces generally unavailable for carbonation. Thus, the similar
strength values noted with increase in portlandite content under
both conventional curing and carbonation conditions can be mainly
attributed to the reaction between the Ca-species and silica from fly

Volume 8-Issue 1

ash to form C-S-H gel in the presence of higher levels of moisture.
The reduction in mortar strength beyond 10% CH content needs
more investigation. The increase in porosity at the higher w/b used,
leaching of some of the unreacted CH under moist curing, or the
formation of a porous calcium-modified silica gel with enhanced
release of free water per mole of C-S-H [30-32] under carbonation

of low Ca/Si ratio C-S-H gels, are plausible reasons.
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Figure 5: Moisture saturation levels of the conventionally cast samples before being subjected to carbonation.
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Class C fly ash mortars (s, ~ 0.22-0.25): When the saturation
levels of the blends are reduced to ~0.25 by a mild, short-duration
heat treatment regime immediately after casting, improved 7-day
strengths are observed after carbonation, shown in Figure 6(b).
Note that the heat treatment ensures similar sw irrespective of
the CH content (or w/p), contrary to the high-saturation case.
The embedded CO, contents of the blends increase significantly.
Phenolphthalein spray test showed that the carbonation front
has penetrated the entire sample, and significant amounts of CH
(if not in its entirety) are converted to carbonates as noted from
the differential thermogravimetric (DTG) traces shown in Figure
7(a). CO, diffusion is known to be enhanced by reducing the
moisture content - decreasing s  from 1.0 to 0.13 in OPC-fly ash-CH
mixtures has been shown to increase the CO, uptake by an order
of magnitude [19]. With a Class C fly ash binder containing 10% by
mass of portlandite, compressive strengths > 35 MPa are achieved,
which is sufficient for a large number of structural applications.
Moreover, ~8% of CO, by mass of the binder is also taken up, which
is similar to or greater than the values reported in [12] for fly ashes.
The 7-day compressive strength obtained here for the Class C fly
ash-10% CH blend under ambient temperature carbonation is
similar to that obtained when pure Class C fly ash is carbonated
at 75°C for 7 days [18]. Thus, energy considerations also favor
carbonating fly ash-CH blends rather than carbonating pure fly
ash or fly ash-OPC blends. For the 15% CH binder, the strength is
observed to be lower than that of the 10% CH binder, even though
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the CO, uptake is higher. The carbonation of C-S-H, which increases
the porosity, could be attributed to this observation. The increase
in solid volume from carbonation of CH in this case is likely to be
lower than the reduction in solid volume due to the carbonation of
C-S-H [33] (Figure 6).

Class F fly ash mortars (s, ~ 0.35-0.40): Figure 6(c) shows the
7-day compressive strengths of the Class F fly ash mortars as a
function of the CH content. Even though two thermal treatments
were carried out for Class F fly ash mixtures, their S, values are
similar (~0.35-0.40; see Figure 5) and hence only the results
of treatment at 50°C for 5 h are reported. The strengths and CO,
uptake increase with increase in CH content. A compressive
strength of 15 MPa is attained for the carbonated low-Ca fly ash
mortar with 30% CH content, while the corresponding strength
after conventional curing is around 5 MPa. Thus, the carbonation
product formation in this case can be considered to be more
dominant than the reaction of fly ash with CH. Note that the early-
age, mild heat treatment is capable of producing some pozzolanic
reaction products, as electron micrographs in a following section
reveal. The strength of the carbonated binder is sufficient for many
concrete applications including masonry blocks, low load-bearing
panels, and decorative and building fagade applications. For the
mixtures with 20% and 30% portlandite content, the CO, uptake
values are about 10% and 16% by mass of the binder respectively,
which equates to ~50% by mass of portlandite in the binder (the
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theoretical mass-based CO, binding capacity of portlandite is 59% attributed to the carbonate phase, denoting that the carbonation
[17]). Supporting this observation is the fact that DTG traces of products constitute bulk of the reaction product phase in Class F fly
these blends after carbonation showed an absence of CH, even at  ash-CH systems. Higher CH contents in Class F fly ash mortars also
30% CH content (see Figure 7(b)), and most of the mass loss is  help sustain the precipitation of carbonates (Figure 7).
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Figure 6: Compressive strength and embedded CO2 content for: (a) Class C fly ash-based mixtures at high saturation level, (b) Class C fly ash-
based mixtures at low saturation level, and (c) Class F fly ash-based mixtures.
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Proportion of initial voids remaining after carbonation:
To shed further light on carbonation efficiency as a function of
portlandite content, the void volume fractions in the samples (¢, )
after conventional curing or carbonation were determined based
on the measured bulk densities and specific gravities [34]. The
void volume fraction was normalized by (1-¢) where @_ is the
solid volume fraction of the sample determined based on mixture
proportions. Thus, this ratio is indicative of the proportion of the
initial voids that remain in the sample after conventional curing or
carbonation and is shown as a function of CH content in Figure 8(a).
In other words, this ratio defines the efficiency of the reaction in
space filling. Note that the molar volume of CaCO, is ~10% higher
than that of the solid CH, which also contributes to some porosity
reduction [35]. It can be noticed that, for Class C fly ash-based
mixtures, the proportion of voids that remain after carbonation
is lower than that remaining after conventional curing until a
CH content of about 10%, after which the trend reverses. This is
consistent with the strength and CO2 uptake results reported earlier.
For the class F fly ash mixtures, the proportion of voids remaining
after carbonation is lower than that remaining after conventional
curing for all CH contents considered. For the Class C fly ash-
based mixtures, the slightly lower w/p used and the formation of
C-S-H gel results in a lower proportion of voids remaining after
both carbonation and conventional curing, as compared to Class
F fly ash-based mixtures. Figure 8(b) depicts the relationship
between the 7-day strengths and fraction of voids remaining, for
all the mixtures. The trend is similar to typical strength-porosity
relationship of cementitious materials. For the same remaining

void volume fraction, the strengths of carbonated Class C and Class
F-based mortars are dissimilar owing to the differences in the
nature of the reaction products formed. The carbonated Class F
fly ash-CH blends consist of carbonate phase as the major reaction
product, whereas for the Class C fly ash-CH blends, conventional
hydration products are also formed. The proportion of initial voids
remaining after the carbonation regime or conventional curing
provides a simple and convenient measure to quantify the relative
efficiency of carbonation (Figure 8).

Carbonation under low CO, concentration: The experiments
described in the foregoing sections were carried out under higher
CO, concentrations of ~75%. However, carbonation of fly ashes
to form value-added products using waste CO, from industrial
process streams demand the use of flue gases, which have much
lower CO, concentrations. For example, cement plant flue gas has
a concentration of 14-18 vol% CO,. Hence, preliminary studies
were carried out by carbonating selected Class C and Class F fly
ash-CH blends at a CO, concentration of ~15%. The Class C fly
ash mortars were treated to a 700C- 3h regime, while the Class
F fly ash mortars were treated to a 50°C-5h regime, to obtain the
corresponding s  values shown in Figure 5. The 7-day strengths
and CO, uptake results are shown in Figure 9. For both the chosen
blends, the compressive strengths and CO, uptake under a low CO,
concentration are noticed to be lower than those under a higher CO,
concentration. Even though studies using modified mixture design
or processing parameters were not carried out as part of this study,
it is possible that the strengths and CO, uptake can be enhanced
through such measures for low CO, concentrations (Figure 9).
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Mixtures processed through consolidation and extrusion

The compressive strengths and CO, uptake of selected,
conventionally cured and carbonated (at ~75% CO, concentration)
Class C and Class F fly ash-portlandite blends processed
through consolidation and extrusion are shown in Figure 10.
The consolidation pressures applied were 1 MPa and 2 MPa
respectively. Due to the lower w/b used for their synthesis, and the
effect of consolidation, the saturation levels in the Class C fly ash-
based binders were in between 0.50 and 0.55 (no short-duration,
mild heat treatment was applied in this case), whereas those for
Class F fly ash-based binders were close to 0.30. The CO, uptake and
the compressive strengths of Class C fly ash binders are in between
those for s, of ~0.70 and 0.22 reported earlier. The consolidation

and extrusion processing results in highest strengths and CO,
uptake for the Class F fly ash-based binders, aided by the combined
effects of consolidation and carbonate product formation. The
CO, uptake is not significantly different for the samples subjected
to 1 MPa and 2 MPa consolidation pressure, suggesting that the
strength increase noted for the higher applied pressure is simply
the effect of improved particle packing. For the extruded mixtures,
the improved particle packing could have reduced the rate of
CO, penetration. Nonetheless, it is shown that extrudable fly ash
binders with significantly improved properties than conventionally
cured systems can be produced through carbonation, making this
an attractive processing route for precast components, especially
when a source of waste CO, is readily available (Figure 10).
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Microstructural and spectroscopic observations

of
carbonated fly ash-portlandite blends carbonated under high

Scanning electron micrographs conventionally cast
CO, concentration (~75%) are shown in Figure 11. The blend
containing 10% CH for the Class C fly ash mixture (Figures 11(a)-

(c)), and that containing 30% CH for the Class F fly ash mixture
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(Figures 11(d)-(f)) are shown in these figures since they showed
the highest strengths. In addition to the amorphous reaction
products uniformly distributed in the matrix containing partly
reacted fly ash particles, a few crystalline morphologies are also
observed under close examination. The amorphous zones were
predominantly found to be rich in Ca and Si, with some Al, denoting
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the presence of C-S-H gel. This is expected since the reaction of
some of the CH with fly ash could have been accelerated by the
drying regime adopted to reduce sw. Some of the crystalline species
were identified as CH particles and some as precipitated calcium
carbonate [36-38], as was noticed from EDX spot analysis. As can
be noticed from these figures, for both the Class C and Class F fly ash
blends, local accumulation of crystalline morphologies is seen. High
magnification micrographs also depict the presence of carbonate
crystals proximal to the fly ash surfaces. The morphology of calcite
crystals is reported to be influenced by the [Ca*] to [CO,] ratio
[4,40]. Excess Ca** in the solution is shown to favor the growth of

spindle-like or rhombohedral crystals, which is noticed in some of

Volume 8-Issue 1

these micrographs. Slow growth of calcite crystals, as in the case
of a diffusion-controlled process, also results in a rhombohedral
geometry. Incorporation of other ions in the crystal structure of
calcite can potentially result in altered morphologies [41]. The
longer duration of carbonation, 7 days in this case, is postulated to
have resulted in the presence of some larger calcite crystals [42,43]
as noticed in these figures. For the carbonated Class C fly ash blend,
in addition to C-S-H gel, Ca-deficient and Si-rich regions were also
observed under EDX, away from the surface of fly ash particles,
likely denoting the formation of a Si-rich gel from the carbonation
of C-S-H [39] (Figure 11).

Ve

Figure 11: Scanning electron micrographs of carbonated binders: (a) —
pastes with 30% CH.

(c) Class C fly ash paste with 10% CH, and (d) - (f) Class F fly ash

Figure 12 shows the carbon maps obtained from energy
dispersive x-ray spectroscopy on the imaged samples, for the Class
C and Class F fly ash-CH blends. The relative intensities of carbon
in the maps are found to be significantly higher in the carbonated
samples than those in the non-carbonated samples, providing a
qualitative indication of the efficiency of carbonation. The Class F
fly ash blend with 30% CH shows a higher C intensity compared to
the Class C fly ash blend with 10% CH, indicating the presence of
higher amounts of carbonates, which is also shown in the TG/DTG
curves in Figure 7 (Figure 12).

FTIR spectra of the starting materials and selected non-
carbonated and carbonated samples are shown in Figures 13(a)

and (b) respectively. The spectra for Class C fly ash shows a
peak at around 1100 cm?, corresponding to the asymmetric
stretching vibrations of Si-O(Si), and another one around 915 cm
1, attributable to Al-O vibrations [44,45] as shown in Figure 13(a).
This is generally associated with Al in the octahedral position,
confirming the presence of mullite [46]. The major band for Class
F fly ash appears at 1015 cm™, which is generally attributed to the
asymmetric stretching vibration of Si-O or Si-Al bonds present in
aluminosilicate structures. The strong and sharp band at 3640
cm™ in the portlandite spectrum corresponds to the vibration of
0-H bond from the hydroxides [47]. The peak at 870 cm™ can be
indicative of Ca-O bonds, or weak out-of-plane bending of CO*
[48], while the peak at 1420 cm™ is attributed to the C-O bonds from
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carbonates, which is a result of some carbonation of portlandite at 940 cm™ can also be attributed to the Si-O stretching vibrations.
exposed to atmosphere. The peak at 1410 cm’, prominent for the carbonated binders,
corresponds to the asymmetric stretching of CO,*. This strong peak

Figure 13(b) presents the FTIR spectra of the carbonated and

is rather sharp for th bonated Class C fly ash binder, while broad
non-carbonated Class C fly ash binder with 15% CH content, and 'srather sharp forthe carbonated Liass L iy ash bindet, wire broa

for the Class F fly ash binder. All th bonated bind h k
Class F fly ash binder with 30% CH content. A prominent peak is orthellass ¥ liyashbincer ecarbonated binders showapea

t 875 cm!, which Id be attributed to th t-of-pl bendi
observed ataround 1130 cm™, which is attributable to the stretching a cm, which cou ¢ attributed fo the out-ol-plane bending

fCO,> iall h in th -
vibrations of Si-O bonds in the original reaction products. This of C0,%, especially because they are absent in the non-carbonated
binders. A weak peak is also noticed at 3635 cm™, denoting the
presence of hydroxides, which has been indicated in the TG/DTG

curves especially for the Class C fly ash binders. However, the FTIR

peak is observed for both carbonated and non-carbonated binders
synthesized from Class C and Class F fly ashes. While typical C-S-H

gel bands are observed in the 970 cm™ range for cement hydration

spectra clearly show that, for both carbonated and non-carbonated
products, a shift to ~1140 cm™ is noted to indicate Al substitution p Y

binders, the added CH has b tl d (likely th h
for Si and the formation of predominantly C-A-S-H structures fnders, the adde as been mostly consumed (likely throug

a combination of carbonation and conventional reaction with fl
[49] from the aluminosilicates in the fly ashes. In the absence of y

h, for th bonated les), which is in li ith the th 1
Portland cement, such reaction products can be expected. The peak ash, for the carbonated samples), which is in line wi ¢ therma

analysis and strength results (Figure 13).

( )

Figure 12: Carbon maps for: (a) and (b) non-carbonated and carbonated Class C fly ash-10% CH mixture, and (c) and (d) non-carbonated and
carbonated Class F fly ash-30% CH mixture.
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Summary and Conclusions

The development of cement-free binding agents through
the carbonation of Class C and Class F fly ashes augmented with
portlandite at ambient conditions has been elucidated. The
proportions of the binders were designed so as to facilitate the
fabrication of shape stable mixtures, either through a conventional
casting process or extrusion. The rheological parameters of the
mortars required to ensure shape stability was brought out.
Increasing portlandite content increased the yield stress of both
Class C and Class F fly ash suspensions. Extrusion yield stress
determined using capillary rheology experiment was shown to be a
promising approach to quantify the extrudability of such mixtures
and can be used for mixture selection and qualification. The
compressive strength and CO, uptake of the binders were found to
be significantly influenced by the saturation levels of the samples,
since pore moisture retards the diffusive transport of CO,. For Class
C fly ash-CH blends, a lower saturation level was able to provide a
mortar compressive strength of more than 35 MPa and a CO, uptake
of about 8% by mass of the binder, after ambient temperature
carbonation. Thermal analysis and SEM images confirmed
the transformation of a significant amount of portlandite into
carbonates for this specimen. For Class F fly ash-CH blends higher
added CH contents resulted in increased CO, uptake (~16% by
mass of the binder) but the strength was around 15 MPa, attesting
to the difference in the nature of the reaction products. However, the
enhancementin strength relative to the non-carbonated sample was
highest for the specimen with 30% CH, at more than 300%. Thermal
analysis showed that the added portlandite was entirely consumed
towards carbonate formation in Class F fly ash-CH blends, which
was supported by electron micrographs and FTIR spectroscopy. A
simple measure based on the fraction of initial voids that remain
after carbonation or conventional curing was used to evaluate
the efficiency of carbonation. For selected Class C and Class F fly
ash-CH systems designed with a lower w/p to facilitate extrusion
processing, the strengths after 7 days of carbonation were higher
than those conventionally cast. This study has shown that properly
designed fly ash-CH binder systems can be efficiently carbonated
to produce cement-free binders with satisfactory compressive
strengths for a variety of applications. The type of fly ash, amount of
portlandite used, w/p, fresh binder treatment to adjust pore water
saturation, and the type of processing can be tailored to deliver
desired compressive strengths. With their capacity to sequester
CO, and mitigate the CO, emissions and energy demand associated
with OPC manufacturing, the sustainability benefits of these
binders outweigh those common in the concrete industry, e.g., high
volume fly ash concretes. The durability of such binders is yet to be

investigated in detail.
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