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Abstract

Alternative (i.e., non-Portland) cements, such as alkali-activated materials, have gained significant interest from the scientific community due to their
proven CO; savings compared with Portland cement together with known short-term performance properties. However, the concrete industry remains
dominated by Portland cement-based concrete. This Letter explores the technical and non-technical hurdles preventing implementation of an alternative
cement, such as alkali-activated materials, in the concrete industry and discusses how these hurdles can be overcome. Specifically, it is shown that certain
technical hurdles, such as a lack of understanding how certain additives affect setting of alkali-activated materials (and Portland cement) and the absence
of long-term in-field performance data of these sustainable cements, can be mitigated via the use of key molecular- and nano-scale experimental
techniques to elucidate dominant material characteristics, including those that control long-term performance. In the second part of this Letter the
concrete industry is compared and contrasted with the electricity generation industry, and specifically the transition from one dominant technology (i.e.,
coal) to a diverse array of energy sources including renewables. It is concluded that financial incentives and public advocacy (akin to advocacy for
renewables in the energy sector) would significantly enhance uptake of alternative cements in the concrete industry.
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1 Introduction traction, especially in the research community, since they
have the capability to significantly reduce CO, emissions in the
concrete industry. However, their current usage in this
industry is minimal. There are a number of reasons why this
usage is negligible, one of which pertains to the lack of
extensive in-field data proving long-term performance for
one hundred years or more. Other reasons tend to revolve
around non-technical aspects, such as resource availability,
supply chain logistics, cost, compliance with construction
codes, and a lack of familiarity with alternative cements in the
industry. In this Letter, recent research on alkali-activated
materials (AAMs), one type of alternative cement, is
presented, where carefully selected nano- and molecular-
scale experimental techniques are utilized (i) to elucidate the
mechanisms by which certain additives augment setting of
AAMs without compromising on long-term performance, and
(ii) to accurately characterize and compare paste attributes
that contribute to long-term performance (i.e., durability).
These examples show that it is possible to purposely
manipulate the performance of an alternative cement, such
as AAMs, to enhance in-field behavior and therefore

The quest for alternative (i.e., non-Portland) cements that are
more sustainable than Portland cement is motivated by the
large CO, emissions associated with Portland cement
manufacturing around the world. Currently, the cement
industry is responsible for 5-8% of anthropogenic CO,
emissions (~2.2 Gt/year in 2014) [1], and cement’s share of all
CO, emissions is forecast to increase in the future. Historically,
driving forces to increase longevity of cement-based
materials have led to the blending of the cement powder with
industrial byproducts (such as blast furnace slag from castiron
production and coal-derived fly ash) [2], that augment the
fundamental structure of the main binder gel, calcium-
silicate-hydrate (C-S-H). More recently, the utilization of these
industrial byproducts and natural minerals has gained
significant attention from government and industry due to
the enhanced sustainability aspects via the use of less
Portland cement (and lower associated CO, emissions) in a
given amount of concrete [2].

It is becoming increasingly apparent that emerging disruptive
concrete technologies (i.e., alternative cements) are gaining
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accelerate implementation of the material in the concrete
industry.

The non-technical aspects limiting uptake of alternative
cements are often highlighted as reasons why Portland
cement will remain the dominant technology moving
forward. This argument is reminiscent of coal usage for
electricity generation, where approximately one hundred
years ago coal dominated the energy sector. However, since
the early 1900s there have been significant advances made in
the energy sector via implementation of alternatives such as
nuclear, solar and wind generation. This energy transition is
discussed in this Letter together with the perceived hurdles
facing the concrete industry thought to be preventing a
similar transition via the implementation of a range of
alternative cements. By comparing and contrasting the two
industries (i.e., energy and concrete), this Letter seeks to
encourage readers to consider what has helped cultivate
sustainability successes in the energy industry, and whether
such approaches could also help enhance the uptake of
sustainable alternative cements in the concrete industry.

2 Early-age behavior of alkali-activated

materials

The early-age behavior of AAMs, including precursor
dissolution and gel precipitation, is strongly correlated with
long-term performance. For example, adequate dissolution of
the precursors will allow for ample gel formation, and
therefore good mechanical strength development.
Approaches to quantify the extent of reaction have been
developed, such as those focused on quantification of
unreacted precursor (via scanning electron microscopy or X-
ray diffraction). A comprehensive review by Provis et al.
discussed the various techniques available for quantification,
and outstanding questions that should be addressed by
future research [3]. Another early-age behavior known to
influence long-term performance is pore structure
development. Concrete is a porous material, and the pore size
controlling transport properties will dictate resistance to
certain forms of degradation (often related to steel
corrosion), where larger pores making up the percolated pore
network lead to faster degradation rates [4].

There is a push to lower the alkalinity of the activators used
for synthesis of AAMs to improve health and safety concerns
associated with the use of this class of material in industry.
Historically, it has been found that high pH activators are
required to obtain sufficient dissolution of low-Ca AAM
precursors, such as metakaolin and class F fly ash, and
therefore hydroxide and silicate-based activators have been
prevalent (such as sodium hydroxide and sodium silicate
liquids) with pH levels of ~13-14 and higher. Hence, additives
that enhance precursor dissolution, and subsequent gel
precipitation are sorely needed, especially for low-Ca AAM
systems. Although heat can be used as a method to enhance
early-age strength development, there are energy costs
associated with this form of treatment and such an approach
will restrict low-Ca AAMs to the precast industry. Moreover,
the ability to slow down setting and improve workability is
needed for certain AAM systems [5,6], since conventional

organic additives used in Portland cement concrete have
been found to be ineffective.

In this Letter, three examples are presented where molecular-
/nano-scale research has provided key insight on the behavior
of AAMs that contributes to long-term performance. This
small collection of research examples exemplifies the type of
approaches necessary for predicting long-term performance
in addition to the standard durability testing approaches
being developed by the wider research community.

2.1 Manipulating the rate of gel formation:
effect of nano-ZnO

The ability to manipulate setting time of Portland cement
concrete is extremely important for the construction industry,
and a range of additives exist where usage depends on the
exact needs at the construction site. However, such additives
are often found to be ineffective when used in AAMs
(especially the organic additives), and therefore new additives
need to be developed. One additive that is known to be
effective in Portland cement is zinc oxide (ZnO). This additive
delays setting of Portland cement, however, the underlying
mechanism responsible for this behavior has been repeatedly
debated in the literature for decades [7,8]. Moreover, the
impact of ZnO on the formation of AAMs has remained
essentially unexplored, which raises the question if ZnO has a
similar delaying effect in AAMs. Our recent investigation on
the impact of nano-ZnO on the formation of AAMs using
isothermal calorimetry (ICC) and in situ X-ray pair distribution
function (PDF) analysis revealed that calcium plays a crucial
role in the ability of ZnO to delay gel formation [9]. ICC data
from the study are given in Figure 1, where it is clear that the
nano-ZnO dose has a substantial impact on the cumulative
heat curve of alkali-activated blast furnace slag (AAS), and
specifically the time at which the cumulative heat significantly
increases (occurs at ~10 hrs for neat AAS and ~35 hrs for AAS
containing 1.0 wt. % nano-ZnO, relative to amount of slag). By
90 hrs all four ICC curves approach a common cumulative
heat value, indicating that this additive does not impact the
overall extent of sodium-containing calcium-alumino-silicate-
hydrate (C-(N)-A-S-H) gel precipitation in AAS. On the other
hand, ICC data on alkali-activated metakaolin (AAMK) with
and without nano-ZnO (see ref. 9) show that this additive has
no impact on the reaction kinetics of this AAM, indicating that
calcium is integral to the efficacy of nano-ZnO in AAMs (and
Portland cement).

To elucidate the mechanism by which nano-ZnO impacts the
formation of C-(N)-A-S-H gel in AAS, an experimental
technique capable of tracking phase evolution (both
amorphous and crystalline phases) within a sample was
needed. PDF analysis is an ideal technique for characterizing
disordered materials, since a PDF dataset is a histogram of all
atom-atom correlations within a sample. Furthermore, the
high flux associated with synchrotron-based X-rays (or
spallation neutrons) enables for time-resolved studies to be
performed, including those focused on cementitious
materials. The formation of AAS is depicted in Figure 2, where
in situ X-ray PDFs show that the local atomic structure of the
sample is changing as slag dissolves and C-(N)-A-S-H gel (and
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a hydrotalcite-like secondary phase) precipitates. In situ PDF
datasets were also obtained for AAS with 0.1, 0.5 and 1.0 wt.
% nano-ZnO. Further details on sample synthesis and
characterization methods can be found in [9].
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Figure 1. Isothermal conduction calorimetry cumulative heat curves
of neat alkali-activated slag (AAS) synthesized using a sodium silicate
activator (4 wt. % NaO relative to slag, SiO2/Na;O molar ratio of 1.0
for activator and water/slag wt. ratio of 0.44), and AAS with 0.1%,
0.5% and 1.0% nano-ZnO (by wt. relative to amount of slag). The
nano-ZnO was added to the activator immediately prior to sample
synthesis.

There are numerous approaches that can be used to analyze
PDF data, depending on the scientific question(s) being
addressed [10]. In our study [9], the formation of
intermediate phases was of interest since previous
investigations reported several hypotheses for why ZnO
delays the setting of Portland cement, specifically the
formation of Zn(OH), [7] or calcium zincate (denoted as CZ,
Ca(Zn(OH)s),:2H,0) [8]. One approach for data analysis that is
particularly useful for identifying and analyzing intermediate
phases is by taking difference curves of the PDF data, as has
been carried out in Figure 3. In ref. 9 these difference curves
were compared with several phases hypothesized to
potentially form when ZnO is added to Portland cement
paste, and, as shown in Figure 3, CZ was found to provide the
best agreement, especially by the appearance and
subsequent disappearance of the intensity at 3.42 A, which is
assigned to the Zn-Zn correlation in this phase. Moreover,
analysis of these difference curves for AAS with different
amounts of nano-ZnO as a function of time, and specifically
the PDF intensity at 3.42 A (Figure 4) revealed that the CZ is
present during the initial stages of the alkali activation
reaction. However, the disappearance of CZ coincides with
the significant increase in cumulative heat seen in Figure 1,
indicating that C-(N)-A-S-H gel precipitates in conjunction with
the disappearance of CZ.

The mechanism by which nano-ZnO delays C-(N)-A-S-H gel
precipitation (and setting) of AAS was determined from the
above data (Figures 2, 3 and 4) together with analysis of
reciprocal space X-ray data, including the behavior of nano-
ZnO and C-(N)-A-S-H gel. From these data it was determined
that nano-ZnO dissolves during the initial stages of the alkali
activation of slag, leading to formation of CZ via the reaction
of aqueous zinc hydroxide species and calcium from slag

dissolution. Provided that ZnO is present in the system (i.e.,
unreacted ZnO), calcium will quickly be consumed by zinc to
form CZ, preventing the aqueous solution from reaching
saturation with respect to C-(N)-A-S-H gel. Once all ZnO has
been consumed, and converted into CZ, additional slag
dissolution leads to the formation of C-(N)-A-S-H gel, which
coincides with the significant increase in cumulative heat
observed in Figure 1 [9]. CZis found to be a metastable phase,
and therefore is not present in the samples at later age.
Instead, it is postulated that zinc is likely incorporated into C-
(N)-A-S-H gel [11].
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Figure 2. In situ X-ray pair distribution functions of neat alkali-
activated slag (AAS) during the formation reaction up to 131 days.
Specific atom-atom correlations are labeled including the T-O bond
length (were T denotes silicon and aluminum in 4-fold coordination),
Ca-O bond length, and the T-T and Ca-T correlations. Data were
collected on beamline 11-ID-B at the Advanced Photon Source,
Argonne National Laboratory. The sample was measured in situ up to
33 hrs, and was re-measured at 131 days on the same beamline. Ref.
9 provides a comprehensive overview of sample synthesis and
measurement parameters for this study.
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Figure 3. In situ X-ray pair distribution function difference curves of
alkali-activated slag (AAS) with 0.5 wt. % nano-ZnO (relative to
amount of slag) as a function of reaction time. Each difference curve
was obtained by subtracting the initial curve (0.9 hr) from the curve
at the designed time (e.g., “33.0hr — 0.9hr” denotes the difference
curve obtained by subtracting the 0.9 hr curve from the 33.0 hr pair
distribution function). The simulated X-ray pair distribution function
of calcium zincate (CZ) is also provided, where the Zn-Zn correlation
at 3.42 A is labeled and compared with the intensities of the
difference curves.
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Figure 4. Intensity of the difference curves (see Figure 3) at 3.42 A as
a function of the reaction time for neat alkali-activated slag (AAS), and
AAS with 0.5% and 1.0% nano-ZnO. The difference curves were
obtained by subtracting the initial curve (0.9 hr) from the curve at the
designed times.

Itis clear from the above example that the impact of additives
on the molecular-scale mechanisms responsible for
formation of AAS can be elucidated. This fundamental
knowledge, including determination of the long-term fate of
the additives, is important for predicting long-term
performance. For example, if the additive was seen to lower
the total amount of C-(N)-A-S-H gel that formed, then this
would impact strength development, and potentially disrupt
the formation of a low permeability paste. Furthermore, if Zn
was found to reside long-term in the pore solution as opposed
to the C-(N)-A-S-H gel, then potential leaching of this heavy
metal would become a significant concern. Hence, by using
key molecular-scale research approaches, such as PDF
analysis combined with conventional laboratory techniques,
a more complete picture of the paste behavior can be
determined, enhancing our ability to be able to predict long-
term performance of such alternative cements.

2.2 Pore structure evolution

The durability of concrete is intimately linked with its pore
structure, since it is well known that the pore network
controls various degradation mechanisms, including the
ingress of chemicals that can cause steel corrosion (such as
carbon dioxide and chloride) [12], resistance to freeze-thaw
(via the incorporation of air voids) and wet-dry cycling.
Concrete consists of pores ranging from a few nanometers up
to millimeters, where the percolated pore network tends to
reside in the 10s-100s nm [13], and air voids are ~100 um.
There are a number of experimental techniques capable of
accessing various details on the pore structure of a cement-
based material (e.g., small-angle scattering, H nuclear
magnetic resonance, X-ray nano- and micro-tomography,
nitrogen sorption, mercury intrusion porosimetry, and
transmission electron microscopy), some of which require
sample pretreatment which potentially alters the pore
structure prior to measurement (e.g., nitrogen sorption,
mercury intrusion porosimetry, and standard scanning and
transmission electron microscopy). However, recent
investigations have shown that techniques such as nitrogen
sorption and mercury intrusion porosimetry can provide

important quantitative data on the pore structure of a
cement-based material, particularly when a mild form of
drying is used in conjunction with an alcohol exchange
[14,15].

It has been previously shown that the percolated pore
network in Portland cement paste (with w/c ratio of 0.5) is
made up of pore entries-exits that are ~3nm in size, which
was also found to be the case for silicate-activated slag in our
previous study [4], as measured using nitrogen desorption
analysis (for samples synthesized using 7 wt. % Na,O relative
to slag, SiO,/Na,O molar ratio of 1 for the activator, and
water/slag wt. ratio of 0.5). Nitrogen adsorption leads to
slightly different results, since this approach probes the pore
interiors, which tend to be larger than the corresponding pore
entries-exits. For silicate-activated slag, nitrogen adsorption
has revealed that the pore interiors are initially ~10 nm in
diameter (up to ~20 days), after which their amount
decreases across all pore sizes accessible using nitrogen
sorption indicating a depercolation of the pore network [4]. In
contrast to the relatively small pore sizes making up the pore
network in silicate-activated slag, hydroxide-activated slag
consists of pores of ~30 nm in diameter (at ~20 days, for
sodium hydroxide activator with 7 wt. % Na,O relative to
slag), as measured using mercury intrusion porosimetry [4].
Hence, itis clear that the presence of free silica in the activator
has a significant impact on the resultant pore structure of AAS
paste.

A similar analysis of AAMK is performed here for sodium
hydroxide-, hydroxide/silicate- and silicate-based activators.
MetaMax from BASF served as the metakaolin source, and
activators were synthesized using 28 wt. % Na,O with
Si0O,/Na,0 molar ratios of 0, 1, and 2 (denoted as hydroxide-,
hydroxide/silicate- and silicate-, respectively). Samples were
produced using a water/metakaolin wt. ratio of 0.9. Prior to
analysis using nitrogen adsorption or mercury intrusion
porosimetry, samples were crushed into 1-2mm pieces and
soaked for 24 hrs in isopropyl alcohol (~1 g sample for 100mL
alcohol), then removed from the alcohol and dried at ambient
temperature under vacuum for 24 hrs. Nitrogen sorption
measurements were performed on a Micromeritics 3Flex
instrument, Norcross GA, with initial degassing carried out on
a Micromeritics Smart VacPrep067. Mercury intrusion
porosimetry was performed using a Micromeritics AutoPore
V instrument.

Nitrogen adsorption data for AAMK are given in Figure 5 for
samples at 7 and 150 days after mixing. If this technique were
to be used in isolation to understand the pore structure of
AAMK, and specifically early-age hydroxide-activated
metakaolin, an incomplete and erroneous conclusion would
be drawn. Specifically, the nitrogen adsorption data indicate
that hydroxide-activated metakaolin has very low porosity
(cumulative pore volume) at 7 days, and at 150 days this
sample possesses a similar porosity to silicate-activated
metakaolin. However, from mercury intrusion porosimetry
(Figure 6) it is clear that hydroxide-activated metakaolin is
very porous at early age (7 days), with ~45% higher porosity
(cumulative pore volume) compared with hydroxide/silicate-
activated metakaolin. Furthermore, the breakthrough pore
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diameter (i.e., the pore size controlling permeability and
ingress of chemicals) at 6 days is ~200 nm, compared with ~20
nm for hydroxide/silicate-activated metakaolin. Hence, the
pore network of hydroxide-activated metakaolin is outside
the measurement range of nitrogen adsorption (~50 nm is the
upper limit for this technique), warranting the use of mercury
intrusion porosimetry (or another technique sensitive to
pores > 50 nm in size) to obtain accurate information. Even at
900 days the pore network of hydroxide-activated metakaolin
consists of pores with an average diameter of ~100 nm in size
(Figure 6).
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As evident from both the nitrogen adsorption and mercury
intrusion  porosimetry data (Figures 5 and 6),
hydroxide/silicate-activated metakaolin contains pores of
~20 nm in diameter at ~1 week, which decrease slightly in size
to ~15 nm by 150 days (Figure 5) and smaller than 8 nm by
900 days (Figure 6, mercury intrusion porosimetry data
accurate down to 7 nm, below which crushing of sample can
occur due to the extremely high pressures used for mercury
intrusion). Hence, nitrogen adsorption analysis is able to fully
capture the pore size distribution of hydroxide/silicate-
activated metakaolin. This is also the case for silicate-
activated metakaolin, which is seen to possess pores of ~15

nm in diameter at 7 days that shrink to ~10 nm by 150 days
(Figure 5).

Comparison of AAMK with AAS reveals that AAMK has pores
that are approximately 2 — 5 times larger than those in AAS
(whilst keeping activator SiO,/Na,O molar ratio constant).
This is likely partially attributed to the higher water demand
of metakaolin synthesized using rotary kilns (in contrast to the
lower water demand of metakaolin derived from flash
calcination) together with the ability of the gels to actively
incorporate water molecules (C-(N)-A-S-H gel contains
interlayer water whereas sodium-alumino-silicate-hydrate
(N-A-S-(H)) gel does not). In the future, it would be ideal to be
able to determine the multiscale pore structure of a cement-
based material from simulations without the need for time-
consuming experiments. Efforts are underway to develop
such simulation techniques [16-18], however, the challenge
remains of how to effectively simulate a multiscale pore
structure that spans from a couple of nanometers up to the
micron length scale.

From the results obtained in this section, it is clear that
silicate-activated metakaolin will be more durable from a
permeability standpoint compared with hydroxide-activated
metakaolin due to the smaller breakthrough diameter of the
pore structure (~15 nm for silicate-activated metakaolin at 7
days that decreases to ~10 nm by 150 days). This is especially
the case if steel reinforcement were to be used, since it is the
pore solution pH that essentially controls steel corrosion,
unless chlorides are present in which case the steel would be
attacked even at high pH values. A breakthrough diameter of
10 nm is similar to the results obtained by Villadsen for
Portland paste (w/c ratio of 0.4) at ~80 days using MIP (pores
ranging from 20 nm down to the measurement limit of MIP,
see Figure 4.3.2A in ref. 19). It is not just the pore size that
controls permeability, but also the total porosity and
tortuosity of the percolated pore structure. At the moment,
rotary kiln-derived metakaolin has a relatively high water
demand (water/metakaolin wt. ratio of 0.9), leading to a
highly porous paste. However, flash calcined kaolin results in
metakaolin with a reduced water demand [20], which will
likely lead to AAMKs with porosities and pore structures
comparable to Portland cement paste (research still to be
conducted). Hence, certain metakaolin-containing AAMs may
become industrially-feasible in the future, especially in light of
the abundant availability of kaolin clays around the world
together with ongoing research focused on lowering the
alkalinity of the activators without compromising on strength
development and durability.

2.3 Nanoscale ordering of real and synthetic C-
(N)-A-S-H gels

As mentioned previously, the pore structure and associated
permeability of cement paste is known to control certain
durability aspects of concrete, particular those associated
with corrosion of the steel reinforcement. In addition to these
paste attributes, durability will also be influenced by the
stability of the phases in cement paste, since chemical
degradation such as carbonation and sulfate attack can
significantly alter the pore solution composition including pH
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(for example, CO, uptake lowers the pore solution pH).
Hence, the stability of phases in cement paste, and
particularly those that provide strength to the composite
material, will dictate the ability of the paste to resist
chemically-induced degradation. However, to date the
stabilities of C-S-H and C-A-S-H gels in Portland cement-based
pastes, and C-(N)-A-S-H and N-A-S-(H) gels in AAMs have been
determined by synthesizing and analyzing phase pure gels in
the laboratory. Although standard characterization
techniques such as X-ray diffraction and thermogravimetry
analysis have shown these real and synthetic phases to be
similar, detailed analysis of the thermodynamics of the real
gels has yet to be carried out. Here, information on the
nanoscale ordering of real and synthetic C-(N)-A-S-H gels is
presented and discussed in the context of thermodynamic
stability.

As mentioned in Section 2.1, PDF analysis is a useful
characterization technique for cement-based materials since
it can be used to elucidate the local atomic structure of
disordered materials. Due to the heterogeneous nature of
Portland cement paste, and specifically the presence of
multiple reactant phases together with C-S-H gel, portlandite,
ettringite and additional secondary products, it is extremely
difficult to study the behavior of C-S-H gel in isolation.
Therefore, various routes for synthesis of phase-pure C-S-H
gel have been developed, allowing for the gel to be studied in
detail, including determination of thermodynamic properties
for use in geochemical models [21]. Synthetic C-(N)-A-S-H and
N-A-S-(H) gels have also been studied in the past [22,23], and
subsequent thermodynamic modeling of phase assemblage
in AAMs has been carried out and compared with
experimental results. Analysis of these synthetic C-S-H, C-(N)-
A-S-H and N-A-S-(H) gels for the purpose of better
understanding Portland and alternative cements is based on
the premise that the synthetic gels are representative of
those found in the real systems.

We recently used synchrotron-based X-ray PDF analysis to
study the extent of nanoscale ordering of real and synthetic
gels in AAS [24]. The synthetic gels were synthesized by mixing
Ca(OH),, fumed silica and NaAlO, in 1M NaOH for 1 month.
Chemical compositions of the synthetic gels are outlined in
the caption of Figure 7. No unreacted Ca(OH), or fumed silica
was present in these samples. The real gels were obtained by
subtracting the PDF of unreacted blast furnace slag from the
PDFs of the AAS samples. Details of this subtraction
procedure are outlined in detail in [24].

Data from this recent investigation are given in Figure 7,
where X-ray PDF analysis reveals that there are significant
differences between the two gel types. Specifically, the
synthetic C-(N)-A-S-H gels (shown in pastel colors) are
significantly more ordered out to 6 nm, meaning that they are
distinctly nanocrystalline. Note that 8 nm is the approximate
resolution limit of the 11-ID-B beamline setup used for the
measurements so microcrystalline samples would possess
atom-atom correlation out to ~8 nm. On the other hand, real
C-(N)-A-S-H gels (shown in bold colors) possess a lower extent
of nanoscale ordering, meaning that they are more
disordered at the nanoscale than their synthetic

counterparts. Although not shown here, the local atomic
structure of the real and synthetic gels are comparable for
similar Ca/Si ratios [24], and therefore the differences seen in
Figure 7 are a manifestation of the intrinsic dissimilarities in
nanoscale ordering.
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Figure 7. Synchrotron-derived X-ray pair distribution functions of real
and synthetic sodium-containing calcium-alumino-silicate-hydrate (C-
(N)-A-S-H) gels showing the extent of ordering in each sample. Three
real C-(N)-A-S-H gels (denoted as AAS 1, AAS 2 and AAS 3) were
obtained via subtraction of slag contributions (see ref. 24 for details),
while the synthetic gels (CNASH 0.6, CNASH 1.0 and CNASH 1.4) were
obtained via the reaction of Ca(OH),, fumed silica and NaAlOz in 1M
NaOH where the Al/Si ratio was 0.1 and the Ca/Si ratio used for
synthesis is denoted by the value in the sample name (i.e., a Ca/Si
ratio of 0.6 for CNASH 0.6). Refer to ref. 24 for more details on the
synthesis method and collection of the data. Synthetic gels are shown
in pastel colors in the figure, while real gels are shown in dark colors.

This finding may have important implications for the use of
synthetic C-(N)-A-S-H gels (and potentially synthetic C-S-H and
N-A-S-(H) gels) as analogues for the actual gel found in AAS
samples. Specifically, the distinct differences in
nanocrystallinity implies differences in phase stability, where
more metastable phases are found to have higher solubilities
than their thermodynamically-stable phase counterparts. For
example, it is well known that amorphous silica (metastable
SiO, phase) is much more soluble than crystalline quartz
(most thermodynamically-stable phase of SiO, at ambient
temperature and pressure) [25]. Amorphous calcium
carbonate is more soluble than crystalline calcite [26], and the
same is true for amorphous calcium phosphate when
compared with crystalline octacalcium phosphate [27]. It is
important to note that the relative stabilities of phases can be
augmented by surface effects, and specifically the surface
energies associated with nanoparticles. For instance, it has
been shown that amorphous alumina nanoparticles are more
thermodynamically stable than their crystalline counterparts
for a given particle size/surface area [28]. Nevertheless,
additional research is needed to determine the
thermodynamic properties of the real C-(N)-A-S-H gel in AAS
to allow for direct comparison with the known properties of
synthetic C-(N)-A-S-H gel [22].

Given the lower extent of nanocrystallinity of the real C-(N)-
A-S-H gel in AAS, together with the known amorphicity of N-
A-S-(H) gel in AAMK, there is the opportunity to deliberately
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increase the nanoscale ordering of these gels with the aim to
improve their thermodynamic stabilities and therefore
increase their resistance to chemically-induced degradation.
Careful control of this behavior would be necessary to ensure
that an increase in crystallinity occurs during the initial
formation of the paste whilst the material is still compliant,
since later-age crystallization can lead to cracking and loss of
mechanical strength (cf., delayed ettringite formation in
Portland cement paste). Enhancing the durability of concrete
is an important aspect of sustainability in the concrete
industry, since any repairs or need for concrete replacement
leads to additional materials usage and associated CO,
emissions.

3  The future of concrete and sustainability —
learning from the energy transition

As discussed in the preceding sections, certain technical
challenges facing alternative cements such as short-term
formation (i.e., setting), and optimal pore structure and
permeability, can be investigated and manipulated via the use
of key molecular- and nano-scale experimental (and
theoretical) approaches. This research and associated
knowledge are vital for predicting long-term performance of
alternative cements, which will enhance uptake of these
materials in the concrete industry. However, there are
additional challenges facing the implementation of
alternative cements in the concrete industry that are non-
technical in nature. Here, some of the most important non-
technical challenges are outlined and discussed in the context
of the energy industry that recently underwent an important
transition from purely coal to a range of diverse energy
sources for electricity generation (including sustainable solar
and wind generation). It is hoped that by using the energy
transition as an example of where a large-scale industry has
undergone substantial change in the face the climate crisis,
readers will see that it is possible for a similar transition to
occur in the concrete industry via the incorporation of more
sustainable alternative cements.

3.1 Energy transition overview

The historical past of the energy sector, and specifically
electricity generation, can provide insight on how an
incumbent industry based primarily on a single technology
can change in the face of competing technologies, climate
change and pressure from the public and government. From
Figure 8 it is clear that global energy usage from 1800 to 1920
was mainly provided by coal (excluding traditional biomass,
i.e., wood), after which oil, followed by natural gas, emerged.
Concentrating on the United States and electricity generation
from 1950 to 2018, coal has played an enormous role until
very recently (i.e., 2015) when natural gas became the
dominant energy source for electricity generation (see Figure
9). Hence, since the inception of the incandescent light bulb
by Thomas Edison in 1879 [29], coal had been a staple energy
source for electricity generation.

The energy sector began to change in the early 1900s, with
increasing amounts of oil, natural gas and hydroelectricity
contributing to global energy usage (Figure 8). Natural gas
became another fossil fuel option for electricity generation

while oil fueled the transportation industry. Although there
were significant concerns regarding oil and gas reserves and
reliability of supply [33], access to unconventional oil and gas
sources, such as natural gas in the United States via hydraulic
fracking [34], has led to a significant surge in the use of natural
gas for electricity generation, as clearly seen in Figure 9.
Moreover, the discovery of nuclear fission in late 1930s led to
the emergence of nuclear power plants for electricity
generation in the 1970s (Figures 8 and 9) [35].
Hydroelectricity has been another staple energy source since
the early 1900s, where damming of major rivers (such as the
Colorado River by the Hoover Dam) and subsequent
installation of water turbines led to the generation of
renewable electricity. However, concerns regarding upstream
and downstream ecosystems and the negative impact of
damming have prevented proposed hydroelectric projects
from being built in certain areas [36].
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Figure 8. World energy usage by energy source, from 1800 to 2018,
given in units of million tonnes of oil equivalent (Mtoe). Traditional
biomass (e.g., wood) has not been included in this figure. Renewables
include solar, wind, geothermal, biomass and waste. Data are from
BP (Statistical Review of World Energy, 1965 - 2018) [30] and Our
World in Data (Energy Production and Changing Energy Sources, 1800
- 1960) [31]. Data from Our World in Data were converted from units
of terawatt-hours to Mtoe using the following conversion factors:
0.086 for coal, oil and natural gas, and 0.226 for hydroelectricity.
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Figure 9. United States electricity generation by source, from 1950 to
2018, given in units of billion kilowatt-hour. Renewables include solar,
wind, geothermal, biomass and waste. Data are from U.S. Energy
Information Administration [32].
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In addition to hydroelectricity, there are a number of other
renewable energy sources used for electricity generation
including solar (i.e., photovoltaics and concentrated solar
power), wind, geothermal, biomass, and waste. As shown in
Figure 9, use of these renewables for electricity generation
has continually increased since 2005, with natural gas also
seen to increase during this time period. Hydroelectricity and
nuclear have remained steady since 2005, while there has
been a dramatic decrease in the use of coal. This shift from
coal to natural gas and renewables in the United States is
largely due to the lower cost of natural gas compared with
coal together with the increase in the wind industry [37]. In
2018 wind-based electricity generation was responsible for
~7% of total electricity generation in the United States while
solar accounted for ~2% [32]. Projections by the U.S. Energy
Information  Administration (2019) have renewables
(including hydroelectricity) at 31% by 2050 with solar
photovoltaics being responsible for 15% of total electricity
generation [38].

3.1.1 Photovoltaics

The history of photovoltaics spans several centuries where in
1839 the photovoltaic effect was discovered [39]. The first
photovoltaic device, where a current was generated by
shining light (i.e., electromagnetic radiation) on a
semiconductor, was demonstrated in 1954 using silicon,
which was quickly followed by devices based on gallium
arsenide and cadmium sulfide [39]. During the 1950s and
1960s photovoltaics were of significant interest to the space
industry [39]. Nowadays photovoltaics are found in various
industries, and, as discussed above, are rapidly emerging as a
source for electricity generation [39]. Hence, although the
technology was first invented in the 1950s, it has taken more
than 50 years for photovoltaics to penetrate the energy
sector. There are a number of reasons why photovoltaics took
decades to become part of the energy sector. Firstly, their
initial cost was prohibitive from an electricity generation
perspective, specifically with a cost of approx. $1,500 per
Watt [39], compared with approx. $1.1 per Watt for utility
scale photovoltaics in 2018 [40]. Secondly, financial incentives
and government policies in the United States have been
instrumental in the growth of photovoltaics [41]. These, and
other, factors have led to a growth of photovoltaics from 0%
of United States electricity generation in 1983, to 1.6% in
2018 [32] and a projected 15% in 2050 [38]. There are a
number of reasons why intermittent renewables, such as
solar and wind, are unlikely to solely supply all of our
electricity needs in the future, the main reasons being the
need for large scale energy storage and difficulties associated
with smoothing out intermittencies of the grid [42], however,
these challenges have not prevented industry and
government from pursuing renewable (and more
sustainable) sources of electricity. Hence, it is clear that the
energy sector has transitioned from being heavily reliant on a
single source of energy (i.e., coal) during the early 20* century
to now having a range of energy source options.

3.2 A concrete transition in the future?

As was the case of electricity generation relying on a single
energy source during the early 20" century, concrete was also
dominated by a single technology, specifically Portland
cement [43]. However, in contrast to the diversification that
occurred in the energy sector regarding energy sources in the
wake of climate change and sustainability, there has been
minimal change in the concrete industry. In fact, Portland
cement has been used as the main constituent in concrete for
more than 150 years [43], with an annual cement production
of 4.1 billion tonnes in 2018 (see Figure 10). The main
approach used in industry to increase concrete performance
and at the same time to improve sustainability has been to
increase the use of supplementary cementitious materials
(SCMs, e.g., blast furnace slag, fly ash, calcined clays, ground
limestone) [2], yet these “sustainable” concretes are still
based on Portland cement. Production of Portland cement
and masonry cement in the United States in 2018 was 85.4
million tonnes and 2.4 million tonnes, respectively [44].
Alternatives concrete binders to Portland cement are never
mentioned in global cement production data, implying that
their quantities have yet to grow above baseline levels.

As documented in the literature, there are viable alternatives
to Portland cement for use in concrete, some of which have
been around for decades [47]. Itis not the intent of this Letter
to provide an extensive overview of these options, together
with their advantages and disadvantages (akin to the
advantages and disadvantages of different energy sources).
However, it is important to point out a few of the numerous
examples of where alternative concretes have been used in
concrete structures going back decades, such as alkali-
activated concrete in the former Soviet Union [48] and
calcium sulfoaluminate concrete in China [47]. Other
sustainable alternatives to Portland cement include
magnesium oxide cement (based on magnesium silicates) and
carbonate cement derived from calcium silicates [49]. There
are also a number of cement alternatives based on belite (a
main clinker phase in Portland cement, second in quantity
after alite) such as reactive belite-rich Portland cement and
belite-ye’elimite-ferrite cement [49].
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Figure 10. Global cement production from 1930 to 2018. In 2018 the
United States produced 85.4 million tonnes of Portland cement and
2.4 million tonnes of masonry cement. Data are from U.S. Geological
Survey [44-46].
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3.2.1 The scale issue

Some have argued that the scale of the concrete issue
restricts potential options [2], however, electricity generation
also faces a scale issue which has been overcome by the
industry adopting a range of alternatives (i.e., solar, wind,
hydroelectricity) along with more traditional options (e.g.,
natural gas). Hence, although one concrete alternative may
only have the ability to replace part of the demand for future
construction, the synergistic use of a range of alternatives
according to resource availability and intended application
would lead to a sizable reduction in global CO, emissions
associated with the concrete industry. Furthermore, as coal
usage in developed nations continues to decrease, supply of
good quality fly ash will dwindle, leading to a shortage of this
SCM for the concrete industry. This may not occur in certain
developing nations such as India, since some projections on
electricity generation show that coal may still play an
important role moving forward. However, in general, there
will be localized shortages of conventional SCMs around the
world (i.e., fly ash and blast furnace slag), which will require
the exploration and use of new SCMs (such as flash calcined
kaolin). Implementation of alternative cements utilizing such
abundantly available SCMs would lead to a significant
reduction in CO, emissions associated with the concrete
industry.

3.2.2 What about cost?

Furthermore, the higher cost of alternative cements versus
Portland cement is often used as a nonstarter for these
alternative technologies [50]. If this approach was applied to
photovoltaics when they were first commercialized in the
1950s and 1960s we would not have achieved the current
milestones of their relatively low cost and increasing
deployment around the world. It is rare for a new innovative
technology to initially be cost competitive with a well-
established industry. To help overcome the higher cost of
photovoltaics compared with fossil fuel-based electricity
sources local and state governments in the United States
created financial incentives and policies for residential users
of photovoltaics and electricity providers incorporating
photovoltaics at the utility scale [51]. It is clear that if similar
incentives and policies were implemented in the concrete
industry these would significantly aid in the uptake of
alternative cements from a cost perspective, and support
early-age commercialization efforts. These incentives and
policies would be best implemented in developed countries,
where, although concrete usage would not rival the projected
usage of developing countries, the usage of alternative
cements would enable for the initial cost hurdles to be
lowered (as was the case for photovoltaics), making them
more affordable for subsequent use in developing countries.

3.2.3 Standards and codes

Another aspect of the construction industry seen as an
enormous hurdle for innovative alternative cements is
regulations [52]. The current concrete construction codes and
standards in countries around the world are predominantly
prescriptive focused, and explicitly mention the content of
Portland cement required for a specified design strength [53].

Hence, by default no alternatives to Portland cement satisfy
such codes and standards. In certain circumstances, such
country-based standards have been replaced by organization-
specific performance-based standards, such as those that
were created and implemented by the Roads Corporation of
Victoria in Australia for alkali-activated concrete [54]. It has
been acknowledged that switching to performance-based
concrete standards would enhance the uptake of alternative
cements in the construction industry [53], and
recommendations for such performance-based standards are
being developed by international organizations such as RILEM
[54]. Nevertheless, the existence of performance-based
standards may not correlate with rapid change in the
concrete industry, since it is a very conservative industry and
is adverse to risk, which likely includes the current avoidance
of any existing performance-based standards. Therefore,
external influences such as financial incentives may help
overcome the perceived risk associated with use of
performance-based standards for alternative cements,
especially when used in low-risk non-structural elements such
as sidewalks and roads.

3.2.4 Public awareness and invested interest
Lastly, it is clear that there is a disconnect between the use of
concrete in society (and use construction materials in general)
and the population’s awareness of its environmental impact
(particularly CO, emissions). In contrast, nowadays, it is
common for residents to be aware of their electricity usage
together with the range of energy sources available for
electricity generation. This has likely contributed to increased
installation of residential photovoltaics, especially in
developed countries, aiding the penetration of photovoltaics
in the electricity sector. Another example of where society’s
awareness of existing technologies and environmental
implications that has led to sustainable innovation is cars.
Although electric cars have been around since the 1890s [55]
it was not until recently that they became a popular
alternative to gasoline cars. Electric cars are seen as a green
alternative by society, albeit at the moment their “greenness”
is highly dependent on their electric energy source for
recharge since utility scale electricity is not fossil free at
present. Hence, for both photovoltaics and electric cars,
individuals in society are aware of the benefits of these
technologies and their positive impact on the environment,
which is likely attributed to these individuals having day-to-
day interactions with electricity and car-based transportation.
For cements, awareness of these alternative options is limited
for design engineers and architects [52], let alone the billions
of individuals that end up occupying concrete buildings or
using concrete structures (e.g., bridges, footpaths, roads) on
a daily basis. Therefore, increasing public awareness of the
CO, emissions associated with concrete, and highlighting the
invested interest everyone has in how the world’s
infrastructure is built and maintained would enhance the
global uptake of alternative cements.

3.2.5 Moving forward

It is clear from the energy industry and particularly electricity
generation that government incentives have played a large
role in the increase of renewables, as demonstrated by the
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United States electricity sector from 1950 to 2018. Similar
incentives for the use of non-Portland cement-based
concretes (i.e., alternative cements) would likely lead to an
increase of these concretes in the construction industry.
Furthermore, public support and advocacy of renewables has
enhanced the uptake of these in the energy sector, even in
the face of strong opposition from competing technologies
and climate skeptics. Hence, public education and an
associated increased awareness of industrial sources of
anthropogenic CO, emissions (e.g., cement, steel and plastics)
together with sustainable alternatives would be a step
forward to achieving effective public engagement. Pressure
from the public can have a large impact on the operations of
government and industry. However, the question remains
how to increase and then sustain public support on a topic
that is largely absent from most people’s day-to-day life.

4  Conclusions

Given the CO, emissions associated with Portland cement
manufacturing and the existence of lower-CO, alternative
(i.e., non-Portland) cements with proven performance, it
often comes as a surprise to the general public that these
sustainable alternatives have yet to substantially penetrate
the concrete industry. Here, the technical and non-technical
hurdles preventing uptake of alternative cements in the
concrete industry have been explored, where it was shown
that key insight obtained from select molecular- and nano-
scale experimental techniques can help overcome technical
challenges relating to short-term performance and long-term
durability. The development of new additives that control
setting of AAMs (and other properties) is a technical hurdle
that needs to be overcome. Moreover, it is necessary to
understand the mechanisms by which these additives
augment short-term behavior to ensure that these additives
do not have unintended negative consequences on long-term
performance. Here, it was shown that the setting of AASs can
be carefully manipulated using nano-ZnO, and via use of PDF
analysis and ICC, the mechanism by which this setting delay in
AAS (and Portland cement paste) occurs was elucidated,
together with the long-term behavior of ZnO within the paste.
Another technical hurdle is the lack of long-term in-field
performance of alternative cements. In conjunction with the
development of appropriate accelerated testing protocols to
determine performance under accelerated conditions,
elucidation of fundamental paste characteristics will enable
the relative performance of different types of AAMs (and
alternative cements in general) to be predicted. In particular,
the pore structure and associated permeability of a paste
contributes to long-term performance of concrete, where a
lower permeability paste with a percolated pore structure
consisting of small pores (e.g., <10 nm) will have better
resistance to chemically-induced degradation. Here, the pore
structure of AAS and AAMK was investigated using nitrogen
adsorption and mercury intrusion porosimetry, where it was
shown that both techniques are needed to accurately capture
the relative differences in pore structure for these AAMs.
Moreover, it was shown that silicate-activated metakaolin
consists of pores that are ~10 nm in diameter at 150 days, in
contrast with the larger pores (~100 nm at 900 days) for

hydroxide-activated metakaolin. Although the pore size of
silicate-activated metakaolin at 150 days is seen to be close to
that of Portland cement paste at ~80 days, absolute porosities
will be different due to the higher water/metakaolin ratio of
0.9 compared with the lower water/cement ratio of 0.4.
Nevertheless, the recent emergence of flash calcined kaolin
and the associated lower water demand of this material
(<0.5) will have a favorable impact on the pore structure and
permeability of AAMK in the future, making AAMs based on
flash calcined kaolin of industrial interest.

The second part of this Letter focused on the non-technical
hurdles preventing uptake of alternative cements in the
concrete industry, where key hurdles were discussed in the
context of recent sustainable alternatives that have
successfully emerged in the energy sector. An overview of the
energy transition was provided, where the historically
dominant role of coal from 1800 to 1920s has since been
supplemented with a range of alternative energy sources
including renewable electricity sources such as photovoltaics
and wind generation in recent decades. This overview was
followed by discussion of the perceived hurdles preventing
use of alternative cements in the concrete industry including
raw material availability, cost, regulations and public
awareness, and how similar hurdles in the energy industry,
and specifically electricity generation, were overcome. It is
clear that financial incentives and public support had a large
influence on the uptake of renewables for electricity
generation, and these approaches would likely lead to a
similar transition in the concrete industry. Hence, there is the
potential for alternative (i.e., non-Portland) cements to play a
crucial role in reducing the CO, emissions associated with the
concrete industry moving forward, however, it is critical that
society becomes invested in reducing CO, emissions from the
industrial sector including those from the concrete industry.
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