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Abstract. Portland cement is one of the most used materials on earth. Its annual
production is responsible for approximately 7% of global carbon dioxide (CO2)
emissions. These emissions are primarily associated with (1) the burning of fossil
fuels to heat cement kilns and (2) the release of CO2 during limestone calci-
nation. One proposed strategy for CO2 reduction includes the use of functional
limestone fillers, which reduce the amount of portland cement in concrete with-
out compromising strength. This study investigated the effect of using renewable,
CO2-storing, biogenic CaCO3 produced by E. huxleyi as limestone filler in port-
land limestone cements (PLCs). Biogenic CaCO3 was used to synthesize PLCs
with 0, 5, 15, and 35% limestone replacement of portland cement. The results sub-
stantiate that the particle sizes of the biogenic CaCO3 were significantly smaller
and the surface areas significantly larger than that of reagent grade CaCO3. X-ray
diffraction indicated no differences in mineralogy between reagent-grade and bio-
genic CaCO3. The use of biogenic CaCO3 as a limestone filler led to (i) increased
water demand at the higher replacements, which was countered by using a super-
plasticizer, and (ii) enhanced nucleation during cement hydration, as measured
by isothermal conduction calorimetry. The 7-day compressive strengths of the
PLC pastes were measured using mechanical testing. Enhanced nucleation effects
were observed for PLC samples containing biogenic CaCO3. 7-day compressive
strength of the PLCs produced using biogenic CaCO3 were also enhanced com-
pared to PLCs produced using reagent-grade CaCO3 due to the nucleation effect.
This study illustrates an opportunity for using CO2-storing, biogenic CaCO3 to
enhance mechanical properties and CO2 storage in PLCs containing biologically
architected CaCO3.

Keywords: E. huxleyi · calcium carbonate · portland limestone cement ·
nucleation effects · mechanical properties

1 Introduction

Functional fillers, such as limestone, and supplementary cementitiousmaterials (SCMs),
such as slag and fly ash, have been studied in the context of replacing cement clinker in
cement and concrete production because of their beneficial effects on cost, mechanical
properties, and sustainability. Functional limestone fillers (LFs) decrease the amount of
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cement clinker used in cement or concrete, which in turn reduces energy consumption
in cement production and CO2 emissions [1, 2].

Multiple studies have detailed the various effects of LFs in cement paste and concrete,
including the filler effect, nucleation effect, chemical effect, and dilution effect [3, 4].
Traditional LF fills space where cement grains would normally interact, augmenting
the distance between interactions, thus improving cement paste workability. Due to this
space filling, water consumption of PLCs can sometimes be reduced to achieve the same
workability [5–7]. The nucleation effect has been observed with the incorporation of
nano-limestone accelerating early age reactions, though hydration acceleration was not
observed for coarser LF addition on the scale of 4–16 μm [8, 9]. Wang et al. posit
that when LF is finer than cement particles, LF addition causes filler, nucleation, and
dilution effects, while, when LF is coarser than cement particles, the dilution effect
dominates. It has also been shown that fine LF enhances hydration, thereby offsetting
the dilution effect [10]. Additionally, fine LF induces filler effects, where more space
within cement paste is filled by limestone particles, thus increasing compressive strength
and decreasing porosity and sorptivity [3]. LFs, while often considered chemically inert,
actually induce chemical effects when added to cement paste. The chemical effect is
mainly attributed to the reaction of LF with monosulfate and aluminate hydrate causing
the suppression of early (16 h) C3A hydration [4]. Overall, chemical and filler effects
have little impact on setting time, and chemical and nucleation effects seem to have little
impact on workability. Due to the dilution effect, compressive strength was reported to
decrease with increased LF addition, particularly at replacement values exceeding 35%
[11]. The effect on mechanical and compressive strength is trivial at replacement values
up to 15% [12], and replacement of 35% LF in PLC may yield satisfactory mechanical
and compressive strength for various applications. The American Society for Testing
Materials (ASTM) currently sets the industrial limit at 15% replacement value of LF in
PLC (ASTMC595), while the European Union (EU) has an increased limit of up to 35%
(EN 197–1) [31, 32]. While the EU has been using PLC with LF replacement values up
to 35% for some time, the United States (US) cement industry has begun to integrate
PLC into industrial applications in lieu of OPC, taking advantage of its decreased cost
and reduced CO2 emissions [12, 13].

This study investigated the use of a biologically derived LF in PLCs, namely calcium
carbonate (CaCO3) biologically architected by the coccolithophore, Emiliana Huxleyi.
E. Huxleyi is a species of microalgae ubiquitous in nearly every ocean on Earth. E.
Huxleyi produces intricate CaCO3 coccoliths through a photosynthetic process known
as coccolithogenesis [14]. Major advantages of the coccolithogenesis process used by E.
Huxleyi are (1) CO2 is consumed during coccolith production and (2) very few nutrients
are required for sustained growth of E. Huxleyi. Themicrostructures of CaCO3 produced
by coccolithophores are complex and uniform,with a particle size under 10microns [15].
Due to this highly complex and intricate design (small particle size and high surface area),
biogenic CaCO3 from E. Huxleyi shows potential for increased nucleation of cement
hydration products compared to industrial limestone when used as an LF in PLCs. In
this study, we explore the suitability of biogenic CaCO3 produced by E. Huxleyi as a
filler for PLC, corresponding to both US (ASTMC595, up to 15% replacement) and EU
(EN 197–1, up to 35% replacement) standards.
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2 Materials and Methods

2.1 CaCO3 Sources

Reagent grade CaCO3 (>99%) was purchased from Sigma Aldrich. ASTM C150 Type
I/II portland cement was purchased from Quikrete.

Lyophilized E. huxleyi biomass (containing both CaCO3 and organic cell materials)
was purchased from the Algal Resource Collective (ARC) at the University of North
Carolina, Wilmington, USA. CaCO3 was then purified to remove organics following
a similar protocol to that used by Jakob et al., 2015 [16]. Approximately 0.15 g of
freeze-dried biomass was added to 50 mL centrifuge tubes and suspended in MilliQ
water to a volume of 40 mL, which then sedimented for at least 24 h. Tubes were then
centrifuged for 17 min at 4696 x g and 4 °C. Supernatants were removed to the 10 mL
marking, and contentswere re-suspended via vortexing.Next, 3.3mLof 12%NaOClwas
added to each tube, shaken lightly, and allowed to sit for 15 min. Then 6 mM NaHCO3
was added to the 40 mL marking and tubes were centrifuged for 6 min at 1500 x g
and 4 °C. Supernatants were again removed to the 10 mL marking before vortexing
to resuspend pellets. Washing with 6 mM NaHCO3 and subsequent centrifugation was
repeated four more times. Following the final wash, supernatant was removed to the <
5 mL marking. Pellets were resuspended through gentle shaking and contents from 8
tubes were combined in a separate centrifuge tube before centrifugation for 6 min at
1500 x g and 4 °C. Maximum volume of supernatant was removed without disturbing
the pellet, and purified CaCO3 was dried in an oven at 80–90 °C for at least 24 h.

2.2 Limestone Characterization

Morphology and Particle Characteristics
Both CaCO3 sources were imaged using a Hitachi SU3500 scanning electron micro-
scope (SEM). Samples were coated in platinum prior to imaging to ensure sufficient
conductivity. Images of both reagent grade and biogenic calcite were taken in secondary
electron mode using 15 keV accelerating voltage, 2,500 x and 10,000 x magnifications,
with < 9 mm working distances.

Particle size distributions (PSD) of both CaCO3 sources was measured using laser
diffraction in a Malvern Panalytical Mastersizer3000. Particles were suspended in ultra-
pure MilliQ water, dispersed using ultrasonication prior to size analysis. Mean particle
size and standard deviation were calculated using results from 5 replicate samples.

Mineralogy
Mineralogy of both CaCO3 sources was confirmed using qualitative X-ray diffraction
(XRD) with a Bruker D8 Advance X-ray diffractometer. Cu Kα X-ray radiation (wave-
length 1.5406 Å) was used to scan from 5° to 90° 2θ with a step size of 0.02° and
a dwell time of 1.5 s per step. The resulting patterns were analyzed with the Bruker
DIFFRAC.EVA software that was equipped with the International Center for Diffraction
Data (ICDD) PDF-4 AXIOM 2019 database [33] to identify phases.
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2.3 Portland Limestone Cement Paste Studies

Hydration Kinetics
Cement pastes with a water-to-cement (w/c) ratio of 0.65 were mixed according to the
mixture proportions given in Table 1. A w/c = 0.65 was chosen due to the anticipated
workability concerns of high-CaCO3 replacement percentage mixtures at lower w/c
ratios, especially for samples containing biogenic CaCO3. CaCO3 was dry mixed with
cement by hand for 5min. Dry cementmixtures were then added towater and thoroughly
mixed by hand for at least 2 min. A polycarboxylate-based superplasticizer (SP) was
added dropwise to the 35% biogenic CaCO3 PLC paste up to 0.18 g until a thick paste
consistency was achieved. SP was only necessary for the 35% E. huxleyi cement paste,
as acceptable workability was achieved for remaining pastes.

Table 1. Cement paste mix proportions.

Cement (g) Reagent-Grade
CaCO3 (g)

Biogenic
CaCO3 (g)

Water (g) SP
(g)

Control 100 0 0 65 0

5-R 95 5 0 65 0

15-R 85 15 0 65 0

35-R 65 35 0 65 0

5-B 95 0 5 65 0

15-B 85 0 15 65 0

35-B 65 0 35 65 1

Approximately 7 g of paste was added to each of two glass ampoules and sealed
for ICC analysis across from a corresponding reference sample (siliceous sand). ICC
was operated at 25 °C using an 8 channel Thermometric TAMAir calorimeter. For each
CaCO3 source, heat of hydration data were collected for a control mix (OPC), a 5%,
15%, and 35% CaCO3 replacement mix. Heat of hydration and total heat data were
collected for at least 72 h. Data were then normalized by weight of cement powder in
each sample.

Compressive Strength Testing
Following mixing, 16.5 g of cement paste were poured into a silicone 1 cm3 cube mold
tray. A small metal rod was used to ensure even spreading of cement paste to the cube
corners. The tray was then placed in a > 94% humidity chamber (created according to
a modified ASTM E104 standard) and cured for 24 h. Cubes were then removed from
the humidity chamber and placed in a supersaturated Ca(OH)2 solution. Samples were
tested at 7 days using an Instron Universal Testing machine with a 50 kN load cell and
a 0.1 mm/sec compression rate. Samples were tested in triplicate.
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3 Results

3.1 CaCO3 Characterization

Particle Size and Scanning Electron Microscopy
Reagent grade CaCO3 exhibited a significantly larger particle size than that of biogenic
CaCO3 grown from E. huxleyi (Fig. 1). Particle size analysis revealed that the median
particle sizes (d50) of the reagent-grade and biogenic CaCO3 were 18.8± 0.274μm and
1.77± 0.17μm, respectively, which is an order of magnitude difference. The differences
in particle size are evident in the SEM micrographs shown in Fig. 1.

Although some small, angular particles are seen for reagent grade CaCO3 (Fig. 1b),
themajority of particles aremuch larger than those seen forE. huxleyiCaCO3 (Fig. 1c, d).
The microstructures of biologically architected CaCO3 appear much more intricate than
the more granular and rigid microstructure of reagent grade CaCO3. It can be inferred
from these SEMmicrographs that biogenic CaCO3 also exhibits higher surface area than
reagent grade CaCO3 due to decreased particle sizes and their biologically architected,
intricate shapes.

X-ray Diffraction
XRD results (Fig. 2) show nearly identical phases present for both reagent grade and
biogenic CaCO3. Both samples exhibit distinct peaks at expected angles characteristic of
the calcite phase of CaCO3, with minor peaks associated with additional, minor phases
in each sample, specifically those shown near 27° 2θ.

3.2 Cement Paste Studies

Hydration Kinetics
Isothermal conduction calorimetry results are shown in Fig. 3. The rate of heat evolution
and cumulative heat evolved were similar for the 5% and 15% PLC with reagent grade
CaCO3 filler, as compared to the OPC control. A slight increase and leftward shift of
the main hydration peak was evident for the 35% PLC with reagent grade CaCO3 filler.
The cumulative heat also increased slightly with each increased addition of reagent
grade CaCO3 filler. PLC with 5% biogenic CaCO3 exhibited a slight main hydration
peak increase, as well as a slight cumulative heat increase, which was lower than the
increase exhibited by 5% reagent gradeCaCO3 PLC (see Fig. 3). PLCwith 15%biogenic
CaCO3 showed a significant heat increase and leftward shift of the main hydration peak.
Notably, PLC with 35% biogenic CaCO3 and SP showed a significantly delayed rate
of heat evolution, reaching a maximum around 20 h, roughly 12 h later than other PLC
pastes with lower amounts of biogenic CaCO3. Both 15% and 35% biogenic CaCO3
PLC exhibited increased cumulative heat at 72 h as compared to OPC and 5% biogenic
CaCO3 PLC paste, with 35% biogenic CaCO3 PLC reaching approximately the same
cumulative heat as 15% biogenic CaCO3 PLC despite significantly delayed hydration.
PLCwith 35% biogenic CaCO3 also shows a significant increase in the second hydration
peak, associatedwith the reaction of C3A and the formation of a calcium aluminate phase
(ettringite).

Compressive Strength
The lowest 7-day compressive strength was observed for the 35% reagent grade CaCO3



Structure and Properties of Portland-Limestone Cements Synthesized 47

Fig. 1. Scanning electron micrographs of (a-b) reagent grade CaCO3 compared to (c-d) biogenic
CaCO3 from E. huxleyi.

Fig. 2. X-ray diffraction results of reagent grade CaCO3 compared with biogenic CaCO3 from
E. huxleyi. All significant peaks align with the calcite phase of CaCO3 for both reagent grade and
biogenic CaCO3.

pastes. The 5% and 15% reagent grade CaCO3 pastes displayed comparable strengths
slightly lower than that of OPC. Contrarily, the highest compressive strength was
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observed for the 15% biogenic CaCO3 PLC paste by a large, statistically significant
margin. Both 5% and 35% biogenic CaCO3 PLC pastes displayed similar strength,
the latter of which is lower than that of OPC. At all tested replacement values of 5%
or greater, PLC pastes with biogenic CaCO3 showed increased compressive strength
over their reagent grade CaCO3 counterparts. Pastes with both types of LF at a 5%
replacement value had comparable compressive strengths and did not show excessively
decreased compressive strengths compared to OPC (Fig. 4).

(a) (b) 

(c) (d) 

Fig. 3. Rate of heat evolution (mW/g cement) and cumulative heat evolved (J/g cement) for
portland limestone cement mix designs with (a-b) reagent grade CaCO3 limestone filler or (c-d)
biogenic CaCO3 limestone filler produced by E. huxleyi.
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Fig. 4. A7-day compressive strength (in MPa) of PLC cement pastes (1 cm3 cubes) containing
5%, 15%, or 35% reagent grade or biogenic CaCO3 as limestone filler.

4 Discussion

ASTM C595 currently defines the LF requirement as having > 70% CaCO3 by mass,
similar to the EN 197–1 requirement of> 75% CaCO3 by mass [31, 32]. EN 197–1 also
dictates that the limestone shall contain no more than 0.50% total organic carbon (TOC)
by mass. By these definitions, biogenic CaCO3 produced by E. huxleyi as used in this
study meets these requirements and is thus a suitable filler material for PLC according to
current industrial standards. However, neither standard directly addresses particle size.
Both PSD and SEM results reveal that biogenic CaCO3 has a much smaller particle size
than reagent grade CaCO3, in addition to a much more complex structure. While reagent
grade CaCO3 is larger and more granular, biologically architected CaCO3 has intricate
ring-like structures. The difference in particle size, shape, and surface area contributed
to nucleation effects during cement hydration, most clearly observed in pastes designed
with 35% replacement with both biogenic and reagent grade CaCO3.

The replacement of cement with 35% biogenic CaCO3 LF yielded a comparable
maximum rate of heat evolution and cumulative heat. However, maximum rate of heat
evolution was delayed by roughly 12 h as compared to the remaining PLC pastes studied.
The addition of SP to the 35% biogenic CaCO3 paste most likely contributed to its
significantly delayed hydration, a phenomenon well-documented in literature [17, 18].
The mechanism of hydration retardation by polycarboxylate-based SPs, such as the one
used in this study, is largely based on sorption to solid phases, as well as steric and
electrostatic dispersion mechanisms [19]. Javadi et al. found that high charge density in
the form of carboxylate ions on the SP backbone led to higher SP adsorption onto cement
grains and resulted in the longest retardation of hydration reactions [20]. Because the
main hydration peak still occurred at 20 h mark, the presence of SP does not appear to
significantly affect cumulative heat development at the 72-h timepoint.

The use of superplasticizers is not uncommon in the cement industry. SP addition
reduces water demand in PLC, though simultaneously retards hydration significantly
[17]. However, SP addition may have a positive effect on mechanical strength. Ghosh
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et al. found that SP addition enhancedmechanical strength while reducing water demand
by 20% [21]. In this study, the mix design containing 35% biogenic CaCO3 showed the
most pronounced water demand (nucleation and filler effect) and required superplasti-
cizer (SP) addition (0.05 g/g CaCO3). These results are consistent with literature sug-
gesting that LF finer than cement particles induces nucleation and filler effects [3, 8, 22].
While traditional LF typically increases workability and may decrease water demand,
fine LF such as biogenic LF used here augments the nucleation effect and increases water
demand. The 35% biogenic CaCO3 PLC paste was the only paste to require SP addition,
demonstrating the phenomenon that a smaller particle size and increased surface area
of the LF leads to increased water adsorption onto LF surfaces, as well as increased
nucleation of cement hydration products.

Compressive strength testing revealed that the 15% biogenic CaCO3 PLC paste
showed the highest compressive strength compared to all other mixtures, likely due
to increased nucleation. Though the PLC paste containing 35% reagent grade CaCO3
showed significantly decreased compressive strength compared to the 5% reagent grade
CaCO3 PLC paste, the 35% biogenic CaCO3 PLC paste had (i) a higher compressive
strength compared to its reagent grade counterpart due to enhanced nucleation and (ii)
comparable compressive strength to the 5%biogenicCaCO3 PLCpaste. It is possible that
bothLF sources experienced someparticle agglomeration, especially at high replacement
percentages, which would reduce the propensity for nucleation [23, 24], and the inert
filler effect is likely most responsible for decreased strength in both pastes with 35%
replacement compared to OPC.

The advantages of using biogenic CaCO3 as limestone filler are numerous. While
traditionalmined limestone takes centuries to regenerate, biogenic limestone is an unlim-
ited resource on the human timescale. The mining of limestone in quarries causes dust
emissions and erosion, impacts groundwater flow, contamination, and overall water
quality and, in the majority of cases, increases CO2 emissions due to operational energy
demand and the need for product transportation [26, 27]. The cultivation of biogenic
CaCO3 has the potential to be conducted on-site at cement production plants, bypassing
the need for transportation-related CO2 emissions. Perhaps most significantly, biogenic
CaCO3 has a significantly reduced carbon footprint as compared to mined limestone, as
it actively consumes CO2 during its production and has the potential to be an opportunity
for carbon storage in PLCs [28]. In order to optimize use of biogenic CaCO3 as an LF
and reduce CO2 emissions, future studies should be conducted to test various microor-
ganism culturing parameters. The optimal strain of E. huxleyi should be determined to
maximize CaCO3 production. Though some studies have explored scale-up practices for
similar algal cultures, laboratory-scale classification and best culturing practice need to
be determined before industrial scale-up can occur [29, 30].

5 Conclusions

To conclude, 5%, 15%, and 35% biogenic CaCO3 PLC pastes showed enhanced hydra-
tion and increased strength compared to both OPC and their reagent grade CaCO3
PLC counterparts. The 35% biogenic CaCO3 exhibited the highest compressive strength
(~29 MPa). All PLC pastes containing biogenic CaCO3 exhibited 7-day compressive
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strengths > 20 MPa. Enhanced hydration and increased strength are attributable to
the smaller particle size and higher surface area of the biogenic CaCO3 compared to
reagent-grade CaCO3. While biogenic CaCO3 shows promise as an LF for PLC produc-
tion, biogenic CaCO3 production at the lab scale must be optimized before scale-up to
industrial levels and application can occur. Cost analyses should be conducted to com-
pare cost savings of using biogenic CaCO3 in lieu of traditional limestone. However,
the advantages of biogenic CaCO3 and its capability to greatly reduce CO2 emissions
during PLC production cannot be ignored. The potential of PLCs with biogenic CaCO3
should be further examined to fully characterize and compare its mechanical properties
and environmental impact to traditional PLCs.
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