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Phosphate-based additives are commonly used in concrete technology as hydration retarders and
dispersion enhancers, playing a critical role in controlling cement hydration kinetics. This study examines
how the molecular structure of three simple polyphosphate molecules affects the early formation of
calcium silicate hydrate (C—S—H) and calcium aluminate silicate hydrate (C—A—-S—H), the critical binding
phases in modern cements that incorporate supplementary cementitious materials. We systematically
compared two cyclic phosphate additives (phytic acid and hexametaphosphate) against one chain-like
additive (tripolyphosphate), revealing structure-dependent effects on C-S—H and C-A-S—H formation.
Our findings reveal that retardation occurs through dual pathways: calcium ion sequestration and formation
of calcium—phosphate intermediate phases. The additives exhibit system-dependent behaviours—effectively
retarding C-S—H formation while showing reduced retardation in C-A-S—H systems. The aluminium-
containing system shows additional effects, with additives capable of stabilizing the C-A-S—H amorphous
precursor phase. These distinct effects demonstrate that phosphate additives can produce multiple impacts
beyond their intended retardation function depending on the composition of the cement. Understanding
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additive-hydrate interactions at the molecular level is therefore critical and may provide new avenues for
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1. Introduction

To optimize the properties of cementitious materials, retarders
are added to adjust the setting time to meet the specific
application requirements. Control over the setting is funda-
mental for diverse concrete applications across the construc-
tion industry. For instance, when fresh concrete requires
extended workability periods—such as during long-distance
transportation from batching plants to remote construction
sites or vertical pumping operations in high-rise structures—
carefully selected retarding admixtures maintain appropriate
rheological properties throughout the required handling win-
dow. These retarding agents become particularly critical in
elevated-temperature environments, where they effectively
counterbalance the thermally induced acceleration of cement
hydration that would otherwise yield premature setting, com-
promising proper placement and consolidation of the cemen-
titious material.

The construction industry employs various chemical retar-
ders that form complexes with calcium ions, including organic
compounds such as carboxylic acids (tartaric," gluconic,* and
citric®*), saccharides (sucrose and glucose),>° lignosulfonates,’
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and organophosphonates,® as well as inorganic compounds
where phosphate-based additives® and borates'® are among the
most used. The proposed mechanisms through which retarding
agents influence cement hydration involve multiple molecular-
level interactions that collectively delay the setting process.'*'?
Initially, these compounds undergo chemical adsorption
onto cement particle surfaces, creating a protective layer that
effectively reduces the dissolution rate of calcium silicate
clinker phases. Most of the retarders also exhibit strong chelat-
ing properties, sequestering calcium ions from the pore
solution and thereby maintaining ionic concentrations below
the critical thresholds required for hydrate precipitation. This
dual action—hindered dissolution and calcium complexa-
tion—works synergistically to inhibit the nucleation and early
growth of essential binding phases, particularly calcium silicate
hydrate (C-S-H) and portlandite (Ca(OH),)."" Furthermore,
certain retarders can form relatively insoluble calcium-
additives phases that further contribute to the retardation
effect by removing available calcium from the hydration pro-
cess. This integrated action fundamentally alters the dissolu-
tion-precipitation equilibrium that governs the cement
hydration process.’

Calcium silicate hydrate (C-S-H) and calcium aluminate
silicate hydrate (C-A-S-H) represent the primary targets of
retardation strategies, as their formation directly control

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cement setting and workability loss. These phases are primarily
responsible for the mechanical strength’® and durability™* of
cementitious systems, and their nucleation and subsequent
growth govern the transition from plastic to rigid that defines
the setting process. Recent studies have demonstrated that
non-classical crystallization mechanisms'>—where ion clusters
or amorphous precursors aggregate before forming crystalline
phases*®—are also relevant for C-S-H and C-A-S-H.'” Under-
standing how chemical additives such as retardants influence
these formation pathways'® is crucial for controlling the setting
time and the workability retention in modern blended cements
incorporating Al supplementary cementitious materials.

Among this diverse array of retarding admixtures,
phosphate-based retarders have gained considerable interest
due to their effective ability to delay cement hydration
processes,” yet despite their widespread use, the molecular-
level mechanisms by which they influence the nucleation and
early growth of C-S-H and C-A-S-H binding phases remain
poorly understood. This study aims to elucidate these specific
mechanisms by investigating three exemplary phosphate-based
additives with distinct structural configurations: phytic acid
(organic cyclic), sodium hexametaphosphate (inorganic cyclic),
and sodium tripolyphosphate (linear). We selected these P-
compounds based on their known roles as retarders and
dispersants in cementitious systems,"®*! specifically choosing
two cyclic phosphate compounds and one linear additive to
systematically evaluating structure—function relationships. This
comparative approach enables investigation of how different
geometries—from organic cyclic to inorganic cyclic to linear
arrangements—influence the hydrate formation process.

Phytic acid (Phy), an organic cyclic phosphate with six
phosphate groups attached to an inositol ring, exhibits high
binding affinity for calcium ions, enabling it to influence
cement hydration and retard setting time.'® Tests on the
diametrical tensile strength of calcium silicate-based cement
treated with phytic acid did not show any negative effects of the
additive but left the strength unchanged.** Sodium hexameta-
phosphate (SHMP), an inorganic cyclic phosphate, is known to
form calcium-chelating complexes® and is already used in the
food industry as a chelator and deflocculator,** as well as a
dispersing agent in cement pastes.*® Tripolyphosphate (TriP), a
linear phosphate additive, is a common hydration retarder*!
that complexes calcium ions®® and can adsorb onto cement
particles, leading to improved rheology through electrostatic
repulsion.>®

To elucidate the mechanisms of retardation, we employ a
reproducible crystallization scenario®” to clearly distinguish
alterations in the early formation of these two critical binding
phases. This study also aims to establish a reliable methodol-
ogy for systematically comparing the effects of different addi-
tives on C-S-H and C-A-S-H nucleation and early growth,
providing a standardized framework that can be extended to
evaluate other chemical admixtures. Our multi-scale approach
integrates in situ titration experiments with ex situ character-
ization techniques, including electron microscopy (TEM, SEM-
EDX), Fourier Transform infrared spectroscopy (FTIR), and
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X-ray diffraction (XRD). Throughout the hydrate formation
process, we monitor key solution parameters—including free-
Ca®" ion concentration, pH, transmittance, and conductivity—
providing real-time insights into the reaction dynamics. The
combination of these different probes enables precise identifi-
cation of critical transition points such as nucleation events
and phase transformations, revealing fundamental informa-
tion about how additives modify these fundamental hydration
processes.

2. Experimental

2.1. Reagents used

All reagents were employed without further purification.
Sodium metasilicate nonahydrate (Na,SiO3-9H,0) was obtained
from Acros Organics (CAS No. 13517-24-3). A 1 M calcium
chloride (CaCl,) solution, purchased from VWR Chemicals
(CAS No. 10043-52-4), was diluted with Milli-Q purified water
to achieve the desired concentration. Aluminium chloride
hexahydrate (AlCl;-6H,0) was sourced from Carl Roth GmbH
& Co. KG (CAS No. 7784-13-6). Ethanol (pro analysis) was
supplied by VWR Chemicals (CAS No. 64-17-5). The Phy is a
50 wt% solution in H,O (CAS: 83-86-3) and was purchased
together with sodium hexametaphosphate (CAS: 68915-31-1)
from Sigma-Aldrich. Sodium tripolyphosphate (CAS: 7758-29-
4) was provided by Auros Organics. A 1 M sodium hydroxide
solution (CAS No. 1310-73-2) was purchased from Merck KGaA,
Darmstadt, Germany. Transmission electron microscopy (TEM)
grids were carbon support films on copper 400-mesh grids from
Quantifoil™ Micro Tools GmbH, Grofllobichau, Germany.
Hydrophilic 0.22 um PVDF membrane filters from Durapore®™
were used as filtration materials.

2.2. Synthesis of C-S-H and C-A-S-H in the presence of
additives

C-S-H and C-A-S-H phases were synthesized using a double-
titration system, described in detail elsewhere.”” For C-S-H
synthesis, 30 mL of a 40 mM CacCl, solution and 30 mL of a
40 mM Na,SiOj; solution were titrated concurrently at a rate of
0.1 mL min~' into 100 mL of a solution containing additive
concentrations of 10, 50, and 100 mg L~ '. These additive
solutions were prepared by combining 1 mL, 5 mL, or 10 mL
of a1 gL~ " additive stock solution with 99 mL, 95 mL, or 90 mL
of Milli-Q water, respectively, and adjusted to a pH of 12. For
C-A-S-H synthesis, 8 mM AICl; was incorporated into the
CaCl, solution, with all other procedures identical to those
used for C-S-H synthesis. Real-time conductivity, pH, trans-
mittance, and calcium ion potential measurements were
recorded throughout the experiments. Four replicates were
prepared for each experimental condition. The resulting dis-
persions were filtered through 0.22 pm Durapore®™ membrane
filters, washed with 300 mL of Milli-Q water, and dried in a
vacuum chamber at 40 °C. After drying, the precipitates were
stored in sealed glass containers for further ex situ analysis.
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2.3. Aliquots-TEM-experiments

Separate titrations were conducted to facilitate transmission
electron microscopy (TEM) analysis of intermediate stages
during the formation of both C-S-H and C-A-S-H phases. At
specified time intervals, 200 pL aliquots of the reaction mixture
were extracted using a pipette and immediately quenched in
3 mL of ethanol. This ethanol-suspended solution was then
drop-cast onto a TEM grid (carbon support films on Cu 400
mesh, Quantifoil Micro Tools GmbH) and allowed to air dry.

2.4. Ex situ analysis

2.4.1. Scanning electron microscopy (SEM). The morphol-
ogy of the precipitates was primarily investigated through
scanning electron microscopy (SEM) using a Zeiss Gemini
500 SEM (Carl Zeiss GmbH, Oberkochen, Germany). Samples
were mounted on carbon tape and examined with a 3 kv
electron beam without sputter coating, at a working distance
of 5 mm. Elemental analysis was conducted via energy disper-
sive X-ray spectroscopy (EDX) within the same setup, using an
acceleration voltage of 9 kv and a working distance of 8.5 mm.
For each sample, 30 spectra were acquired from distinct loca-
tions, and the average elemental composition was subsequently
calculated. Data processing was carried out using AZtec soft-
ware (Oxford Instruments).

2.4.2. Fourier-transformed infrared (FTIR) spectroscopy.
Fourier-transform infrared (FTIR) spectra were collected using
a Cary 630 FTIR spectrometer (Agilent© Technologies Inc.)
over a 600-4000 cm ™' spectral range. Measurements were
conducted in transmittance mode, with 125 scans per step
and a spectral resolution below 2 cm™". Data acquisition and
processing were performed using Agilent’s MicroLab software.

2.4.3. PXRD. Powder X-ray diffraction (PXRD) analyses
were performed using a Bruker AXS D8 Advance diffractometer
operating in Bragg-Brentano geometry. The instrument was
equipped with an IuS X-ray source that produced Cu-K, radia-
tion with a wavelength of / = 1.542 A. Samples were scanned
over a 20 range from 2° to 70° in oscillating mode, with data
acquisition managed by a LynxEye detector. The counting time
was 4 s for increments of 0.02°. We calculated the full width at
half maximum (FWHM) through Gaussian fitting using the
Levenberg-Marquardt iteration algorithm.
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3. Results & discussion

3.1. Time-resolved analysis of C-S-H formation

Real-time measurements of solution transmittance, calcium
potential, conductivity, and pH were performed during the
precipitation experiments to evaluate additive effects on cal-
cium silicate hydrate (C-S-H) crystallization behaviour.

3.1.1. Transmittance. The transmittance measurements
revealed significant modifications in the crystallization of
C-S-H when the additives are present in the media (Fig. 1).
In the additive-free reference experiment, the solution initially
maintains high transmittance values (indicating optical clarity)
until approximately 3300 s, when C-S-H nucleation begins
(point of nucleation = PoN). From this point, transmittance
decreases exponentially but does not reach zero values even
after 5 hours of continuous reactant addition.” This baseline
behaviour provides the reference against which we can evaluate
the distinct impacts of the additives on C-S-H crystallization.
All three investigated additives (Phy, SHMP, and TriP) induce a
characteristic two-step process in the transmittance profiles,
suggesting a fundamental modification of C-S-H formation
compared to the reference system.

The transmittance data for Phy reveal a distinctive behaviour
compared to the two other additives (Fig. 1a). Unlike the
reference experiment, Phy induces an early and abrupt drop
in transmittance, followed by a stable intermediate plateau
persisting beyond the reference nucleation point. With increas-
ing Phy concentration, three key changes become apparent in
the transmittance curves (Fig. 1a): (1) the magnitude of the
initial transmittance drop increases substantially; (2) the tran-
sition to the plateau phase occurs at progressively later time
points; and (3) a substantial delay on the point of nucleation for
C-S-H (marked by the second drop in the transmittance curve),
with specific delays illustrated in Fig. 2.

At the first drop in the transmittance curve in the experi-
ment with 100 mg L™' Phy (1550 s), the Ca/Phy molar ratio
reaches 5.79. This ratio appears critical for initiating the
formation of calcium phytate precipitates, as evidenced by
the sudden drop. In the experiments at 50 mg L™, the drop
occurs earlier, around 800 s, when the Ca/Phy molar ratio
reaches 5.86. The similarity between these two ratio values
across the two concentrations suggests a consistent threshold

a) ——G-S-H + 100 mg/L Phy b) ——C-S-H + 100 mg/L SHMP c) ——C-S-H + 100 mg/L triP
—_ C-S-H + 50 mg/L Phy —_ C-S-H + 50 mg/L SHMP - C-8-H + 50 mglL triP
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Fig. 1

concentrations of 10, 50 and 100 mg L™,
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In situ transmittance measurement data from the precipitation titration of C-S—H in presence of (a) phytic acid, (b) SHMP and (c) TriP in
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interaction between calcium and Phy that triggers this initial
precipitation event, independent of the absolute concentration
of the additive. This observation aligns with the findings of
Crea et al., who demonstrated the formation of Ca-phytate
phases with the compositions matching our determined values
at pHs above 7.5.>®

The subsequent plateau in the transmittance signal after the
first drop indicates that the calcium phytate phase is stable,
where particle size distribution and concentration most likely
remain relatively constant. This metastable equilibrium per-
sists until conditions favour the nucleation of C-S-H, marked
by a second pronounced transmittance decrease followed by
the characteristic exponential decay pattern observed in refer-
ence experiments.

Increasing concentrations of Phy produce a systematic delay
in C-S-H nucleation, with the effect becoming more pro-
nounced at higher dosages. Although the relationship between
additive concentration and nucleation delay is not strictly
linear, a clear qualitative trend emerges across the concen-
tration range tested. Compared to the reference system, 600 s,
900 s, and 2200 s delays were observed with Phy concentrations
of 10 mg L™", 50 mg L™, and 100 mg L™, respectively (Fig. 2).
Calcium sequestration into the calcium-phytate phase likely
accounts for a significant portion of this retardation effect,
however, our results suggest that it cannot be the sole mecha-
nism responsible for delaying C-S-H nucleation, as the
observed delay exceeds what would be expected from simple
calcium binding alone. In addition to the binding behaviour, a
possible explanation could be a superimposed ion adsorption
role on the clusters or nuclei and the resulting electrostatic
repulsion against each other, which takes effect above a certain
threshold.’

SHMP also seems to induce the formation of a Ca-additive
phase, though with a seemingly different formation mecha-
nism compared with Phy (Fig. 1b). Rather than the abrupt drop
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and stable plateau seen with Phy, SHMP produces a gradual,
linear decrease in transmittance that progresses steadily until
abruptly transitioning into the exponential decay pattern asso-
ciated with C-S-H formation, marked by a distinct kink in the
curve. The concentration-dependent behaviour of SHMP differs
notably from that of Phy in several key aspects. While Phy
shows delayed first transmittance drops at higher concentra-
tions, SHMP exhibits the opposite trend - higher SHMP con-
centrations trigger an earlier first drop in transmittance. This
inverse relationship is demonstrated across our tested concen-
trations (Fig. 2), with the first transmittance decrease occurring
at approximately 3500 & 200 s for 10 mg L™ ", 2300 = 400 s for
50 mg L™, and 2300 + 150 s for 100 mg L™ ". Like Phy, we
attribute this initial decrease to the progressive formation of a
calcium-SHMP phase, since EDX measurements (see below)
confirm that Si content in the precipitates present at earlier
times is much lower than P. However, the linear nature of the
transmittance decline suggests a fundamentally different pre-
cipitation mechanism - rather than the sudden formation of a
distinct intermediate phase observed with Phy, SHMP appears
to induce a continuous growth of the precipitate formed in this
first decrease of the transmittance.

Regarding C-S-H formation, the lowest concentration of
SHMP (10 mg L") already induces a significant delay in
C-S-H nucleation compared to the reference system (Fig. 2).
As SHMP concentration increases, the onset of C-S-H for-
mation experiences a further non-linear delay that showed no
concentration proportionality. Doubling the SHMP concen-
tration from 50 to 100 mg L~ " produces a modest delay rather
than the more significant extension observed with Phy. This
behaviour contrasts notably with Phy, where concentration
increases yield more predictable, proportional extensions of
the induction period.

Poly-triphosphate (TriP) demonstrates behaviour remark-
ably like SHMP (Fig. 1c). The concentration-dependent trends
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Fig. 2 Duration times until the first and second drop in transmittance was recorded during the precipitation titration of C-S—H in presence of the

different additives at different concentrations.
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Fig. 3 In situ measurement data of the free-Ca* concentration during the precipitation titration experiments of C=S—H in presence of (a) phytic acid,

(b) SHMP and (c) TriP at concentrations of 10, 50 and 100 mg L™,

mirror those observed with SHMP - higher concentrations of
TriP produce earlier formation of the transition state, with the
first transmittance decrease occurring sooner as additive
concentration increases. Additionally, higher TriP concentra-
tions generate steeper negative slopes in the transmittance
curves during this intermediate stage, suggesting an accelera-
tion of its formation process with increasing additive levels
(Fig. 2). C-S-H formation is also delayed by TriP, following the
general pattern observed with the SHMP. Notably, even the
lowest concentration tested (10 mg L") produced a substantial
delay in C-S-H nucleation, indicating TriP’s high efficiency as a
retardation agent even at minimal dosages.

3.1.2. Free-Ca®* concentration. In the reference experi-
ment, free Ca®>" concentration exhibits a linear increase with
continuous addition of reactants until reaching a maximum,
after which, calcium is heavily consumed and the free Ca**
decreases. This point correlates with the main drop in the
transmittance curve, signifying C-S-H nucleation.

Experiments incorporating additives
crystallization stages (Fig. 3), only detectable in the calcium
potential measurements and not in transmittance data, thereby
providing complementary insights. Each additive initially
establishes a distinctive calcium-binding regime wherein free
Ca®" concentrations remain negligible despite continuous cal-
cium addition to the solution (Fig. S1). The calcium-binding
demonstrates clear concentration dependence across all three
additives, with higher additive concentrations predictably
extending the duration of the calcium sequestration period.
From our data, we quantified the calcium-binding capacity for
each additive. Analysing the 100 mg L' and 50 mg L*
experimental conditions, our calculations reveal the average
Ca/P ratio at the end of each additive’s calcium sequestration
period to be 0.971 + 0.090 for Phy, 0.201 £ 0.001 for SHMP, and
0.269 + 0.015 for TriP.

Due to fundamental differences in their molecular struc-
tures, Phy demonstrates superior calcium-binding capacity per
phosphorus atom compared to SHMP. Phy contains R-O-
PO;> groups, where each phosphate moiety carries two nega-
tive charges, enabling each phosphate group to bind one
calcium ion. This arrangement theoretically allows Phy to bind
up to 6 Ca”" ions per molecule with its 6 phosphate groups,
yielding an optimal binding ratio of 1, which aligns well with
the measured one (0.971 £ 0.090).

reveal additional

9532 | Mater. Adv, 2025, 6, 9528-9544

Although SHMP has an equivalent number of phosphate
groups arranged in a cyclic structure, the linking between each
phosphate (-O-PO, -O-) produces only one negative charge
per moiety. Consequently, a SHMP molecule can theoretically
bind a maximum of 3 Ca®" ions, resulting in a P binding ratio of
0.5—half the calcium-binding efficiency of Phy. The measured
value for SHMP (0.21 + 0.01) is lower than theoretical predic-
tions, likely due to its instability at high pH values. Further-
more, too precise statements cannot be made since the additive
material used has varying molecular weights. TriP binding is
determined by two terminal ~-O-PO;>~ groups, each capable of
binding one calcium ion, complemented by a middle group
carrying one negative charge. This arrangement theoretically
enables TriP to bind approximately 2.5 Ca*>* ions per molecule,
giving a theoretical calcium-binding efficiency per phosphate
group (Ca/P = 0.833) that positions it between Phy and SHMP.
However, our experimental measurements revealed a signifi-
cantly lower Ca/P ratio of 0.27 £ 0.04. TriP however, like SHMP,
is a complex mixture with varying molecular weights, which
subjects the calculated determination to errors.

Despite the fundamental structural differences between TriP
(linear chain configuration) and SHMP (cyclic arrangement) at
neutral pH, both additives exhibited similar Ca/P ratios under
experimental conditions. While Phy most likely maintains its
structural integrity due to the stable inositol ring backbone, the
phosphate-oxygen-phosphate bonds in SHMP and TriP are
vulnerable to nucleophilic attack by hydroxide ions.*® *'p-
NMR studies have demonstrated that condensed phosphate
additives undergo hydrolysis to form ortho and pyrophosphate
species in similar cementitious systems.’® This hydrolysis in
highly alkaline cement pore solutions®'~? likely accounts for
their reduced calcium-binding capacities compared to theore-
tical predictions.

Following the exhaustion of their calcium-binding capacity
by complexation, a secondary regime emerges characterized by
linear increases in free Ca" for all three additives (Fig. 3). This
increase exhibits a less steep slope compared to the reference
experiment, providing evidence that these additives continue to
interact with calcium ions beyond their initial complexation
phase, perhaps interacting as well with more complex prenu-
cleation species. In the case of Phy (Fig. 3a), this linear regime
persists without significant deviation, suggesting a consistent
secondary interaction mechanism after the binding phase until

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Different regimes of the nucleation and crystallization of C-S—H in presence of (a) phytic acid, (b) SHMP and (c) TriP at concentrations of

100 mg L™, shown by the transmittance and Free-Ca®* data.

C-S-H nucleation occurs. Calcium binding calculations suggest
almost complete additive consumption due to the formation of
the Ca-phytate phase, with potentially no free phytate remain-
ing in solution. However, for both SHMP (Fig. 3b) and TriP
(Fig. 3c), a distinctive inflection point (kink) appears in the
calcium concentration curve, after which the slope is reduced.
This kink indicates that these additives transition to another
interaction with calcium ions.

At later experimental stages, the free-Ca®* concentration
eventually reaches its maximum value for all three additives
before decreasing steadily, mirroring the characteristic pattern
observed in reference experiments. This calcium depletion
phase coincides precisely with the previously characterized
second and more pronounced drop in the transmittance signal.
The temporal synchronization of these two independent mea-
surements—decreasing calcium concentration and diminish-
ing light transmission—provides evidence that substantial
calcium consumption occurs, corresponding to the nucleation
and growth of C-S-H.

3.1.3. Crystallization regimes. The simultaneous analysis
of transmittance and free-Ca®>" data exposes distinct stages in
C-S-H crystallization in the presence of the phosphate-based
additives (Fig. 4 and Fig. S2) that would be overlooked when
examining either measurement alone. During the initial
calcium-binding phase, the solution maintains clarity (high
transmittance) for all additives similar to the reference
(Fig. S3a), indicating the formation of soluble complexes that
do not alter light scattering. Following this binding phase, each
additive triggers distinctly different solution behaviours.

For Phy (Fig. 4a), transmittance sharply decreases soon after
the Ca-binding regime concludes, establishing a persistent
plateau that extends until C-S-H nucleation. Throughout this
plateau phase, free-Ca®* concentration rises steadily until
reaching its maximum at the onset of C-S-H nucleation. This
coupling between the end of the Ca-binding regime and the
abrupt change in the solution’s optical properties suggests that
the solution undergoes a rapid transformation process, most
likely the nucleation of the calcium-phytate phase, which would
significantly alter light-scattering properties without consum-
ing additional calcium ions.

A different process is observed for SHMP (Fig. 4b) and TriP
(Fig. 4c). After the calcium-binding phase concludes, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

solution typically maintains its clarity while free-Ca** increases
linearly, suggesting the coexistence of various solute species
such as Ca-P complexes, free-Ca>* ions, and potentially other
calcium-based species in solution, though their exact nature
and distribution remain uncertain. Subsequently, the first
decrease in transmittance coincides with a distinct inflection
in the calcium concentration curve. This synchronization is
especially evident in SHMP experiments (Fig. 4b), where both
measurements align precisely, indicates the formation of light-
scattering entities that steadily bind calcium. Despite their
structural differences, these coordinated changes in optical
properties and calcium dynamics suggest that SHMP and TriP
form comparable entities during this intermediate regime. As
titration curves alone cannot reveal the exact nature of these
entities, complementary ex situ TEM and EDX analysis were
conducted to get deeper insights into these intermediate
phases.

Finally, at later stages, the second pronounced drop in
transmittance coincides perfectly with the maximum in the
free-calcium curve, signalling the extensive formation of C-S-H
throughout the system.

3.1.4. Analysis of intermediate phases during C-S-H
formation. To elucidate the evolution of intermediate phases
during C-S-H crystallization, aliquots from reaction media
containing the three additives (100 mg L") were extracted at
strategic time points (Fig. 4) and analysed by TEM and SEM
(Fig. 5). Samples were collected at transition states between
characteristic transmittance drops (5000 s and 1000 s) for each
additive system and after the completion of reactant addition
(18000 s). Reference images are shown in Fig. S4.

With Phy, the TEM analysis of the first aliquot showed
discrete and small globules (Fig. 5a), agreeing with the stable
plateau in the transmittance curve. Quantitative EDX analysis
(Fig. 6) yielded an average Ca/P ratio of 2.25 + 0.40; notably,
silicon was also detected in these early precipitates. The abrupt
drop in transmittance and the lack of inflection points in the
free-Ca®" curve support a mechanism of rapid, stoichiometric
precipitation of insoluble calcium phytate particles®® once a
critical Ca/phytate ratio is reached.”® The Ca/P ratio in the
solids, which exceeds the stoichiometric value expected
for a pure calcium phytate phase, and the concurrent presence
of silicon suggest the presence at that early time of an
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additional Ca-Si-bearing phase(s) during these initial stages of
precipitation.

By 10000 s, C-S-H sheets had become the primary precipi-
tated phase (Fig. 5b), which remained the predominant mor-
phology at 18 000 s (Fig. 5¢). Compositional analysis revealed a
substantial reduction in the Ca/Si atomic ratio across the three
aliquots (Fig. 6b-d), approaching values near 1.0, characteristic
of the reference C-S-H. Concurrently, phosphorus content
diminished significantly, marking the transition from initial
calcium phosphate-rich precipitates at early ages to the estab-
lishment of a C-S-H-dominated material upon the second drop
in the transmittance. Notably, the phosphorus content in the
18000 s samples approached the theoretical maximum of
1.75 wt% phosphate in the final material. This theoretical value
was calculated based on the stoichiometry of Ca-phytate pre-
cipitation, the initial additive concentration, and an estimation
of C-S-H formation derived from measured free-Ca** concen-
tration in solution. The close agreement between experimental
and theoretical values indicates that Ca-phytate salts remained
largely undissolved during the experimental period, a beha-
viour is consistent with the characteristically low solubility of
phytate salts.**

In contrast, the SHMP and TriP systems exhibited markedly
different early-phase morphologies compared with Phy. TEM
analyses at 5000 s revealed ill-defined, interconnected globular
assemblies (Fig. 5d and g) and bridging networks, consistent
with the formation of calcium-phosphate coacervates via
liquid-liquid phase separation.”® These morphologies, charac-
terized by dense regions with thin bridges and evolving three-
dimensional networks, align with the gradual, linear decrease
in transmittance (Fig. 1b and c) and the distinct inflection
points in the free-Ca** concentration curves (Fig. 3b and c),
both indicative of progressive coacervate phase development
as Ca®* binding increases in solution.>**® The coacervation

View Article Online

Materials Advances
process is interactions between
anionic phosphate groups and Ca®" ions, resulting in charge
neutralization, reduced repulsion, and eventual chain associa-
tion—a characteristic mechanism of polyelectrolyte-driven

driven by electrostatic

phase separation.>” This sequence yields a dense, calcium/
phosphate-rich coacervate phase (Fig. 6a), as confirmed by
EDX (Ca/P ratios of 1.50 + 0.05 for SHMP and 2.80 £ 0.90 for
TriP), with significant silicon incorporation also detected.

These interconnected assemblies persisted for 10000 s in
the case of the SHMP (Fig. 5e). Still, the samples underwent
compositional evolution, as evidenced by the reduced Ca/Si
ratio (Fig. 6). This reduction likely reflects the progressive
formation of C-S-H phases. In the case of TriP, after 10000 s
the sample evolved into thin (5-20 nm) neuronal-like structures
(Fig. 5h and Fig. 7a and b) in which Ca and Si were the
predominant elements (Fig. 7c and d) and P was detected as
a minor component within the network (Fig. 7). This morpho-
logical development could be attributed to C-S-H formation
utilizing the coacervate as a heterogeneous nucleation site, with
its growth potentially proceeding outward from this organic
template.

As the reaction progresses, at 18000 s, the morphological
transition from the coacervate networks to well-developed C-S-
H sheets (Fig. 5f and i) becomes increasingly evident, accom-
panied by a substantial decrease in Ca/Si ratios (Fig. 6), ulti-
mately converging to the characteristic C-S-H composition and
coral-like, porous superstructure observed in the reference
system. Compositional changes between the 10000 s and
18000 s samples for all additives are considerably less pro-
nounced, most likely due to the progressive dilution of Ca-
phosphate phases as C-S-H formation proceeds. Regarding the
fate of the coacervate phases —whether they undergo structural
transformation, gradual dissolution, or remain stable—direct
experimental evidence is limited, and definitive conclusions

100 nm

Fig. 7 TEM images of the aliquot after 10 000 s of C—S—H in presence of 100 mg L™ TriP. Shown are (a) the plain TEM image, (b) the HAADF image, and

the corresponding EDX-mappings for (c) Ca, (d) Si and (e) P. Scale: 100 nm.
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TriP, each in a concentration of 50 mg L™,

cannot be drawn without further investigation. However, the
persistent detection of phosphorus by EDX analysis in the
18000 s samples (Fig. 6) strongly suggests that these phases
remain over extended reaction periods.

Collectively, these findings demonstrate that while Ca-
phytate formation proceeds via rapid, stoichiometric precipita-
tion of solid particles with high phosphate incorporation,
SHMP and TriP promote the formation of liquid-like coacervate
intermediates through a fundamentally different, phase-
separation-driven mechanism. These mechanistic distinctions
are reflected not only in the early morphological and composi-
tional signatures captured by TEM, SEM, and EDX, but also in
the kinetic profiles revealed by transmittance and free-Ca®*
measurements. This validates our methodology as highly effec-
tive for distinguishing between different formation mechan-
isms, demonstrating its broader applicability for systematic
comparison of additive effects on cement hydrate formation.
The observed differences in Ca-P phase formation pathways,
and their subsequent influence on C-S-H nucleation, confirm
that P-based additives can modulate cement hydration through
mechanisms extending beyond simple calcium complexation.

10000

3.2. Time-resolved analysis of C-A-S-H formation

3.2.1. Transmittance. The C-A-S-H reference sample
(black line) demonstrates a distinctive two-step crystallization
process, highlighting key differences from C-S-H behaviour as
previously documented.”” While C-S-H systems typically exhi-
bit a nucleation event at approximately 3300 £ 200 s, the
C-A-S-H system presents its PON—marked by the first signifi-
cant transmittance drop—notably earlier, at around 2800 +
300 s. This initial transmittance decrease follows a linear
trajectory until approximately 7500 £ 300 s, when a pro-
nounced inflection point emerges, marking the transition from
linear to exponential decay in transmittance. This point has
been identified to a transformation of an initial amorphous
C-A-S-H precursor into poorly crystalline C-A-S-H sheets.””

When the additives are present, they significantly modify the
C-A-S-H precipitation pathway (Fig. 8 and Fig. S5 and S6). Phy
(Fig. 8a) induces the characteristic plateau in the transmittance
curve, which occurs at similar timepoints and exhibits a
comparable magnitude, as observed in C-S-H systems
(Fig. S7). This demonstrates clear concentration-dependent
behaviour (Fig. 9), suggesting that its calcium interaction
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Fig. 9 Durations in the C-A-S—H precipitation titration for each present additive (phytic acid, SHMP, TriP) in various concentrations until the first drop,

second drop and kink in the transmittance curve occurred.
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in concentrations of 10, 50 and 100 mg L™

operates independently of aluminium presence. Increasing Phy
concentration delays the second transmittance decline (corres-
ponding to C-A-S-H precursor formation), though this retarda-
tion effect is approximately half than in C-S-H systems.

SHMP (Fig. 8b) and TriP (Fig. 8c) demonstrate also
aluminium-mediated effects: their first transmittance drop
(Fig. 9) occurs slightly earlier than in C-S-H systems (Fig. 2),
indicating that aluminium catalyses the formation of this
initial Ca-additive phase, presumably leading to Ca-Al-P coa-
cervate. EDX analysis of 4000 s aliquots (Fig. 6) confirmed
aluminium and silicon presence within phosphorus-rich
phases (see below). Both SHMP and TriP also retard the second
transmittance drop, but their precipitation-inhibiting effect is
substantially attenuated in C-A-S-H systems compared to
C-S-H systems.

A critical finding across all additives is the concentration-
dependent effect on the characteristic transformation kink
(C-A-S-H amorphous precursor —» C-A-S-H mature). At low
concentrations (10 mg L"), this kink remained clearly obser-
vable for all additives, indicating minimal interference with the
natural transformation pathway. At intermediate concentra-
tions (50 mg L~ '), the response became additive-specific: SHMP
and TriP exhibited subtle but detectable transformation signa-
tures, while Phy completely suppressed the kink. At the highest
concentration tested (100 mg L"), all additives consistently
eliminated the transformation kink, suggesting either stabili-
zation of the C-A-S-H precursor phase or substantial retarda-
tion that would manifest as gradual or imperceptible changes
in transmittance, rather than abrupt transitions, consistent
with the observed absence of sharp discontinuities in the
optical response curves.

3.2.2. Free-Ca’" ion concentration. Distinct regimes can be
identified in the free-Ca®* curve in reference C-A-S-H experi-
ments (Fig. 10): an initial linear increase in free Ca>", followed
by a pronounced bending beginning at 3300 + 300 s and
extending for approximately 4000 + 350 s, a sudden drop in
Ca®" concentration at 7300 4 200 s, and finally a steady
increase. These changes correlate directly with transmittance
measurements and reflect sequential formation of the C-A-S-H
precursor and its subsequent transformation.

Initial calcium binding is similar between C-S-H and
C-A-S-H systems (Fig. S8) for the three additives, indicating

© 2025 The Author(s). Published by the Royal Society of Chemistry

aluminium species (predominantly Al(OH),” at high pH)
do not alter calcium complexation. However, aluminium’s
presence significantly alters the subsequent phase formation
and transformation dynamics. The Ca®" inflection correlating
with coacervate formation occurs slightly earlier for SHMP and
TriP than in C-S-H systems, confirming aluminium’s catalytic
role observed in transmittance measurements.

After the formation of Ca-phosphate phases, a notable
deviation from the C-A-S-H reference experiment emerges. At
100 mg L' concentration, all additive-containing experiments
show an absence of the characteristic sharp Ca®* maximum,
instead exhibiting gradual steady increases. This behaviour
confirms the transmittance observations that the sharp two-
stage transformation is prevented entirely or significantly
retarded, resulting in continuous calcium consumption rather
than abrupt precursor conversion. At intermediate concentra-
tions (50 mg L™'), SHMP and TriP exhibit a transitional
response where the characteristic Ca>* drops are delayed and
prolonged, suggesting that precursor transformation still
occurs but at a significantly reduced rate.

3.2.3. C-A-S-H crystallization regimes. Integrated analysis
reveals fundamental mechanistic differences between C-A-S-H
and C-S-H systems, despite similar initial calcium binding
behaviour (Fig. S8).

Looking at the Phy (Fig. 10a) our data suggests that the
formation of Ca-phytate phase, which sequesters calcium ions
and makes them unavailable for C-A-S-H precursor formation,
does indeed delay the formation of the C-A-S-H precursor.
However, this delay manifests to a lesser degree than what
might be expected from the observed sequestration period
(Fig. 8) and markedly reduced relative to the C-S-H system
(Fig. S2). This suggests that the formation of the C-A-S-H
precursor occurs at substantially lower free-Ca** concentrations
in solution than the reference system (Fig. S3b), indicating that
Phy alters the critical supersaturation threshold required for C-
A-S-H precursor precipitation.

SHMP (Fig. 10b) and TriP (Fig. 10c) exhibit similar behaviour
in C-A-S-H systems as observed in C-S-H, presenting an initial
binding regime followed by a linear increase in free Ca®"
concentration in solution, both characterized by clear solutions
with maximum transmittance. This is followed by a change in
slope of the free-Ca®>" curve attribute to coacervate formation,

Mater. Adv., 2025, 6, 9528-9544 | 9537
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Fig. 11 TEM images of the aliquots taken after 4000 s during the precipitation titration of C—A-S—H in presence of phytic acid, SHMP and TriP in the

concentration of 100 mg L™ each.

which causes also the first decrease in transmittance. As
mentioned, this transition occurs earlier than in C-S-H
systems (Fig. 3b and c), indicating that aluminium has a
promoting effect on coacervate formation. Progression through
the precipitation pathway shows at 100 mg L™ ", all additives
converge on similar behaviour—absent transmittance kink and
free-Ca** maxima—indicating precursor stabilization or signifi-
cantly slowed transformation. Based on analogous stabilization
mechanisms observed in amorphous carbonate systems, the
observed C-A-S-H precursor stabilization likely occurs through
bulk incorporation of phosphate ions within the amorphous
matrix, which modifies ion mobility and can alter the crystal-
lization kinetics of metastable amorphous phases,*® consistent
with our observations of eliminated transformation kinks and
altered calcium consumption patterns.

3.2.4. Analysis of intermediate phases during C-A-S-H
formation. For the C-A-S-H system, we draw aliquots from
the media in the 100 mg L™ experiments and investigated
them, similarly to the C-S-H system. In this case, only the first
aliquot taken at 4000 s was analysed by TEM (Fig. 11) since the
amount of sample was low and the second (10000 s) and final
material at 18000 s were analysed with SEM-EDX since there
was enough material.

The precipitates isolated from the Phy system were charac-
terized by network structures containing thicker, seemingly
spherical particles. Elemental composition analysis revealed
a reduced Ca/Si ratio (1.75 £ 0.35) and low Al/Si ratio
(0.68 £ 0.03) compared with the other additives, along with a
higher Ca/P ratio (3.76 £ 0.62) already at this timepoint. This
compositional profile likely reflects a higher proportion of
C-A-S-H phases at this sampling point, as the aliquot was

9538 | Mater. Adv, 2025, 6, 9528-9544

collected shortly before the second transmittance drop
occurred. In contrast, the reference C-S-H system still had
approximately 1000 s remaining before its second transmit-
tance drop at the equivalent sampling time (Fig. S7).

The SHMP and TriP systems exhibited remarkably similar
morphological evolution in C-A-S-H (Fig. 11). The initial
aliquot collected at 4000 s revealed a branched nanostructure
characterized by significant interconnected porosity, mirroring
the C-S-H system and confirming the formation of analogous
coacervate phases. TEM images revealed electron-dense
nodules (10-30 nm in diameter) interconnected by more
electron-transparent bridging regions, creating a continuous
three-dimensional network. Compositionally, the SHMP-4000 s
samples exhibited a Ca/P molar ratio of 1.70 + 0.20, while TriP
samples showed a ratio of 2.35 + 0.15 (Fig. 6). Notably, both
aluminium and silicon were detected in the isolated coacervate
samples, indicating multi-element incorporation during phase
formation. EDX local elemental mapping performed during
TEM analysis revealed homogeneous distribution of all ele-
ments throughout the network structure (Fig. S9), providing
evidence for Si and Al incorporation within the coacervate
phases formed by both additives. Interestingly, the Al/Si ratio
exceeded unity (Fig. S10), suggesting a preferential incorpora-
tion of aluminium over silicon within the coacervate matrix.
This selective enrichment is particularly noteworthy given that
aluminium and silicon were continuously added to the solution
at a molar ratio of Al/Si = 0.25. The observed solid-phase Al/Si
ratio (>1) represents a four-fold enrichment compared to the
solution composition, indicating that the coacervate formation
process exhibits strong selectivity for aluminium species over
silicate species during phase separation. At these high pH

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 FTIR spectra of the obtained solids of the aliquots after 4000 & 5000 s (dotted lines), 10 000 s (thin line) and 18 000 s (thick line) during the C-A-
S—H synthesis in presence of phytic acid, SHMP and TriP in a concentration of 100 mg L™,

values, the dominant aluminium species would be the
negatively charged aluminate ion (A(OH)*~), which would not
directly interact with the negatively charged phosphate groups
but instead with the positively charged calcium ions (Ca>").
Ongoing studies in our group are focused on developing
improved isolation procedures and implementing shorter
time-scale analyses to better characterize all Ca-P phases and
its evolutionary pathway.

At 18 000 s, all precipitates approached compositional values
similar to the reference C-S-H (Ca/Si = 0.86 + 0.04, Al/Si =
0.25 £+ 0.02), though both ratios remained slightly elevated
across all three additive systems (Fig. 6 and Fig. S10). These
persistently higher values likely reflect the continued presence
of Ca-phosphate coacervate phases and/or residual C-A-S-H
precursors, which are characterized by elevated Al/Si ratios
compared to mature C-S-H.

3.3. Structural evolution in C-S-H and C-A-S-H systems

3.3.1. FTIR. The FTIR spectra of the reference C-S-H and
C-A-S-H phases (Fig. S11) exhibit characteristic peak at around
957 cm ™' and 962 cm ', respectively, attributed to antisym-
metric Si-O stretching vibrations of Q” tetrahedral units. The
absence of a peak at approximately 810 cm™ " indicates that no
Q' units are present in these samples. At 660 cm ™', symmetric
bending vibrations of the Si-O-Si bond are visible, while the
peak at 1642 cm ™' can be assigned to H-O-H bending vibra-
tions of water molecules. The peak at 1415 cm™ ' relates to
slight carbonation. Distinguishing phosphate-related bands in
the FTIR spectra proved particularly challenging due to their

© 2025 The Author(s). Published by the Royal Society of Chemistry

significant overlap with the main silicate band in both C-S-H
and C-A-S-H systems. Despite these spectral limitations, we
observed distinct changes in the precipitates collected at dif-
ferent reaction times from experiments with 100 mg L *
concentration (Fig. 12), which revealed a clear temporal evolu-
tion of phases in both systems with the additives.

At early reaction times (4000-5000 s), the spectra exhibit
characteristic features of calcium-phosphate phases: a broad
absorption band centered around 1000 cm ™ for Phy, and three
defined peaks for SHMP and TriP located at approximately
1115, 1025, and 905 cm ™', with a subtle peak around 730 cm ™.
These peaks, assignable to P-O vibrations (Fig. 12), confirm
that calcium-additive phases predominate at early reaction
stages.

The characteristic Si-O stretching vibration band becomes
prominent at intermediate reaction times (10 000 s) signalling
the substantial formation of C-S-H or C-A-S-H phases along-
side the initial calcium-phosphate precipitates. The central
peak of this band appears at significantly higher wavenumbers
than typically observed in mature systems, suggesting the
presence of more polymerized silicate networks, probably with
a higher proportion of Q* units compared to mature C-S-H and
C-A-S-H hydrates.

As the reaction progresses from 10000 s to 18000 s, this
band undergoes two significant changes: narrows and transi-
tions to lower wavenumbers. This shift between the 10000 s
and 18 000 s is most pronounced with SHMP additive, reaching
around 10 cm™' in C-S-H systems and around 20 cm ™' in
C-A-S-H systems. The concurrent narrowing and wavenumber

Mater. Adv,, 2025, 6, 9528-9544 | 9539


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00758e

Open Access Article. Published on 28 October 2025. Downloaded on 12/12/2025 1:17:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

reduction is most likely due to a structural transformation from
initially formed metastable silicate(aluminate) networks with
higher crosslinked configurations toward precipitates domi-
nated by Q* units, characteristic of mature C-S-H or C-A-S-
H phases. This observation aligns with prior reports of meta-
stable C-S-H exhibiting a higher proportion of cross-linking
sites.>**°

Concentration-dependent analysis of samples after 18 000 s
revealed that additive concentrations of 10-100 mg L™ pro-
duced distinctly different effects on the two cement phases
compared to their respective references (Fig. S11). The C-S-H
phase exhibited minimal structural changes across all additive
concentrations, as evidenced by negligible shifts in character-
istic spectral peaks (Fig. S12a) and minimal peak broadening
(Fig. S12b), indicating that the additives exerted little perturba-
tion on the silicate framework.

In contrast, the C-A-S-H system displayed systematic shifts
to higher wavenumbers in the presence of additives, with
particularly pronounced changes (up to 10 cm™ ') observed for
SHMP and Phy at 100 mg L™ concentrations (Fig. $12a). Peak
broadening analysis confirmed this differential response, with
higher additive concentrations inducing increased FWHM
values (Fig. S12b), further demonstrating the more pronounced
effect of additives on the C-A-S-H system. These observations
suggest that the additives exert a sustained influence on the
aluminosilicate network architecture, preserving elevated con-
centrations of Q® units while impeding their transformation

View Article Online
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into Q*dominated chains. This behaviour correlates with
increased Al/Si ratios in these samples, likely reflecting the
retention of amorphous C-A-S-H precursor material character-
ized by higher degrees of polymerization (Fig. S13) and elevated
Al/Si ratios (Fig. S10).

The preservation of the C-A-S-H polymerized structure
could offer significant advantages for cement performance.
Recent work has highlighted the disorder or amorphicity of
cement reaction products as an overlooked factor that can
enable scientifically guided strategies to design novel
cement.*! The retained Q3rich networks observed in our
phosphate-modified C-A-S-H systems may contribute to
improved binding performance and reduced brittleness, poten-
tially supporting the development of low-carbon cements that
achieve enhanced performance with reduced material con-
sumption. On the other side, the stabilization of metastable
amorphous phases also raises concerns about potential long-
term instability, as delayed phase transformations could com-
promise matrix integrity over time, highlighting the need for
further investigation into these complex stability mechanisms.

3.3.2. XRD. XRD measurements were conducted to inves-
tigate the effects of phosphate-containing additives on the
crystallinity of the final precipitates. The diffractograms, nor-
malized to the highest peak (29.5°), are shown in Fig. S14 for
C-S-H and C-A-S-H, respectively.

The C-S-H reference sample exhibits, as previously
described by Kanchanason et al., typical C-S-H reflections at
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Fig. 13 The measured FWHM from the main reflection of the XRD of the obtained solids from the synthesis of C-S—H and C-A-S-H in presence of

phytic acid, SHMP and TriP in concentrations of 10, 50 and 100 mg L™,
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20 = 7.1° (d = 12.5 A), a main reflection at 29.5° (3.1 nm), and a
minor shoulder at 32.2° (2.8 nm).**> This C-S-H pattern derives
from tobermorite-like structures affected by nanocrystallinity
and turbostratic disorder.**** The XRD pattern shows no
evidence of Ca(OH), formation.

The reflection at 7.1°, representing the basal spacing of the
layered silicate structure, exhibits distinct responses to
each phosphate additive. Phy progressively weakens this reflec-
tion at 50 mg L' and eliminates it at 100 mg L™ " (Fig. S14a).
In contrast, SHMP enhances the reflection’s intensity at
50 mg L', indicating promotion of the layered structure, with
the reflection maintaining its presence across all tested con-
centrations (Fig. S14b). TriP demonstrates the most significant
impact, eliminating the basal spacing reflection at concentra-
tions of 50 mg L™* and above (Fig. S14c). The FWHM values
showed that Phy concentration induces a concentration-
dependent peak broadening (Fig. 13). In contrast, neither TriP
nor SHMP, significantly affected the crystallinity of the C-S-H
precipitates. The broadening of the (110) reflection observed

Ref

concentration of 100 mg L1,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with Phy suggests decreased crystallinity. Manifested through
smaller crystallite sizes and/or increased lattice distortions and
structural disorder. It should be noted, however, that this
broadening effect is considerably less pronounced than that
observed in C-A-S-H samples, indicating that while Phy influ-
ences crystallinity, the structural disruption remains relatively
modest.

Concerning the C-A-S-H precipitates, other phases like katoite*’
(CazAl,(Si04)5-CazAl,(OH);,), or stritlingite®® (CasAl,(OH);p-
[AISi(OH)g],-2H,0) were not detected in our XRD patterns.
The additives significantly influenced the degree of crystallinity
in the C-A-S-H system compared to C-S-H (Fig. S14d-f), as
evidenced by changes in the FWHM of the central reflection
(Fig. 13). Lower concentrations of the additives (10 mg L™ and
50 mg L™ '), seem to not make a big impact on the crystallinity
of C-A-S-H compared to the C-A-S-H reference. However, at
100 mg L' additive concentration, the FWHM increased
drastically, indicating the formation of highly amorphous
material. This increased amorphicity, reflected in the

Mater. Adv., 2025, 6, 9528-9544 | 9541
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broadening of the 29.5° peak, correlated with shifts to higher
wavenumbers in the FTIR spectrum (Fig. S12a) and corres-
ponding spectral broadening (Fig. S12b), confirming the higher
presence of C-A-S-H precursor.

3.3.3. Morphological changes introduced by the additives.
SEM was used to examine the resulting morphologies of the
precipitated C-S-H and C-A-S-H structures after 18 000 s with
different concentrations of additives.

The C-S-H reference exhibits a coral-like and porous super-
structure (Fig. 14a), which comprises the foils as described in
the literature.*>*” The presence of additives had no discernible
influence on the final morphology of the material, regardless of
additive type—whether Phy (Fig. 14c and Fig. S15), SHMP
(Fig. 14e and Fig. S16), or triP (Fig. 14g and Fig. S17)—or
concentration. Despite the likely presence of residual Ca-P
phases, the Ca/Si ratios remained relatively consistent across
all additive-containing samples (Fig. 6), indicating minimal
compositional perturbation of the dominant C-S-H phase.

The C-A-S-H reference displays thinner structures and
more porous interweaving than C-S-H (Fig. 14b). In the
absence of additives, C-A-S-H undergoes evolution from initial
globular precipitates to mature sheet-like structures.”” How-
ever, all three phosphate additives disrupt this natural progres-
sion in a concentration-dependent manner. At low
concentrations (10 mg L"), all additives appear to permit
normal structural development, allowing C-A-S-H to maintain
its morphology with characteristic thin, sheet-like formations
(Fig. S15-S17). Conversely, higher concentrations of these
additives appear to promote the formation of globular struc-
tures (Fig. 14d, f and h). At the highest concentration, this
inhibition of morphological transformation generally aligns
with the FTIR peaks at higher wavenumbers and the broad-
ening of the 29.6° reflection in XRD, which suggests a greater
presence of C-A-S-H precursor at 100 mg L™~ ", At intermediate
concentrations (50 mg L~'), globular structures were also
observed; however, FTIR and XRD data indicated reduced
polymerization compared to the C-A-S-H precursor. These
findings suggest that while the structures preserved the mor-
phological characteristics of their precursors, they exhibited
structural tendencies toward the mature C-A-S-H phase. The
absence of a defined kink in the transmittance curve supports
this interpretation, indicating that the structural transforma-
tion occurs gradually rather than through a distinct phase
transition.

4. Conclusion & implications

This study offers comprehensive insights into how model
phosphate molecules with distinct structures (phytic acid,
hexametaphosphate, and tripolyphosphate) impact the for-
mation pathways and final properties of C-S-H and C-A-S-H
cement hydrates. Our findings reveal several key mechanisms:

1. Calcium sequestration. Phosphate additives exhibit dis-
tinct calcium-binding capacities: Phy shows superior efficiency
(Ca/P =~ 0.97) compared to SHMP (Ca/P ~ 0.20) and TriP
(Ca/P =~ 0.27). These differences most likely stem from their

9542 | Mater. Adv, 2025, 6, 9528-9544
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molecular structures and charge distribution—Phy’s inositol
ring with R-O-PO,>” groups carries greater negative charge
density with two negative charges per phosphate group,
enabling stronger electrostatic interactions with Ca** ions.
Additionally, Phy maintains structural stability in alkaline
environments. SHMP’s cyclic and TriP’s linear configurations,
with only one negative charge per phosphate group, undergo
hydroxide-induced hydrolysis, compromising their calcium-
binding capacity. Aluminium does not seem to influence the
Ca-binding.

2. Formation of Ca-phosphate phases. Both C-S-H and
C-A-S-H systems exhibit a two-step formation process in the
presence of phosphate additives, beginning with distinct Ca-
additive phases that influence the subsequent crystallization of
C-S-H and C-A-S-H. These intermediate phases differ signifi-
cantly based on the phosphate type: Phy forms discrete, glob-
ular Ca-phytate particles, whereas SHMP and TriP produce
interconnected networks consistent with calcium-phosphate
coacervates formed via liquid-liquid phase separation.

3. Aluminium incorporation in Ca-phosphate phases. In
C-A-S-H systems, significant aluminium incorporation occurs
in the calcium-phosphate coacervate phase, while silicon is
incorporated to a lesser extent despite its fivefold higher
concentration. This selective aluminium incorporation accel-
erates initial precipitate formation compared to C-S-H sys-
tems. Additionally, aluminium presence substantially reduces
the retardation effect of phosphate additives on C-A-S-H
hydrate formation.

4. Effect on the final C-S-H precipitates. Phosphate addi-
tives do not affect the corallike structure of C-S-H while
causing minor molecular changes. Phy increases structural
disorder, whereas SHMP improves organization at moderate
concentrations. Phosphorus remains in the final material,
indicating that calcium-phosphate phases persist within the
C-S-H structure.

5. C-A-S-H precursor stabilization. At higher concentrations
(100 mg L"), the three additives stabilize the early globular
C-A-S-H phase, preventing its normal development into sheet-
like structures. This results in solids that are more polymerized
and less crystalline throughout the reaction, demonstrating the
additives’ ability to halt C-A-S-H maturation at a more
amorphous state.

These findings have important implications for cement
hydration control, workability enhancement, and hydrate
phase modification:

1. Retardation mechanisms. This study reveals that phos-
phate additives impede homogeneous hydrate formation
through dual mechanisms: direct calcium ion sequestration
and formation of stable calcium-phosphate phases. These
phases persist rather than dissolve during the early stages of
hydrate formation, suggesting potential impacts on material
properties. Further investigation is needed to determine their
stability in cement pastes and their effects over extended
timeframes.

2. Implications for cement workability. The ability of the
tested additives to delay C-S-H formation has significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential for enhancing cement workability. By delaying the
onset of setting, these simple P-additives could provide
extended handling times without compromising final strength
development, addressing a critical challenge in concrete place-
ment. However, the substantially reduced retardation effects in
C-A-S-H systems suggest limited effectiveness in blended
cements containing aluminium-rich supplementary cementi-
tious materials, potentially restricting their application in
modern sustainable cement formulations.

3. Considerations for Al-Containing SCMs. The extended
lifetime of the C-A-S-H precursor phase observed has impor-
tant implications for blended cements using SCMs containing
aluminium. This prolonged stability of the amorphous precur-
sor could influence mechanical properties and durability
through multiple pathways. From a sustainable cement design
perspective, the enhanced amorphicity may enable improved
binding performance and reduced brittleness. However, this
could also create risks of delayed phase transformations that
might compromise long-term matrix stability. Therefore, cau-
tion is required when using additives designed for a single
purpose, as they may induce multiple unintended effects. In
the case of C-A-S-H systems, while the tested phosphate
additives show limited effectiveness as retardants, they could
prove valuable for enhancing the cement paste matrix through
controlled modification of the hydrate characteristics.
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