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Introduction

Mayenite (Cas2Al14033) is a promising high-temperature catalyst support [1,2]. However, under dry high-temperature conditions, its metastable cage structure can undergo irreversible degradation above ~1000 °C, while grain coarsening progressively
reduces its structural stability and potentially its functional surface area. These effects limit its long-term operational durability in high-temperature energy-conversion applications. We propose the dispersion of refractory CaZrOs within the mayenite
matrix as a strategy to enhance high-temperature structural stability. A quantitative Avrami—Arrhenius kinetic model, coupled with a Zener grain-growth limitation approach, is used to correlate CaZrOs content with crystallization kinetics and grain-size
evolution. The theoretical framework considers four complementary stabilization mechanisms: thermodynamic anchoring, Zener grain-boundary pinning, heterogeneous nucleation, and diffusion limitation. The model predicts that increasing CaZrO;
dispersion can accelerate crystallization while simultaneously limiting grain growth. At 950 °C, the predicted half-crystallization time decreases from approximately 91 min for undoped mayenite to 26 min at 7.5 mol% Zr, while the predicted Zener-limited
grain size decreases from approximately 1.4 to 0.5 um. The model will be experimentally validated through multi-heating-rate TGA/DSC measurements, including Kissinger analysis [3], together with temperature-dependent XRD crystallite-size analysis
[4,6], BET-BJH surface-area measurements. This integrated experimental-computational approach aims to enable the rational optimization of CaZrOs-dispersed mayenite, replacing trial-and-error approaches with quantitative design criteria for high-

temperature applications.

Experimental section

Synthesis: Sol-gel citrate route (Ca(NOs),, AI(NOs)s, ZrO(NOs), precursors); citric
acid (MS:CA = 1:2); drying at 110 °C; calcination 350 °C (4 h) - final at 800-1200
°C (varied times). Composition: Mayenite (Ca2Al14033) doped with CaZrOs at 0, 1,
3, 5, 10 mol%. Target doping levels in CHemPGM: 4.8-7.5 mol% Zr/(Ca+Al+Zr).
Characterization: XRD (phase identification, Rietveld refinement, Scherrer
crystallite size), BET (N, isotherm, BJH pore distribution), SEM-EDS (morphology,
Zr distribution, particle size), TG/DSC-MS (multi-rate: 10, 15, 20 °C/min; Kissinger
Ea extraction).
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CaZrO; Dispersion Effect
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A(x) = pre-exponential factor

E,(x) = activation energy

Describes the phase transformation

kinetics with temperature dependence. n(x) = reaction order
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D = grain size

Dy = initial grain size

Describes grain growth inhibition
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Parabolic growth law | Reduced K(x) — hindered grain growth by CaZrO;

KISSINGER METHOD
(MULTI-HEATING RATE)

Determines the activation energy
from non-isothermal data.

B = heating rate (°C/min)

Tp = peak temperature (K)
B =10, 15, 20 °C/min

KEY INSIGHT:

CaZrO; dispersion raises E, and slows
crystallite growth (grain pinning).

=p Optimal loading 3-5 wt% preserves >90%
mayenite structure up to 1100 °C.
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XRD spectrum of mayenite (Ca12Al4033) with CaZrOs dispersion. Blue peaks indicate the
main mayenite phase (20 = 18.2°-55.4°), red peaks the CaZrOs phase (26 = 31.6°,
55.4°) and the green peak CaO (26 = 67.3°). The preservation of mayenite, quantified
via Rietveld refinement, documents the stabilizing effect of CaZrOs; against thermal
decomposition.

DSC and TGA

4| 981

et

. . . . . Zirconium-containing mayenite: simultaneous TGA/DSC
Zirconium-containing mayenite: simultaneous TGA/DSC M

Desorption

—— TGA, normalized weight
—— DSC, heat flow

102-|

100

= TGA, normalized weight = DSC, heat flow

100

Ty
}

98

-4

96 - 96

Heat flows {I}U o

94

92 4

92 -10

- -10

1 L L L] L
200 400 600 800 1000 [ 200 400 600 800 1000

Temperature (°C)

TABLE-1..-THERMAL-STABILITY'PARAMETERS::COMPARISON-BETWEEN-PURE-MAYENITE-AND-CaZrO;-
DOPED-SAMPLES

Cinetica di cristallizzazione isoterma prevista (JMAK), 950 °C

100 4 = Zr = 0.0 mol%
= Zr = 2.5 mol%
m— 71 = 5.0 mol%
m— Zr=7.5 mol%

Tempo per il 50% di cristallizzazione vs drogaggio
90 A
80 4
80 -

60 1 70 4
60
40 A
50 -

tso previsto a 950 °C (min)

201 401

Frazione cristallizzata di mayenite (%)

30 4

0 25 50 75 100 125 150 175 P 1 > 3 2 5 6
Tempo a 950 °C (min) Drogaggio Zr / (Ca+Al+Zr) (mol%)

Figure 2. Predicted isothermal crystallization kinetics at 950 °C for various Zr doping levels. Figure 5. Predicted evolution of mayenite
grain size during isothermal calcination at 900 °C, with Zener limit saturation for doped samples.
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Nitrogen adsorption-desorption isotherm of Mayenite Zirconate

measured at 77 K. Filled symbols (+) indicate adsorption; hollow symbols
(o) indicate desorption. The hysteresis loop reflects mesoporous structure
and capillary condensation, indicating that CaZrOs; dispersion modulates
pore architecture. BET surface area and BJH pore size distribution are
derived from this isotherm data, providing key insights into the catalytic
support properties. Bimodal porosity in the inset with micropores at ~4
nm and mesopores at 60—80 nm, optimal for catalytic supports.

Conclusions

In conclusion, dispersing calcium zirconate (CaZrOs) within the
mayenite matrix proves to be a highly effective strategy for
suppressing thermal degradation and crystallite coarsening. Owing
to its superior thermodynamic stability and refractoriness
compared with pure mayenite, the secondary CaZrOs phase acts
simultaneously as a chemically stable anchor, a heterogeneous
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