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Bio-Inspired Fluorescent Calcium Sulfate for the

Conservation of Gypsum Plasterwork

Miguel Burgos-Ruiz,* Martha llett, Teresa Roncal-Herrero, Kerstin Elert,
Ramon Rubio-Domene, Encarnacion Ruiz-Agudo, and Carlos Rodriguez-Navarro

In this work, the potential of bio-inspired strategies for the synthesis of
calcium sulfate (CaSO,-nH,0) materials for heritage conservation is explored.
For this, a nonclassical multi-step crystallization mechanism to understand
the effect of calcein— a fluorescent chelating agent with a high affinity for
divalent cations— on the nucleation and growth of calcium sulfate phases is
proposed. Moving from the nano- to the macro-scale, this strategy sets the
basis for the design and production of fluorescent nano-bassanite (NB-C;
CaSO,-0.5H,0), with application as a fully compatible consolidant for the
conservation of historic plasterwork. Once applied to gypsum (CaSO,-2H,0)
plaster specimens, cementation upon hydration of nano-bassanite results in a
significant increase in mechanical strength, while intracrystalline occlusion of
calcein in newly-formed gypsum cement improves its weathering resistance.
Furthermore, under UV irradiation, the luminescence produced by calcein
molecules occluded in gypsum crystals formed upon nano-bassanite
hydration allows the easy identification of the newly deposited consolidant
within the treated gypsum plaster without altering the substrate’s appearance.

1. Introduction

As an important branch of materials sci-
ence and solid-state chemistry, crystal engi-
neering stands out as a versatile discipline
that offers innovative solutions for a multi-
tude of modern-day problems through the
design and manipulation of crystal struc-
tures to produce materials with tailored ad-
vanced functionalities, ranging, for exam-
ple, from biomedical and drug-delivery ap-
plications to the development of highly ef-
ficient semi-conductors, as well as nano-
electronic and optical devices.'™! In this
context, biomimicry has drawn the atten-
tion of the scientific community over the
last 2 decades as a powerful tool, for ex-
ample, for replicating the properties of ma-
terials produced by living organisms.!>¢!
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While the synthesis of biomaterials
presents significant challenges, researchers
have made remarkable progress by
employing bio-mimetic and bio-inspired strategies, including the
use of organic monomeric and/or polymeric species to artificially
reproduce the effect of proteins and polysaccharides involved in
natural biomineralization processes.”'!] An illustrative example
of such progress is the work of Colfen et al., who extensively
investigated the impact of organic templates and additives on
the crystallization of calcium carbonate (CaCO,), among other
phases.['25] They successfully developed mesoscale methodolo-
gies for the fabrication of complex biomimetic 3D superstruc-
tures, such as synthetic nacre and vaterite mesocrystals showing
enhanced stability.['*'7] However, these strategies have not been
investigated in the case of calcium sulfates (CaSO,-nH,0). Al-
though they are not the most prevalent biominerals in nature,
bassanite (CaSO,-0.5H,0) has been described as the main min-
eral phase present in the statoliths of diverse Cubozoan and Sci-
phozoan medusae, serving as gravity and inertia sensors.[18-20]
Gypsum (CaSO,-2H,0) has been also found to be part of the
impact surface in the raptorial appendages of some species of
stomatopod crustaceans of the Odontodactylus scyllarus type (bet-
ter known as “mantis shrimps”), which they use as powerful
hammers propelled at extreme speeds of about 23 m s~! to break
mollusk shells.[!]

Furthermore, there is ample evidence proving that biomimetic
approaches have been employed since ancient times for the elab-
oration of lime-based building and ornamental materials,
whether fortuitously or intentionally, to elaborate durable
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Figure 1. General view of muqgarnas and decorative elements made of gypsum plaster found in the Hall of the Kings a), the Court of the Lions b) and
the Mexuar c), at the Alhambra in Granada (Spain). Close-up view of an example of decayed ornamental plasterwork d).

cement, plasters, and mortars by implementing natural organic
additives, such as oils, animal glue or plant extracts, providing
enhanced properties (e.g., hydro-repellency or greater mechan-
ical strength).’>?*] In this context, gypsum-derived materials
have also played a pivotal role in the evolution of architecture.
Being processed through pyrotechnology since the Neolithic
(12000-2000 B.C.), alongside lime gypsum has been employed
as one of the most important hydraulic binders by subsequent
civilizations, such as Ancient Egypt (3100-30 B.C.), Greece
(800-146 B.C.), and Rome (753 B.C.-476 A.D.).>28] However,
the most notable architectural expression in the use of gypsum
was reached during the Islamic Golden Age (7th — 13th century
A.D.). Since then, the Alhambra of Granada has remained the
apex of this architectural style (Figure 1a,b).[-3]

Despite its widespread use and historic importance, gypsum
has limited wet-mechanical strength and relatively high solubil-
ity, making it prone to deterioration when exposed to humid en-
vironments and/or to severe climate changes.[>*3%] Due to these
handicaps, numerous original architectural elements and orna-
mental plasterworks from monumental sites suffer from decay
(Figure 1c,d). For this reason, several conservation procedures
have been recently developed and implemented. A relevant ex-
ample is the product designed and patented by Rubio-Domene
(i-e., Mortero Alhambra),314%1 where a fluorescent copolymer is
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mixed with bassanite, quicklime, or calcium carbonate powder
in order to obtain luminescent conservation gypsum plasters or
lime mortars and stuccoes, allowing to identify and locate recent
conservation interventions under UV light. Despite the advances
in technology for the elaboration of replicas and material replace-
ment, the use of consolidants is necessary in many conservation
interventions in order to improve the mechanical cohesion of the
weathered substrate and preserve the original artwork. However,
in the specific case of gypsum plasterwork, research regarding
suitable consolidants is very limited.[3°]

In this work, we exploited the versatility of bio-inspired
processes for the development of fluorescent nano-structured
bassanite crystals, which we employed as a fully compatible
consolidant for the preservation of decayed historic gypsum
plasterworks.[“142] We investigated the effect of the occlusion of
organic (macro)molecules during the crystallization of gypsum.
In particular, we selected calcein (i.e., a xanthene fluorescent
chelating agent with a specific affinity for divalent cations) to
study its effect on the morphology, chemical, and optical proper-
ties of gypsum crystals from both fundamental and applied per-
spectives. To this end, we first determined the role of this organic
additive during the homogeneous (pre)nucleation of calcium sul-
fate from solution and the subsequent crystal growth processes.
These results allowed us to describe the interaction mechanism

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85UB01 T SUOIWIOD BA 181D 3|qeol(dde 8y} Aq pausenob e Sapie YO 8sN Jo SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d U [UO//:SdnL) SUOIPUOD PUe SWiB | 8U1 89S *[202/90/82] U Akiqiauliuo A8|iMm ‘(ouleAnge ) aqnopesy Aq T8GZ0vZ02 [IWS/2Z00T 0T/I0p/W00 A8 | Aleiq 1 pul|uoy/sdny wolj pepeojumod ‘0 ‘6Z89ETT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

No Additive

150 uM Calcein

www.small-journal.com

50 uM Calcein
d 100
040 Bragg Peak <0+ Control

;' A20 = 0.004° —0— Calcein 50uM
s 801 —o— Calcein 1504M
z

2 60

S

=

? 40

)

©

£

5 204

z

0

T T T T T T T
10.08 10.10 10.12 10.14 10.16 10.18 10.20
20°

Figure 2. Optical microscopy images under UV light a, b, and c) and HR-XRD patterns (d) of gypsum microcrystals grown in the presence of different
calcein concentrations. Vertical color bars in panel d) indicate the position of the point of maximum intensity corresponding to the 040 Bragg peak of

each sample (black line, GG; red line, GC-50; blue line, GC-150).

between calcein and the structural growing units involved in the
formation of gypsum, which led to important changes in the final
crystal habit and physicochemical properties.

In this case, the incorporation of calcein into bassanite nano-
consolidants provides a complementary solution for the conser-
vation of plasterwork. In extremely low doses, calcein does not
affect the appearance in the visible spectrum neither before nor
after the hydration of fluorescent nano-bassanite, a critical issue
in heritage conservation. However, when excited with UV radia-
tion, the fluorescent consolidant exhibits an intense green lumi-
nescence, allowing conservators to precisely identify areas where
the new material is deposited, as well as its penetration depth.
This breakthrough enables targeted and accurate conservation
applications, preventing under- or over-consolidation and ensur-
ing the preservation of historical artwork. We also demonstrated
that calcein modifies crystal growth upon nano-bassanite hydra-
tion and the resulting gypsum structure, which presented en-
hanced weathering resistance. These features are pertinent for
the effective consolidation of decayed historical gypsum plaster-
works.

2. Results and Discussion

2.1. Growth of Fluorescent Gypsum

Significant variations in the size and morphology of gypsum
crystals were detected with increasing additive concentrations
when directly precipitated from aqueous solution in the presence
of calcein. This additive rendered them fluorescence, as shown
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by optical microscopy observations with UV light illumination
(Figure 2; Figure S1b, Supporting Information). In the absence
of calcein, numerous micrometer-sized gypsum crystals formed
in less than 30 min after mixing the solutions. These crystals
showed spherulitic fibro-radiated habits and multiple misalign-
ments along the morphological c-axis direction (Figure 2a). Con-
versely, in the presence of 50 uM calcein (GC-50), flower-like, thin
gypsum twinned micro-crystals with “spearhead” or “swallowtail”
shapes (i.e., twin law (101)),*}) measuring ~1.5-2.2 mm in size
were observed. These crystals, however, were obtained ~8 h af-
ter the solutions were mixed and exhibited well-developed (010)
faces (Figure 2b). In contrast, 150 uM calcein (GC-150) led to id-
iomorphic gypsum crystals with sizes of ~0.8—-1.1 mm and no ap-
parent twinning (Figure 2c). These crystals were obtained ~72 h
after the mixing process. These results evidence that calcein, even
when dosed in very small amounts, had a marked effect as a
crystallization inhibitor, significantly delaying crystal precipita-
tion. In addition, calcein strongly modified the morphology and
texture of gypsum precipitates, suggesting that it also acted as
a crystal growth modifier. Importantly, the strong and homoge-
neous fluorescence of gypsum crystals formed in the presence of
calcein (Figure 2b,c) points to the occlusion of this additive in the
gypsum crystal structure.

Standard powder X-ray diffraction (XRD) analysis provided
supporting evidence for these macroscopic observations (Figure
Slc, Supporting Information). Crystals precipitated without
calcein exhibited intense 121, 121, 141, and 022 Bragg peaks,
corresponding to well-developed (0kl) and (hkl) faces. In con-
trast, GC-50 crystals exhibited intense 020 and 040 peaks,
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corresponding to well-formed (0k0) faces, and low intensity 121,
200, and 062 reflections that suggested poorly developed (hkl)
faces. GC-150 crystals displayed intense 0kO reflections and mod-
erately intense 121, 200, and 062 Bragg peaks, confirming the
tendency of gypsum crystals to adopt the equilibrium morphol-
ogy under these experimental conditions.[*! Inoue and Hirasawa
demonstrated the variability of gypsum morphology following
precipitation in the absence and presence of several additives,
including poly-(acrylic acid) and sodium carboxymethylcellulose,
by analyzing the relative intensities of the main diffraction
peaks of such crystals.*’] They concluded that crystal growth
was suppressed along the [001] direction by organic additives
having carboxyl groups, thus leading to a substantial change in
morphology and a decrease in the aspect ratio from needle-like,
to plate-like and granular gypsum microcrystals, in accordance
with the increase in the relative intensity of the 021, 041 and 221
Bragg peaks. For the highest calcein concentration tested (i.e.,
250 uM; GC-250) only a scarce granular powder was observed af-
ter over ~2 weeks, and the final phase detected was still gypsum.

Synchrotron high-resolution powder XRD analysis (HR-XRD)
revealed a left shift in the position of the 0kO Bragg peaks of gyp-
sum samples containing calcein (i.e., increase in d,-spacing),
as compared to a calcein-free reference geologic gypsum (GG)
(Figure 2d). The calculated lattice strain fluctuations (Ab/b) were
3.841 x 10~* and 4.078 x 10~* for GC-50 and GC-150 gypsum
samples, respectively. This indicates that intracrystalline occlu-
sion of calcein, which was evidenced by fluorescent light mi-
croscopy, resulted in a slight structural distortion that only af-
fected the dimension of the b lattice parameter (no peak shift
was observed in the case of h00, hOl, or 00! reflections, show-
ing no lattice strain associated with the a and c lattice parame-
ters). It has been widely reported that incorporation of macro-
molecules (e.g., proteins) in biominerals (e.g., calcite and arag-
onite in mollusk shells) and their biomimetics typically results
in anisotropic lattice distortion disclosed by Bragg peak shifts in
HR-XRD patterns.[>1011:2246-48] Tt hag been reported that the in-
corporation of large macromolecules, micelles, and/or nanopar-
ticles might not result in lattice strain.*?#8] In the case of cal-
cein, possibly due to its large molecular size and/or steric con-
straints, occlusion did not result in large lattice distortion man-
ifested by marked peak shifts, as also observed in the case of
calcein incorporation within calcite and aragonite.[*! For lattice
modification to occur, the guest molecules have to replace spe-
cific ions (i.e., as a “solute”) in a homogeneous and system-
atic way as to achieve long range order.'% In this case, con-
sidering that calcein interacts with Ca?* through strong elec-
trostatic bonds, the slight distortion of the b lattice parameter
was most likely due to adsorption and incorporation of calcein
on the {010} planes,*! and/or by non-homogeneous replace-
ment of water molecules and/or sulfate groups by calcein during
crystallization.

Furthermore, local strain fields around the occluded molecules
can cause peak broadening and asymmetry.*%! Here, we observed
these effects (Figure 2d) leading to a reduction in crystallite size
and an increase in microstrain fluctuations (i.e., Dy, Door» DPioo
and 7, respectively, as calculated using the Williamson-Hall
method; Figure S2a—c, Supporting Information), which pro-
vides further evidence of the intracrystalline occlusion of calcein.
The calculated lattice strain, as well as the crystallite size and
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microstrain fluctuation values for GC-50 and GC-150 as com-
pared to GG are presented in Table 1, and also summarized in
Figure S3 (Supporting Information).

UV-Vis spectrophotometry analyses of bleached (to eliminate
any adsorbed additive) and then dissolved fluorescent crystals
enabled the determination of the intracrystalline calcein con-
tent in the different gypsum samples (see Experimental Sec-
tion; Figure S3 and Table S1, Supporting Information). For GC-
50 and GC-150, the intracrystalline additive net content was
5.148-10~* pmol mg™' and 8.997-10~* umol mg™, respectively.
Additionally, powders precipitated with 250 pM calcein exhib-
ited an additive net content of 1.527-10~% umol mg~!. These re-
sults demonstrate significant and dose-dependent occlusion of
calcein within gypsum crystals, thus explaining their UV fluo-
rescence and the observed structural effects (Figure 2). They are
also relevant for potential biomedical applications, including con-
trolled drug-delivery, as they demonstrate that occlusion of or-
ganic molecules of small-to-medium sizes is feasible in a biocom-
patible mineral phase like gypsum.>!>2]

2.2. Non-Classical Crystallization Mechanism of Calcein-Loaded
Gypsum

From a fundamental nonclassical crystallization perspective, it
is widely acknowledged that additives (whether organic or in-
organic) can significantly impact the different pre- and post-
nucleation events that take place during the precipitation of pure
mineral phases.?*>3-%] This is a promising strategy for the de-
sign of materials with tailored morphologies, physical-chemical
properties, and, therefore, technical applications. In line with
this, and because we aimed to develop and test a novel bio-
inspired functional (i.e., fluorescent) and fully compatible consol-
idant for the conservation of deteriorated historical gypsum plas-
terwork, we first assessed the effect of calcein during the early
stages of gypsum crystallization (i.e., pre- and post-nucleation
stages).

Potentiometric titration was employed to study the evolu-
tion of [Ca?*]y,, during the pre-nucleation, nucleation, and post-
nucleation stages of calcium sulfate in both the absence and pres-
ence of the fluorescent additive (Figure 3). In order to provide
a precise depiction of the interaction mechanism between cal-
cein and Ca?*, the titration curves were segmented into 3 sec-
tions: I) pre-nucleation stage, II) nucleation stage, and III) post-
nucleation stage (i.e., particle growth).

During the pre-nucleation stage, the measured [Ca®*];,. con-
sistently remained lower than the total dosed Ca**. According
to Gebauer et al.°”*%] this phenomenon indicates the stabi-
lization of pre-nucleation clusters (PNCs), which are described
as polynuclear associates that typically precede the formation
of more complex condensed phases, such as liquid precursors
and/or amorphous solids. The concentration-dependent stabi-
lization of PNCs by calcein was demonstrated by the increase in
[Ca?*],ouna> @S shown by a flattening of the slope of the [Ca?*];..
versus time curves during the pre-nucleation stage as compared
with the control curve. This effect of PNC stabilization has been
extensively documented in other systems (e.g., CaCO;-H,0)
for other carboxylate-rich organic additives, such as poly(acrylic
acid (PAA), poly(aspartic acid) (PASP), citric acid and several
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Table 1. Summary of calculated lattice parameter b, lattice distortion, crystallite size, and microstrain fluctuations for GC-50 and GC-150 as compared
to geologic gypsum (GG). *For the crystallite size and microstrain fluctuation (obtained using the Williamson-Hall plot method), the error is indicated

as the standard deviation (o).

b Ab/b Doy [nm] Doy [nm] Dygo [nm] n
GG 15.20441 + 0.00013 - 166.17 + 0.04 110.24 + 1.71 99.28 + 0.78 0.00120 + 0.00010
GC-50 15.21025 + 0.00011 3.841x 107 151.29 + 0.54 97.86 + 0.24 87.57+0.57 0.00125 + 0.00004
GC-150 15.21061  0.00012 4.078 x 107 146.41+0.39 88.11 % 0.43 78.11 £ 0.68 0.00148 =+ 0.00005
a o10- additives (e.g., PAA) inhibit the nucleation of gypsum by hin-
| Z g:;:;‘l’r'] souM dering collisions between PNCs, which in turn decreases their
0084 o calcein 153}1M e attachment probability and increases their kinetic persistence in
7, | e solution.
S 0064 3 Calcein has a strong affinity for divalent cations and behaves
£ ] as a bidentate chelating agent similar to EDTA (with 4 carboxylic
£ 0044 groups deprotonated at pH < 6; pK,; = 2.1, pK,, = 2.9, pK,; = 4.4,
8 | pK,, =5.5; and 2 tertiary amine groups). Thus, it is reasonable to
= 0.024 infer that the complexation of Ca** may have potentially played
| arole in the nucleation and growth mechanisms. The complexa-
0.00 — ; : : y tion of Ca?* by calcein was demonstrated by the delay in the ini-
0 50 100 150 200 250 300 tial increase of measured [Ca*];.. at the beginning of the titra-
Time (min) tion experiments (Figure S4, Supporting Information). Specifi-

Transmittance (%)

20 °
0 i % ' . ' S—

I 1 ) ]
0 50 100 150 200 250 300
Time (min)

Figure 3. Time development of the free Ca?* concentration a) and trans-
mittance b) during gypsum precipitation experiments in the absence
(black dots, control) and presence of calcein (red dots, 50 uM; blue dots,
150 uM), in comparison with the total dosed Ca?* concentration (dashed
line).

polysaccharides,>*-%2] but its implications in the CaSO,-H, O sys-
tem are relatively unexplored.

As we moved along the reaction coordinate, [Ca’*]g.. exhib-
ited a linear increase as Ca?* was dosed until a point where the
slope decreased, followed by a sudden drop in [Ca?*]s,., indicat-
ing the nucleation of the first solid particles. Calcein, as observed
in the initial bulk crystallization experiments, inhibited crystal-
lization, even at exceedingly low additive concentrations. This in-
hibitory effect was evidenced in the titration experiments by a sig-
nificant delay in the nucleation of the first CaSO,-nH, O particles.
In the presence of 50 uM calcein, the induction time for nucle-
ation increased 2.7 times as compared to the control. The impact
of calcein became more apparent as the additive concentration in-
creased to 150 uM, where complete inhibition of nucleation was
observed. Even after more than 10 h, no visible precipitates were
observed. As previously reported by Nicoleau et al.,[®*] organic
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cally, [Ca?*]s,. started increasing only once the complexation ca-
pacity of the additive was reached. In titrations using 50 uM cal-
cein, the complexation delay with respect to the control curve
(i-e., elapsed time from probe stabilization to [Ca**]... initial in-
crease) was ~0.8 min, while in the presence of 150 pM calcein,
this delay was extended to 2.2 min, indicating a concentration-
dependent effect on the initial complexation process. Neverthe-
less, the observed inhibitory effect cannot be solely attributed to
Ca-calcein complexation. This is so because the total molar con-
centration of the additive was orders of magnitude lower than the
total added Ca?* during the titration experiments. Moreover, it is
expected that most of the calcein would be coordinated to Ca?* at
the very beginning of the experiment.[®*] Ultimately, the possible
inhibitory effect of Ca** complexation can be disregarded at such
low additive concentrations.

We also analyzed the events that occur near the nucleation on-
set by comparing the evolution of [Ca%*];.. with the correspond-
ing transmittance measurements. In control runs, the transmit-
tance suffered a sudden drop, which however, preceded (by ca.
15 min) the sudden decrease in measured [Ca?*];.. marking the
nucleation and subsequent growth of the initial calcium sulfate
particles. This decoupling between the drop in transmittance
and the [Ca?*].. decrease was more evident in calcein-including
runs. In the presence of 50 uM calcein, the measured transmit-
tance decreased gradually before reaching the nucleation onset
marked by the drop in measured [Ca?*];... This suggested that
both in the control run and, especially, in the presence of calcein,
the initial stage of nucleation occurred following a liquid-liquid
phase separation, where a dense liquid phase (most likely made
up of highly hydrated PNCs) separates from a less concentrated
solution, as observed in other systems.[®>] However, this possibil-
ity must be carefully evaluated using more advanced techniques,
such as SAXS and/or analytical ultracentrifugation. Finally, as
discussed above, higher concentrations of calcein led to complete
nucleation inhibition, resulting in no discernible change in trans-
mittance throughout the time course of these experiments.
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Figure 4. Time sequence of AFM deflection images of {010} cleavage surfaces of gypsum crystals obtained following growth in the absence a) and
presence of 2.5 and 25 uM calcein b and c). Growth directions [001] and [101] are indicated by arrows.

In situ, fluid-cell AFM observations conducted on gypsum
{010} cleavage surfaces, both in the absence and presence of
calcein, revealed a pronounced modification of anisotropic step
propagation kinetics by this additive. Specifically, the introduc-
tion of calcein led to a discernible alteration in growth dynam-
ics at the nanoscale. During control experiments conducted with-
out the additive (Figure 4a; Video S1, Supporting Information),
the rapid emergence of multiple steps aligned with the [101]
and [001] directions was observed, followed by their advance-
ment and a swift step-bunching after approximately 16 s. This
implies that growth by ion adsorption along the a- and c-axis di-
rections was not impeded. Note that gypsum grows extremely
fast, even at low saturation index values (i.e., SI = log(IAP/K,),
being IAP the ion activity product and K, the solubility prod-
uct of the relevant phase; see Experimental Section). Although
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we decided to increase the scan rate by compromising image
quality, in the absence of calcein growth rates could not be ac-
curately measured. In the presence of 2.5 uM calcein, the growth
rate (i.e., velocity of step advancement) along the c-axis direction
sharply decreased, and was almost completely inhibited along
the a-axis direction (Figure 4b; Video S2, Supporting Informa-
tion). This also resulted in a reduction of the step-bunching
effect. Increasing the concentration of calcein by an order of
magnitude (i.e., 25 pM) resulted in much slower growth kinet-
ics than in the previous cases (Figure 4c; Video S3, Supporting
Information).

Considering the morphological evolution of gypsum crystals
obtained at different calcein concentrations (i.e., spherulitic —
arrowhead — idiomorphic), our hypothesis is that the adsorp-
tion of calcein onto each dominant face of the gypsum structure
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Figure 5. Synthesis a and b) and characterization c—g) of fluorescent nano-bassanite (NB-C). XRD pattern c), FTIR spectrum d) and EDX elemental
mappings e—g) show that the obtained product is phase-pure bassanite, which also contains calcein.

(i-e., {010}, {120}, and {111}; Figure 2) results in the inhibition of
crystal growth, regardless of their relative stability (i.e., interfacial
free energy). Note that, for example, if poisoning by the organic
additive occurs on the {010} surfaces, growth by ion addition in
the b-axis direction would be impeded, but it is still viable along
the a- and c-axis directions, resulting in large area (010) faces. In-
creasing calcein concentration leads to a more exaggerated situa-
tion of the same inhibitory effect so that gypsum crystals showing
equilibrium morphologies can be obtained even under high su-
persaturation conditions. These observations regarding macro-
scopic morphology correlate well with AFM measurements and
are in accordance with the recorded conventional XRD patterns
of gypsum crystals grown both in the absence and presence of cal-
cein dosed at different concentrations. They are also congruent
with the HR-XRD results. The slight lattice distortion along the
b direction due to intracrystalline calcein is consistent with sur-
face adsorption of calcein molecules on {010} faces followed by
their occlusion by advancing growth steps.[*)! Indeed, adsorption
followed by occlusion seems to be the predominant interaction
mechanism between calcein and the growing gypsum, ultimately
leading to morphology variations.

Understanding how calcein modifies the crystallization path-
way of gypsum from solution and its physicochemical proper-
ties was crucial for the later design of novel CaSO,-nH,O nano-
consolidants. It is important to mention that bassanite is the di-
rect precursor of gypsum plasters, which are widely used as con-
struction and ornamental materials. For this reason and because
we also aimed to produce novel consolidants for the conservation
of plasterworks, we synthesized fluorescent bassanite nanoparti-
cles and evaluated the behavior of calcein during their transfor-
mation into gypsum cement (see below).

Small 2024, 2402581
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2.3. Synthesis and Characterization of Fluorescent
Nano-Bassanite

Nano-bassanite was synthesized in the absence or presence of cal-
cein following the solvothermal method by Burgos-Ruiz et al.[%!
Details of this solvothermal synthesis are presented in the Ex-
perimental Section. Figure 5a schematically shows the different
steps of such a synthesis route, whereas Figure 5b shows the fi-
nal product synthesized in the presence of calcein (50 puM; see
details in the Experimental Section), which is fluorescent under
UV light.

XRD analysis (Figure 5c) revealed that the synthesis prod-
uct (NB-C) was phase-pure monoclinic bassanite (space group
I2). Furthermore, FTIR spectra (Figure 5d) showed moderate in-
tensity bands at 3554 and 3610 cm™!, corresponding to the v,
asymmetric and v, antisymmetric O-H stretch vibrations, along
with the moderate intensity § OH bending band at 1618 cm™,
corresponding to structural water in bassanite. In the finger-
print region, we observed a quadruplet at 1010, 1086, 1108, and
1137 cm™, along with a doublet at 595 and 660 cm™?, correspond-
ing to the v,-v, stretching vibration modes of SO, groups. We
also observed low-to-moderate intensity bands ranging from 694
to 941 cm™! that were ascribed to the incorporated calcein. Note
that the main IR absorption bands (i.e., corresponding to C-O, C-
H, and C = C bonds) of calcein overlap with the stretching modes
of SO, groups and could not be properly identified.

The UV-Vis analysis of dissolved NB-C (Figure S3 and Table
S1, Supporting Information) further confirmed the presence of
the additive in the nano-bassanite crystals and revealed a cal-
cein net content of 4.81 x 10~ umol mg~" (Table S1, Supporting
Information).
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TEM analysis (Figure S6a, Supporting Information) showed
that the synthesized product consisted of nano-crystalline rod-
like bassanite aggregates. This observation is supported by their
SAED pattern exhibiting diffraction spots corresponding to the
114, 314, 334, and 240 reflections (Figure S6a inset, Support-
ing Information). The particle equivalent length, measured along
the c-axis direction, ranged from 90 to 500 nm, with widths
measured along the a or b directions ranging between 40 to
80 nm. More importantly, S/TEM EDX elemental mappings
(Figure 5e-g) and spectra (Figure S6b, Supporting Information)
were decisive in proving that calcein was evenly distributed inside
the bassanite nanocrystals, as confirmed by the elemental carbon
map.

2.4. The Hydration Mechanism of Fluorescent Nano-Bassanite

The synthesized NB-C particles were subjected to hydration at
room T in a high relative humidity atmosphere (RH > 90%) for
at least 2 weeks to obtain partially hydrated bassanite (i.e., a mix-
ture of bassanite and gypsum). TEM analyses showed that the
newly formed gypsum grew by epitaxy along the c-axis direc-
tion of the pre-existing bassanite nanocrystals (Figure 6a). Im-
portantly, EDX elemental mapping confirmed that calcein was
still present in the structure of gypsum formed after bassanite hy-
dration (Figures S7 and S8, Supporting Information). De Yoreo
et al.,[’] have previously shown that the low-energy interfaces
of bassanite faces along the c-axis direction promotes the het-
erogeneous nucleation and growth of gypsum in solution. Note,
however, that we did not use liquid water to promote the hydra-
tion of bassanite. Instead, deliquescence on the surface of the
hemihydrate was the primary source of water in our experimen-
tal setup. Moreover, we observed that the diffuse diffraction spots
corresponding to the SAED pattern of the tip of individual hy-
drated bassanite nanocrystals were elongated along the [001] di-
rection (i.e., long axis and growth direction), showing Bragg re-
flections with a marked broadening, whereas those correspond-
ing to newly formed gypsum also showed broadening and signifi-
cantarcing (~8-12°) (Figure 6a—c). As previously discussed, these
effects are likely caused by the presence of structural defects, mi-
crostrain, and reduced crystallite size, compatible with the incor-
poration of calcein in the structure of both nano-bassanite and
the newly-grown gypsum.

Interestingly, during TEM analyses we also observed small
amorphous structures resembling liquid-like fractals of nan-
odroplets (Figure 6d—f). EDX analyses and mappings revealed the
presence of elemental Ca and S (Figure 6g—i), suggesting the for-
mation of an amorphous calcium sulfate (i.e., ACS) phase dur-
ing the hydration of NB-C. These amorphous structures were
extremely sensitive to the electron beam, which is indicative
of a high degree of hydration. Recently, Tlett et al.,[®**"] have
detected similar ACS structures in samples prepared by cryo-
genic quenching and vacuum sublimation of 50 mM CaSO,
solutions (in the absence of additives) using high-resolution
TEM. We further analyzed cryo-quenched aliquots of supersat-
urated CaSO, solutions where PAA was used as a proxy for
calcein, under full Cryo-TEM and normal TEM analysis con-
ditions after eliminating the formed frost by vacuum sublima-
tion (i.e., plunge-freezing and vacuum sublimation, PFVD; see
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Experimental Section) (Figure 6h-i; Figure S9, Supporting In-
formation). Note that, in essence, carboxylate-rich organic addi-
tives, whether monomeric or polymeric (e.g., calcein and PAA),
function as nucleation inhibitors by sequestrating Ca** and stabi-
lizing PNCs and/or amorphous precursors (e.g., amorphous cal-
cium carbonate, ACC).[®>7% In the presence of PAA, we observed
individual globular amorphous structures with the same dimen-
sions as the nanodroplets that conform the previously shown
fractal structures.

Our hypothesis is that these ACS fractals were formed follow-
ing a diffusion-limited colloidal aggregation mechanism.”*! This
evidence supports the idea that the amorphous structures we
observed were not artifacts resulting from sample preparation.
It also proves the existence of a highly hydrated transient ACS
phase during the bassanite — gypsum transition, which must be
the same, or atleast very similar in nature, as the widely reported
ACS species that precedes the direct formation of gypsum from
solution.l”27%]

These results showed that the bassanite — gypsum phase
transition occurred via a non-classical dissolution-precipitation
mechanism, described as follows: I) under atmospheres with
high water vapor partial pressure, water is able to condensate
on the surfaces of bassanite crystals, thus enabling their partial
dissolution;7%! 1I) the resulting solution is supersaturated with
respect to gypsum and also contains calcein, which stabilizes
PNCs and, subsequently, highly hydrated transient ACS nan-
odroplets; III) the formation of fractal structures of ACS occurs
through diffusion-limited colloidal aggregation; IV) mass trans-
port and heterogeneous precipitation of ACS occurs on the tips
of the pre-existent bassanite crystal, and after an amorphous-to-
crystalline phase transition, the new calcein-loaded gypsum (i.e.,
the most stable CaSO,-nH, O phase under standard P and T and
humid conditions) grows epitaxially along the [001] direction of
bassanite.

Note that the hydration of bassanite to form gypsum is the
main chemical process leading to the setting, cementation, and
hardening of gypsum-based building materials, and it is, in fact,
the reason why we focused on producing organic-modified bas-
sanite nanomaterials. Below we further discuss the specific im-
plications of fluorescent nano-bassanite hydration in the field of
heritage conservation.

2.5. Resistance to Dissolution

One major issue regarding gypsum-based building and deco-
rative materials is their relatively high solubility (i.e., gypsum
solubility ~2.5 g L7! at 25 °C), especially in environments with
marked and cyclical humidity variations. For this reason, we eval-
uated the effect of the intra-crystalline calcein in fully hydrated
NB-C particles on their dissolution kinetics, as compared to both
geologic gypsum (GG) and a non-functionalized hydrated nano-
bassanite (NB) control. Through bulk dissolution experiments in
milli-Q grade deionized water (pH ~6.25, T = 25 °C) we analyzed
the time variation of [Ca’*];.. (Figure 7). We observed that the
dissolution rate of the hydrated NB-C, calculated as apparent dis-
solution rate constants, was lower (kypc = 1.315 X 107 than
those of the non-functionalized controls (kg = 1.878 x 107
kys = 1.808 X 107%).
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Figure 6. a—c) TEM and SAED analyses of the epitaxial hydration of fluorescent nano-bassanite driven by a coupled non-classical dissolution-precipitation
mechanism. d) TEM image of fractal-like structures made up of nanodroplets (transformed into ACS during EtOH quenching and drying) observed
during the hydration of calcein-loaded nano-bassanite. e-g) HAADF imaging and corresponding EDX elemental Ca and S mappings corroborate that
the observed fractals are amorphous calcium sulfate structures; h, i) TEM and Cryo-TEM images of dispersed nanodroplet (liquid precursor of ACS)
formed by direct precipitation of calcium sulfate in the presence of PAA. Note the textural/structural similarity of the individual isolated droplets with
those forming aggregated in (d). All scale bars in SAED images correspond to 5 nm~'.

Moreover, in the case of the hydrated NB-C sample, the max-
imum (i.e., asymptotic) [Ca’*]4.. value reached was lower than
that of the non-functionalized controls. In this case, the com-
plexation of Ca?* by calcein might have contributed to a lower
measured [Ca**];... However, the molar amount of occluded cal-
cein is extremely low (ca. 4.8 X 1078 moles of calcein per 100 mg
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of fluorescent gypsum; Table S1, Supporting Information) as
compared to the total amount of Ca in gypsum (ca. 5.8 X 107*
moles of Ca per 100 mg of gypsum; Table S1, Supporting Infor-
mation). For this reason, the decrease in the measured [Ca’*]g..
and dissolution rate cannot be solely attributed to complexation.
It is thus likely that due to the short time-span of the dissolution
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Figure 7. Time variation of the free Ca?* concentration upon dissolu-
tion of gypsum formed after hydration of fluorescent nano-bassanite (red
line, NB-C) as compared to gypsum formed after hydration of a non-
functionalized nano-bassanite control (NB, blue line) and a geologic gyp-
sum (GG, black line).

experiment, the system did not reach equilibrium. Therefore,
due to its slower dissolution kinetics, the maximum solubility of
calcein-loaded gypsum was not reached.

It is worth mentioning that the occlusion of organics in cal-
cium carbonate biominerals and their biomimetics has been
reported to modify not only their physical-mechanical prop-
erties but also their resistance to chemical weathering (i.e.,
dissolution).[??] A similar effect was apparently achieved here by
the occlusion of calcein in gypsum crystals formed after the hy-
dration of NB-C, explaining the observed reduction in dissolu-
tion rates. This effect has strong implications for heritage con-
servation, as the use of calcein-inclusive nano-bassanite for the
consolidation of historical gypsum plasterwork would not only
enhance the mechanical resistance of treated substrates (see be-
low) but also increase their weathering resistance.

2.6. Gypsum Plaster Consolidation Using Fluorescent
Nano-Bassanite

Cubic plaster mock-ups (prepared by mimicking the historic Is-
lamic gypsum plasters present at the Alhambra; Figure S10,
Supporting Information) were sprayed with ethanol dispersions
of fluorescent nano-bassanite consolidants (with occluded cal-
cein) on one horizontal face until saturation of the substrate was
achieved (see details in the Experimental Section).

To verify the cementation and mechanical reinforcement ef-
fects of the produced fluorescent nano-bassanite particles once
applied to the plaster substrate and transformed into gypsum, we
evaluated the penetration of ethanolic dispersions of the consoli-
dants (5 g L™!) by exposing treated, cured, and vertically fractured
gypsum plaster specimens to UV light (4 = 365 nm). UV irradia-
tion revealed the extent of penetration achieved by the fluorescent
nano-bassanite particles, which reached a depth of approximately
4 mm within the porous gypsum plaster samples (Figure 8b).
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TEM-EDX maps confirmed that calcein was homogeneously
distributed inside the initial bassanite nanoparticles and the fi-
nal gypsum crystals, which is the actual cementing phase ob-
tained upon the hydration of bassanite. The insolubility of this
dye in pure ethanol should prevent any desorption from the par-
ticle surface if any calcein were not only occluded but also ad-
sorbed. These 2 factors played a pivotal role in ensuring that only
the newly incorporated bassanite particles and their hydration
product emitted green luminescence, thus providing an effective
strategy for easily monitoring the penetration capacity of the con-
solidant. This is actually a key factor in determining the efficacy
of a consolidation treatment. Note also that the luminescence of
calcein-containing gypsum would also enable to easily and non-
destructively spot consolidated areas once the treatment is ap-
plied in situ by simply illuminating the surface with UV light.”’]

Mercury intrusion porosimetry analyses were conducted on
treated and cured (i.e., following conversion of bassanite into
gypsum) plaster samples (Figure 8c), revealing a 5% reduction
in total porosity, as compared to the untreated control (i.e., to-
tal porosity of treated and untreated samples being 47% and
53%, respectively). Furthermore, the median volume correspond-
ing to pores with diameters of 7 um experienced a sharp reduc-
tion, accompanied by an increase in the volume of pores with
diameters of 2 and 4 um. This is consistent with the partial
filling-in effect of the treatment (i.e., deposition of the newly-
formed gypsum cement on the pore walls of larger pores, thereby
reducing their diameter).[”®] Additionally, these results demon-
strated that there was no pore clogging, thereby ensuring that
the treated substrate was still able to “breathe”, that is, to main-
tain an appropriate water vapor permeability. This is critical to en-
sure physical compatibility of this consolidation treatment. Also,
the chemical compatibility is fully ensured as both the consoli-
dant and substrate share similar composition and structure (i.e.,
gypsum).

Drilling resistance measurements (Figure 8d) provided addi-
tional evidence for the effectiveness of the nano-bassanite consol-
idation treatments. The drilling resistance of treated and cured
gypsum plaster increased over the first 2 millimeters of the
drilling profile, reaching a maximum increment of 1.56 + 0.23
N (i.e., 279.31% + 26.44%) as compared with the untreated plas-
ters. This increase in mechanical strength is in good agreement
with the reduction in total porosity and with the observed pene-
trability of the fluorescent consolidation treatment. It is also proof
that the transformation of nano-bassanite into gypsum during
the curing of the treated samples (a transformation that led to
fluorescent gypsum as shown by the UV illumination), resulted
in an effective consolidation.

According to the nano-bassanite hydration results discussed
above, cementation occurs through the sequential dissolution of
bassanite and re-precipitation of gypsum. Because there is gyp-
sum in the treated plasters, the heterogeneous regrowth of gyp-
sum on such pre-existing gypsum crystals is also possible. In
both cases, the bassanite — gypsum transition produces a lat-
tice expansion accompanied by an increase in the molar volume,
leading to a higher degree of structural compaction.l”!

Consolidation results and the functionalities imparted by cal-
cein demonstrated the potential and efficacy of nano-bassanite as
the first fully compatible (chemically and physically) consolidant
for decayed gypsum plasterwork. Furthermore, luminescence
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Figure 8. Consolidation treatment of gypsum plaster specimens using ethanolic suspensions of fluorescent nano-bassanite a). Green luminescence
under UV irradiation allowed to determine the degree of penetrability of the consolidant (samples were split in half to observe luminescence in their
interior) b), which ultimately produced a decrease of the total porosity of the treated plaster as show by MIP results c) and an increase of the drilling
resistance d). *Lines in (d) correspond to the calculated average drilling resistance, while error bars correspond to their corresponding standard deviation

(o).

tests carried out 10 months after application of the consolidant
showed that the fluorescence of the calcein-modified nano-
bassanite resisted chemical degradation after long periods of
time (Figure S12, Supporting Information).

3. Conclusion

Our study on the bio-inspired precipitation of calcium sulfate in
the presence of calcein shows that this additive is incorporated
into the structure of gypsum, affecting the structure, morphology,
and physical-chemical properties of this crystalline material.

Through an in-depth analysis of the formation of these lumi-
nescent crystals, the obtained results allow us to propose a non-
classical multi-step nucleation involving a liquid-liquid phase
separation mechanism. In the presence of calcein, and probably
other organic additives (e.g., PAA), the formation of gypsum par-
ticles is preceded by the stabilization of highly hydrated PNCs,
followed by the formation of a dense liquid precursor, and an
amorphous solid (ACS).

Analogously, crystal growth is hindered by the adsorption
of calcein, on all dominant faces of gypsum. The variations
of the growth rates are concomitant with the observed calcein
concentration-dependent morphology changes.

The study of the fundamental crystallization mechanism of
gypsum in the presence of calcein furthers the knowledge about
the hydration and cementation of calcein-loaded nano-bassanite
consolidants obtained through a solvothermal synthesis method.
In summary, we propose that the bassanite — gypsum
phase transition follows a non-classical dissolution-precipitation
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mechanism: I) In environments with high water vapor partial
pressures, water condenses on bassanite crystal surfaces, facil-
itating partial dissolution. II) PNCs are stabilized by calcein,
which leads to the formation of highly hydrated transient ACS
nanodroplets in a supersaturated regime. I1I) Mass transport and
heterogeneous precipitation occur on the tips of existing bassan-
ite crystals, with new calcein-loaded gypsum growing epitaxially
along the [001] direction.

We also demonstrate that gypsum formed after hydration of
calcein-containing nano-bassanite particles show increased dis-
solution resistance, whereas application of the fluorescent nano-
bassanite consolidant to gypsum plaster mock-ups demonstrates
excellent penetrability and good mechanical reinforcement. Alto-
gether, we show that this novel consolidation treatment is effec-
tive both from a physical-mechanical and chemical point of view,
with no detrimental drawbacks.

Ultimately, our work demonstrates the importance of inves-
tigating the crystallization and phase transition mechanisms in
the CaSO,-H, 0O system, from nucleation to crystal growth, and
how controlling these processes by including specific additives
enables the design of advanced functional materials with tailored
properties. In this particular case, we developed an effective con-
solidant for historic gypsum plasterwork, which offers a fully
compatible, facile and controlled strategy for enhancing gypsum
plaster durability while enabling real-time monitoring of treat-
ment efficacy. Future research should explore the long-term ef-
fectiveness of this conservation treatments, as well as its com-
parison with other standard consolidation treatments commonly
applied in heritage conservation (e.g., nanolimes).
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4. Experimental Section

Initial Screening of Calcein Concentration for Morphology Control:  Flu-
orescent gypsum crystals (Figure 2) were obtained by mixing equimolar
aqueous solutions of CaCl, and (NH,),SO, up to a final Ca?* and SO,2~
concentration of 0.1 M, in the presence of increasing concentrations of
calcein (i.e., 0, 50, 150 and 250 pM) on sterile polystyrene crystallization
microplates (6 x 4 wells, 3300 uL per well).

Precipitates were set to crystallize for a total of 6 days under lab condi-
tions (see Supplementary Material, Figure S1a, Supporting Information).
Note that concentrations greater than 150 uM resulted in scarce gypsum
precipitation after extremely long induction times (weeks). This is why here
the results for calcein concentrations up to 150 uM were consistently re-
ported.

Finally, precipitates were collected, dispersed in 96° ethanol, and son-
icated for 2 min in order to eliminate any interference of residual calcein
adsorbed onto crystal surfaces.

Modulating Phase Selectivity in CaSO4-nH,O: With the goal of achiev-
ing phase-pure bassanite (CaSO,-0.5H,0) production, the anti-solvent ef-
fect of ethanol on the homogeneous precipitation of CaSO,-nH,O phase
was investigated. It is worth noting that diverse strategies to induce bas-
sanite formation have been described, involving precipitation under con-
ditions of high ionic strength, temperature, and/or the presence of organic
additives.!®%] While these methodologies generally share a common prin-
ciple (i.e., reducing water activity and inducing supersaturation by modi-
fying the solvation sphere enveloping ions to lower the interfacial energy
barrier required for the liquid-solid phase transition) the selection of the
anti-solvent approach was motivated by its ability to circumvent the inter-
ference of excessive secondary electrolytes or the need for using additives
other than calcein.

To accomplish this, a series of homogeneous precipitation experi-
ments, involving the dropwise addition of a 0.3 M CaCl,-2H,0 hydroal-
coholic solution, preloaded with 50 uM calcein, into a 0.1 M (NH,4),SO,
hydroalcoholic solution was conducted (Figure S5a—b, Supporting Infor-
mation). Various ethanol-to-water ratios were employed (i.e., 50%, 80%,
and 90% vol./vol. EtOH/H,0). Note that in 0.1 M hydroalcoholic solu-
tions, and under standard conditions, the solubility limit for (NH,),SO4
is approached at ~90% vol./vol. ethanol-to-water ratio.

It is important to highlight that, despite the miscibility of water and
ethanol as solvents, calcein remains insoluble in ethanol. This aspect is
relevant for the design of fluorescent nano-bassanite consolidants, par-
ticularly with regard to their intended dispersion in absolute ethanol for
practical conservation applications. Note that ethanol enables the forma-
tion of stable nano-bassanite dispersions, and once applied to a substrate
this solvent rapidly evaporates without leaving any residue. Ethanol also
prevents the early hydration of (nano)bassanite, as could occur in aque-
ous dispersion, thereby preventing pore-clogging during conservation
applications.

Under the described experimental conditions, independently of the
ethanol-to-water ratio, a fluorescent solid phase precipitated instanta-
neously after the addition of each drop of the calcein-loaded CaCl, hydroal-
coholic solution was observed (Video S4, Supporting Information). Exami-
nation of the obtained solids via XRD and FTIR analysis (Figure S5¢,d, Sup-
porting Information) unveiled that this hydroalcoholic precipitation route
led to the co-precipitation of bassanite alongside gypsum. While gypsum
dominated as the primary product at a 50% ethanol content, the propor-
tion of precipitated bassanite increased with ethanol content exceeding
80%. This was shown by the increased intensity of the 110 and 114 Bragg
reflections corresponding to bassanite, concomitant with a diminishing
intensity of the 020 Bragg peaks corresponding to gypsum.

Additionally, significant variations were evident in the FTIR spectra,
specifically in the O-H stretching (v, H,0) and bending (5,, H,O) vibra-
tion modes associated with structural water. A notable increase in the in-
tensity of the shoulder detected at 3604 cm™" in the stretching region, cor-
responding to bassanite, was identified for solids obtained employing an
ethanol content higher than 80%, congruent with the X-ray diffractograms.

Synthesis of Phase-Pure Fluorescent Nano-Bassanite: Considering that
phase pure fluorescent (nano)bassanite using hydroalcoholic solutions
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can not be obtained, which could latter on be used for the consolidation
of gypsum plasterwork, an alternative solvothermal route was explored.

Phase-pure fluorescent bassanite nanoparticles were synthesized
through a modification of a patented solvothermal pathway, as outlined
elsewhere.[%] This method involves the generation of amorphous calcium
ethoxide, followed by its subsequent reaction with sulfuric acid, described
by the ensuing reactions (Figure 5a):

Ca® + 2C,H;OH — Ca(OC,Hs), + H, M
Ca(OC,Hs), +2H,0 2 Ca(OH), +2C,H;OH @
Ca(OH), + H,SO, — CaSO, - 0.5H,0 + 1.5H,0 3)

As a first step (Equation 1), a concentrated suspension of calcium
ethoxide is obtained through the complete, irreversible oxidation of 2 g
of metallic calcium in 200 mL of absolute ethanol with the formation of
H, (g). This process is carried out under reflux condensation at ~78 °C,
under anhydrous conditions for a minimum of 6 h. Afterward, 70 mL of
anhydrous toluene was introduced into the reaction mixture. At this mo-
ment, 4 mL of a 2.5 mM aqueous calcein solution was added (~50 uM
final calcein concentration). To ensure Ca-Calcein interaction, the mixture
is stirred for approximately 5 min. During this stage, the precipitation of
Ca(OH), is initiated through the hydrolysis of calcium ethoxide upon the
addition of the calcein solution (Equation 2). The third step comprises the
drop-wise addition of 10 mLofa 5 M H,SO, solution, which induces rapid
acid-base neutralization (Equation 3). Note that, under these conditions,
the total water content is less than ~4.9 vol.% with respect to the total
solvent volume, which means that CaSO,-0.5H,0O will readily precipitate,
as previously demonstrated.®']

Additionally, this approach results in a substantial increase in the
saturation index (S/), surpassing the equilibrium SI for the 3 different
CaSO4:nH,0 phases (i.e., anhydrite, bassanite and gypsum). This sudden
increase in Sl effectively fosters heightened nucleation rates and reduced
particle sizes ensuring the formation of phase-pure bassanite nanopar-
ticles, which is advantageous for their penetration in porous substrates
(e.g., during consolidation of gypsum plasterwork). The reaction pro-
gresses under these conditions for ~35 min.

Subsequently, the nano-bassanite particles are isolated from the reac-
tion mixture through rotary evaporation. The resultant powder is then re-
dispersed in 96° ethanol, sonicated for 2 min, and followed by centrifuga-
tion at 6000 rpm for 15 min. This washing procedure was performed twice
to eliminate any surplus adsorbed calcein from the nanoparticle surfaces.

Note that a concentration not higher than 50 uM calcein for the synthe-
sis of fluorescent nano-bassanite was selected because it was sufficient to
yield intense luminescence during UV irradiation, while at the same time
minimizing calcein usage and possible discoloration of the white precipi-
tate due to the orange color of this additive.

High Resolution Synchrotron X-Ray Diffraction Analyses:  HR-XRD analy-
ses of fluorescent gypsum crystal samples were performed at the CRISTAL
beamline of the SOLEIL Synchrotron (Paris, France), using a 2-circle
diffractometer. For these measurements the selected wavelength was
21 =0.67157 A (18 keV). The beam line is equipped with a double-crystal
21Si (111) monochromator, along with nine position-sensitive Dectris
Mythen Il detectors, positioned on a cylinder with a radius of 720 mm,
providing a 55° 26 coverage with small gaps of 0.5° 26. Borosilicate glass
capillaries of 0.7 mm in diameter were loaded with powder samples and
rotated during data collection to improve diffracting particle statistics. The
data acquisition time was 3 min per pattern, with 2 iteration per measure-
ment to obtain a good signal-to-noise ratio over the 0° to 55° 26 angu-
lar range. To calibrate the equipment and reduce possible shifts during
experimental analysis, LaBg standard (NIST-SRM660, cubic, space group
Pm3m) was used to acquire an instrumental resolution file. Under these
data acquisition conditions, the angular resolution ranged from 0.02° to
0.04° (i.e., full width at half maximum, ) for the whole 26 range.

The Rietveld refinement method was used to extract lattice parameters
of gypsum, matching the experimental diffraction peaks with those cal-
culated by Henry et al.[32] (space group 12/c), using FullProf Suite (v.5.10)
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and the EdPCR (v.2.0) software packages. Optical quality geologic gypsum
(Naica, Chihuahua, Mexico) was used as standard to compare the XRD
data from the synthetized fluorescent gypsum crystals.

To investigate the microstructural variations due to organic
(macro)molecule incorporation in the structure of gypsum, the
Thompson-Cox-Hastings pseudo-Voigt function with axial divergence
asymmetry correction was used to fit the profile of the experimental
diffraction patterns. In order to reduce the statistical discrepancy between
experimental and fitting values, the profiles were refined until the mini-
mum possible values of R,,, and y? were reached. For the experiments,
the obtained R,,, was < 8.5, and the minimum achieved y? values
ranged from ~100 to ~130. Note that, when refining datasets of both
high resolution and number of counts, it is common to obtain large
x? values, even though the model obtained from that data is of high
quality.[®3]

Microstrain fluctuations (1) and crystallite size (Dj,) were calculated
using the Williamson-Hall method, using six-order 0k0, h00, and 00/ Bragg
reflections obtained from the Rietveld refinement profiles, by plotting
P cosf versus 4 sind and adjusting the results to a linear fit as indicated
below (Equation 4):

fcos = % +4 1 sinf (4)

Where g is the experimental full width at half maximum peak, k is the shape
factor (0.94), and A is the synchrotron beam wavelength (0.067157 nm).
For strain and crystallite size calculations, angular units were transformed
into radian.

A summary containing the calculated microstrain fluctuations () and
crystallite size (Dgyo, Dpoo, and Do) is presented in Table 1 (see Results
and Discussion section), where values correspond to the average n and
Dy, and error is indicated as the standard deviation (o).

Potentiometric Titration Experiments and Dissolution Resistance Tests:
The effect of calcein on the nucleation and homogeneous precipitation
mechanism of CaSO4-nH, O was studied by means of potentiometric titra-
tion using a Methrom Titrando 905, equipped with an 856 Conductivity
module and an 867 pH module. Homogeneous precipitation experiments
were performed at 25 °C by the continuous addition ofa 0.3 M CaCl,-2H,0
solution (0.24 mL min~ addition rate) into 100 mL ofa 0.1 M (NH,),SO,
solution in the presence of increasing concentrations of calcein (i.e., 0,
50, 150, and 250 uM). Values of Ca?* potential and transmittance were
continuously recorded using a Methrom Ca?* selective polymer mem-
brane electrode and a Methrom Optrode optical sensor (4 = 610 nm),
respectively.

Dissolution resistance tests were performed by dispersing 40 mg of hy-
drated fluorescent nano-bassanite (NB-C), hydrated non-fluorescent nano-
bassanite (NB) and geologic gypsum (GG), into 100 mL of milli-Q grade
deionized water (pH ~6.25, T = 25 °C). For this, samples were first sieved
to a particle size range between 50 and 100 um. Ca?* potential values were
continuously registered to calculate the dissolution rates using the previ-
ously described titration setup.

In order to obtain calibration curves for Ca?* activity coefficients, blank
experiments (i.e., in the absence of SO,2~ and calcein) were performed
by adding a 0.3 M CaCl,-2H,0 solution (0.24 mL min~! addition rate)
into 100 mL Milli-Q grade water. lonic strength was previously adjusted
by adding Nacl (i.e., 0.25 M, calculated using PHREEQC as the equivalent
ionic strength of a 0.1 M solution of (NH4),SOy).

In Situ Atomic Force Microscopy (AFM) Analyses: Growth experiments
were carried out using a fluid cell coupled to a Bruker MultiMode 8-HR
AFM powered by a Bruker NanoScope 6 AFM controller, working in contact
mode at room temperature. Deflection images of the {010} surfaces of
freshly cleaved gypsum crystals (from Naica, Chihuahua, Mexico) were
collected using Si;N, tips (SNL-10, Bruker) with nominal spring constants
of 0.24 and 0.35 N m~".

For these studies, growth solutions supersaturated with respect to gyp-
sum were prepared by mixing equimolar CaCl, and (NH,),SO, solutions
up to a final Ca** and SO,%~ concentration of 50 mM (saturation in-
dex, SI = 0.50 with respect to gypsum, calculated using the PHREEQC
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software) and injected using a syringe at a flow rate of ~0.13 mL min-1.
Growth solutions included different concentrations of calcein (i.e., 0, 2.5,
and 25 uM). 2D and 3D images and videos were produced using the Bruker
NanoScope Analysis v1.40r1 software.

Growth directions were indexed assuming the morphological face-
centered unit cell (i.e., A2/a space group) where the elongation axis cor-
responds with the [001] direction.

General Characterization of Solids: The obtained solids were charac-
terized by means of standard X-ray diffraction (XRD) and Fourier Trans-
form Infrared spectroscopy (FTIR), respectively using a Panalytical X'Pert
PRO diffractometer (Cu Ka radiation, 4 = 1.5405 A voltage 45 kV, current
40 mA, and scanning angle (°26) 3-70°, steps of 0.001 °26 and goniome-
ter speed of 0.01-20 s~") and a JASCO FT/IR 6600 in ATR mode (4000—
400 cm™', resolution of 2cm™').

Optical microscopy photomicrographs of gypsum crystals (i.e., ob-
tained in the presence of 0, 50, and 150 uM calcein) were acquired using
a Leica DVM2000 digital microscope for size and morphology determina-
tion. Samples were irradiated with UV light (4 = 365 nm) during optical
microscopy observation.

In order to determine the content of intracrystalline calcein, 20 mg of
dried fluorescent gypsum and nano-bassanite samples were dissolved in
hydrochloric acid (2 mL, 3 M). The resulting solutions were then analyzed
using a Thermo Scientific GENESYS 50 UV-Vis spectrophotometer. Cal-
ibration curves (R? = 0.9999) were obtained by measuring calcein solu-
tions with known concentrations ranging from 1 to 25 uM using the pre-
viously mentioned hydrochloric acid buffer. The amount of intracrystalline
calcein (i.e., umol calcein per mg of sample) was then calculated by the
Beer-Lambert law using the maxima of absorbance at 445 nm (Figure S3
and Table S1, Supporting Information).

TEM Analyses: Micro- and nanostructural features of the synthetized
nano-bassanite particles, as well as their hydration product (i.e., gypsum),
were determined by means of transmission electron microscopy (TEM)
using a FEI Titan S/TEM microscope (operated at 300 kV acceleration
voltage). Powder samples were dispersed in absolute ethanol and son-
icated for 20 s before being deposited on carbon coated Cu grids. Pre-
pared samples were then plasma-cleaned. TEM photomicrographs were
obtained using a 40 um objective aperture. Detailed crystallographic in-
formation was obtained by measuring selected area electron diffraction
(SAED) patterns, collected using a 10 um objective aperture. A high-angle
annular dark field (HAADF) detector operated in scanning TEM (STEM)
mode was used to obtain Z-contrast images and compositional energy
dispersive X-ray (EDX) spectra and maps.

Additional TEM analyses were performed on a FEI Titan3 Themis 300
X-FEG operating at 300 kV equipped with a FEI Super-X energy disper-
sive X-ray (EDX) system and a Gatan OneView CCD. For this, supersat-
urated CaSO, solutions (i.e., extracted at the onset of nucleation) were
prepared at 25 °C by the continuous addition of a 0.3 M CaCl, solution
overa 0.1 M (NH,),SOy, solution, in the absence and presence of 5 ppm
of poly(acrylic acid). Samples were prepared by cryo-quenching as follows:
a 3 pL droplet of the nucleating solution was transferred onto a plasma-
treated continuous TEM grid after set times. Sample loaded grids were
then rapidly plunged into liquid ethane using an FEI Vitrobot, allowing the
sample to remain in its native state with any water rapidly transforming
into amorphous ice.

Alternatively, in order to determine if the objects observed by full Cryo-
TEM analyses were artifacts or not, grids were then transferred into a
vacuum desiccator to allow the sublimation of the vitreous ice, and re-
analyzed under normal TEM conditions.

Consolidation Tests: The consolidation effectiveness of ethanolic sus-
pensions containing calcein-loaded nano-bassanite (5 g L™') was as-
sessed using gypsum plaster as substrate. These specimens were formu-
lated mimicking historic Islamic gypsum plaster-making at the Alhambra
(Figure S10, Supporting Information). Plaster mock-ups were prepared by
mixing plaster of Paris and water in a 1/1.2 ratio, in order to obtain a sub-
stantially porous substrate (~52.5% total open porosity). The plaster paste
was poured in molds and allowed to set and cure for at least 2 weeks. Cubic
specimens (2x2x2 cm3) were then obtained and further cured for at least
2 months under controlled conditions (25 °C and 90% relative humidity).

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Prior to consolidation treatments, cubic gypsum plaster samples were
laterally covered with parafilm. Subsequently, the calcein-loaded nano-
bassanite suspension was uniformly sprayed onto one horizontal surface
(upper surface) until complete imbibition was achieved (Figure 8a). This
procedure was repeated up to ten times to ensure an adequate consoli-
dation effect. Afterward, the fully treated samples were allowed to cure for
one month under the T and RH% conditions mentioned above. Note that,
at low doses, calcein does not produce drastic chromatic variations on the
original color of the nano-bassanite consolidant product, while being ca-
pable to emit intense green luminescence under UV radiation (Figure S11,
Supporting Information).

Penetrability of the fluorescent nano-bassanite consolidant was evalu-
ated by irradiating vertically fractured treated gypsum plaster specimens
with UV light (4 =365 nm), while the consolidation effect was determined
by means of mercury intrusion porosimetry (MIP) and drilling resistance
tests (DRMS) on treated and untreated cured gypsum plaster samples.

Changes in total porosity and pore size distribution were determined
using a Micromeritics Autopore Ill mercury intrusion porosimeter. For
the MIP experiments, samples of ~0.5 g were extracted from the top part
of treated and untreated cubic plaster mock-ups. These specimens were
dried in an oven at 60 °C for 8 h. Mechanical resistance of untreated and
treated samples was analyzed using a SINT Technology drilling resistance
measurement system. Drilling resistance tests were performed along a
depth profile normal to the treated surface using the following parameters:
5 mm diameter drill-bit with a flat diamond head, 10 mm drilling depth,
20 mm min~! penetration rate, and 200 rpm rotation speed. For MIP anal-
yses 3 replicates per sample type were performed, while for DRMS at least
4 replicates per sample were performed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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