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Abstract

Two natural zeolite bearing rocks (one containing clinoptilolite, the other chabazite, phillipsite and
analcime) were Fe-exchanged and thermally treated in a reducing atmosphere at 750 °C for 2 h. Two
nanocomposites, formed by a dispersion of Fe nanoparticles in a ceramic matrix, were obtained. The
prepared lunar dust simulants also contain Na®, K, Ca’*, and Mg?" and other mineral phases
originally present in the starting materials. The samples were fully characterized by different
techniques such as atomic absorption spectrometry, X-ray powder diffraction followed by Rietveld
analysis, transmission electron microscopy, N, adsorption/desorption isotherms at 77 K,
measurements of grain size distribution, magnetic properties measurements, broadband dielectric
spectroscopy, and DC conductivity measurements. The results of this characterization showed that
the obtained metal-ceramic nanocomposites exhibit a chemical and mineralogical composition and
electrical and magnetic properties similar to real moon dust and, thus, appear valid moon dust

simulants.

ACS Paragon Plus Environment

Page 2 of 41



Page 3 of 41

oNOYTULT D WN =

ACS Earth and Space Chemistry

1. INTRODUCTION

In the last decade a continuously increasing interest toward manned space missions to the
Moon, both from public institutions, such as NASA and ESA, and the private sector, was triggered
by the perspective to use it as a test bed either for missions to Mars or other airless planetary bodies
and the possibility of field-applications of remote sensing instrumentation.!'-3

The surface of airless planetary bodies is generally covered by a thick blanket of regolith,
which is the result of space weathering processes, especially comminution, cementation and chemical
modification by means of (micro)meteorites bombardment, solar wind, irradiation and sputtering of
cosmic and galactic rays.! Such a thick blanket of regolith is composed by particles having dimension
below 1 cm.*>Moreover, its finest part (about 20 wt.%) exhibits dusty-like features and, in particular,
consists of i) a coarse fraction of breathable lunar dust (2.5-10 pm) which can be deposited inside
trachea and bronchiole ducts; ii) a fine fraction (0.1-2.5 um) which can penetrate the respiratory zone
and iii) an ultra-fine fraction (less than 0.1 pm) which can interact with mucous membranes or be
trapped by macrophages and give rise to various serious toxic effects.®® Thicknesses of typical dusty
layers going from few up to 15 meters were recorded in various regions of the Moon.3?

Furthermore, it should be taken into account that the harsh conditions to which all the lunar
regolith fractions are subjected may result into their partial melting.>'%!! In particular, the molten
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phase successively quenches to a glass that welds the mineral and lithic particles into aggregate
grains, called “agglutinates”.!”> Such harsh conditions can confer unique properties to the lunar
agglutinates, namely such as electrostatic charge and high superficial reactivity. Moreover, such
agglutinitic glass, with dimension ranging from a few nm to several um, contains abundant iron
particles, 1314 occurring either as “globules” with mean size of 120 = 20 nm'> or metallic nanoscale
particles (np-Fe®) having dimensions between 3-33 nm with an average size of 7 nm.'® It must be
noted that in agglutinitic glass, iron occurs as Fe? or Fe?" species, and not as Fe3" species, like it
occurs, instead, in terrestrial minerals.!? Such Fe® and Fe?" species may produce reactive oxygen
species dangerous to human cells,!” like hydrogen peroxide (H,0O,) and hydroxyl radical (OHs).!®
Thus, the agglutinitic glass, bearing many metallic iron “globules” and nanoparticles can dissolve
into body fluids and reduce hemoglobin Fe3* species according to the Fenton reaction.®’-!? Finally,
the review of the main features of the lunar rocks reports that agglutinitic glass is mainly formed by
plagioclases and pyroxenes, with smaller amounts of pyroclastic volcanic glass beads, ilmenite and
olivine minerals.! Its chemical, structural and textural features strongly affect the lunar dust
properties, such as the particles adherence, which is also modified by both the reduced Moon gravity
(1/6 terrestrial gravity) and by the barbed shape of the dust grains.®

The previous considerations accounted for the need of studying in deep the lunar dust properties.
However, the poor availability of the actual Moon soil has determined the manufactory of several
lunar dust simulants, which were carefully reviewed in our previous work.?° From this review it was
found that, despite the efforts of many skillful researchers, all the produced Moon dust simulants did
not satisfactory mimic some of the features of the real lunar dust?! On the basis of these
considerations it was thought that the patented process,’>?* proposed by some of us, aiming at
obtaining metal-ceramic (where ceramic means inorganic, non-metallic) magnetic nanocomposites
from commercial zeolites, could be used to produce reliable Moon dust simulants. The process
envisages two steps, i.e. a heavy metal (Fe, Ni, or Co) cation exchange of a commercial zeolite and a

thermal treatment at relatively mild temperatures (500-850 °C range) under reducing atmosphere (2.0
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vol.% H, in Ar).2#2° The nanocomposites were already successfully used for other biochemical and
environmental application and the same 3°-33 efficient, inexpensive and scalable synthesis method was
used to obtain two nanocomposites containing Fe® nanoparticles embedded in a glassy matrix starting
from two commercial zeolites, namely zeolite X and A .20

The so-obtained nanocomposites, referred to as SMA A and SMA X (i.e. Simulated Moon
Agglutinate from zeolite A and X, respectively), showed proper physico-chemical properties and
magnetic and electric behavior to be considered as suitable materials to simulate the agglutinate
fraction of regolith, lacking in most of lunar simulants.?® However, with respect to real Moon dust,
the two nanocomposites obtained in ref.?’ exhibited higher a Fe’ content; lower Si/Al ratio and the
presence of only Na* ions (whereas the main cations present in real Moon dust are Na*, K*, Ca?*, and
Mg?*).20 Luckily, the versatility and tuneability of the proposed preparation method left room to
further improve the obtained results as?>?42° the Fe® content may be reduced by iterating a lower
number of times the exchange procedures, a higher Si/Al ratio may be obtained by using a natural
zeolite bearing rock as raw material and natural zeolites in their original composition contain Na®,
K*, Ca?*, and Mg?" together with, possibly, traces of other cations.?*

On the basis of the above considerations, a clinoptilolite bearing Epiclastite from Northern Sardinia
(Italy) and a chabazite and phillipsite bearing Ignimbrite from Campania (Southern Italy) (labeled as
LacBen and Cab70, respectively, for the sake of uniformity with previous works) were initially
subjected to just one iteration of the Fe>* exchange procedure and subsequently thermally treated at
relatively mild temperatures (500-850 °C range) under reducing atmosphere (2.0 vol.% H, in Ar).
22,24,3325-32 These natural zeolite bearing rocks, which were already fully characterized,>-7 were
selected on the basis of their high natural zeolite content, and huge potentiality, which gives rise to a
very low cost.3¥4 Moreover, these natural zeolites bearing rocks were already well known as they
were already tested in environment protection studies,*'~*’ for ceramization purposes aiming at tiles

production,*48 for producing lightweight aggregates to be used for concrete manufacture,*-5! in
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oenological refining processes,>? in the immobilization of radionuclides,>? as additive in animal diet,>*
as drug carriers,> and in solar energy storage applications.>®

The so-obtained np-Fe® containing nanocomposites were characterized by means of physico-
chemical, magnetic and electric techniques, in order assess whether they have the proper features to

be considered as simulants of lunar regolith agglutinates.

2. MATERIALS AND METHODS

2.1 Chemicals and Materials Synthesis

The sample of Campanian Ignimbrite used in this work is a product traded by Italiana Zeoliti
s. . . (Pigneto — Modena) under the trade-name Cab70, whereas the sample of Epiclastite (LacBen)
comes from a deposit sited in Bortivuile (Sassari, Northern Sardinia). The Campanian Ignimbrite is
the product of a huge eruption of the Campi Flegrei volcanic area (37,000 years b.p.). This trachytic
pyroclastite is mainly constituted by scoriae and pumice set in a cineritic matrix. Two different
lithofacies characterize this formation: a zeolite-bearing yellow one and a grey one, with epigenetic
feldspars. The sum of chabazite (framework type CHA),>” phillipsite (framework type PHI)>” and
analcime (framework type ANA)37 content, generally close to 50 wt. %, in some deposits can even
reach about 80 wt. %.3-37 Overall the mineralogical analyses performed underlined that Campanian
Ignimbrite is strongly heterogeneous.3%40
The Sardinian samples (LacBen) belong to a volcano-sedimentary succession generally resting on the
Palaeozoic basement and linked to a calcalkaline eruptive activity, oligo-aquitanian in age. The
circulation of hydrothermal fluids through a faults system caused the transformation of the rhyolitic
glassy fraction of epiclastic and unwelded pyroclastic deposits in clinoptilolite (framework type
CLI)*’, smectite and opal-CT.33-37
Bulk chemical analysis of the parent zeolites (reported in Table 1) were performed by X-Ray

Fluorescence (XRFS, Philips PW1400. Analytical procedures were carried out according to refs,’8-!

Table 1: Composition of Cab70 and LacBen as obtained by XRFS
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1

2

3 LacBen Cab70

4 Chemical composition (wt %)

5 65.63 53.71

6 0.20 0.04

/ 13.50 16.10

: 1.06 4.01

10 0.01 0.02

1 1.04 1.01

12 2.49 4.01

13 2.46 2.06

14 1.11 7.03

15 tr. 0.01

16 12.50 12.00
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33 Scheme 1. Sketch of the preparation procedure of both SMA Cab70 and SMA LacBen by Fe?*

34 cation exchange of Cab70 and LacBen zeolite followed by reductive thermal treatment at 750 °C.

35

36

37

38 The natural zeolite bearing materials Cab70 and LacBen were subjected to the adopted preparation

39

40 procedure shown in Scheme 1: the natural zeolite bearing material was contacted with a 0.1 M Fe?*

41

:g solution (pH = 3.8), prepared by dissolving FeSO4-7H,O (Aldrich, 99.5 wt. %) in doubly distilled

44

45 water (solid/liquid weight ratio = 1/50 g/g; contact time ¢ = 2 h). To prevent Fe?" oxidation, during

46

47 the ionic exchange the temperature was kept at about 7 °C and Ar was continuously bubbled into the

48

49 solution.®? The solid was then recovered by filtration, washed with doubly distilled water, dried for

50

51 about one day at 80 °C and eventually stored for at least 3 days in a 50% relative humidity

52

gi environment (created by a saturated Ca(NOs3), aqueous solution), to allow water saturation of the

22 zeolite(s). Afterwards, the Fe?" exchanged natural zeolite bearing materials (hereafter referred to as
7 . . .

28 Fe-Cab70 and Fe-LacBen) were treated in a Pt crucible at 750 °C for 2 h (heating rate 15 degrees

59
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min'!) by flowing a 2 vol.% H, in Ar mixture inside an Al,Oj; tubular furnace (inner diameter = 6.9
cm, height =91 cm). Afterwards, the furnace was switched off and the samples were left to cool down
to room temperature (r.t.).

The two nanocomposites obtained from the Cab70 and LacBen natural zeolite bearing materials will
be hereafter referred to as SMA Cab70 and SMA LacBen, respectively (SMA stands for Simulated

Moon Agglutinate).

2.2 Characterization Methods

The content of Fe?* and (residual) Na*, K*, Ca?", and Mg?" in both Fe-Cab70 and Fe-LacBen
samples was determined by atomic absorption spectrophotometry (AAS, Perkin-Elmer Analyst 100
apparatus) after dissolving the solids in a 40 wt.% HF and 14 wt.% HCIO, aqueous solution.%3-64

Quantitative phase analyses (QPA) were carried out on the parent materials (LacBen, Cab70),
on the Fe-exchanged materials (Fe-LacBen, Fe-Cab70) and on the nanocomposites (SMA LacBen,
SMA_Cab70) by exploiting synchrotron radiation: the synchrotron X-ray powder diffraction (XRPD)
patterns were collected on the XRD1 beamline at Elettra Sincrotrone Trieste (Italy) with a fixed
wavelength of 0.70 A. The powders were packed along with Al,O3 (10 wt.%) as internal standard in
a boron capillary and spun under the beam. The diffraction patterns were collected using a Dectris
Pilatus 2M detector. The combined RIR-Rietveld method, which enables the QPA and the calculation
of both the crystalline and amorphous fractions,® was performed by using the GSAS package®® with
the EXPGUI interface.%” The results of QPA on the six analysed samples is reported in table 2.

N, adsorption/desorption isotherms at 77 K were measured on samples previously outgassed
at 200 °C for 3h to remove water and other atmospheric contaminants (Micrometrics ASAP
2020Plus). The samples specific surface area was calculated according to the Brunauer—-Emmett—
Teller (BET) method (Sggr); total pore volume (V,) and micropore volume (Vy,,) were determined

from the amount of adsorbed N, at P/Py = 0.9 and according to the #-plot method, respectively.
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Transmission electron microscopy (TEM) characterization was performed by using a side
entry JEOL 3010-UHR microscope operating at 300 kV, equipped with a LaB6 filament, a (2kx2k)-
pixel Gatan US1000 CCD camera and an OXFORD INCA EDS instrument for atomic recognition
via energy dispersive spectroscopy (EDS). To prepare the samples, the powders were either briefly
contacted with lacey carbon Cu grids, which resulted in the mere electrostatic adhesion of some
particles to the sample holder. Particle size distribution and mean particle diameter (d,,) of np-Fe®
were obtained by considering a statistically representative number of particles (200-400
nanoparticles) on several TEM images (at least 30 different images). In particular, the d, was

calculated using the following equation:

dm = Z'dini/Zni (1)

where n; is the number of particles of diameter d;. It is worth noting that both exchanged Fe-Cab70
and Fe-LacBen samples were stable to prolonged exposition under the electron beam of the
instrument (no metal coalescence, nor modification of the zeolitic framework were observed during
the measurements.

Differential centrifugal sedimentation method was applied to calculate the particle size
distribution on a disc centrifuge (CPS DC24000). Before the measurements, a defined aliquot of
samples was dispersed in water and sonicated for 5 min. A particle density of 2.0 mg ml! and a
refractive index of 1.48 have been used for all the measurement with a non-sphericity factor of 1
(assuming a spherical form). The particle absorption values have been varied because of the different
color of the samples, namely 0.1 for LacBen, Fe-LacBen and CAB70, 0.4 for Fe-CAB70 and 1.0 for

SMA Cab70 and SMA LacBen.

2.3 Magnetic and electrical properties measurement
The magnetic hysteresis loops of the SMA Cab70 and SMA LacBen nanocomposites were

studied between 100 K and room temperature on a SQUID magnetometer operating in the 0-70 kOe
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range. In order to extract further information on the Fe® nanoparticles, the FC/ZFC curves of both
samples were measured in the temperature interval 10 - 300 K under a field of 50 Oe.

The electrical properties of the nanocomposites were studied using Broadband Dielectric
Spectroscopy (BDS) and DC conductivity measurements techniques.®®® In both types of
measurement, samples made of dust layers were approximately 200 um thick and confined between
two metallic electrodes. Isotherm dielectric spectroscopy measurements were carried out under dry
N, flow at atmospheric pressure at the CIRIMAT laboratory (Toulouse, France) in the 133 - 423 K
temperature range and in the 102 -10° Hz frequency range. By steps of 283 K, sinusoidal voltages U"
(amplitude 1V, 10 points per frequency decade) were isothermally applied to the sample. The
measurements of both the induced current (I*) and its phase shift relative to the applied voltage yielded
the complex impedance (Z*) values as a function of temperature and frequency. The complex
dielectric permittivity € (eq. 2) and electrical conductivity c¢* (eq. 3) formalisms were used to

represent the BDS data.

1
e (w)=¢(w)—ie"(w) = m (2.1)
A
Co= SOT 2.2)
0" (w)=0'(w) +io"(w) = iwepe ™ (w) 3)

where ¢ and ¢ are the real and imaginary parts of ¢, ® the angular frequency, and C, the
capacitance of the vacuum-filled capacitor formed by the two electrodes of area A separated by the
sample thickness 1 (g is the vacuum permittivity), where 6’ and ¢’ are the real and imaginary parts

of o”.
DC conductivity measurements were carried out under secondary vacuum (< 10-% mbar) at the

ONERA laboratory (Toulouse, France) with a constant voltage between the electrodes and with

temperature from 298 to 423 K. Dust layer density was around 0.6 g cm,
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3. Results and Discussion

3.1 Physico-chemical characterization

The QPA results obtained with the parent materials, reported in Table 2, confirm the literature
data of samples coming from the same sites. The Cab70 sample contains three zeolitic phases,
phillipsite being the most abundant one (30.4 wt. %) followed by chabazite (6.3 wt. %) and analcime
(5.3 wt. %). Along with the zeolites, the sample also contains K-Feldspar (22.9 wt.%), phyllosilicates
(6.3 wt.% Muscovite/illite) and a relatively high amount of amorphous phase (28.9 wt.%). The
LacBen sample is a clinoptilolite zeolite (54.2 wt. %) containing a relatively high amount of K-
Feldspar (22.3 wt.%), quartz (9.7wt.%), low levels of phyllosilicates (<1wt% Muscovite/illite) and a
moderate amount of amorphous phase (12.8 wt.%).

As reported in Table 2, the relative phase amounts are not affected by the Fe-exchange and
only minor variations in the phase wt.% are observed, probably due to minor inhomogeneity of the
parent powders (e.g. the increase of the phyllosilicates and zeolitic phase in sample LacBen).
Moreover, it must be considered that the contact with the acidic Fe** exchange solution might have
dissolved minor amount of some constituents of the parent materials. The appearance of a new weak
peak (at 5.25° 20) is noteworthy, as it corresponds to an iron oxide hydrate phase (Fe,03.H,0),
probably precipitated from the exchange solution. The peak indicates that the phase is present in very
low percentage and with the Fe-LacBen sample is even not possible to quantify it from Rietveld
method.

Table 2: Results of the QPA as obtained by applying the Rietveld method to synchrotorn XRPD.

Phase LacBen (wt %) Fe(—vtta:/zen SMéV_tL‘;)c)Ben
Clinoptilolite 542 60.2 13.5
K-feldspar 22.3 21.5 17.9
Quartz 9.7 7.2 7.9
Cristobalite - - 2.9
Muscovite/Illite 0.9 2.5 1.9
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Fe,0;H,0 - present -
Fe® - - 0.6
Amorphous 12.8 8.6 55.2
Total 99.9 99.9 99.9
Phase Cab70 Fe-Cab70 SMA _Cab70
(wt %) (wt %) (wt %)
Chabazite 6.3 5.7 5.0
K-Feldspar 22.9 25.0 27.9
Phillipsite 30.4 279 5.0
Analcime 53 6.4 4.1
Muscovite/Illite 6.3 3.9 4.9
Fe,0;H,0 - 0.4 -
Fe' - - 2.7
Amorphous 28.9 30.7 50.5
Total 100.0 100.0 100.0

As expected, the thermal treatment induces strong modification on both the nanocomposites
(Figure 1), the strongest effect being related to the SMA Cab70 sample, where the content of
phillipsite drops from 30.4 to 5.0 wt. %, whereas the analcime and chabazite contents seem to be less
affected by the thermal treatment, being stable up to about 800 °C. 7 The clinoptilolite content in
sample LacBen strongly decreases after the thermal treatment: such a behavior, somehow slightly
inconsistent with the thermal behavior of clinoptilolite (stable up to 900-1000 °C),” has to be ascribed
to the Fe-exchange procedure that leads to a more unstable zeolite. It has been indeed demonstrated
that the type of extra-framework cation occurring in the clinoptilolite porosities strongly affects its
thermal behavior.3” It must be noticed that the amount of phases other than zeolites, present in the
parent materials, do not show large variations owing to the thermal treatment as they exhibit a thermal
stability higher than the considered zeolites.35-37

Moreover, it must be borne in mind that the overall mineralogical composition of the two
Moon dust simulants appears similar to the one of real Moon dust as reported by Loftus et al.*

Both the nanocomposites showed the presence of some Fe?, the highest amount (2.7 wt. %)

being related to the SMA_Cab70 sample. The different amount of Fe found in the two samples could
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be, however, due to the dimension of the particles, being X-ray powder diffraction not very effective

in quantifying nano-phases (if the diffraction domains are to small).

LacBen Cab70
Fe-LacBen Fe- Cab70

— ——SMA_LacBen — ——SMA Cab70
= =
[ c
2 =)
z z
& g
= £
-3 o
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L <
> >
= =
wn ("]
[ [
- -
£ £
0 5 10 15 20 25 30 0 5 10 15 20 25 30
2 theta (°) (a) 2 theta (°) (b)

Figure 1. XRPD patterns collected of the investigated samples: (a) LacBen, Fe-LacBen and
SMA_ LacBen; (b) Cab70, Fe-Cab70 and SMA_Cab70

According to AAS analysis, the Fe-Cab70 and Fe-LacBen samples contain 1.79 and 0.89 meq
g’ Fe?', respectively, due to partial exchange of Na®, K*, Ca’", and Mg”" present in the framework
of the zeolitic phases. Apparently, the content of alkali- and alkali-metal cations after Fe>* exchange
turns out lower than the one present in the parent Cab70 and LacBen, but remains sizable. However,
the amount of Na*, K*, Ca?", and Mg?" present in the framework Fe-exchanged Cab70 and LacBen
remains considerable as: 1) the amount of exchanged Fe?* is not sufficient to exchange for all the
cation exchange capacity of zeolites;*37 2) in Cab70 and LacBen samples there are also other phases
that do not exhibit cation exchange properties and, thus, keep their original cation composition and
3) a portion of the iron introduced in the solution for the cation exchange crystallizes as iron oxide
hydrate (Fe,O53'H,0) and thus, does not contribute to the Na*, K*, Ca?", and Mg?" cation exchange
(see above).

From these data, the overall iron wt. % in SMA Cab70 and SMA_LacBen, was calculated
considering the nanocomposites as completely dehydrated materials, resulting 5.7 and 2.9 wt. %,
respectively. The different iron content in the two Fe?'- exchanged zeolites is probably determined

by their different cation exchange capacity, and kinetics of exchange. It must be borne in mind that
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these percentages of iron encompass also the Fe present in Cab70 and LacBen samples in their
original cation composition (see Table 1), i.e. before the Fe-exchange. However, such Fe is likely
present in the various crystalline and amorphous phases of Cab70 and LacBen samples as trivalent
iron. Clearly, such trivalent iron does not appear prone to undergo reduction as it is not a cation bound
to the negative framework of a zeolite by an ionic bond weakened by the dielectric action of water
molecules shielding it.

The normalized grain size distribution curves and the relative cumulative curves, in the 0.1-
30 um range, obtained by CPS are reported in Figure 2. Only one main peak is observed in all the
samples but the effect of the iron exchange and subsequent heat treatment is different in the two
series. Indeed, in the case of Cab70 series (Fig. 2b), the peak position is very close in all samples.
The peak value of Cab70 is about S5pm with 50 wt % grain smaller than 3.3 um (dotted green curve);
small changes are made by the exchange and Fe-Cab70 shows 50 wt. % grain smaller than 3.8 pm,
(dotted orange curve). The grain size distribution curve shifts to slightly higher values for the sample
heat treated at 750 °C, SMA_Cab70, (50 wt. % grain smaller than 4.5 pm, dotted blue curve). Instead,
for the LacBen series a shift in the peak position is clearly visible (Fig. 2a). The pristine material
LacBen shows a peak at 7.3 um with a shoulder at 1 um and 50 wt. % grain size smaller than 5.5 pm,

dotted green curve. The finest fraction of the powder is lost with the exchange operations and the

maximum of the grain size distribution curve of the sample Fe-LacBen moves to 10.6 um with 50 wt%

grain smaller than 7.7 pm, dotted orange curve. The Moon dust simulant prepared starting from
LacBen, SMA LacBen, shows the main peak at 6.3 um with 50 wt% grain smaller than 5 um, dotted
blue curve, suggesting that the heat treatment causes a finer fraction to be formed.

The grain size distribution curves of Fig. 2 allow the following considerations:

1) The parent materials Cab 70 and Lac Ben used in this work to manufacture the moon
dust simulants exhibits a grain size distribution slightly finer than the one of the zeolite A used in our

previous work,20:60
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2) The grain size distribution of SMA LacBen and SMA Cab70 appears slightly finer

ACS Earth and Space Chemistry

than the one SMA A and similar to the one of SMA X of our previous work.?

3) SMA LacBen and SMA Cab70, like SMA A and SMA X, exhibit a grain size

distribution similar to that of lunar soil coarse fraction (2.5-10 um) but still larger than the one of fine

(0.1-2.5 um) and ultrafine (< 0.1 um) fractions. However, for studies requiring smaller grain size,

proper ball milling procedures applied to the present nanocomposites or to their parent materials could

allow decreasing the grain size down to 300 nm, thus overcoming this limit.”!
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Figure 2. Normalized grain size distribution plots (solid curves) and cumulative curves
(dotted curves) for Cab70 (a) and LacBen samples (b).

The N, adsorption/desorption isotherms of SMA Cab70 and SMA LacBen are reported in

Fig. 3, whereas those of the parent Cab70 and LacBen samples and of the exchanged samples, Fe-

Cab70 and Fe-LacBen are reported in Figure SI-1. The shape of the isotherms corresponds to type II

according to the (IUPAC) classification characterized by no saturation at P/P° values close to 1. The

classification of the isotherms is not straightforward because although the shape resembles a type I1

isotherm, the presence of a hysteresis would indicate a type IV isotherm. This type II isotherm

commonly observed in non-porous adsorbents or adsorbents possessing relatively large pores, was in

accordance with the literature data for the current zeolite phases.”>’®> The hysteresis loops are

ACS Paragon Plus Environment

Cumulative %



oNOYTULT D WN =

ACS Earth and Space Chemistry

classified as Type H3 suggesting that the porosity is caused by the aggregates of the plate-like
particles, which bring about slit-shaped pores.

According to Sing’s work, the isotherms can be classified as pseudo-type II, describing delayed
capillary condensation due to the small rigidity of the aggregate structure of the adsorbent.”

The textural properties derived by the isotherms, i.e. the values of surface area (Sggr), total
pore volume (V,) and micropore volume (V) are reported in Table 3. The trend of the surface area
values for both sets of samples may initially appear unexpected. Indeed, the surface area increases
after iron exchange, and then decreases after the thermal treatment. The second phenomenon is the
result of the expected material densification in the nanocomposites, whereas the increase of area after
Fe exchange is less straightforward. A possible explanation can be found in the partial dissolution of
some mineral phases contained in the starting samples, Table 2, caused by the acid pH of the exchange

solutions (3.8), with a consequent increase in the percentage of porous fraction.

80 4
—a— SMA_Cab70
701 —e SMA LacBen

Adsorbed volume (cm® g, STP)

Y T T T T T =
00 01 02 03 04 05 06 07 08 09 1.0
Relative pressure (P/P,)

Figure 3. N, adsorption-desorption isotherms at 77 K of SMA Cab70 and SMA LacBen
materials.

Table 3: BET Specific surface area (Sggr); total pore volume (V,); micropore volume (Vy,), as
obtained by N isotherms at 77 K.

Sample Sger (m? g) V, (cm? g1 Vmp (cm? g1)
Cab70 38.45 0.064 0.013
Fe Cab70 4531 0.077 0.013
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SMA_ Cab70 20.49 0.066 5x1073
Lac-Ben 39.94 0.120 3x1073
Fe Lac-Ben 85.52 0.230 8 x10°3
SMA Lac-Ben 27.44 0.102 -

oNOYTULT D WN =

9 A detailed TEM and HR-TEM characterization has been carried out on the Fe-LacBen and Fe-
Cab70 samples and on the nanocomposites (SMA LacBen and SMA Cab70, with the aim of
14 following the morphological and structural evolution of the materials during the formation of the Fe-
16 containing nanocomposites. In addition, particular attention was devoted to the determination of the
18 dispersion of Fe. The results of the characterization performed on Fe-LacBen and Fe-Cab70 are
20 shown in Figure 4 and Figure 5, respectively. The former sample appears composed by large zeolitic
22 particles with globular shape alternate to elongated ones (Figure 4, panels a-c). In addition, highly
dispersed nanoparticles, possibly iron oxide hydrate (Fe,O3.H,0), appearing with dark contrast with
respect to the zeolitic framework and with mean diameter d,,= 2.7 = 1.0 nm (Figure 4, inset of panel
29 e) were easily recognizable as can be appreciated in panels b and d of Figure 4 and in Figure SI-2, in
31 which an image at high magnification is reported. According to the particle size distribution, the
33 majority of these nanoparticles has size between 2 and 3 nm. The EDS analysis confirmed the
35 presence of iron-containing nanoparticles (Figure 4, panel e¢) as well as its quite uniform relative
spatial distribution sample, as measured in several regions of the material (an example is shown in
Figure SI-3). Moreover, the nanoparticles tend also to form agglomerates with spherical shape and
42 with size in the 10—20 nm range, as those shown in panel ¢ of Figure 4, therefore lowering the metal
44 exposed surface area. Finally, EDS mapping also revealed the presence of residual cations, which did

46 not contribute to the exchange with iron, in agreement with the results of the AAS analysis.
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Particle size [nm]

Figure 4. Representative TEM images of Fe-LacBen sample (a-c). Zoom on the region shown in a
highlighted by the red box (d). EDS spectrum collected on the region shown in panel d (¢) and Fe
particle size distribution (inset). Instrumental magnification: 50000x (a and b), 100000x (c) and
150000 (d).

Overall, the morphology of the Fe-Cab70 material is similar to that observed for the
exchanged Fe-LacBen sample, but in this case the Fe-containing nanoparticles have average diameter
dw=3.1 £ 0.7 nm (inset in panel ¢ of Figure 5) and appeared more abundant than on the Fe-LacBen

material, according to the results of the EDS analysis that indicated that the relative amount of iron

present on this sample is higher than that found on the LacBen material.
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S st T B i R
Particle size [nm g

Figure 5. Representative TEM (a and b) and HR-TEM (c¢) images of the Fe-Cab70 sample. Inset in
panel c: Fe particle size distribution. Fourier Transform of the HR-TEM image reported in panel ¢
(d) and evaluation of the distance among the diffraction fringes (e). Instrumental magnification:
80000% (a), 100000 (b) and 150000x (c).

In addition, analogously to what previously observed, the Fe-containing nanoparticles were
organized as small agglomerates (Figure 5, panels a-c and Figure SI-4). Nevertheless, such
nanoparticles appear homogeneously distributed within the zeolitic matrix as demonstrated by EDS
mapping reported in Figure SI-6. Many regions of the sample appear crystalline, as shown in Figure
5 (panel c) in which diffraction fringes with spacing of 9.3 A that can be attributed to the (101) plane
of thombohedral chabazite (JCPDS file number 00-002-0062) have been measured, according to the
corresponding FT and to the measure of the spacing shown in panel d and e, respectively.

Upon thermal treatment under reducing atmosphere, the Fe-containing nanoparticles
previously observed on the exchanged Lacben sample undergo coalescence giving rise to a
nanocomposite made up by a reduced metallic phase that appears embedded in the zeolitic framework,

as shown in Figures 6 and SI-6. Particularly, an evolution to small rounded Fe nanoparticles signalled

by red harrows in the Figure and with average diameter of 4.4 + 1.7 nm (panel a), and to large Fe

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Earth and Space Chemistry

particles with rounded globular shape and size ranging between about 15 and 75 nm has been

observed (panels b and c).

Figure 6. Representative TEM (a-c), HR-TEM (d) images, Fe particle size distribution (inset in panel

a) and evaluation of the distance among the diffraction fringes (inset in d) of the SMA_Lacben sample.

EDS spectrum collected on the big Fe particle shown in panel d (¢). The small Fe nanoparticles are
indicated by red arrows. Instrumental magnification: 150000x (a, b and c), and 300000 (d).

Moreover, these larger Fe nanoparticles display a core-shell-like morphology (panels b and ¢
of Figure 6 and Figure SI-7), in which the core displays a darker contrast with respect to the shell and
the EDS analysis revealed an intense peak related to Fe (Figure SI-8). Diffraction fringes with spacing
of 4.85 A, related to the (1 1 1) face of Fe;0y in the cubic phase (JCPDS file number 00-001-1111)
were observed on the shell at higher magnification. Magnetite could have been produced from the
partial reduction of the iron-containing clusters with hydrogen at high temperature according to the

following reaction:

3Fe;03 + Hy —» 2Fe304 + H,0 @
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Basing on these findings, a core-shell-like morphology in which a metallic Fe core is
surrounded by a Fe;O,4 shell can be hypothesized after thermal treatment.

It is worth noting that HR-TEM revealed presence of Fe;O4 in contrast QFA results. This can
be explained by assuming that Fe;O,4 is mainly not crystalline and/or that the amount of crystalline
Fe;0, 1s below the XRD detection limit.

Also, for the Fe-Cab70 sample, the reducing thermal led to the formation of both small and
larger Fe particles within the zeolitic matrix (Figures 7, SI-8, SI-9 and SI-10). Indeed, the
SMA_Cab70 material display a less dispersed metallic phase, with average size of 7.3 + 2.0 nm, as
revealed by the particle size distribution reported in panel a of Figure 7. In addition, rounded big Fe
particles with core-shell morphology and size around 40-80 nm were observed also in this case.
Overall, the dispersion of the metallic phase observed on the SMA Cab70 sample is lower than that
of the SMA LacBen sample.

It appears noteworthy that the contemporary presence of Fe® and Fe oxides is reported also in
all real Moon dust samples.* Thus, it seems another point in which the obtained Moon dust simulants

faithfully mimic the features of real Moon regolith.

7.5 10.0 125 150

Particle size [nm]

Figure 7. TEM representative images of the SMA Cab70 sample (a, b). Zoom on the region shown
in b highlighted by the red box (c). Fe particle size distribution (inset of panel a). Instrumental
magnification: 250000x (a), 50000x (b) and 300000x (c).
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3.2 Magnetic properties

The hysteresis loops of the two Fe-exchanged samples and of the two nanocomposites
measured in the interval 100-300 K are shown in Figure 8 (panels a,b). The lower value corresponds
to the minimum temperature typically measured at midnight on the Moon surface. In both materials,
a significant magnetic signal is observed, consisting of a ferromagnetic-like contribution from iron
particles followed by a paramagnetic behavior at high fields, to be ascribed to the presence of a
fraction of exchanged Fe”* ions still dispersed in the amorphous phase, as previously observed in
similar materials?®-*° and/or to the constituents of the natural zeolite bearing materials which naturally

contain Fe ions, such as the illite.”>
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Figure 8. (a,b): hysteresis loops between T = 100 K and T = 300 K for samples SMA Cab70 and
SMA LacBen, respectively. The insets put in evidence the paramagnetic contribution at high fields
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and the shape of the loops around H = 0. (c): temperature behavior of the coercive field measured in
the two samples (full symbols) and of the remanence-to saturation ratio (open symbols).

The intensity of the ferromagnetic-like signal is much larger in sample SMA Cab70. The
insets in the panels show the detail of the paramagnetic contribution (displaying the usual increase in
the slope of the M(H) line with decreasing temperature) and the shape of the hysteresis loops close to
H = 0, respectively. Neither the loop shape nor the loop area shows important changes in the
considered temperature interval. In particular, the coercive field H, is a weak function of temperature,
as shown in panel ¢; a high value of H, is still measured at room temperature. This suggests that a
fraction of magnetic nanoparticles is still blocked at T = 300 K. The ratio M,/M; of remanent
magnetization M; to the saturation value of the ferromagnetic component is also reported in panel (c).
Even this property turns out to be weakly dependent of temperature. Remarkably, the magnetic
properties of both the nanocomposites are in good general agreement with the ones of actual lunar
soils, as published elsewhere.?

Using the information on the content of the Fe® phase after thermal treatment of samples given
by the QPA (rightmost column in Table I), and exploiting the asymptotic value of the room-
temperature M(H) curves at high field (after proper subtraction of the paramagnetic contribution), we
obtain an intrinsic saturation magnetization M; of the particle phase of about 160 emu/g and about
175 emu/g for the samples SMA LacBen and SMA Cab70, respectively. These values of M are
somewhat smaller than the ones found in the literature for Fe nanoparticles, which are peaked around
M;= 200 emu/g, 7678 and are consistent with the existence of a fraction of oxidized Fe (Fe;Oy,) in the
outer shell of the bigger core-shell particles, as observed by TEM in both samples.

The FC/ZFC curves obtained on both materials are shown in Figure 9. While both FC curves
are almost featureless, as often observed in nanoparticle systems where the individual magnetic units
(i.e., single or magnetically correlated particles) are characterized by a wide distribution of blocking

temperatures, 7 the ZFC curves exhibit peculiar features: in SMA Cab70 the ZFC magnetization
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increases monotonically, whereas in sample SMA_LacBen a very broad maximum centered at about

97 K is observed (see upper inset in the Figure).
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Figure 9. (a): Field-Cooled and Zero-Field—cooled magnetization curves under a field of 50
Oe for sample SMA Cab70. The inset shows that the two curves do not touch at the starting
temperature (T = 300 K); (b): the same for sample SMA LacBen; the upper inset put in evidence the
broad maximum of the ZFC curve.

As a common feature, the FC/ZFC curves are not coincident at the starting temperature of the
measurement procedure (T = 300 K), as shown in the two lower insets. All these features>*#° concur
to show that a considerable fraction of individual magnetic units are still blocked at r.t., in agreement
with the remarkable value of the coercive field (see above).

The difference between the shape of the ZFC curves can be ascribed to a different distribution
in size of the magnetic units which individually respond to the magnetic field. Information on the

particle size distribution is obtained by exploiting a standard procedure involving the derivative of

the difference between ZFC and FC curves.8!:82

ACS Paragon Plus Environment

Page 24 of 41



Page 25 of 41

oNOYTULT D WN =

ACS Earth and Space Chemistry

3.0x10°
A —=— SMA-CAB 70
2.5x10° R —=— SMA-LAC-BEN
f 1
2.0x10° - ! %
’;,‘ i
=
= 15x10°1
2
o
1.0x10°
5.0x10° 1
0.0 T T T T T T T T T T ‘
0 2 4 6 8 10 12

D (nm)

Figure 10: Size probability density p(D) (normalized to the range of existence of the two curves) for
the two samples. Particles (or particle aggregates) having diameter values larger than about 10 nm
are still blocked at r.t. and therefore cannot be studied by this method of analysis.

The results of this analysis are reported in Figure 10 assuming that the effective magnetic
anisotropy constant of the individual Fe® nanoparticles takes a value Kqi= 2 x 10° erg/cm? over the
whole temperature interval, in agreement with the literature, where K¢ has been reported to typically
range between 2 x 10° and 3.5 x 10 erg/cm?.33-86 [n sample SMA_Cab70, the size distribution density
p(D) monotonically increases at low D and reaches a kind of a plateau with weak oscillations; on the
contrary, in sample SMA LacBen the distribution exhibits a sharp peak at D = 3.5 nm followed by
a plateau in the 6-10 nm interval. In both cases, the distributions show no traces of being reduced at
high D values.

The p(D) curves obtained from magnetic measurements are in good general agreement with the
histograms referring to the small rounded Fe® particles observed by HRTEM in both materials
(Figures 6 and 7). Instead, the larger globular particles with core-shell structure put in evidence by
the same technique are beyond the size interval covered by the analysis, the upper limit of particle
sizes (D, = 10 nm) being determined by the maximum temperature of FC/ZFC measurements (in

this case, r.t.).
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In the light of the results of HRTEM analysis reported in Section 3.1 (Figures 4-7), it is possible to
draw the following picture on the basis of the magnetic properties of Fe particles measured in both
samples: in SMA_LacBen the sharp maximum of p(D) observed at small D values is related to the
individual response of small Fe? particles such as the ones put in evidence in Figure 6 (a-d, indicated
by red arrows), which can be mostly considered as weakly interacting and responding individually
to the action of the magnetic field. On the other hand, the constant tail of the p(D) function in the
interval 6-10 nm, i.e., in a size region where the histogram distribution obtained by TEM analysis is
already decreasing to zero (see inset in panel a of Figure 6), is ascribed to the presence of a magnetic
correlation among some of the small Fe® particles, which makes them to respond to the magnetic field
as larger individual units. In fact, pairs or groups of small particles characterized by a lower than
average interparticle distance d can behave collectively when the dipolar magnetic interaction, locally
enhanced by the small value of d, is no longer negligible. These interacting groups are viewed by the
present analysis as magnetically individual particles of slightly larger size.

On the other hand, in sample SMA_Cab70 no definite peak of the p(D) function emerges at low D.
This result is in agreement with the larger histogram distribution obtained by TEM (see inset in panel
a) of Figure 7). Moreover, the absence of a definite peak in p(D) can be related as well to a stronger
dipolar interaction among Fe® particles in this sample with respect to SMA_LacBen. In fact, the larger
average diameter of the individual particles determined by HRTEM (7.3 nm in this case against 4.4
nm in SMA LacBen) and their higher concentration and lower dispersion (see Section 3.1) concur in
increasing their dipolar interaction energy (which increases as the cube of D and as the reciprocal of
the cube of d). The larger dipolar interaction can be instrumental in making more probable the
formation of correlated pairs or clusters of particles acting as single magnetic units. This explains
why a broader, less structured p(D) function is observed over the entire interval of diameters explored
by the FC/ZFC curve analysis.

The absence of a decreasing trend of both p(D) curves for D — D, points to the existence of a

conspicuous fraction of individual magnetic units (i.e. correlated particles) whose size is larger than
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10 nm. These units appear as magnetically blocked over the entire interval of investigated
temperatures.

The magnetic properties of the investigated materials bear close similarities with the results of other
measurements done both on actual lunar soils, simulants and synthetic materials.'*?0 All
measurements point to the coexistence of various magnetic contributions in these materials, including
para-, antiferro-, ferro- and superparamagnetic phases, as evidenced in the present case.'* A
comparison with a few similar materials can be found in a previous paper.?’ The saturation
magnetization of the ferromagnetic phase is very close to the values reported elsewhere. 420
However, the coercive field values (in the 250 - 370 Oe interval around room temperature) make the
present materials more similar to simulants made from a terrestrial volcanic tuff or to synthetic
materials than to actual lunar soils, characterized by much lower values of Hc (less than 50 Oe).!4
This difference can be ascribed to a smaller nanoparticle size in actual lunar soils; the size analysis
performed here (Figure 10) points to the existence of magnetically blocked nanoparticles having sizes
much larger than 10 nm, whilst in lunar soils the low measured coercive field is coherent with the
presence of almost superparamagnetic nanoparticles; however, a quantitative estimate of the size of

magnetic nanoparticles is not given in the existing literature.

3.3 Analysis of SMA LacBen and SMA_Cab70 by broad dielectric spectroscopy

Dielectric relaxations maps €’ (f, T)
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Figure 12 — Dielectric relaxation map SMA_Cab70.
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The BDS map of the SMA LacBen sample (Figure 11) shows one relaxation mode in the
vicinity of 223 K at 102 Hz, that shifts towards higher frequencies as the temperature increases (in
the 106 Hz range at 373 K). This mode could have various different physical origins. On one hand, it
could be the manifestation of interfacial polarization phenomena, of the Maxwell-Wagner-Sillars
(MWS) type, at the particle-void interfaces in the compacted powder sample. On the other hand, the
mode could arise from ionic dipole-relaxations involving back and forth ion transfer between
potential energy wells (by a hopping mechanism). Such relaxations have been reported for various
zeolites.?” Due to the loosely controlled packing of the particles, there is insufficient data to ascribe
the dielectric mode to either of the two phenomena.

The BDS map of SMA Cab70 (Figure 12) shows a relaxation mode similar to the one
observed in SMA LacBen, but followed by a second mode (shifted by approximately 50 K towards
higher temperatures). The same discussion as for the SMA LacBen case remains regarding the
physical origins of these two modes. Because the SMA Cab70 sample did not display enough
conductivity in the range 133-423 K, additional measurements were performed in the range 413-523
K (the next day). Those measurements do not strictly overlap with the first series, probably due to
water desorption during the first run, resulting in a small isothermal event visible at 413 K in Figure
12. The measurements on LacBen were performed in one run between 133 and 523 K and therefore
do not display this small event.

At high temperatures and low frequencies, both moon dust simulants display a conductivity

front associated with large scale transport of charge carriers across the sample.

3.4 Isothermal real conductivity spectra, 6°(f), and Arrhenius diagrams of the real conductivity

values at 10-2 Hz, 6°(1000/T)
The isothermal real conductivity spectra are displayed in the temperature range 273-523 K for
SMA LacBen (Figure 13) and SMA Cab70 (Figure 14). This representation emphasizes low-

frequency charge transport processes which are expected to appear as frequency-independent
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plateaus. In both cases, at sufficiently high temperature, such plateaus are observed even though they
are slightly frequency dependent. The temperature dependence of the low-frequency conductivity

(taken at 102 Hz) is visible in the Arrhenius diagram of Figure 15.
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Figure 13 — [sothermal real conductivity spectra between 273 and 523 K of sample SMA LacBen.
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Figure 14 — [sothermal real conductivity spectra between 273 and 523 K of sample SMA Cab70
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Figure 15 — Arrhenius diagram of the real conductivity at 102 Hz for SMA LacBen and
SMA Cab70, with the corresponding Arrhenius fits and activation energies

The conductivity values of the SMA Cab70 sample is systematically higher than that of
SMA LacBen in the temperature range 413-523 K, as can be seen in Figure 15. However, the one-
decade difference between the two samples at 423 K decreases to a factor of 4 at 523 K, due to
different values of the activation energy for charge transport (0.71 eV for SMA Cab70 and 0.96 eV
for SMA_LacBen).
When compared to the previously studied moon dust simulants (SMA_A and SMA X), the
SMA LacBen and SMA_Cab70 samples are overall less conductive (sometimes by several orders of
magnitude). This is why frequency independent plateaus are not observed below approximately 412
K for SMA LacBen and SMA Cab70 samples (as seen in Figure 13 and Figure 14) and the
temperature range had to be extended up to 523 K.?0 The activation energy is 0.71 eV and 0.96 eV
for SMA_ Cab70 and SMA_LacBen, respectively, slightly larger than the 0.32 eV and 0.58 eV for
Apollo lunar samples 15301,38 and 14613,131, respectively. The DC conductivity at 200 °C is about
3e'%and 2e!! S/m for SMA_Cab70 and SMA LacBen, respectively, which is closer to the 7¢!3 and

4e11 S/m of 15301,38 and 14613,131, respectively, than DC conductivity of SMA_A and SMA_X.
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CONCLUSIONS

The already good results obtained in our previous work with Moon agglutinates simulants obtained
by thermally transforming, under a reducing atmosphere, Fe-exchanged zeolite A and X in metal-
ceramic nanocomposites have been further improved in this work by starting from natural zeolite
samples.

The following improvements were obtained in in this work:

1) A chemical composition decidedly closer to the real Moon dust was obtained.

2) A mineralogical composition decidedly closer to the real Moon dust was obtained.

3) Asaconsequence of obtaining an improved chemical and mineralogical composition, also the
electric and magnetic behavior of the magnetic metal-ceramic nanocomposites of this work are
decidedly similar to those of the real Moon dust.

Moreover, the obtained metal-ceramic nanocomposites do not appear prone to weathering as ceramic
phase are well known to be stable and most of the Fe® nanoparticles are embedded into the ceramic
matrix which protects them from oxidation.

However, this work has suggested possible further improvements of the, already good, results
obtained. Actually, the Fe-exchange natural zeolite bearing material to be transformed in the metal-
ceramic nanocomposite simulating the Moon dust, could be split in two portions of about equal entity.
The first portion should be thermally treated under a reducing atmosphere at 750 °C, as it was done
in this work, and the second portion should be thermally treated, under the same reducing atmosphere,
at a decidedly higher temperature, such as 1000 °C. The thermal treatment at this temperature would
result in a partial melting of the ceramic matrix which could properly mimic the effects of the
meteorite bombardment on the real moon dust. Finally, the two portions of the metal-ceramic
nanocomposites obtained should be mixed together to form a lone metal-ceramic nanocomposite.
This resulting material should still better mimic the features of the real moon dust as also the effects

of the meteorite bombardment on moon dust would be, at least partially, reproduced.
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