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ABSTRACT

Life support systems in extraterrestrial settings face severe material constraints, demanding
innovative in situ resource utilization (ISRU) strategies. One material that merits attention is
cellulose, which can be procured in relative abundance from locally generated waste. Here we
present an ISRU approach toward thermally insulating composite aerogels based on nanofibrillated
cellulose (NFC) and a lunar regolith simulant. Recycled cellulose fibers are ground by planetary
ball milling with lunar highland simulant (LHS-1) into NFC—regolith slurries with subsequent
conversion into aerogels by supercritical drying. Comminution of cellulose fibers and LHS-1
particles enable the production of composite aerogels with thermal conductivities as low as 30
mW/m-K. Multi-parametric optimization of aerogel properties can be guided by design of
experiments (DOE) based on the mass ratios of NFC in water, LHS-1 in aerogel, and amount of
milling media. The study illustrates how composite aerogels made of regolith and fibrillated
cellulose can provide sustainable routes toward functional materials for lunar habitats and other

extraterrestrial resource-limited environments.



INTRODUCTION

Cellulose, the most abundant biodegradable polymer on Earth [1], is commonly sourced from
woody plants and agricultural biomass [2,3]. Cellulose can also be extracted from various waste
streams and repurposed as second-generation feedstocks [4]; those with high cellulose content can
be dispersed readily into cellulose microfibers (CMF), and further chemo-mechanical treatments
can be applied with relatively low energy and mild chemistries to generate cellulose nanofibers
and nanocrystals [5]. The recent rise in popularity of nanocellulose stems from its high surface
area and ability to impart composite materials with mechanical strength in ways not achievable in
microfiber form [6]. In particular, mechanochemical processes are a scalable and sustainable
approach for fibrillation of CMF to submicron dimensions, with efficiency depending on mill type,
grinding media, energy input, and use of additives [7,8]. Planetary mills with milling media [9]
operate at high angular speeds and can be efficient at generating Coriolis and shear forces
[10,11,12], which is expected to enable comminution in low-gravity environments.

Extraterrestrial cellulose is far from ubiquitous, however it is remarkably abundant in human-
generated waste products during space missions: for example, wastepaper is 60—70% cellulose by
weight [13], whereas cotton fabrics can contain up to 99% [14,15]. A logistical model developed
for crewed missions lists ten categories of waste with at least half containing cellulose including
paper, packaging, clothing, and hygiene products [ 16]. Waste reduction is an important priority in
space-related missions and future lunar habitations: the U.S. National Aeronautics and Space
Administration (NASA) has projected waste management as a major issue in long-distance
expeditions such as the Gateway and Artemis missions and for longer-term goals of extraterrestrial
settlement [ 17]. Thus, the upcycling of cellulose-rich waste in such settings offers the dual benefit

of recovering precious imported resources while reducing waste volume.



The valorization of cellulose can be increased further when blended with locally sourced
materials into composites with a gain in function, a key aspect of in situ resource utilization (ISRU)
[18,19]. In particular, the compressive strength of lunar regolith, the base material for geopolymer
matrices in lunar construction [20,21,22,23,24], can be enhanced by adding upcycled biopolymers
as binding agents [25,26,27,28]. Mixtures of regolith and biopolymers have been freeze-dried into
insulative aerogels as an ISRU approach to thermal management, with bulk densities and thermal
conductivities as low as 0.34 g/cm® and 70 mW/m-K having been reported [29]. Regolith
reinforced with micro- or nanofibrillated cellulose (MFC or NFC) has obvious appeal for such
objectives, but to the best of our knowledge this approach has yet to be explored; discussions on
cellulose-based feedstocks in space so far have focused on microbial biodegradation and
bioregeneration [30,31]. We note that MFC and NFC both describe cellulose that has been
fibrillated to submicron dimensions [6,34], and refer to the latter due to its popular usage.

In this study, we use mineral-assisted milling of cellulose pulp with Lunar Highlands Simulant
(LHS-1) to create NFC-reinforced aerogels with potential utility for thermal insulation. LHS-1 is
a terrestrial, Ca-rich aluminosilicate (plagioclase) with smaller amounts of silicate glass and metal
oxides (Fe and Ti), representing one of several regolith species ubiquitous to the lunar
environment. The materials qualities of regolith-based composites are largely untapped and thus
offer ample opportunity for discovery and development. Wet milling of LHS-1 and cellulose
generates slurries of ultrafine materials that can be converted upon supercritical drying (SCD) into
composite aerogels with thermal conductivities as low as 30.9 mW/m-K. A multifactorial design-
of-experiments (DOE) approach can also be used to optimize the mass ratios of NFC (w/w% in
slurry), LHS-1 (wt% in aerogel), and number of milling media for thermal insulation with ISRU

constraints or any combination of physical properties.



EXPERIMENTAL SECTION

Materials. Cellulose microfibers (CMF) were derived from research-quality filter paper
(Whatman Grade 1) with low ash content (Cytiva, Marlborough, MA) shredded in a food blender.
These cellulose fibers are reported to have a crystallinity index of 0.71 [57]. LHS-1 (median
particle size 80 um) was acquired from Space Resource Technologies (Oviedo, FL). Milling media
comprised of yttria-stabilized zirconia (YSZ) were obtained as 1-cm cylinders, 1-cm spheres, or
I-mm spheres from MSE Supplies (Tucson, AZ). Tert-butyl alcohol (TBA) was acquired from
Thermo Fisher Scientific (Waltham, MA), and deionized water was obtained using a Milli-Q
ultrafiltration system from MilliporeSigma (Burlington, MA) with a measured resistivity above 18
MQ-cm and passed through a 0.22-um filter.

Ball Milling of Cellulose and LHS-1. Mixtures of shredded filter paper and LHS-1 were
dispersed in deionized water with YSZ milling media in a nylon or polycarbonate (Nalgene) bottle
placed on various milling equipment: planetary milling was performed using a MSK-SFM-3 mill
(MTI, Richmond, CA) operating at 25 Hz (60 g) or a Pulverisette 7 mill operating at 10 Hz (63 g2),
whereas rotary milling was performed using a custom-built tumbler operating at 400 rpm.
Formulations were prepared with consistent amounts of NFC and LHS-1 (25%, 50%, and 75%
mass ratios) and dispersed in deionized water to a final mass of 50 g, then milled with varying
amounts of YSZ media for 2 hours (Figure 1). The NFC/LHS-1 slurries were either separated by
three rounds of centrifugation and redispersion in fresh water for further characterization or

converted directly into composite aerogels (see below).
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Figure 1. Mineral-assisted wet milling of cellulose microfibers (CMF) into NFC.

Fiber Width Distribution Analysis. Analytical NFC samples were prepared by treating an
aqueous aliquot with sufficient TBA to form a 10 wt% solution, followed by freezing and
lyophilization in a LabConco FreeZone freeze dryer with an external condenser (Medisca,
Plattsburgh, NY). The 10 wt% TBA forms a eutectic that inhibits ice crystallization during
freezing, preserving the ultrafine structure [8]. Lyophilized samples were cut using a metal blade
and exfoliated with adhesive tape, affixed onto an Al pedestal with conductive carbon tape and
sputtered with 10 nm Pt, then analyzed by field-emission scanning electron microscopy (FE-SEM)
using a JSM-1T710HR microscope (JEOL, Ashland, OR) with an accelerating voltage of 5 kV.
Images were collected at 100x and 15,000 magnification and analyzed using ImagelJ v.154 [32],
using the auto-contrast feature and crosshair grid tool for objective fiber selection (N>100 per
sample). Fiber width distributions were collected manually with statistical analysis conducted
using OriginPro v.2023b (OriginLab Corp., Northampton, MA).

Particle Size Analysis. Colloidal LHS-1 in pristine or milled forms were dispersed in water
(approximately 0.2 g/mL) and characterized with a MRB SYNC (Microtrac, Montgomeryville,
PA) at particle loading factors close to 0.1. Milled LHS-1 particles were separated from aqueous

slurries by centrifugation and heated to 650 °C for 2 h in air, which removed all organic materials



without sintering the residual powder. Size distributions were obtained for three independent
readings, based on particles with >90% sphericity to exclude stray NFC fibers from analysis.

Fabrication of Composite Aerogels. Aqueous slurries of milled LHS-1 and NFC were
transferred as 10-mL aliquots into cylindrical molds (20.07 mm i.d.), then stored at —20 °C for 24
h. Frozen aliquots were immersed in 100% ethanol at 20 °C for 24 h, which was repeated five
times for complete solvent exchange [33]. The resulting alcogels were loaded into a supercritical
dryer (Accudyne Systems, Newark, DE) at 35 °C and 78 bar CO: to yield aerogel composite in
their final forms.

Characterization of Composite Aerogels. Fourier-transform infrared (FT-IR) spectroscopy
was acquired in attenuated total reflection mode using a Nicolet 6700 spectrophotometer (Thermo
Scientific, Waltham, MA). Specific surface area (SSA) was measured by Brunauer—Emmett—
Teller (BET) analysis with a Tristar 3020 II (Micromeritics, Norcross, GA) using nitrogen
adsorption—desorption; aerogel samples were degassed at 80 °C overnight. Aerogel shrinkage ()
was quantified by relative changes in sample diameter according to Equation 1, where do and dx
represent the inner diameter of the cylindrical mold (20.07 mm) and the diameter of the final
aerogel sample:

do_dx

do

S (%) = x 100% (1)

Bulk density (p) was determined according to Equation 2, where m is sample mass (g), d, is

cylinder diameter, and h is cylinder height (cm):
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Porosity (Pr) was determined according to Equation 3, where p is bulk density (g/cm?) and ps is
the skeletal density as measured by pycnometry with an AccuPyc II 1345 (Micromeritics,

Norcross, GA):

P, (%) = (1 _ ﬁ) x 100% 3)

Ps

Aerogel samples were analyzed in a 10-cm® capped cell using helium, with ps based on the mean
of 50 trials.

Thermogravimetric analysis (TGA) was conducted on 0.5 g of sample in tared pans using a
Q500 TGA instrument (TA Instruments, New Castle, DE) from 25 to 800 °C at a rate of 10 °C/min,
under air or nitrogen as specified. Thermal conductivity (k)measurements were performed at 23
°C with a C-Therm Trident instrument (C-Therm Technologies, Fredericton, NB, Canada), using
a modified transient plane technique in accord with ASTM D7984 with the modification of having
sample thicknesses > 4 mm as required by the instrument.

Mechanical Analysis of Composite Aerogels. Uniaxial compression tests were performed
using a Model 5584 electromechanical load frame controlled with Bluehill software (Instron,
Norwood, MA), equipped with an SSM sealed S-type load cell (Interface Inc., Scottsdale, AZ)
with a calibrated capacity of 2.2 kN (500 1bf) and a reading error below 1%. Cylindrical aerogel
specimens were trimmed to obtain flat surfaces prior to loading. Dimensions were measured using
an Absolute Digimatic caliper with 0.01 mm resolution (Mitutoyo, Kawasaki, Japan); the mean of
three measurements were used to calculate initial cross-sectional area 4o and initial height /9.

Compression tests were conducted at 23 °C and a nominal engineering strain rate of € =
2 x 1073 s71, achieved by a constant crosshead displacement rate of 1.27 mm/min (0.05 in/min),
corresponding with an initial specimen height (4) of 10.6 mm. Force (F) and displacement (d)

were recorded at 500 Hz throughout the test, which was terminated at a force of 2.0 kN (450 1bf).



Engineering stress (o) and strain (¢) were determined according to Eq. 4, where Ay is the cross-

sectional area and A/ is the decrease in specimen height from the crosshead displacement:

F  4F AR hy—h
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(4)

Compressive stress and strain were reported as positive values, with uncertainty quantified by
including four replicate specimens in the analysis. The Young’s modulus was determined from the
linear elastic region of the stress—strain curve, after applying a seating preload and removing the
toe region. The same fitting procedure was applied consistently across replicate specimens.

Statistical Design of Experiments (DOE). Experimental conditions were formulated and
analyzed using Design Expert v.13 (Stat-Ease, Inc., Minneapolis, MN). Aerogel samples were
prepared from milled aqueous slurries containing NFC, LHS-1, and a variable number of YSZ
media. The response surface methodology (RSM) employed a central composite design with one
point run in quadruplicate to estimate experimental error (18 formulations in total). Quadratic RSM
models were fit by least-squares regression including interaction terms, and plotted as 3D contour
surfaces parameterized by the mass fraction of cellulose in aqueous slurry (1-9 w/w%), LHS-1 in
aerogel (25-75 wt%), and YSZ media amount (6—12 cylinders).

Predictions for multi-response optimization were transformed using Derringer—Suich functions
for each target property, and aggregated using a weighted geometric mean to yield overall
desirability. Numerical optimizations were applied toward combinations of desirable outcomes
(low p, S, k; high P, SSA, M) to maximize overall desirability, with the option of applying
constraints to input factor ranges and weighting factors (1-10) to modify the steepness of response
functions. The importance of key responses could also be weighted (1-5) toward a desired
functional outcome, which establishes trade-off priorities and enables optimization algorithms to

be guided toward target values when responses conflict during optimization.



RESULTS AND DISCUSSION

Fibrillation of Cellulose Microfibers with LHS-1. Initial studies were aimed at validating
the generation of NFC from cellulose products by mineral-assisted grinding, and establishing base
conditions for an efficient and practical milling process [34]. Shredded filter paper was used as a
model cellulose feedstock for NFC production. Samples were wet milled with and without LHS-1
using YSZ media (I-cm spheres) and characterized by FT-IR and also by FE-SEM at two
magnifications to quantify fiber width distributions. IR analysis of dry NFC-LHS composite
indicates a broad OH stretch as expected, without additional peaks that might be attributed to
chemical modification of cellulose caused by milling (Figure S8). SEM analysis of pristine CMF
yielded widths between 3 and 20 pm (Figure 2a), whereas pulp milled with YSZ media
experienced a decrease in fiber width distribution to the low micron range (Figure 2b) and pulp
milled with YSZ media and LHS-1 yielded mostly NFC with submicron widths (Figure 2c¢). The
log-normal distribution for mineral-ground cellulose indicates a mode fiber width of 0.1 um,
eightfold lower relative to that milled with YSZ media alone (Figure 2d). We note that quantitative
fiber width analysis was performed with unwashed samples of NFC (Figure S1), as extensive
washing to remove LHS-1 skewed the outcome by causing significant bundling and loss of finer
fibers (Figure S2). We further note the importance of wet milling, as control samples milled with
LHS-1 but without water did not produce sizable reductions in fiber width. Hydration enables
CMF swelling and weakens hydrogen bonding between fibers [9], facilitating their fibrillation by
the milling media (Figure 1).

To evaluate the impact of milling on LHS-1, particle size analysis was performed after 0, 1,
and 2 hours of planetary milling. Samples were pyrolyzed to remove the cellulose prior to particle

analysis, which revealed a bimodal distribution in comminution as milling time increased (Figure
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3). The number fraction of particles < 50 um (peak at 18.5 pm) was more than 80% after 1 hour
and nearly 95% after 2 hours, corresponding with reductions in D50 to 176.2 um and 124.6 um,
respectively. A reduction in particle size leads to higher surface-to-volume ratios and greater
surface energies that favor the formation of stable gels and aerogels [35]. Similarly, reducing the
width of fibers embedded in sol-gels and aerogels increases surface contact and bonding at the
organic—inorganic interface [36]. The simultaneous comminution of LHS-1 and fibrillation of

recycled cellulose can thus be expected to promote the formation of composite aerogels.
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Figure 2. FE-SEM images of cellulose fibers as a function of wet-milling conditions
(magnification in parenthesis): (a) Unmilled fibers (100x); (b) fibers milled with YSZ media only
(15,000%); (c) fibers milled with YSZ media and LHS-1 (15,000%). (d) Log-normal distribution of

cellulose fiber widths with curve fits (see Figure S1 for original image data).
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Figure 3. Particle size distributions of LHS-1 from milled samples at different milling times.

Processing Parameters for Composite Aerogel Production. Conditions for converting
cellulose and LHS-1 into nanocomposite aerogels were evaluated initially as a function of mill
configuration (planetary versus rotary) and type of YSZ media (I-mm or 1-cm spheres, or 1-cm
cylinders) at a constant mass ratio of CMF, LHS-1, water, and media. Planetary ball milling
provides more kinetic energy and is presumed necessary for applications in low-gravity
environments [37], but the choice of grinding media must be established empirically [38]. Visual
inspection of the slurries after 2 hours of mixing indicated that planetary milling with 1-cm
cylinders produced the most homogeneous suspension, followed by milling with 1-mm spheres
(Figure S3). Milled slurries were transferred into cylindrical molds and subjected to freezing and
SCD to produce aerogels; those prepared by planetary milling produced well-shaped ingots,
whereas those prepared by rotary milling were malformed. FE-SEM images of slices from aerogel
samples confirmed the greater efficiency of cellulose fibrillation by planetary milling (Figure S4).
Longer milling times did not provide any benefit: aerogels produced from a cellulose—LHS-1

slurry milled for 4 hours exhibited lower porosity and greater shrinkage than one milled for 2
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hours, suggesting a breakdown in NFC fibers over time [9]. We thus proceeded with planetary

milling using 1-cm cylinders and 2-h run times for process optimization.

Table 1. Thermal and mechanical properties of NFC/LHS-1 composite aerogels.

Formulation parameters Measured Properties
R;;“ NFC  LHS-1 LHS-1 I:escé Density Porosity Shrinkage sufgi?zfea Coﬁfﬁj}ty Modulus
(W/w%)* (wiw%)* (wt%)? (n0.) (p, glem®) (P, %) (S, %) (SSA. m?g) (k. mW/m-K) (M, MPa)
1 5 5 50 9 0.172 91.7 18.2 47.7 38.6 1.2
2 1 3 75 0.140 95.5 33.5 31.0 34.8 0.025
3 5 5 50 6 0.152 92.6 14.9 56.9 39.1 0.75
4¢ 5 5 50 9 0.169 91.3 18.4 59.8 38.5 0.82
5 1 3 75 12 0.226 95.6 52.0 28.7 N/A4 0.012
6 9 3 25 6 0.116 94.2 6.6 47.7 374 1.3
7 9 27 75 12 0.484 79.3 24.6 24.6 423 2.88
8 1 0.33 25 6 0.049 98.6 36.5 51.0 30.9 0.23
9 1 0.33 25 12 0.078 98.1 44.2 49.0 N/A4 0.17
10 9 3 25 12 0.171 91.8 8.9 383 353 0.49
11 9 9 50 9 0.220 90.1 6.9 40.9 414 3.5
12 9 27 75 6 0.457 81.1 32 19.0 45.1 1.8
13 5 1.67 25 9 0.123 95.3 20.8 65.8 38.7 1.14
14 1 1 50 9 0.135 96.8 48.2 46.2 N/A4 0.14
15 5 5 50 12 0.197 92.3 254 53.9 354 0.29
16¢ 5 5 50 9 0.169 92.7 16.8 52.8 38.0 0.39
17¢ 5 5 50 9 0.166 93.4 18.6 62.5 38.9 1.77
18 5 15 75 9 0.333 86.2 16.3 34.0 42.5 1.79
19¢ 4.3 0.14 25 6 0.116 94.7 18.5 30.3 30.8 0.49
20¢ 1.0 0.33 25 12 0.072 97.1 40.9 18.9 314 0.10
21¢ 1.1 0.70 61.2 12 0.156 95.5 50.6 17.6 30.5 N/A¢

@ Initial mass ratio in aqueous slurry prior to planetary milling (2 h) and SCD. ? Relative mass of LHS-1 in composite
aerogel. ¢Replicate of Run 1. ¢ Did not meet testing standards. ¢ Performed according to DOE optimization (Table 2).
Run 19: balanced multi-response; Run 20: weighted for thermal insulation; Run 21: constrained by >60 wt% LHS-1.
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Additional variables were evaluated via a design of experiments (DOE) approach by using
cellulose in slurry (w/w%), number of YSZ cylinders, and relative mass of LHS-1 in composite
(Wt%) as process factors, with correlation to aerogel properties (Table 1). Milling runs performed
with variable loads of recycled cellulose, LHS-1, and YSZ cylinders in aqueous slurries produced
aerogels with densities (p), porosities (Pr), and shrinkages (S) in the ranges of 0.049—0.484 g/cm?,
79.3-98.6%, and 3.2-52.0% respectively. Measurement uncertainties based on standard deviations
(SD) of replicate samples (N=4) were 0.021 g/cm? for p, 1.1% for Py, and 2.9% for S. In addition
to these quantitative trends, aerogels produced from slurries with higher solute content (especially
NFC w/w%) were more capable of retaining mold geometry (Figure 4). Lastly, SEM analysis of

milled slurries confirmed the fibrillation of CMF pulp into NFC (Figures 4d and S5).

Increasing NFC and LHS-1 w/W

Figure 4. Shape retention of composite aerogels as a function of NFC and total solids in slurry
(W/w%). (a) Run 14 (1% NFC, 2% solids); (b) Run 1 (5% NFC, 10% solids); (c¢) Run 11 (9% NFC,
18% solids) with (d) FE-SEM image at 22,000% magnification.

Multivariate trends based on NFC (w/w% in slurry), LHS-1 (wt% composite), and number of
YSZ cylinders during milling can be visualized using empirical model plots with parametric planes
(Figure 5). The density and porosity plots trend in opposite directions as expected, with decreasing

NFC w/w% causing a reduction in aerogel density and an increase in material porosity. This is in
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accord with reported trends in the densities and porosities of cellulose-based aerogels based on
initial fiber content in the slurry [39]. The 3D plots also confirm that higher LHS-1 wt% increases
the density of composite aerogels with a commensurate reduction in porosity (Figure Sa,b),
however no correlation with sample shrinkage is observed. Instead, shrinkage is strongly affected
by cellulose content and is sharply reduced with higher NFC w/w% (Figure 5c). Higher p, lower
Py, and lower S also correlate with total solute (w/w%) in the slurry (Figure S6a—c) [29,39], but
the outsized impact of NFC w/w% on shrinkage is noteworthy. Cellulose fibers are widely used to
reduce shrinkage in concrete and cement and provide structural reinforcement through nonspecific
hydrogen bonding interactions [40,41], and can also reduce the shrinkage of composite aerogels
at low loadings [42,43]. The loss of shape retention may also be due in part to the compaction of
suspended solids by ice crystals formed during the freezing step, which is well known to degrade
the quality of monolithic cellulose aerogels [8]. Lastly, the amount of YSZ media influenced
outcomes to a certain extent with the number of cylinders correlating with higher p, greater S, and

a slight decrease in Py, again suggesting cellulose fiber degradation with increased milling [9].
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Figure 5. Empirical model plots of aerogel qualities as functions of cellulose content (w/w%
slurry), LHS-1 (wt% aerogel), and amount of YSZ media: (a) density (p); (b) porosity (Pt); (c)
shrinkage (.5).
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Multivariate parameterization was also conducted for specific surface area (SSA = 19.0-97.6
m?/g; SD = 4.5 m?/g), with an apparent maximum at 5 w/w% NFC (Figure 6a). The SSAs of LHS-
1 derived aerogels are not as high as those produced from silica or fully organic materials [1,33—
36,42—-44], but nevertheless are improved by the fibrillation of cellulose into NFC. Pore size—
volume distribution analysis of select composite aerogels indicates that the samples with highest
SSA have a significant population of pores under 5 nm (relative peak at 4 nm), with median pore
sizes between 14 and 25 nm (Figures 6b and S7). The pore dimensions are much smaller than
those of NFC and LHS-1 particles (Figure 2), however SSA is highest at 5 w/w% cellulose which
suggests that nanofibrillation is most effective at this concentration. High SSA is also favored at

low aerogel densities and low mineral loadings, implying that NFC is less compacted at 25 wt%

LHS-1 than at 75 wt%.
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Figure 6. (a) Empirical model plot of specific surface area (SSA) for composite aerogels as
functions of cellulose (Ww/w% slurry) and LHS-1 (wt% aerogel); (b) pore size—volume distribution
plots for aerogels produced from 5 w/w% NFC and 50 wt% LHS-1 using different amounts of

YSZ media (runs 3, 1, and 15); median pore diameters (Dv,s0) denoted by vertical lines.
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Thermal properties of NFC-LHS-1 aerogels. All composite aecrogels demonstrate low
thermal conductivities (k) between 30 and 45 mW/m-K (SD = 0.7 mW/m-K), with the best (lowest)
values correlating with low NFC w/w% and total solute w/w% (Figures 7 and S6d). Further
decreases in k are expected in a lunar environment, as the void space within aerogels would be

occupied by mostly vacuum rather than air. This has already been demonstrated with several
aerogels developed for aerospace applications [44,45], for which thermal conductivity at standard
pressure drops severalfold at 0.01 torr. Thermal insulation also correlates strongly with low p and
high P: which favor a low LHS-1 wt% (Figure 6a,b), however low £ is still possible with a high
mass ratio of LHS-1 to NFC, which is desirable from an ISRU perspective. As will be discussed

below, DOE can optimize parameters to produce aerogels with a favorable balance between

thermal insulation and compressive strength.

= 25% LHS-1
== 50% LHS-1
mm 75% LHS-1

50

45

B
o

w
a

Thermal conductivity, mwimK

T/l 17
0\ AT g
.. 7
25 5 g\t’
o
> 1 < P
. 1 N
media a 6 QJ\
0

Figure 7. Empirical model plot of thermal conductivity (k) for composite aerogels as functions of

cellulose (w/w% slurry), LHS-1 (wt% aerogel), and amount of YSZ media.

One practical consideration in the aerogel’s use as a heat shield is its thermal stability.

Temperatures on the lunar surface can reach up to 130 °C [46], which is problematic for many
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types of organic materials used in aerogel production. To determine the capacity of NFC-LHS-1
aerogels to withstand high temperatures, thermogravimetric analysis (TGA) was performed on a
composite sample (Figure 8). The onset and endset temperatures for the NFC/LHS-1 aerogel in
N> were at 345 and 381 °C respectively, whereas those of a reference CMF sample were at 328
and 374 °C, indicating no substantial change in degradation temperatures without LHS-1. This
shows that mechanical ball milling and SCD have little effect on the thermal stability of cellulose

fibers and nanostructures, although other extrinsic factors can be more significant [47,48].
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Figure 8. TGA curves of CMF and composite aerogel (5 w/w% NFC, 50 wt% LHS-1).

Mechanical Response of Composite Aerogels. Regolith is a logical feedstock for producing
geopolymers in the construction of lunar habitats and other infrastructure [24]. While aerogels are
not intended to serve as load-bearing materials, they must still withstand threshold levels of
mechanical stress for practical applications. Nanocellulose fibers are already appreciated for their
ability to enhance the mechanical properties of composites with high inorganic content, including
aerogels [34,49]. In this work, the fibrillation of recycled CMF increases its contact area with

ground LHS-1 for better transmission of its mechanical stiffness to the composite aerogel network.
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NFC-LHS-1 aerogels were subject to mechanical testing under compression and evaluated
according to their Young’s modulus, M (Figure 9a). These were determined from a linear fit to
the elastic region of the compressive strain—stress curve, with M ranging between 12 kPa and 3.5
MPa (log (SD)=0.23; Table 1). Most of these moduli are considerably higher than those measured
for monolithic cellulose aerogels, which typically do not exceed 40 kPa [50]. An empirical model
plot indicates that log M is sensitive to NFC content (Figure 9b), with the highest values

correlating with total solids and moderate milling (9 YSZ cylinders) in the initial slurry.
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Figure 9. (a) Select compressive stress—strain curves for NFC/LHS-1 composite aerogels (run
details listed in Table 1); (b) empirical model plot of compressive modulus (log M) as functions

of cellulose (W/w% slurry), LHS-1 (wt% aerogel), and amount of YSZ media.

Criteria for Process Optimization. DOE is most meaningful when the responsive surface
methodology (RSM) is guided by mission-defined priorities. For example, thermal conductivity
and compressive strength correlate similarly with formulation parameters, but their desirable
outcomes lie in opposite directions. Tradeoffs can be determined by assigning RSM weighting

factors (WFs) to the properties of highest relevance. Optimizations can also be constrained by
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ISRU considerations in favor of high LHS-1 content, which can still yield composite aerogels with
relatively low thermal conductivities (Figure 9b). In this section we consider three scenarios
(Table 2): (i) multi-response optimization with equal weighting across all six properties; (ii)
prioritization of low thermal conductivity (k) with high modulus and low density as secondary
objectives; and (ii1) optimization of low k constrained by high LHS-1 wt%, with the latter serving

as an ISRU factor.

Table 2. DOE optimization of NFC/LHS-1 aerogel properties. ¢

Property Range of Multi-response Therrr}al : Insulation w.ith. d
. b Insulation® ISRU constraint®
(and desired outcome) Values WEF /IF | prediction | WF /IF | prediction | WF /IF | prediction
Thermal conduction (low k) 30.9-45.1 1/3 36.5 10/5 28.6 10/5 29.9
Modulus (high M) 0.012-3.50¢ 1/3 0.510 1/3 0.170 - 0.037
Density (low p) 0.078-0.484 1/3 0.078 1/3 0.101 - 0.153
Porosity (high P; %) 79.3-98.6 1/3 95.2 - 98.1 - 97.0
Shape (low $%) 3.2-52.0 1/3 17.5 - 49.7 - 48.9
Surface area (high SSA) 19.0-65.8 1/3 60.9 - 51.3 - 40.5
Formulation Parameter | full range (FR) | goal set goal set goal set
NFC (w/w% slurry) 1-9 FR 43 FR 1.0 FR 1.1
LHS-1 (wt% solid) 25-75 FR 25.0 FR 25.0 60-75 61.2
YSZ media (amount) 6-12 FR 6 FR 12 FR 12

¢ Overall desirability based on geometric mean of scaled predictive responses with weighting factors (WF) and
importance factors (IF); full range (FR) of input factors used in parameterization unless otherwise stated. ? Property
values from Table 1. ¢ Unweighted properties not used in optimization and reported as passive responses. ¢ Single-
objective RSM bounded by high LHS-1 wt%. ¢ Log M values used for RSM models.

In the classic multi-response approach, low £ is pitted against high M and low $% which favor
high cellulose (NFC) loading, whereas low density (p), high porosity (P;), and high SSA favor low
LHS-1. Properties are less affected by YSZ media amount, although some are favored by reduced
milling action. This yields an optimum formulation of 4.3 w/w% NFC, 25 wt% LHS-1, and 6 YSZ
media, with predictions of medium values for k, M, and $%, a low value for p, and a high value

for P. For a RSM focused on lightweight insulation with an emphasis on low thermal conductivity,
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a large WF and high importance can be assigned to & with smaller values for p and M. This changes
the optimum formulation to 1.0 w/w% NFC, 25 wt% LHS-1, and 12 YSZ media, with predictions
of low k and p as expected but a significant reduction in M as well as high $%. Both scenarios use
25 wt% LHS-1, which is suboptimal from the ISRU perspective as LHS-1 is far more abundant
than recycled cellulose obtained from waste sources. This can be addressed by a single-objective
RSM focused on low & but constrained by high LHS-1 wt%, which yields an optimized formulation
of 1.13 w/w% NFC, 61.2 wt% LHS-1, and 12 YSZ media. In this third case, k£ remains low but at
the expense of poor mechanical strength and a higher density.

These predictions were tested by preparing composite acrogels based on each DOE-optimized
formulation: For samples with importance biased toward thermal insulation (Runs 20 and 21,
Table 1), low k was indeed achieved (30.5-31.4 mW/m-K) but accompanied by low moduli and
high shrinkage as expected. The aerogel based on multi-response optimization had a much higher
M and lower $% (Run 19, Table 1), however k and p were modestly out of range (30.8 mW/m-K
and 11.6 g/cm’ respectively). We attribute this to the use of a different supercritical dryer in sample
preparation

In summary, DOE models can be used to identify acceptable tradeoffs between desirable
properties and can also reveal which properties might benefit more from changes in materials
chemistry rather than by adjustments in formulation. With respect to thermally insulative aerogels
with low NFC w/w%, the elastic moduli of composites may be improved by adding crosslinkers,

which are known to yield substantial increases in mechanical strength [51].

Considerations for Extraterrestrial Sustainability. As interest in lunar exploration and

colonization continues to grow, so too does the need for efficient usage of limited resources in
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outer space. Sustainable practices in space exploration are still at the primordial stage: for example,
extraterrestrial waste on the International Space Station is typically jettisoned, contributing to
cislunar debris and low-Earth orbit clutter [52]. Some systems have been developed to convert
solid waste into fuel [16], however the scarcity of organic matter in space underscores the
importance of salvaging materials for ISRU upcycling. Producing composite aerogels with NFC
and colloidal LHS-1 aligns well with this approach: cellulose recycled from waste feedstocks can
be fibrillated with local regolith by a low-energy ball-milling process, and the composites can be
converted readily into lightweight aerogels for thermal insulation. Such efforts are currently
underway in our laboratory and will be reported in due course. NFC—regolith composites can also
be tailored for diverse needs: aerogels with high porosity and SSA can serve as air filters for dust
mitigation [53], whereas denser, mechanically robust composites can function as lightweight

structures for packaging or furniture applications [34,54].

CONCLUSIONS

We have designed an ISRU-based approach to composite aerogels that can be implemented
with feedstocks based on recycled cellulose with local regolith, with application toward thermal
insulation for lunar habitats. Cellulose fibers can be converted into NFC (mode width < 0.1 um)
by two hours of planetary wet-milling using cylindrical YSZ media and colloidal LHS-1, which is
also comminuted to micron-sized particles. Slurries of NFC and LHS-1 can be converted into
aerogels by supercritical drying and evaluated for multiple properties, including high thermal
stability and low conductivity. DOE analysis was performed by preparing samples according to a

central composite design parameterized by mass ratios of cellulose in aqueous slurry, LHS-1 in
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composite aerogel, and number of YSZ media used, and by estimating property outcomes using
least-squares fits. Aerogels prepared with a low cellulose w/w% tended toward low thermal
conductivity (kK ~30 mW/m-K) and high porosity (>98%), but also experienced shrinkage and a
low compressive modulus (M). The impact of regolith on aerogel properties was more nuanced,
with high LHS-1 wt% (favored from an ISRU perspective) supporting either low & or high M
depending on other factors. This was confirmed by using DOE optimization models to evaluate
tradeoffs between , p, and M, which validated the potential of using composite aerogels with a
high regolith content for thermal insulation.

Additional developments are needed to enhance the production and performance of cellulose—
regolith aerogels as lunar insulation materials. First, producing aerogels by lyophilization (freeze
drying) rather than by SCD is far more practical in a lunar environment, with sub-microtorr
pressures and dark temperatures well below —100 °C. The ultrafine structure of NFC can be
preserved by adding simple cryoprotectants such as alcohols or sugars to suppress the kinetics of
ice crystallization [8,55]. Second, comminution of regolith to submicron particles is readily
achievable with planetary (centrifugal) milling with increased time or kinetic energy, which can
be performed prior to adding recycled cellulose. Third, crosslinkers should be studied as additives
that can improve the mechanical strength of cellulose-reinforced composite aerogels at low NFC
loading. Lastly, additional regolith compositions should be evaluated as substrates to validate the

general utility of NFC—regolith aerogels [56].
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