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ABSTRACT: In this study, it was tried to convert simulated lunar rock sand into geopolymer cement by alkali
fusion with sodium hydroxide. Space development is currently being conducted in various countries. For
construction on the moon, it is difficult to bring all the construction materials from the earth, and development
of construction materials made from lunar resources is required. The authors have succeeded in making
geopolymer cement from crushed stone dust using alkali fusion. Therefore, there is a possibility that
geopolymer cement used for construction material can be made from lunar rock sand, abundantly present on
the lunar surface, using the same method. In this experiment, simulated lunar rock sand was fused with NaOH
by changing the mixing ratio of the sand and sodium hydroxide, heating temperature, heating time in vacuum
or air atmosphere, and the reaction in vacuum and air was compared and examined. As a result, it was found
that the elution contents of Si and Al in the fused sand into acid solution increased with increasing the
temperature, NaOH addition and heating time of alkali fusion, and the fused reaction in vacuum atmosphere is
different from that in air atmosphere.
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1. INTRODUCTION rock sand with sodium hydroxide in air and
vacuum. We prepared the precursor of geopolymer

Space exploration with unmanned spacecraft for fused by changing the mixing ratio of sodium

space development is currently active in various hydroxide, heating time and temperature in air and

countries. The moon is satellite of the planet earth, vacuum, and compare the reaction to make

the nearest astronomical object, and development as geopolymer cement.

a base for space development is planned. In the

development plan, when a large-scale base is built 2. EXPERIMENT

on the moon, it is difficult to transport all building

materials from the earth [1]. Therefore, the 2.1 Sample

development of building materials made from lunar

resources is required. Simulated lunar rock sand (FJS-1, CSP Japan,
In this study, we focused on lunar rock sand Inc.) was used in this study. The chemical

(Regolith) which is abundant on the lunar surface. composition is mainly composed of 42% of SiO»,

Regolith is the sand that covers the surface of the 13% of Al;,03, 12% of CaO, 15% of FeO and 8%

moon with a thickness of several meters and is of MgO.

mainly composed of SiO; and Al,O3 in the form of

alumino- silicate minerals, such as anorthite and 2.2 Preparation of Fused Dust

augite. In our previous studies, the authors have

succeeded in making geopolymer cements from The sand and sodium hydroxide powder are

rock dust, discharged from a quarry, using alkali mixed in a weight ratio of 1: 0.25to 1: 2, putin a

fusion [2 - 8]. Although ordinary Portland cement is platinum crucible, and heated up to setting

mainly solidified by the formation of needle-like temperature (300 to 500 °C) in 10 min in air and

calcium silicate hydrate (C-S-H), geopolymer vacuum atmosphere. After heating for 0 to 120 min,

cement is mainly solidified by the polymerization it cooled naturally at room temperature, recovered

of silicate ions bridged by metal ions, such as APF*, fused dust as a powder, and the mineral phase was

Fe3* and so on, which is similar to the reaction of identified by a powder X-ray diffractometer

zeolite synthesis [9, 10]. It would be possible to (MiniFlex 600, Rigaku).

make geopolymer cement which can be used as a In order to confirm the possibility of making

building material by using the same method for geopolymer cement, the soluble elements, Si, Al, Fe,

lunar rock sand abundantly present on the moon. Mg and Ca, in the sample were examined. 0.1 g of
Therefore, in this study, we tried to make the fused dust prepared under each condition is

geopolymer cement by reacting simulated lunar added into 20 mL of 1 M HCI solution, shaken at
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room temperature for 6 h, centrifuged, and the
contents of Si, Al, Fe, Mg and Ca in the supernatant
were measured by an atomic absorption
spectrophotometer (Perkin EImer, AAnalyst 200) to
calculate the solubility (S) using the following
equation;
S=CxV/w (1)
where C is the concentration of each element in the
supernatant (mg/L), V is the volume of HCI solution,
and w is the weight of the fused sand.

2.3 Preparation of Geopolymer Cement

Preparation of geopolymer cement was
performed using the fused sand. The raw sand,
water and the fused sand were mixed to prepare the
mixtures of 5 g weight, and the mixing ratios used
in this study are 1:1:2, 1:1:3 and 2:1:2. The mixture
was formed into a mold (¢ 25 mm X5 mm) and
allowed to stand at 80 °C in air atmosphere and cure
for 1 or 7 days at 80 °C. Furthermore, considering
the lunar environment, geopolymer cement was
prepared under atmosphere of air and vacuum at
heating temperature of 80 °C and 106 °C (Average
monthly temperature).

2.4 Strength Test

The obtained geopolymer cement were
subjected to strength tests using a strength tester
(ZT series ZTA-500N, IMADA). The sharp point
attachment was inserted into the sample at a speed
of 30 mm/min to measure the strength when the
sample broke. Strength tests for the Portland cement
were carried out to compare strength. Portland
cement was prepared at water-cement ratio (W/C) =
40 %, formed in a mold and was cured at room
temperature for 7 days. Considering the temperature
change on the lunar surface, the geopolymer cement
cured by heating at 106 ° C for 7 days in a vacuum
atmosphere was heated to 200 °C (highest monthly
temperature) in an electric furnace or cooled to -
196 °C (lowest monthly temperature) in liquid
nitrogen for 20 minutes. After heating or cooling,
the strength of the geopolymer cement was
measured.

3. RESULTS AND DISCUSSION
3.1 Preparation of Fused Dust

3.1.1 Mixing Ratio

The XRD patterns of the fused sands prepared
by changing the mixing ratio in (a) air and (b)
vacuum are shown in Fig. 1. The experimental
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conditions are a heating temperature of 500 ° C and
a heating time of 60 minutes. In simulated lunar
rock sand, the peaks of anorthite and augite were
confirmed. In the sands after alkali fusion, the peaks
of anorthite and augite in the sand disappeared and
the peaks of sodium silicate were confirmed in both
air and vacuum.
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Fig. 1 The XRD patterns of the fused sand
prepared by changing the mixing ratio in
(a) air and (b) vacuum

The solubility of each element dissolved from
the fused sand prepared by changing the mixing
ratio in (a) air and (b) vacuum are shown in Fig. 2.
In both air and vacuum, as the amount of sodium
hydroxide was increased, the solubilities of all
elements increased and became almost constant
above a mixing ratio of 1: 1. It is considered that
almost all elements in the sand was converted into
soluble phases by alkali fusion in air and vacuum.
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Fig. 2 The solubility of each element dissolved
from the fused sand prepared by changing the
mixing ratio in (a) air and (b) vacuum

3.1.2 Heating Time

The XRD patterns of the fused sand prepared by
changing the heating time in (a) air and (b) vacuum
are shown in Fig. 3. The fused sand was prepared at
the ratio of raw sand: sodium hydroxide = 1: 0.5 at
500 ° C. In the air, as the heating time increased, the
peaks of minerals observed in the sand disappeared,
and the peak of sodium silicate was confirmed. In
the vacuum, as the heating time became longer, the
mineral peak observed in the sand disappeared
except anorthite, the peaks of anorthite gradually
decrease, and the sodium silicate peak was
confirmed at more than 5 min.

The solubilities of each element dissolved from
the fused sand prepared by changing the heating
time in (a) air and (b) vacuum are shown in Fig.4.
The solubilities of Si and Al rose and became
constant in 10 min, in both air and vacuum. The
soluble amounts of Si and Al from the fused sand in
air are higher than those in vacuum, which would
be caused by remaining anorthite. There was no
change in the dissolved amount for Fe, Mg and Ca
of all samples.
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Fig. 3 The XRD patterns of the fused sand
prepared by changing the heat time in

(a) air and (b) vacuum
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Fig. 4 The solubilities of each element dissolved
from the fused sand prepared by changing the
heating time in (a) air and (b) vacuum
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3.1.3 Heating temperature

The XRD patterns of the fused sand prepared by
changing the heating temperature in (a) air and (b)
vacuum are shown in Fig. 5. The fused sand was
prepared at the ratio of raw sand: sodium hydroxide
=1: 0.5 for 60 minutes. In both air and vacuum, the
mineral peaks in the sand disappeared as the heating
temperature was raised, and the peaks of sodium
silicate were confirmed.

The solubilities of each element dissolved from
the fused sand prepared by changing the heating
temperature in (a) air and (b) vacuum are shown in
Fig. 6. The solubilities of each element increased
with increasing the heating temperature in both air
and vacuum. At 300 °C, in the air, the fused sands
have quadruple higher solubility than that of the raw
sand, while in the vacuum, the fused sands have
about double higher solubilities than that of the raw
sand.
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Fig. 5 The XRD patterns of the fused sand
prepared by changing the heating temperature in
(a) air and (b) vacuum
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Fig. 6 The solubilities of each element dissolved
from the fused sand prepared by changing the
heating temperature in (a) air and (b) vacuum

From these results, it is possible to convert the
sand into a soluble material including sodium
silicate using alkali fusion in vacuum atmosphere,
and a high soluble material can be prepared when
the mixing ratio is 1:1, heating time is 10 min, and
heating temperature is 500 °C.

3.2 Preparation of Geopolymer Cement

3.2.1 Changing mixing ratio

The photograph of the product after 1 and 7 days
from (a) fused sand in air and (b) fused sand in
vacuum is shown in Fig. 7. After 1 day, hardened
product was confirmed using the fused sand in the
air, while the products from the fused sand in
vacuum are slightly soft. After 7 days, all the
products were hardened.

The result of the strength test for the product
prepared from (a) fused sand in air and (b) fused
sand in vacuum is shown in Fig. 8. It was confirmed
that the strength increased as the curing time was
prolonged in all the products. The product with the
highest strength was obtained using the fused sand
prepared in the air atmosphere at the mixing ratio of
2:1: 2.

The product using the fused sand prepared in a
vacuum atmosphere at a mixing ratio of 2: 1: 2 had
the highest strength (120 N) among the product
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from fused sand in vacuum.

Portland cement indicate higher strength (500
N) than the obtained products. The highest strength
of the obtained product is 200 N, which is less than
half as strong as the Portland cement.

(a)

Fig.7 The photograph of the product after 1 and 7
days from (a) fused sand in air and (b) fused sand
in vacuum
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Fig. 8 The result of the strength test for the product
from (a) fused sand in air and (b) fused sand in
vacuum

66

3.2.2 Changing temperature and atmosphere

Fig. 9 shows the strength of the geopolymer
cement produced by changing the heating
atmosphere and the heating temperature. The
geopolymer cement was prepared with raw sand:
water: fused sand = 2: 1: 2. It was confirmed that
the geopolymer cement prepared in the atmosphere
had a strength of 300 N in the sample heated at
106 °C in both air and vacuum atmosphere. It was
confirmed that the geopolymer cement using the
melt prepared in a vacuum atmosphere was a
geopolymer cement heated at 106 °C in a vacuum
atmosphere and had a strength of 200 N.

(a)
350

300
Z 250
= 200
150
Z 100
50

0

> &

(

A

trengt

@

0 2 4 6 8
Time (day)

(b)
350

300

— = NN
LS I e R O |
o O O

Strength (N)
=

n
(== ]

Time (day)
®Air 80 C
OVacuum 80 °C
*® Air 106 °C
AVacuum 106 C

Fig. 9 The result of the strength of the geopolymer
cement produced by changing the heating
atmosphere and the heating temperature from (a)
fused sand in air and (b) fused sand in vacuum

3.2.3 Adaptation to the moon

Figure 10 shows the strength of the geopolymer
cement after heating and cooling. The geopolymer
cement was prepared on a simulated lunar surface
with raw sand : water : fused sand (vacuum) mixture
ratio of 2 : 1 : 2, a heating temperature of 106 ° C,
and a heating time of 7 days. Heating and cooling
reduced the strength by about 20% compared to
untreated geopolymer cement.
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Fig. 10 The result of the strength test
for the product

4. CONCLUSION

An attempt was made to prepare geopolymer
cement by alkali fusion of simulated lunar rock sand
with sodium hydroxide. Alkali fusion with sodium
hydroxide allows conversion to a highly soluble
fused sand even under vacuum. It was found that
high soluble fused sand can be produced with
mixing ratio of 1: 1, heating temperature of 500 ° C,
and heating time of 10 min.

It was successful in making a hardened
geopolymer cement by mixing the raw sand, water
and fused sand. The strength of 200 N was
confirmed with the geopolymer cement prepared at
a mixing ratio of 2:1:2, using the fused sand
prepared in the air atmosphere. Since this strength
of the obtained product is about half the strength of
the Portland cement, it is necessary to improve the
strength. The highest strength of the geopolymer
cement using the fused sand prepared in the air was
confirmed at 106 °C in the air. The highest strength
of the geopolymer cement using the fused sand
prepared in a vacuum was confirmed at 106 ° C in
a vacuum.
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