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I. Introduction

Sufficient experimental data dealing with the interaction of gases
with lunar materials has now been accumulated so that one can describe, with
a fair degree of confidence, the general surface characteristics of lunar
fines. The most interesting of these general features is the manner in
which water interacts with lunar fines. The reaction with water converts
non-porous lunar fines into porous particles and, in the process, increases
the specific surface area by a factor of two to three. These physical
changes have been documented by measuring the adsorption of inert gases

(e.g. nitrogen) before and after the reaction with water(l).

We have advanced the hypothesis that these physical changes result
from the interaction of the adsorbed water film with latent damage tracks
caused by energetic particles of solar or cosmic origin (1,2,3). If this
is the case one might suspect a relationship between the water-induced
porosity and the radiation history (e.g. exposure age) of the lunar samples.
In addition, if the reaction with water is producing etched tracks such as
those resulting from normal track etching experiments (4), these should
be readily discernible from electron micrographs taken before and after

the reaction with water.

This report is concerned with our continuing efforts to assess quantita-

tively the surface properties of lunar fines, particularly the water-induced
porosity. Part of the report deals with additional interpretations of

previously reported data (5). Some of the experimental work deals with a
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clarification of a discrepancy in the preliminary results for the ;

interaction of gases with lunar materials (6).

II. Materials and Experimental

The specific samples discussed in this report are 10084,66; 63341,8;
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74220,35 (the orange soil from Shorty Crater); and 742hl,L2 (the gray

control soil). Sample 10084,56 was a reallocation of a returned sample.
The sample history indicated that this aliquot had not suffered any
deterioration except for exposure to the terrestrial atacsphere. The
remaining three samples were normal allocations fram NASA. Although these
three samples were received in an atmosphere of dry nitrogen, exposure to
the laboratory atmosphere was unavoidable during loading onto the two
vacuum micrcbalance systems (7,8) used to obtain the data. Sample 74220,35
was unsieved while particles greater than one mm had been removed (by
sieving) from the other three samples. LOO-mg aliquots of each sample
were used for the adsorption experiments. Bezause the specific surface
area was generally less than one m?/g great care must be exercised in
determining background correction curves for each adsorbate as well as in
the measurement of the actual isotherm (1). During the course of measuring
an isotherm the error in weight measurement was normelly within two

micrograms. The resulting specific surface area uncertainty is about

0.02 n°/g. .



High voltage electron micrographs of selected particles from sample
63341,8 were kindly provided by the group of M. Maurette in France.
Scanning electron micrographs were obtained with existing equipment in the

Analytical Chemistry Division of ORNL.

IITI. Results and Discussion

A. Electron Microscopy

The high voltage electron micrographs in Figure 1 (taken by M. Maurette
and J. P. Bibring) are three sub-micron sized particles from lunar fines
sample 63341,8. Each of these particles had been subjected to a different
pretreatment (see List of Figures). From the gas adsorption experiments
pretreatments A(2) and C (see Section III.D.) gave non-porous particles
vhile pretreatment B(2) gave porous particles. There are no readily visible
differences in the three particles of Figure 1 that could be attributed to
the different pretreatments. Maurette (9) and Bibring (10) looked at
numerous particles from these three aliquots of 63341,8 and were unable to
detect any changes. Maurette (9) and Bibring (10) conclude, and we agree,
that the particles of 633L1,8 are typical of a mature soil, have s high
density of latent damsge tracks, and that these damage tracks have clearly
not been etched (in the normal sense) by the water treatment:. It is worth
mentioning that normal track studies, using strong etching conc:tions,
produce etched tracks in the micron s'zed range (4). The largest dimension
of the water-induced pore system, as deduced from the gas adsorption

isotherms, is at least two orders of magnitude smaller than this.
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Irrespective of whether the adsorbed water film 1s removing material from
damage tracks or not, these results clearly demonstrate the ability of gas
adsorption studles to sense physical characteristics and changes which are

difficult, if not impossible, to study by other methods.

From previcus results (5) it is known that the Apollo 17 orange soil
(74220) develops a pore system and the specific surface area triples after
exposure to water vapor at saturation vapor pressure. The reduction in
the mean equivalent particle size is from 4.8 to 1.5 microns. Cadephead
{(11,12,13) has postulated that the changes induced in lunar fines by
exposure to high relative pressures of water vapor are due to a fracturing
process. If adhering particles have been prised apart or particles
fractured by the adsorbed water then changes in the particie size
distribution should be observed in the scanning electron microscope. If,
on the other hand, the expansion of surface area is internal (caused, for
example, by dissolution of material along radiation damage tracks with
formation of fine capillaries), the changes will not be visible in the
microscope. Scanning electron micrographs were taken at 10,000 and 500
magnifications to observe particle sizes in the sub-micron and micron size
ranges, respectively. Fines from the orange soil (74220) were examined
before and after the water vapor treatment which induced the porosity (5).
The scanning electron micrographs shown in Figure 2 reveal the predomi-
nantly glassy nature of the particles in the orange soil. Particles in
the various size ranges were counted and their frequency of occurrence

is given in Table I. Wo changes in the particle size distribution are
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discernible. This result lends weight to the belief that the expansion
of specific surface area is due to internal processes. The fracture hypo-
thesis advanced by Cadenhead (12) is not of major significance in this
case. Obviously the appearance of the particles is unaffected by the
water vapor treatment; 80-85% of the particles are < 2 microns in diameter

with 75% of these lying in the size range of 0.1-0.5 micron.

B. Adsorption on an Apollo 11 Sample

Our preliminary results (6) for the adsorption of inert gases on the
Apollo 11 soil 10087 were highly unique. We have indicated (1) that these
preliminary results were probably erroneous because of failure to apply some
critical blank corrections. As a result of this discrepancy NASA has
provided us with an aliquot of the Apollo 11 sample 10084 (specifically
10084,66). The only difference in 10084 and 10087 is in the initial
processing at the Lunar Receiving Laboratory (14). Since the specific
aliquot of 10087 had been exposed to the terrestrial atmosphere for several
months prior to use it is our contention that these two samples are

identical.

Adsorption isotherms of the "inert" gases nitrogen, argon, carbon
monoxide, and oxygen at 77°K (-196°C) are shown in Figure 3. Prior to these
measurements, the sample was outgassed at 300°C, the same pretreatment used
in the preliminary measurements. Figure 3 can be contrasted with Figure 1

of the preliminary results (6). The adsirption isotherms of Figure 3 are

-
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much more "normal" and very similar to our results obtained for all other

Gk

samples (1,2,5) we have studied except 10087. A BET treatment of the
adsorption data for these four gases gave a specific surface area of
0.50 £ 0.05 m?/g. This is in general agreement with reported values

[e.g., (2)] for other lunar fines but is much less than the preliminary

e,

value (6) of 1.15 m?/g for 10087.

Following an additional outgassing at 300°C, sample 10084 was subjected
to an adsorption-desorption cycle in water vapor at 20°C. The results of
this experiment are shown in Figure 4, which can be contrasted with Figure 2
of the preliminary results (6) obtained with sample 10087. Conspicuously
absent in Figure L are the sharp vertical steps at relative pressures of
0.9 and 0.8 in the adsorption and desorption data, respectively. Again the
data in Figure 4 are quite similar to that observed for lunar {ines other
than 10087, <.g. 12001 and 63341 (2). In agreement with the "normal"
behavior of lunar fines there was extensive retention of water (0.39 mg/g)

on evacuation at the conclusion of the adsorption-desorption cycle.

The preliminary results (6) with sample 10087 indicated that the
interaction with water vapor did not produce any significant change in the
adsorptive capacity for nitrogen. This is in direct contrast to our results
with all succeeding samples. To check on this anomaly, nitrogen adsorption
(at 77°K) on sample 10084 was measured after the reaction with water vapor.
Isotherms for two outgassing temperatures are shown in Figure 5. These

results clearly show that the sample has been significantly altered by the
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reaction with water vapor. In particular, the specific surface area has
increased from 0.50 to 0.94 m?/g after outgassing at room temperature with
a further increase to 1.2L m2/g after outgassing at 300°C. 1In addition the
sample now has a pore system which gives rise to a well-defined capillary
condensation hystere¢sis loop in the adsorption-desorption isotherm.
Furthermore, irreversibly adsorbed water remaining on the sample after
outgassing at room temperature has a blocking effect on the access of
nitrogen to the pore system. All of these results are in agreement with the

general surface characteristics of other lunar fines (1,2,3,5).

We are forced to conclude that the preliminary results (6) obtained
with sample 10087 are anomalous and should not be considered in any discussion
of the surface characteristics of lunar samples or in any theories concerning
the origin and history of the moon. In a general way, the surface properties
of Apollo 11 fines seem to be quite similar to those of fines fram the
Apollo 12, 1k, 16, and 17 missions. (We have not studied any fines from
the Apollo 15 mission.) The anomalous isotherms for the inert gases on
10087 can be readily attributed to our failure to apply blank corrections
to the data. However, the anomalous water isotherms remain unexplained at

the present time.

C. Porosity

Knowing that the reaction with water vapor creates a pore system in
lunar fines, it is desirable to have some concept of the dimensions of the
pores. This section deals with a semi-quantitative analysis of the nitrogen

adsorption data to give an estimate of the pore sizes and their distribution.
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The presence of micropores (these are defined as pores less than 20;
in diameter and which fill and empty reversibly at pressures less than that
required for completion of the first physically adsorbed layer of nitrogen)
was detected by a comparison method which is a variation of the "t-plot"
method developed by de Boer (15). In essence the adsorption data are plotted
as a function of the thickness of an adsorbed film of nitrogen (at the same
pressure) on a reference non-porous solid. The choice of the reference
isotherm is crucial but need nct be discussed here. In some cases we have
used an internal standard, i.e., nitrogen adsorption data taken on the
same lunar sample under study but taken before the reaction with water.

In several cases an internal standard is not possible because of the
sequence of experiments. This does not seem to be critical as nitrogen
adsorption {(on a unit area basis) on lunar fines before the reaction with

water is not highly dependeut on the specific sample involved (3).

An example of such a comparison plot is shown in Figure 6. 1In this
case the experimental sample is 63341 (2) outgasseu at 300°C after the
reacticn with water vapor while the reference data is nitrogen adsorption
on 12070 (1) outgassed at 300°C before the reaction with water. The
intercept of the straight line at zero ihickness gives the quantity of
nitrogen adsorbed in micropores, which is usually converted to an equivalent
micrepore area, Sm. The slope of the straight line is s measure of the
open area plus the area contained in larger pores and is designated as St'
The sum of St and Sm should equal the area, SBET’ derived from a BET

treatment of the nitrogen adsorption data on the experimental sample. In
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the present case, the difference is 8% which is acceptable in view of the

assumptions involved.

Dimensions and the size distribution of the larger pores have been
estimated by application of the Kelvin equation to the nitrogen adsorption
data. 'n view of the uncertainties attending the use of the Kelvin equation
to calculate pore sizes and the undoubtedly complex nature of the pore
system induced in the lunar fines, a simple procedure (16) which avoids

excessive refinements has been adopted to measure the pore size distribution.

One of the parameters resulting from a Kelvin equation calculation is
the cumulative pore volume. Figure 7 is an example of cumulative pore
volume results. The specific lunar semple in this example is the Apollo 17
gray soil Th2hl. The nitrogen isotherms from which Figure 7 was calculated
have been published (5). The most important feature of Figure 7 is the
marked increase in pore volume available to nitrogen when irreversibly
adsorbed water is removed by outgassing at 300°C. This result, the blocking
of pore volume by irreversibly adsorbed water, has been observed for every
lunar fines sample we have studied, although the amount of such blocking
action depends on the specific sample and perhaps on the nature of the water

treatment.

More interesting from a geometrical view is the pore size distri-
bution resulting from a Kelvin treatment of the nitrogen sorption data.
Figure 8 is, again, an example of two pore size distribution results.

In this case the specific samples are the Apollo 17 orange and gray soils,

R
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74220 and 74241, respectively. The results in Figure 8 were cslcwisted
from nitrogen adsorption data (5) taken after the samples had reacted with
water. In both cases the samples were outgassed at 300°C and were,
therefore, relatively free of irreversibly adsorbed water. The pore size
distributions for these two samples are quite similar, with a fairly sharp
peak at a Kelvin pore radius of sbout 24f. The chief difference is that
the orange soil (74220) has a larger contingent of pores having this
dimension. One is lead to conclude that the water-induced pore structures
of these two samples are quite similar even though the samples are markedly
different in such factors as chemical composition, mineralogy, and exposure

history (17).

An additional parameter resulting from porosity analysis is the
cumulative area, ZASP, of the walls of the pores. Although this involves
some simple assumptions there should be a semi-quantitative relationship
to the normal BET ares, SBET' Table II is a summary of the porosity
analysis based on the comparison plots and also on calculations based on
the Kelvin equation. Results from the comparison plot analyses are quite
good in all cases (St + Sm is approximately equal to SBET)° In considering
the results from the Kelvin equation calculations we have assumed that
the usual area, SBET’ contains three components: sm’ the equivalent are-
of micropores; So’ the open surface which we l.ive taken to be the area
of the non-porous particles, as measured by nitrogen adsorption, before

the reaction with water; and EAgp, vhich is the area contained in pores
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of radii > 20;. On this basis, the sum of these three components should
be equal to SBET’ The results are not as good as those based on the coia-
parison plot analysis but, considering the uncertainties and assumptions
involved, they are quite consistent. The two worst cases are the low r
temperature outgassings of the Apollo 17 gray soil Th24l. Even in this
case the agreement is as good, or better than, many of the results based
on much more highly refined methods. A compleve discussion of Table II

is outside the scope of the present report but certainly the most striking

feature is the general similarity of the results for all four samples.

D. Reactivity with Water

All of the lunsr fines that we have studied have reacted with water
vapor at high relative pressures. The reaction with water vapor increases
the specific surface area and creates a pore system. It was felt that the
maximum alteration ¢f lunar .ines by reaction with water could be echieved
by the simple expedient of soaking a sample in liquid water. To provide a
useful comparison the sampnle should be one whose vapor phase reaction with
water has been studied. Accordingly an aliquot of sample 63341,8, whose
surface properties are known (2), was sosked in liquid water (while exposed
to the laboratory atmosphere) for 30 days. The samrple was then allowed to
air-dry at room temperature to a constant weight prior to placing it in the

vacuum microbalance system.

Nitrogen adsorption, at 77°K, was measured on thir viter-soaked sample
after outgassing at 25 and 300°C. The resulting isotheims are shown in

Figure 9 (pretreatment 1). Much to our surprise, the nitrogen isotherms
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were completely reversible with no indication of hysteresis corresponding

to capillary condensation in a pure system. In addition the specific
surface areas, 0.51 and 0.57 m?/g, were only slightly increased from the
original value of 0.42 m?/g (2). After agein ocutgassing the sample at 300°C,
water was forcibly condensed on the sample at 25°C (pretrestment 2 of

Figure 9) in the absence of air. Subsequent nitrogen adsorption isotherms
(after outgassing the sample) showed a drastic change in the adsorptive
properties of this sample (Figure 9). All of the "usual" changes associated
with water reacted lunar fines are now evident, including a capillary
condensation hysteresis loop and a dramatic increase in the specific surface
area to 0.99 m?/g with a further increase to 1.27 m?/g on outgassing at
300°C. The mild sintering on outgassing at 500°C (the specific surface

area decreased to 1.10 m?/g) is comparable to that observed for Apollo 12

sample (2).

Exposure to air before and during the contact with liquid water has
obviously blocked the alteration reaction. The subsequent reaction in the
absence of air (Figure 9) cannot be attributed to outgassing at an elevated
temperature (300°C) as the specific sample is known to react with éaturated
water vapor after outgassing at only 25°C (2), although the alteration is
mich less drastic. Experience with the Apollo 11 sample 10084 demonstrated
that even small quantities of air will block the alteration reaction with
water. During the first water adsorption cycle with this sample a leak in
the system resulted in the accumulation of about one torr of air before

reaching water saturation pressure. Subsequent nitrogen adsorption, after
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outgassing showed that there had been very little, if any, change in the
surface properties of the sample. However, a subsequent exposure to water
vapor in the absence of air produced the "usual" results, i.e., a more than

two-fold increase in specific surface area and the development of a pore

system. The surface area changes are shown in Figure 10.

A logical, but not definitive, explanation for the blocking action of

air is that some component of the terrestrial atmosphere is strongly

adsorbed at the sites where attack by water occurs. The likely candidate is

B e

carbon dioxide but one cannot rule out oxygen or even nitrogen.

Figures 10 and 11 summarize the specific surface area data for these
four samples of lunar fines. The figures are largely self-explanatory (see
list of figures) but a few brief comments are worthwhile. The specific
surface area is independent of the specific adsorbate used (Figure 10).
Prior to alteration by reaction with water vepor the specific surface area
is not very dependent on outgassing temperature. The opposite is true after
the reaction with water and is due to the removal of irreversibly adsorbed
water at the higher outgassing temperatures (5). The alteration of lunar
fines is quite dependent on the manner in which the sample is exposed to
water (results with 63341 in Figure 11). Results in Figures 10 and 11 are
for lunar fines from three locations on the lunar surface. There is no

correlation with location.

We have attributed the alteration of lunar fines by adsorbed water to
an interaction of the sorbed water and latent demage tracks (1,2,3). The

results (5) obtained with the Apollo 17 orange (74220) and gray (7u42kl)
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soils present an enigma in this respect. The orange soil, having a short
exposure time (18), is one of the most reactive (toward water) of the
samples we have studied. Recent information concerning damage tracks may
be related to this problem. It has been found (19) that "young" tracks are
different from "old" tracks, e.g. the etched length is longer for "young"
tracks. It has also been shown (20) that irradiation with 3 MeV protons
(about solar flare energy) markedly reduces the etchibility of charged
particle damage tracks. Both of these factors are probably involved in the
water reactivity of the orange and gray soils from Apollo 17. We still
believe that there is a relationship between radiation damage and the water
reactivity of lunar fines, but a quantitative function can be defined

only after conducting artificial high energy particle irradiations of

annealed lunar fines and subsequent adsorptions of water.

IV. Summagz

1. The changes induced in lunar fines are not visible in high energy

electron micrographs.

2. Scanning electron micrographs have shown no change in particle

size distribution as a result of the reaction with water.

3. From 1 and 2 above it is concluded that the water induced changes

are internal to the particles themselves.

4. The surface properties of an Apollo 11 sample are similar to
those of samples from the Apollo 12, 14, 16, and 17 missions. The pre-

liminary results (6) for an Apollo 1l sample are anomalous.
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5. A consistent analysis of the water induced porosity has been made
in terms of microporosity, open area, and a distribution of pores which

give capillary condensation (Kelvin behavior).

6. The normal laboratory atmosphere (or & component of it) blocks the

alteration reaction with water.

7. The surface properties of mature lunar soils appear to be almost
independent of chemical composition and mineralogy, but there are some

variations in their reactivity toward water.

V. Work in Progress

Current experiments involve two aliquots of sample 63321 which have
been outgassed at 4LOO and 700°C. Preliminary indications are that heating
the sample to 700°C has markedly reduced the reactivity of the sample with
adsorbed water, while heating to 400°C leaves the sample with "normal"
reactivity. Most of the material in this report is being rearranged into a

format suitable for publication in the open literature.

VI. Future Work

Some plans depend on results with sample 63321. If heating the sample
at 700°C has eliminated or markedly reduced the alteration reaction with
water we will attempt to restore the reactivity by irradiation with charged
perticles. The next sample we study will probably be 67481, a soil from
North Ray Crater. These soils have been classed as immature and the results

may provide & correlation of surface properties with soil maturity.
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VIII. List of Figures

Pigure 1. High voltage transmission electron micrograph of sub-micron
particles from sample 63341,8. Pretreatment: A. Exposed to atmosphere
only. B. Exposed to saturated water vapor in the absence of air.

C. Soaked in liquid water (exposed to air) and air-dried.

Figure 2. Scanning Electron Micrographs of the orange soil (74220).
A. Before water treatment (500X). B. After water treatment (500X).

C. Before water treatment (10,000X). D. After water treatment (10,000X).

Figure 3. Adsorption of inert gases on Sample 10084,6€ at T7°K
(~196°C). Sample outgassed at 300°C. Measurements made before the reaction

with water.

Figure 4. Adsorption of water on Sample 10084,66 at 20°C. Sample

outgassed at 300°C.

Figure 5. Adsorption of Nitrogen on Sample 10084,66 at 77°K (-196°C).

Measurements made after the reaction with water.

Figure 6. Comparison plot of nitrogen adsorption on Sample 63341
outgassed at 300°C after reaction with water. Reference data: Nitroeen

adsorbed on 12070 outgassed at 300°C before reaction with water.

Figure 7. Cumulative pore volume (ZAVP) of the Apollo 17 gray soil
(7Th2Lk1). Calculcted from nitrogen sorption at 77°K (~196°C) after the

reaction with water.
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Figure 8. Pore size distribution (dvp/d;ﬁ) for the Apollo 17 orange
(74220) and gray (742Ll) soils. Calculated from nitrogen sorption at
T7°K (=196°C) after the reaction with water. Samples ocutgassed at 300°C.

Figure 9. Nitrogen adsorption on Sample 63341,8 at 77°K (~196°C).

Figure 10. Specific surface area of Sample 10084 as measured by the
adsorption of gases at 77°K (-196°C). Pretreatment: 1, before exposure to
water at high relative pressures; 2, after exposure to water with little or
no reaction at high relative pressures (air leak); 3, after reaction with

water; LU, after accidental exposure to the laboratory atmosphere.

Figure 11. Specific surface areas as measured by the adsorption of
nitrogen at 77°K (-196°C). Pretreatment: 1, before reaction with water;
2, soaked in liquid water for 30 days while exposed to the laboratory
atmosphere; 3, exposed to saturated water vapor after evacuation at 25,

100, and 200°C; 4, after reaction with water.

IX. Publications

Two publications are attached.

1. "Interaction of Gases with Lunar Materials: Apollo 12, 1k, and 16

Samples," Proc. Fourth Lunar Sci. Conf., Geochim. Cosmochim. Acta, suppl. k,

Vol. 3, 2413 (1973).

2. "Pore Structures Induced by Water Vapor Adsorbed on Non-porous

Lunar Fines and Ground Celcite,” J. Coll. Interfac. Sci., 47, 350 (1974).
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A third publication, "Some Surfece Properties of Apollo 17 Soils," nas
been accepted for publication in Proc., Fifth Lunar Sci. Conf. (A preprint

of this paper was the progress report for the period ending Jan. 31, 1974).
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Table I. Particle Sizes in the Orange Soil (74220) Before and
After the Adsorption of Water Vapor

Frequency (%) !
Part;:i.;e&ze Before After ‘
(mdcrons) Water Treatment Water Treatment
""" From 500 magnification (Figure 2A and 2B) - - ~ - -
0.k -2 79 85
2 -4 13 9 |
L .10 n 3 ,f'
10 - 20 3 1
> 20 1 2 l

- « - - From 10,000 magnification (Figure 2C and 2D) - - - -

0.02 - 0.1 13 1
0.1 -0.2 30 28
0.2 -0.5 b2 43
0.5 - 1.0 15 18




25

Table II. Summary of Porosity Anslysis of Nitrogen Sorption Data for
Lunar Fines After the Reaction with Water

8y +Sp 8y t8,+ZA8), b

0T S 8  Sy*8m  Bpmy  Sgey Sper it T T
............. cmemeceel00B meececmeeaean ...
252 0.9  0.77 0.96 1.02  0.94 1.19 1.12 0.43  0.50
300 0.33  0.96 1.34 1.08 1.24 1.21 1.51 0.63  0.50
--------------------- 6331 - = = = e = c e ceccmecaaa=aa~
252 0.09 0.9 0.99 1.00 0.9 1.02 1.01 0.50 0.42
300 0.3 0.9 1.37 1.08 1.27

500 o.k4  0.78 1.22 111 1.0

--------------------- U220 - = = = = == mcccceacacan~-
25  0.17  0.73 0.90 0.99 0.91 1.13 1.03 0.50 0.36
100 0.19 0.84 1.03 1.01 1.02 1.06 1.08 0.53 0.36
200 0.26  1.17 1.43 1.02 1.k 0.94 1.32 0.6  0.42
300 0.23 1.18 1.4 1.02  1.38 0.0 1.37 0.72 0.42
..................... (17
25 0.16 0.7 0.63 1.11  0.57 1.6 0.83 0.31 0.36
100 0.20 0.51 0.71 1.11  0.64 1.k2 0.91 0.35 0.36
200 0.18  0.75 0.93 1.06 0.88 1.11 0.98 o.4s  0.3€
300 0.27 0.82 1.09 1.08 1.01 1.08 1.09 0.46  0.36

Loutgassing temperature in °C.

t-’Open surface area. Taken equal to specific surface area before the reaction with water.

E(mtga.ased at room temperature.
Other symbols are defined in the text. All S values are in mz/g.
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Fig. 1. High voltage transmission electron micrograph of subemiecro:
particles from sample €3341,8., Pretreatment: A. %xposed to atm sphere

only. B. Exposed to saturated water vapor in the absence of air, C.
Doaked in liquid water (cxpused to air) and air-=dried.
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Fig. 2. GScanning electron micrographs of the orange soil (TL220).
Before water treatment (500X). B. After water treatment (500X).
Before water treatment (10,000X). D. After vater treatment (10,000%).
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Fig. 5. Adsorption of nitrogen on sample 10084,66 at TT°K (—196°C).
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(2) PRETREATMENT : Outgass at 300°C and
Expose to Water Vapor (P/Fy=1) at 25°C
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Fig. 9. Nitrogen adsorption on sample 63341,8 at TT°K (—196°C).
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Fig. 10. Specific surface area of sample 10084 as measured by the
adsorption of gases at TT°K (—196°C). Pretreatment: 1, before exposure
to water at high relative pressures; 2, after exposure to water with
little or no reaction at high relative pressures (air leak); 3, after
reaction with water; U, after accidental exposure to the laboratory
atmosphere.
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Fig. 11. Specific surface areas as measured by the adsorption of
nitrogen at TT7°K (-196°C). Pretreatment: 1, before reaction with water
2, soaked in liquid water for 30 days whi" » exposed to the laboratory
atmosphere; 3, exposed to saturated water vapor after evacuation at
25, 100, and 200°C; L, after reaction with water.
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Abstract—Surface properties of lunar fines samples from the Apollo 12, 14, and 16 missions have been
investigated by studying the adsorption of nitrogen, argon. oxygen. carbon monoxide (all at 77°K), and
water vapor (at 20 or 22°C) on the samples [Initially the samp'es were all nonporous and had a
uniformly low specific suiface area (0.3 to 0.6 m*/g). Water interacts strongly with the surface of lunar
fines, chemisorbing at low pressures followed by a massive adsorption at high pressures. Nitrogen ad-
sorption measurements after the interaction with water showed the surface properties had undergone a
severe alteration as a result of the attack by water vapor. This alteration consisted of a marked in-
crease in the specific surface area and the creation of a pore system. The results are interpreted on the
basis of a penetration of water into the damage tracks.

INTRODUCTION

THE INTERACTION of gases with lunar particles provides information on surface
characteristics at the molecular level of dimensions. The BET treatment
(Brunauer et al., 1938) of the adsorption data provides a quantitative measure of
the specific surface area. In addition, if pores are present in sizes ranging up to a
few hundred angstroms their size and distribution can be ascertained from the
adsorption isotherms. No other reliable methods are available for characterizing
pore structures in this size range (Gregg and Sing, 1967).

In addition to providing basic information concerning the state of subdivision
of lunar soils and their porosity, the specific surface area is a quantitative measure
of their capacity to adsorb reactive molecules (e.g., water and carbon dioxide)
from an environment. Such information would, for example, be vital for the
establishment of life support stations on the lunar surface. A more immediate
problern is the possible weathering and deterioration of lunar samples by the
terrestrial atmosphere. Lunar fines from the Apollo 11 and 12 missions have been
shown to interact extensively with water vapor (Fuller et al.. 1971; Holmes et al.,
1973). It is important to determine if this strong interaction with water vapor is a
general characteristic of lunar fines and to correlate the interaction with, for

*Research sponsored by NASA under Union Carbide contract with the 1J.S. Atomic Energy Com-
mission.
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example, the radiation damaged nature of lunar materials. In general, the surface
properties of lunar fines will have to be considered in thenries concerning the
formation and history of such samples.

EXPERIMENTAL

The adsorption-desorption measurements were made with existing vacuum microbalance systems
which have been described in detail (Fuller ef al., 1965, 1972). Both systems were equipped with a
device for maimaining a constant pressure of water vapor during equilibration at each chosen pressure
(Fuller et al., 1972). Backgrovad blank corrections have been applied to all of the data. These correc-
tions, and their critical importance for accurate acquisition of adsorption data, have been discussed re-
cently (Holmes et al.. 1973).

Experimental procedures were generally the same as we have used for our studies of adsorption on
thorium oxide (Holmes et al., 1968; Gammage ef al., 1972). Prior to an adsorption experiment each
sample was always outgassed for a minimum of 16 hours (overnight). Qutgassing pressures were in the
range of 107" to 10 * torr (measured on a 25.nm O.D. manifold leading directl to the balance
chamber) and the temperatures ranged from 20 to 1000°C. Measurement of the isotherms required 15
to 20 minutes for equilibration at each pressure except for water vapor at high relative pressures which
required an overnight waiting period, or lenger, for equilibration,

Results reported in this paper w'r= otiairad with 0.3 o1 '4g aliquots of lunar fines samples
12001.151, 12070,218, 14003,60, and 63341 8. These samples were the fine sieve fraction (< 1 mm) of
lunar soil and were used without further classification. When measuring adsorption at 77°K (liquid
mtrogen bath) by gravimetric techniques 1t is necessary 1o apply a buoyancy correction to the data. In
order to calculate this correction we have used the mean value (2.95 =0 09g/cm') of the reported den-
sities (Greene et al., 1971) of selected parrizles from Apollo 12 lunar fines. Weight determinations are
estimated to be reliable to =2 micrograms over the extended time inteival involved in the experiments.

RESULTS

Isotherms for the adsorption of carbon monoxide, at 77°K, on lunar samples
12001,151, 14003,60, and 635-+1.8 are shown in Fig. 1. The amount of adsorption, in
mg of adsorbate per g of sample, is shown as a function of the relative pressure,
P/P,, where P, is the saturation vapor pressure of carbon monoxide at 77°K. The
shape of these isotherms is quite common and fits the general classification of
Type 11 isotherms found for adsorption on nonporous solids (Brunauer, 1943).
There was exact reversibility on desorption with ro indication of hysteresis or
other complicating factors. Isotherms for the adsorption of nitrogen, argon, and
oxygen (all at 77°K) on these three lunar samples were near duplicates of the
carbon monoxide isotherms.

It should be emphasized that all of the isoth2rnis w:re completely reversible
over the entire pressure range fro 1 high vacuum to saturation. All of the data for
the adsorption of the four gases on these three lunar samples were subjected to a
standard BET treatment (Brunauer et al., 1938) to obtain monolayer capacities
and “C™ constants. Monolayer capacities were converted to srecific surface areas
by means of recommended cross-sectional areas (McClel'an and Harnsberger,
1967) for the adsorbates (the values we have used are given in Table 1). Results
from the BET treatment of the data are summarized in Table 1. Agreement of the
specific surface areas should be tempered by the fact that cross-sectional areas for
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Fig. 1. Adsorption of carbon monoxide on lunar fines at 77°K. Scmples outgassed at

Table 1. Specific surface areas and BET ““C" constants for funar samples out-

—

P/Po

25°C.

7 -t A

o6

_©,% ADSORPTION AND DESORPTION ON 12001159
8, ¢ ADSORPTION AND DESORPTION ON 1400360
o+ ADSORPTION ANC DESORPTION ON 63341,8

os

gassed at 25°C.
Sample 12001,151 Sample 14003,60 Sample 63341 8
Adsorbate 3 C b3 C 3 C
N 0.33 65 0.51 84 0.42 §7
Ar 0.34 12 0.54 kY) 038 N
co 0.35 82 0.60 100 0.49 13
0, —_— —_ 0.54 12 0.42 21

£ =Specific surface area in m’/g.

“Co-area = 16.2 A’.

*Co-area = 16 6 A” and P. is that of supercooled liguid.

*Co-area = 16.8 A’,
°Co-area = 17.5 A’.
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adsorbed molecules are usually selected to give agreement with nitrogen adsorp-
tion data. For exsmple, the range of values commonly used for oxygen is 14 to
18 A? (Gregg and Sing. 1967). If these co-areas are applied to the oxygen data for
sample :4003,60 the resulting range of specific surface area is 0.43 to 0.56 m’/g
which is still reasonable agreement. The BET *C* constant is a measure of the
average net heat of adsorption for about the last half of monolayer completion
(Brunauer, 1961), that is, for adsorption on the least energetic sites on the surfaces
of the lunar particles.

Without outgassing the samples at an elevated temperatuie water vapor
isotherms were measured at 20 or 22°C on these same lunar samples. The co:n-
plete isotherm for 63341,8 and the adsorption data for 12001,151 are shown in Fig.
2. A characteristic feature of all water isotherms which we have measured on
lunar fines is a general hysteresis over the entire pressure range including vacuum
retention (irreversibly adsorbed water which could not be removed by prolonge
evacuation at the conclusion of the isotherm).

An additional common feature is the massive adsorption of water vapor at high
relative pressures (above 0.9). Specific surface areas calculated from the water

a ADSORPTION ON 12001151 i
o.% ADSORPTION AND DESORPTION ON 633418 J‘

o " ez~ o6a o6 o8 10
»,
A

Fig. 2. Adsorption of water vapor on lunas fines. Samples vutgassed at 20°C (63341 .8)
and 22°C (12001,151). Isotherms meas.:ed at these respective temperatures.
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data are uncertain because of the general irreversibility of the isotherms coupled
with the specific nature of wate* :dsorption (this latter factor gives rise to a large
uncertainty in the cross-sectionut area of an adsorbed water molecule). However,
a visual comparison of the disparity between the adsorption and desorption
branches of the water isotherms {e.g., sample 63341,8 in Fig. 2 und Holmes et al.,
1973) indicates that the capacity for reversible physical adsorption of water has
increased as a result of the adsorption-desorption cycles.

After several additional adsorption-desorption cycles in water vapor the ad
sorption of nitrogen (at 77°K) on these samples was remeasured. Figure 3 shov
nitrogen adsorption on sample 12001,151 before and after the water adsorption ex-
periments. Supporting experiments with samples not treated with water vapor
have shown that the changes were brought about by the action of water vapor and
not by raising the outgassing temperature from 25 to 300°C. Corresponding nit-
rogen adsorption isotherms for lunar sample 63341,8 are shown in Fig. 4. A< a
result of the water treatment the amount of nitrogen adsorption is greater at all
pressures and the isotherms have well defined hysteresis loops at relative pres-
sures above 0.5. The specific surface area of sample 12001,151 increased from 0.33
to 0.97 m*/g because of exposure to water vapor during the adsorption experi-
ments. The corresponding increase for sample 63341.8 is from 0.42 to 0.74 m’/g.
Resul:s for sample 14003,60 are in essential agreemrent with the data presented in
Figs. 3 and 4.

Nitrogen adsorption (at 77°K) on samples 12001,151 and 12070,218 was meas-

| _° ADSORPTION

o8 * DESORPTION

P,
7,

Fig. 3. Adsorption of nitrogen on 12001,151 at 77°K.

u ———




P

Ly

2418 H. F. HoLMES ¢t al.

T
o ADSORPTION

07— e e e e —

* DESORPTION

(01

05

m mg/q}
[
D

(=]
w

02t

0 02 04 (o1 o8 10
P/Po

Fig. 4. Adsorption of nitrogen on 63341 8 at 77°K.

ured after outgassing the samples at increasing temperatures from 500 to 1000°C.
The resulting isotherms are shown in Fig. 5 (for sample 12001,151) and Fig. 6 (for
sample 12070,218). (For the sake of clarity no data points are shown for 12001,151
but the precision of the data is well within the estimated error bar shown on the
isotherm which was measured after outgassing the sample at 800°C.) There is a
general decrease in the amount of adsorption (at all pressures) as the outgassing
temperature is increased. This decrease is reflected in the specific surface areas
which are given in Table 2. The high pressure hysteresis loop induced by the
reaction with water vapor was absent for samples 12070,218 and 12001,151 after
outgassing at 700° and 800°C, respectively.

DISCUSSION

Data tabulated in Table I are in essential agreement with the uniformly low
spec.€ - surface areas which have been reported for lunar fines samples (Fuller et
al., 1971; Holmes et al., 1973; Cadenhead et al., 1972; Grossman et al., 1972). By
assuming spherical or cubical particles one can ca'culate an effective particle size
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Fig. 5. Adsorption of nitrogen on 12001,151 at 77°K. Sample outgassed at indicated
temperatures (Post-H.Q).

Table 2. Specific surface area as a function of outgassing temperature.

Outgassing Temperature Sample 12001,151 Sample 12070,218
C) S(m’/g) 2(m'/g)
500 0.9 .15
600 087 —
700 0.52 0.59
800 0.42 -
900 037 0.49
1000 0.31 0.37

from the specific surface areas given in Table 1. Mean particle sizes calculated in
this manner range from 3 to 6 microns. This is in reasonable agreement with
particle sizes deduced from sedimentation studies (e.g., Gold et al., 1972). Since
sedimentation studies give the Stokes diameter for an equivalent sphere this
agreement indicates the absence of gross surface roughness and/or internal area.
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Fig. 6. Adsorption of nitrogen on 12070218 at 77°K. Sample outgassed at indicated
temperatures (Post-H,0).

Average net heats of adsorption calculated from the “‘C” constants given in
Table 1 range from 380 (C =12) to 730 cal/mole (C =113). These values are in
qualitative agrec :nt with the expected trend based on polarizability, quadrupole.
and dipole contributions to adsorption energies for these four adsorbates. This
trend in adsorption energies has been observed for terrestrial materials such as
titanium oxide (Smith and Ford, 1965).

The reversibility of the initial isotherms is a clear indication that these samples
do not have the type of porosity which gives rise to capillary condensation hys-
teresis loops. It should be emphasized that we are referring to the porosity of
individual soil particles and not, for example, to the type of porosity which results
from the random packing of particles. In order to cause hysteresis effects in
adsorption isotherms the pore size must be a few hundred angstroms or less
{Gregg and Sing, 1967). Adsorption in larger pores is essentially like adsorption on
open surfaces. These results, coupled with previous work (Fuller et al., 1971;
Holmes et al., 1973), indicate that the approximate surface characteristics of lunar
fines (prior to water treatment) are independent of their location on the lunar
surface. Most probably there are processes occurring on the lunar surface to
produce a lunar soil whose dynamic equilibrium properties include a relatively
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low specific surface area coupled with a lack of porosity. These processes cer-
tainly include micrometeorite impact, solar wind sputtering, and radiation damage
(e.g., Dran et al., 1972; Phakey et al., 1972).

The contrasting nature of water a“sorption on these samples, as compared to
adsorption of the “inert” gases, is evident from a comparison of Figs. |1 and 2.
Retention of water in high vacuum and the low pressure hysteresis can be
explained on the basis of chemisorption. However, the massive uptake at high
relative pressures (above 0.9) cannot be attributed to simple multilayer physical
adsorption of water vapor on open surfaces. Desorption branchcs of the
isotherms clearly indicate the presence of an internal pore system which gives rise
to a capillary condensation hysteresis loop. Quite obviously there has been a
severe alteration of the surface properties. This agrees with our previous result
for sample 12070,218 (Holmes et al., 1973) which had been outgassed at 300°C prior
to the adsorption of water. Present results show that the reaction of water vapor
with these samples does not require prior ‘“‘activation’ at an elevated temperature.
It is now apparent that exposure of lunar samples to the normal laboratory at-
mosphere will result in chemical and physical adsorption of water. Attributing ex-
perimental difficulties to adsorbed water is clearly justified (Tittmann et al., 1972).
Nitrogen adsorption isotherms on the same sample before and after the reaction
with water vapor (Figs. 3 and 4) give a clearer indication of the changes caused by
adsorbed water. Obviously the adsorptive capacity has increased by as much as a
factor of three. According to de Boer (1958), hysteresis loops such as those in
Figs. 3 and 4 are due to either slit-shaped pores with parallel walls or wide pores
with narrow necks. The blocking effect of irreversibly adsorbed water (Holmes et
al., 1973) favors pores with narrow necks. The isotherms in Figs. 3 and 4 are
essentially the same as those reported for 12070,218 (Holmes et al., 1973) and
unreported data for 14003,60.

The temperature stability of the water induced porosity has been measured
(Figs. 5 and 6). Heating at temperatures of 700 to 800°C eliminates the porosity
and markedly reduces the specific surface area (Table 2). This type of sintering be-
havior is similar to that observed for materials such as some silica-alumina cata-
lysts (Ries, 1952). Significant surface area remainea after the 1000°C outgassing
(the temperature limit imposed by the microbalance system). One might have ex-
pected more drastic sintering on the basis of initial melting temperatures of about
1150°C which have been reported for lunar fines (Gibson and Moore, 1972).

It presently appears that lunar fines, independent of their original location on
the lunar surface, will suffer the same general type of alteration by interaction
with water vapor at high relative pressures. A common feature to all fines samples
is the extensive radiation damage they have suffered. This, the radiation damage,
is the basis for our postulated mechanism for the attack by water vapor. Accord-
ing to the “‘ion explosion spike’ model of Fleischer et al. (1965), track damage in
nonconductors consists of regions of heavy damage (~ 100 A) separated by trails
of relatively little damage (a few atoms displaced). The damaged material is
considerably more soluble than the surrounding material, a fact that has found
application in radiation dosimetry (e.g., Becker, 1972) as well as in numerous
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studies of radiation damage in lunar samples. We postulate that when sufficient
water has been adsorbed (at a relative pressure of about 0.9) the damaged material
starts to dissolve. The solution process lowers the vapor pressure of the adsorbed
water which leads to increased sorption of water and the entire process is
enhanced. Because of the concentration gradient between dissolved material in
the damage track and the outer layers of adsorbed water the dissolved material
migrates from the damaged region and thereby creates a pore. According to the
*“ion explosion spike” model the geometry of the pore would be a wide void with a
narrow opening. This is one of the two shapes which, according to de Boer (1958),
give capillary condensation hysteresis loops like those we observe in nitrogen
isotherms on water treated lunar fines. Work in progress should provide further
support for this postulated mechanism for the alteration of lunar fines by adsorbed
water.
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Lunar fines and the ground calcite are both highly defective materials and because of this
there are marked similarities between their interactions with adsorbed water vapor. The
solar radiation and meteotites incident on the lunar surface produce soil particles, or fines,
which are nonporous to adsorbed inert gas molecules. Many crystalline grains comain very
high densities of damage tracks (> 10! tracks/em?), and show an amorphous coating. The
adsorption isotherm of water shows that the fines interact strongly with water vapor. The
subsequent adsorptions of nitrogen and argon show b 1t the specific surface area has increased
as much as threefold, and that pores have been generated. The probable explanation for these
changes is that water interacts with the amorphous coating and diffuses along the damage
tracks leaching a system of microchannels.

During the ball milling « f calcite the (rystals suffer processes of tlow and plastic deforma-
tion which leave the grains nonporous o adsorbed nitrogen. The structural degradation
caused by milling, which was examined by X-ray and infrared techniques, develops in three
discrete steps and causes a marked enhancement 1n the reactuivity towards water. ‘The changes
in reactivity were examined by measuring the solubnlity in water, the pH of aqueous suspen-
sions and the buried water content by thermogravimetric analy sis. In the most reactive sample
of ground caldite, the adsorption isotherm of water reveals massive uptake at high relatve
pressure and shows high pressure hysteresis overlving a hysteresis which extends over the
entire range of relative pressure. The subsequently measured adsorption of nitrogen shows
that the grains are now porous and that the speaific surface area has increased fourfold. Ihs.
solution occurs within the dislocated caldite to form a pore system of fine channels and crystal-

lization of the leached calaum carbonate forms whiskers of nail-head spar calcite.

INTRODUCTION

Lunar fines have a history of bombardment
by solar and cosmic radiation and meteorites,
As a result they are reactive materials with
unusual adsorptive properties (1, 2, 3, 4). Cal-
cite ground in a ball mill is a terrestrial material
which because of its defective nature displays
unusual adsorption characteristics and is highly
reactive (3, 6). The purpose of this study is
to probe these materials with adsorbed water

! Research sponsored by NASA under Carbide
Contract with the U.S. Atomic Energy Comnussion.

and aitroger molecules and to show how sorbed
water drastically modities the surface charac-
teristies in a manner dependent on the tpe
and extent of structural domage. Despite the
widely ditfering compositions and histories of
the lunar fines and the ground caleite, a side
by side study reveals a remarkable similarity
in their adsorptive properties.

MATERIALS AND EXPERIMENTAL

Clear crystals of Iceland spar (caldite) were
ground in a ball mill made of stainless steel
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Fic. 1. 1 MeV dark field electron transmission micrograph showing the nuclear particle tracks and
the amorphous coating on a micrometer-sized lunar dust particle (16). The loss of a small grain from the
amorphous coat is indicated at A while at B a definite grain surface cementing is seen.

for periods of up to i000 hr. The amount of
contamination by iron was 60 ppm in the
1000-hr sample which indicates only a very
small amount of wear. Other details of the
milling have been dealt with previously (6).
All ground specimens were stored over a
desiccant.

Prior to dispatch from the Manned Space-
craft Center the lunar fines were sieved to <1
mm size, the mean particle being about 100 um
(7). The fines are ususlly a charcoal grey
color and the ones used in this study were part
of a contingency sample returned from the

Apollo 12 mission (d: -ignated 12070). The
saraples of fines are encapsulated in vials
containing an atmosphere of dry nitrogen.
During handling and loading onto the micro-
balance, however, there is inevitable exposure
of the fines to laboratory air.

Adsorption measurements on the ground
calcite (5,6) were made with an electro-
magnetic sorption balance having a sensitivity
of 10~ g (8). Outgassing was carried out at
150°C. To examine the structural degradation
of the calcite the techniques of X-ray diffrac-
tion (9), infrared absorption (10), and electron

Journal of Colloid and Interface Science, Vol. 47, No. 2, May 1974
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Fii. 2. Scanning electron micrograph of a typical agglutinate found in the Apollo 12 fines (12070) at
4000 magnification.

microscopy (carbon replicas) were employed,
The reactivity of the ground calcite was
studied by measurements of the solubility in
water using the Meigen color test (11) (which
relies on the greater solubility of aragonite
compared to calcite), by measuring the pH
after shaking with water (12) and by deter-
mining the water content (buried water taken

Jowrnal of Colloid and Interface Science, Vol, 47, No. 2, May 1974

up from the air in the milling pot) in a thermo-
gravimetric analvsis (13).

Small quantities (400 mg) of the low surface
area (~0.5 m*/g) lunar fines were loaded onto
a vacuum microbalance of sensitivity 10-% g
in a vacuum system designed for measuring
the adsorption of water vapor and gases such
as nitrogen and argon (14). The fines were
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Fii. 3. Scanning electron micrograph of a small glassy area found on a particle from the Apollo 12

fines 12001 at 100,00 magnification.

also examined in a scanning electron micro-
scope at magnifications up to 50,000,

RESULTS AND DISCUSSION
1. Lunar Fines: Physical Properlies

There is a wealth of information on the
physical properties of lunar fines published in
the Proceedings of the First, Second, and Third
Lunar Science Conferences (15). The finest
grains extracted from 400 mesh dust residues
show the following striking features (10); (a)
the proportion of amorphous grains is generally
less than 30%; (b) up to 609 of the remaining
crystalline grains are surrounded by a super-
ficial layer of amorphous material of thickness
~500 A; (¢) 90% of the crystalline grains
contain very high densities of latent nuclear
particle tracks* The highest track densities

2 These are damaged regions along the tracks of,) in
the main, Fe-group ions (£ =~ 26) of solar-flare origin.
In lunar grains 10 gm in diameter the tracks are
randomly oriented and most of them penetrate the
entire grain. In the absence of errosions the outer

(> 10 tracks, em?) are observed in the rounded
grains showing a well-developed and continuous
amorphous coating. These features are high-
lighted in the transmission electron micro-
graphs taken by Borg ef al. (16), one of which
is reproduced in Fig. 1; (d) trapped noble
guses from the implantation of solar wind
particles are contained within the surface laver
to a depth of 2000 A (18); (¢) small grains
frequently appear cemented to the surface of
coarser rounded and coated grains (see Fig, 1);
(f) the amorphous coatings are rapidly soluble
under mild etching conditions. This informa-
tion is most helpful to an understanding of
the adsorptive properties and especially to
those involving water vapor.

The fragments found in a sample of fines
such as sample 12070 can be grouped into (1)
elass-conted particles  (agglutinates) of the
types shown in Figs. 2 and 3; (2) lithic frag-
ments including breccias and discrete mineral

10 gm of a grain would accumulate ~10% Fe-group
tracks/em? /106 years (17).

Journal of Collosd and Interface Sciviee, Vol 47, No. 2, May 1974
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P & Scanning electron microgeaph of a prisnatic crvstal of a pyroxene mineral found o the Apwllo
1.2 tines 12050 ar 1000 mgenitieation.

fragments of plagioclase  (feldspar minerals  mesium iron silicate such as the one shown in
composed of varving coanounts of sodium and  Fig, D, and olivine (silicates of masnesinm
calcium aluminum silicate), dino- and ortho-  andiron); and (3) @ varict. of vitric fragment

pyroxene (prismatic crystals of calcium mag-  The major constituents (19) in decreasing

Journal of Colloid and Interface Science, Vol, 47, No, 2, May 1974
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F10. 5. Loss of characteristically reflected X-ray intensity and line broadening (expressed as lattice
strain) in the calcite 10{4 reflection as a function of time of grinding.

order of abundance are pyroaene, plagioclase,
glass, and olivine. The minor constituents,
totaling only a few percent, include ilmenite,
tridymite, cristobalite, and nickel-iron.

2. Ground Calcute: Shructural Degradation

The interaction between ground calcite and
adsorbed water and the changes induced in
the particles are closely related to the type
and extent of structural damage which will
now be considered. The results of X-ray
diffraction, infrared absorption, and electron
microscopy point to a degradation of the
calcite occurring in three distinct stages.

There ate no significant changes in the
X-ray diffraction characteristics of specimens
ground for 22 hr and less. Specimens ground
for 50 hr and longer gave progressively weaker
X-ray lines, the diminution in characteristic-
ally reflected infensity for the 1014 reflection
being shown in Fig. 5. Broadened lines are
produced by specimens ground in excess of
500 hr. The amount of line broadening is
evpressed, in Fig, 5, as lattice strain. Stage
one covers the first 22 hr of milling, the calcite
remaining crystalline in both X-rav diffracting
properties and appearance \Fig. 6). Stage
two covers the period 50 to 500 hr. The crystals
flow plastically as is clearly seen in the electron
micrograph shown in Fig. 7 and a large
quantity of noncrystalline calcium carbonate
is produced which reduces the characteristically

reflected X-ray intensity by up to ~35(%.
Additionally the deformed calcite is colored
blue by the X-ray beam and tae unit cell is
dilated (e.g., by C.5% and 1.€%, i : the 150 hr
and 1000 hr samples, respectively). These
properties point strongly to the presence of
high concentrations of point defects; plastic
deformation of ionic crystals generally produces
a debris of point defects which are frozen
into the crystals (20). In the final 500 hr,
stage three, the degradation becomes more
severe and the calcite lattice suffers distortion
which causes X-ray line broadening.

The infrared absorption spectra shown in
Fig. 8 can also be interpreted in terms of
structural damage. Absorption occurs at 878
cm™! and 861 ¢m™! in crystalline calcite and
aragonite respectively because of differences
in the intra-molecular coupling of the out-of-
plane bending vibration of the carbonate
jon (21). Aragonite appears to be forming in
ground calcite, as indicated by the shoulder
marked A, even though X-ray diffraction
shows thiat it is absent as a crystalline phase.
The pseudo-aragonite is probably a consc-
quence of localized misorientations and strains
which force neighboring carbonate ions into
positions where the degree of vibrational
coupling approximates that found in cry stalline
aragcnite.

The reactivity of the ground calcite reflects
the three stages of structural degradation. The
solubility (Meigen test) and the buried water

Journal of Collord and Intevface Saenze, Vol. 47, No. 2, May 1974
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Fic. 6. Electron micrograph of leeland spar crystals g .und for 22 hr; the latex marker beads are

117 pm in width,

content,® shown as a function of grinding time
in Fig. Y, increase in distinet steps correspond-
ing to the onset of plastic deformation at ~50)
hours and the onset of lattice distortion at
~500 hr. The pH, Fig. 10, instead of being
enhanced fell sharply at the beginning of stage
two, The probable explanation is that hydroxyl
ions are removed from solution by the calcite

* Water taken up from the air entering the ball mill
and becoming tightly bonded and deeply buried within
the deform=d grains; curves of the fractional weight
loss, due to expelled water, per degree rise in tempera-
ture show maxima which for tue 1000-hr sample occur
at 180° and 300°C at lower temperatures for the calcite
ground for shorter times,

Journal of Colloid and Interfoce Science, Vol. 47, No. 2, May 1974
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which in the disordered state possestes en-
hanced adsorptive properties, This belief is
reinforced by the finding that after annecaling
the 1000-hr sample and restoring the crystal-
linity, the pH increases to 10.2 which is
within the range of values normally found for
crystalline calcite particles.

3. Initial Nonporosily

The lunar fines and the ground calcite are
nonporous (or nearly so) initially, The iso-
therms of nitrogen, shown in Figs. 11 and 12,
are reversible;; usually » nonporous solid gives
an isotherm witheut a hysteresis loop. The
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Fic. 7. Electron micrography of Toeland spar crystals ground for 30 he (020 gm latex hewls),

lack of porosity is fairly general for lunar  hysteresis loop for the fines of Apollo 11
fines from different locations on the moon. We — [10087), 12 (12070 and 12001), 14 (14003),
obtain isotherms of nitrogen  (and arcon)  and 160 (03341) missions. The Apollo 14
without, or with only the slightest trace of, a (14163) fines examined by Cadenhead (3) may

Journal of Collovd  nd Interface Science, Vol. 47, No. 2. May 1974
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ground for 22, 528, and 1000 hr.

be an exception because the physical adsorp-
tion isotherm (of water vapor) indicated
inherent porosity.

GAMMAGE ET AL.

We suggest that the general lack of porosity
is due to the combined effects of micro-
meteorite impact and impinging solar radia-
tion, actions which lead to the filling of inter-
particle voids and the smoothing of particle
surfaces. Impacting micrometeorites cause
vaporization and melting and the condensates
and splishes produce glassy agglutinates, of
the type shown in Figs. 2 and 3, which possess
little or no porosity. Micrometeorite bombard-
ment also destroys small particles because they
will not survive a collision. Irradiation by
solar wind produces the well known amorph-
ous skin, shown in Fig. 1, during the formation
of which the particles become smoothed and
rounded (16). These processes tend to eliminate
any porosity originally present.

The grains of ground calcite have been
plastically deformed and welded together
(Fig. 7) with the elimination of cracks and
pores. The ground calcite is in a Beilby-like
state (22). After a crystal of calcite (inorganic
crystals in general) has been rubbed or polished
the outer few micrometers (23, 24) are com-
posed of a smooth, vitreous-like layer of
flowed calcium carbonate—the Beilby layer
(22), whose X-ray diffraction properties (25)
are the same as those of the gound calcite.
Localized frictional heating lends considerable
mobility and smoothing power to the surface
material (26).
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4. Adsorption of Water Vapor

The fines sample 12070 chosen for this
study shows behavior toward adsorbed water
which is typical of several other fines, such as
12201, 14003, and 63341 from the Apollo 12,
14, and 16 missions, on which we have mea-
sured the adsorption isotherms of water vapor.

Some fines, such as 10087 (Apollo 11), are more
reactive (1) toward water vapor while others,
such as 14163 (Apolio 14), are more inert (3).
Fines exist, therefore, which cover a range of
reactivities with the fines 12070 possessing
the median reactivity. Isotherms of water
vapor on Iceland spar ground for different
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Fie. 11. Adsorptions of nitrogen at 77°K on lunar fines 12070 outgassed at 300°C before and after

the adsorption of water vapor.
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Fic. 12. Adsorption of nitrogen at 77°K on calcite
ground for 1000 hr and outgassed at 150°C before and
after the adsorption of water vapor.

periods of time have been published elsewhere
(6). The calcite ground for 1000 hr is the
choice for comparison against the fines 12070
because it is the most severely damaged
calcite and the effects of attack by adsorbed
water vapor provide the closest resemblance.

Two sorption isotherms of water vapor are
shown in Fig. 13 for the lunar fines 12070 and
the 1000-br Iceland spar. Each isotherm shows
massive uptake of water at high relative
pressure, a general hysteresis extending over
the entire range of relative pressure together
with additional high pressure hysteresis above
~0.35 P/Po and the irreversible retenticn of
water, in vacuum, which for the lunar fines is
in excess of the amount required for simple
chemisorption to form a layer of hydroxyl ions.
The massive uptake of water points to water
penetrating the bulk of the grains and for the
calcite it begins at a lower relative pressure
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than for the lunar fines because of the greater
solubility of calcite. The high pressure hyster-
esis show: that pores have been created in
both solids.

5. Area Changes and Pores Induced
by Adsorbed W ater

After completing the adsorptions of water
vapor, the isotherms of nitrogen seen in Figs.
11 and 12 were measured. In each material
the interaction with water had brought about
a drastic change in the surface characteristics.
The specific surface area increases from 0.56
to 1.30 m?/g and from 7.64 to 28.6 m?/g for
the lunar fines and ground calcite, respectively.
The high pressure hysteresis loops are the
result of capillary condensation in pores
extending down to a few molecular diameters
in size (mesopores). Undamaged ter-estrial
materials of igneous origin and unground
jonic crystals are not changed so drastically
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Fi16. 13. Isotherms of water adsorbed on lunar fines
12070 at 20°C and 1000-hr calcite at 25°C after out-
gassing at 300° and 150°C, respectively.
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by adsorbed water vapor. Clay type minerals
having a layer structure can sometimes be
prised open by sorbed polur molecules but
minerals with a sedimentary origin are absent
from lunar fines. It is because of their damaged
natures that the lunar fines and the ground
calcite are similar in their adsorptive proper-
ties and are different from other undamaged
terrestrial materials.

The adsorption data have been analysed by
the thickness or /-plot method developed by
de Boer (27) in which the amount of adsorbed
nitrogen is compared to the thickness of the
adsorbed nitrogen layer on a reference non-
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porous solid. For this study the adsorptions
of nitrogen on the nonporous lunar fines and
the nonporous ground calcite conveniently
provide the reference data. The resulting
{-plots with a summary of the analyses are
shown in Fig. 14 and Table I. The linear section
of the /-plot is displaced vertically upwards by
nitrogen adsorbed in micropores (< ~ 20 A
width). The intercept is a measure of the
micropore volume (or apparent micropore area
Sa) and the gradient of the straight line is a
measure of the area S; contained in larger
mesopores (~20 to ~200 A in width) and on
the open surface. The close correspondence
between §¢ + S and Sggr, the specific surface
area calculated by the BET method, indicates
that our reference isotherms are the appropriate
ones to use, We have successfully followed the
advice given in an earlier paper (28) that the

1, THICKNESS {A)

Fic. 14, t-plot for the adsorption of nitrogen on
lunar fines 12070 and 1000-hr calcite which had been
evposed to water at saturation vapor pressure.

onide (or calcite) used to obtain the reference
isotherm should preferably be of the sume t pe
as the experimental oxide (or ca'~ite) and of
course, be nonporous. After the adsorption of
water vapor the lunar fines contain smaller
pores than the ground calcite; the apparent
micropore area is proportionately much higher
in the fines (199, compared to 3.3%) and the
t-plot begins to deviate upwards from the
linear section at a smaller f-value.

The standard nitrogen adsorption data for
the nonporous lunar fines are listed in Table 11.

TABLE 1

SUMMARY OF {-PLOT ANAL\SES

OF NITROGEN ADSORPTION [DATA

OGT (°C) SBET ( constant

Sample
(m?, &)

Lunar fines 300 1.30 92
12070 after
sorption of
water

1000-hr 150 101

calcite after

sorption of

water

28.6

C cnn~:anl . .\,y , S ) St + S St 4 S
for refer- m? g (m* g (m? ) e
ence §s0- ¥ L1

therm
43 112 0.26 138 1.06
106 273 1.0 283 0.99
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TABLE 11

VAILUES OF % AND { POR NITROGEN ADSORBED
oN NoNrorovs LUNAR FiINEs 12070

P/Po n 1

0.10 0.95 3.37
0.15 1.08 3.82
0.20 1.19 4.21
0.25 1.29 4.56
0.30 1.37 4.86
0.35 1.44 5.10
0.40 1.52 5.36
045 1.59 5.62
0.50 1.66 5.89
0.55 1.74 6.15
0.60 1.81 6.41
0.65 188 6.65
0.70 1.96 6.93
0.75 2.04 7.23
0.80 2.14 7.58
0.825 220 .97
0.85 2.27 8.04
0.875 235 8.32
0.90 246 8.71

ot = 3.54 n, where n is the number of adsorbed layers
each of thickness 3.54 X (27,.

Compared to reference isotherm data for non-
porous terrestrial oxide samples published by,
for example, Pierce (29) and Sing (30), a
significantly smaller amount of nitrogen is
adsorbed above .5 P, Po on the lunar fines,
Additional measucements of adsorbed nitrogen
on a wider range of lunar fines should tell us
whether or not this difference between the
standard isotherms for terrestrial and lunar
oxide samples is general.

6. Porosity Relatel io Structural Damage

The appearance of fine channels in the
1000-hr calcite is fairly easy to explain. The
structure contains a high concentration of point
defects and dislocations which cause distortion
of the lattice by ~1.3%, (Fig. §). Adsorbed
water diffuses along fault lines with dissolution
of the dislocated calcite to form a pore sy stem
of fine channels. The dissolved calcium car-
bonate crystallizes to form whiskers of nail-
head spar calcite on the surface of the grains.
These micrometer-sized crystals are clearly

Jotrnal of Collnd and Interface Scaence, Vol. 47, No. 2, May 1974

visible in the electron micrograph shown in
Fig. 15. All the other 1ests invoiving water
(solubility, pH, and buried water content)
confirm the enhancement of reactivity.

The hysteresis loop in the nitrogen isotherm
(1000-hr calcite) is similar to a Type B hyster-
esis loop [ classification of de Boer (31)] which
is obtained characteristically for a pore system
of narrowly separated parallel plates. It is
visualized that dissolution of calcium carbonate
within the walls of dislocation forms such a
sy stem of slit-shaped pores. The sudden closure
of the hysteresis loop at ~0.45 P/ P¢ indicates
a plate separation of about 36 A as calculated
by methods based on the Kelvin equation (32;.

There is evidence, from small angle X ray
scattering studies, that along the track left by
a nuclear particie traversing an inorganic
cristal, the damaged region varies in width
(33). If in the lunar fines the water diffuses
into and leaches material out of the damage
regions of nuclear particle tracks then one
might anticipate a tubular svstem of pores
with narrow constrictions between the wider
parts. The studies discussed in this paper show
only that micro- and mesopores are produced.
Qur current investigations, to be published in
the Proceedings of the Fourth Lunar Science
Conjerence point stronglv towards a tubular
pore system; by using outgassing temperatures
lower than the 3J00°C used in this study, entry
of nitrogen to the mesopores is partially
prevented by molecular water bound within
the narrow ~onstrictions. At 300°C all of this
water is removed and the pore svstem has
maximum accessibility,

SUMMARY

Adsorptions of nitrogen show that the lunar
fines and the ground calcite are initiafly
nonporous. \aporization, condensation, melt-
ing, and splashing cvents during meteorite
impact cause interparticle voids to be filled
and the smoothing of surfaces. Irradiation by
solar wind particles also smooths and rounds
the particles. The greins of ground calcite
are devoid of pores because of flow aud welding

e et e g
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Froo 13 Flectron s rograp of 1000 bie caldoite adrer treatment with wiater vapor, showing the whiskers

of mail head spar (0,20 g Tates beadss

processes which oceur during plastic deforma Both materials exhibit a high reactivity
tion in the ball mill. toward witer vapor. This is because of amorph-

Jozrnal of Colioid and Tuterfaee Serence, Vol 47, Noo 2, May 1974




[ R S

6k

364 GAMMAGE ET AL.

ous surface layers and high densities of nuclear
particle damage tracks in the lunar fines and
because of a severely dislocated structure in
the ground calcite whicl has a high concen-
tration of point defects ard a distorted crystal
lattice. Particles of the lunar fines and the
ground calcite are “opened up” by the action
of adsorbed water vapor; leaching causes the
specific surface area to increase several fold
and a system of pores to develope. Crystalli-
zation of the calcium carbonate dissolved from
the region of fault lines gives whiskers of
nail-head spar calcite. The data from adsorp-
tions of nitrogen suggest that the lunar fines
contain tubul:.r pores with narrow constrictions
(micropores) “ormed along damage tracks. The
pore system in the ground calcite is more open,
the capillary condensation behavior suggesting
the presence of slit-shaped openings of width
~36 A.
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