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Abstract

Nanoparticles are characterized by size (<50 nm) and high energy. Therefore, the aim of this investigation was to determine the effect of electrical conductivity of the
Martian Regolith Simulant (MRS) under UV radiation in relation to production of nanoparticles. Results showed good correlation between MRS smaller particle size
and higher energy parameter such as charge, as demonstrated by computational modeling. These experimental laboratory results allow us to understand the potential

of the MRS as a good source of nanoparticles.

Introduction

Man has long been observing the effect of electricity in nature
[1]. However, it took millennia before we were able to systematically
use electricity [2]. An electrolysis system is an effective way to
systematically use electricity under controlled experimental conditions
[3,4]. In general, the sizes of nanoparticles span the range between
1 and 100 nm. Metallic nanoparticles have different physical and
chemical properties from bulk metals (i.e., lower melting points, higher
specific surface areas, specific optical properties, mechanical strengths,
and specific magnetizations) properties that might prove attractive in
various industrial applications. However, how a nanoparticle is viewed
and defined depends very much on the specific application [5] and on
its electro-conductivity [6].

When nanoparticles are used in optical applications, simplification
of the size distribution of the particles becomes important. Therefore, it
is desirable to fabricate nanoparticles with a single target size in mind.
Generally, in order to prepare mono-disperse or uniform nanoparticles,
it is imperative that the nanoparticles grow very slowly after the rapid
generation of the seed particles. If the size of nanoparticles decreases,
surface area to volume ratio increases. The increase in the surface energy
of such nanoparticles will facilitate their aggregation. Consequently,
after the growth of nanoparticles to the desired size, it is necessary
to stabilize the particulate surface by addition of a dispersing agent
[5]. However, regardless of the application of nanoparticles, they all
must exhibit high-energy capacity. Most nanoparticles are developed
using a Faradaic approach or using electro-chemical processes [2].
The approach can vary according the application. However, despite
the great expansion of nanotechnology, information on non-Faradaic
approaches is scant.

Here we describe the use of electrolysis cells interfacing with
galvanometers, which allow an accurate monitoring system for
measuring energy flow in order to quantify voltage and charge within
the electrolysis system (Pictures 2 and 3). Our system uses electro
sensors linked to an intelligent computer system [4]. This provides
an ideal simulation environment for studying electrochemical
interactions and for detecting electrical effects in a matrix or substrate.
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Every physical particle including micro and nanoparticles contains
some kind of energy, which is mediated by protons and electrons [7].
Charge (Coulomb or C) is the amount of energy carried or transmitted
in one second by a current of one Ampere [6]. Physical material such
soil is made of charged particles, which enable the soil to be a good
electro-conductive medium. However, the electro-conductivity of
soil depends on different factors including type of soil (i.e. organic or
inorganic), concentration of mineral ions, types of mineral ions, rate of
oxidation-reduction, types of surface, surface to volume ratio, surface
area, and uniformity of the particles [8] as well as other factors such as
paramagnetism [9].

Mars contains iron-rich minerals. Further, it has an atmosphere
with abundant UV radiation;' thus, its soil may be a good source of
protons and electrons and, consequently, may be high in energy levels.
Previous investigations by other researchers and NASA reports of
space missions to Mars have confirmed the high amount of iron on
the surface, a high influx of UV light, and the absence of oxygen in
the atmosphere of Mars [10-13]. UV radiation can induce charges
on the surface of the planet [14,15]. Therefore, electrolysis cells and
electro sensors are ideal for studies of the kinetics of metal oxidation-
reduction and can provide insight into the development of the proton
circuit, [16] which is related to electrical charge (C).

UV radiation likely mediates oxidation-reduction cycles of metals
such as iron on the surface of Mars [17] Photochemical reactions
have been suggested to occur in the Martian environment, since
CO, is the primary constituent of the Martian atmosphere [18].
Thus, generation of protons and electrons may be constant over the
surface of Mars. Many iron-rich minerals including magnetite and
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kamacite are ferromagnetic, while others such as troilite and hematite
are antiferromagnetic [19]. Iron-rich minerals are common on Earth
[9] and in Martian soils [20]. Based on the gas composition of Mars,
some photochemical models of its atmosphere have been designed
[21] Presence of UV photons and electric current contribute to the
oxidation-reduction process of Fe** and Fe*. The range depends on
the valence state of iron. The oxidation process increases charge levels
in the particles. In the presence of dissolved ferrous ions, UV light may
lead to photo-reduction of iron more readily than photo-oxidation
[15]. Iron is a good electrical conductor; its electrons generate
transmembrane potentials in our electrolysis cell, which forces protons
through charged membranes against their electrostatic and chemical
potentials [7]. A change in pH results from the oxidation-reduction of
the iron in the electrolysis cells. However, in the presence of UV light,
the change of pH may cause shifting of the redox potential. UV light
can play the role of an oxidizing agent in the electrochemical system
used in our investigation. Therefore, it induces generation of protons
and electrons in the electrolysis system where the MRS particles are the
substrate.

Construction of nanoparticles from a heterogeneous substrate
requires taking into consideration many different factors related to
electro-conductivity, as well as the physical-chemical characteristics
of the substrate. Therefore, in this type of study, the use of statistical
analysis coupled with computational modeling can assist in the analysis
of the experimental results. While conventional statistical analysis can
predict the results of related variables, computational modeling can
complement statistical results by even comparing non-related variables
[22,23].

Materials and methods

The present research work was carried out by the Main Author at
Prairie View A&M University, CARC, Prairie View, Texas USA.

Protocol:
1. Production of different sizes of MRS particles

-Different sizes of MRS (Picture 1) particles were used during the
denoted investigation. These particles were micronized by Sturtevant
Inc. Company (MA, USA), following a procedure developed at
Sturtevant. The Sturtevant 4” Micronizer was used to pulverize powders
to low and sub-micron sizes through particle-on-particle impact

Picture 1. Martian simulant soil JSC-Mars-1. Type of Soil Matrix Used: Martian Regolith
Simulant JSC-Mars-1 (MRS). This matrix is a composition of varied minerals and ions
including iron, pyrites, silicates, and many other highly energetic minerals.?*? This matrix
was micronized to produce samples of different sizes used during the present investigation.
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using centrifugal forces and retention time as classifying functions.
The micronizer contains no moving parts and has replaceable liners
to minimize wear, contamination, and stickiness. One compressed
air inlet pneumatically conveys the feed material into the micronizer
chamber through and educator and one compressed air inlet supplies
the grinding energy through a series of tangential grinding jets.

-A volumetric screw feeder accurately meters the feed material
into the micronizer funnel and a duct. The material feed rate also
controls the fineness of the product by setting the resident time in the
micronizer. Higher feed rates result in coarser product particle sizes,
while lower feed rates result in fine product particle sizes.

-For batch operations, the micronized product and the air that
carries it is converted into a loose air filter bag composed of two bags.
The upper bag filters the air before it is exhausted into the room. The
lower exhaust bag collects the micronized product. The upper bag is
periodically shaken manually to loosen particles lodged in the pores
of the fabric. For continuous production operations, the micronized
product is collected in a self-cleaning process dust collector.

-The following equipment was used for analysis:

o Malvern Laser Analyzer (dry and wet) for ultrafine particle size
e Minox Air Jet Sieve for fine particle size

o RoTap Screener for coarse particle size

o Wet Wash Screening for particle size

e Scotts Volumetric Cube for bulk density

2. Ultraviolet irradiation of martian regolith simulant

-MRS was exposed to short wave (254-288 nm) UV radiation.
UV irradiation was carried out before or after subjecting the MRS
to electrical current, as described below. However, the UV radiation
before the application of electrical current was preferable, and the
results presented here reflect this sequence of steps. Single thin
layers of MRS samples were exposed to UV irradiation for 4-7 days.
The exposure of the MRS samples to UV radiation was done inside a
tightly closed environmental chamber (Percival, USA), thus preventing
penetration of any other source of light different from the UV light
inside the closed environment. [24,25].

-Studies were carried out, at room temperature. Following
irradiation, the UV-irradiated MRS samples were used in the
electrolysis cell, as described below.

3. Electrical treatment and electro-conductivity of MRS in
electrolysis cells

-The electrochemical experiments were performed using Plexiglas
electrolysis cells (254 mm x 254 mm x 102 mm) (Picture 3) that allow
transmission of either 280 nm or 360 nm UV light. This electrolysis
cell system was operated by a measurement control interface (MCI),
which was designed, constructed, and set-up by DANTECH Process
Instrumentation, Johannesburg, SA, and it was used according
procedures by Harvey and Crundwell, (1997) [26] and operated at
40mA and approximately 900 mV in order to overcome the difficulties
encountered by previous researchers in which concentrations of
ferric and ferrous ions varied markedly during the experiment due
to inconsistent flow of electrolytic current [3]. Lack of such control
causes difficulties in comparing results from different experiments.
The electrolysis cell system used in the present investigation maintains
constant concentrations of ferric and ferrous ions throughout the
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experiment by adjusting a variable resistor [3,4].

-Martian Regolith Simulant JSC-Mars-1[24] (Picture 1) was
provided by the late Dr. David S. McKay, former NASA-JSC-Houston
Scientist, and it was used throughout the investigation. Samples of
the original MRS were subjected to a grinding process in order to
produce different particle sizes ranging from 166 to 2.10 um. In each
experiment, 300 g of MRS was used in the electrolysis cells. Prior to
each experiment, the regolith simulant was sterilized in an oven at
600°C for four days to eliminate organic material then autoclaved for
two hours.

-The electrolysis cell was divided into anode and cathode by a
cationic semi-permeable membrane (Sybrone Chemicals Inc., NJ,
USA). Each cell was connected to an overhead stirrer. The total
working volume of the cells on each side (cathode or anode) was
2000 mL. A three-to-one ratio of ferrous + ferric solution at 100 pg/L
concentration was used and mixed with MRS (1700 mL ferrous + ferric
solution and 300 g of Martian simulant soil); pH was adjusted to lie
between 1.6 and 2.0. The adjacent compartments (also 2000 mL) were
filled with only Fe** or Fe** solution at 1 ppm.

-The electrolysis cells were covered by a lid with ports through
which different electro-sensors (measurement, reference, pH,
oxygen, and temperature) were inserted to determine changes of
redox potential, flow of fluid current, electron generation, pH, O,
concentration, and temperature. Picture 2 shows the schematic of the
cells, sensors and MCI control system and Picture 3 shows the actual
physical arrangement of the electrolysis cells.

-The soil slurries were kept for five days under micro-aerobic
conditions at room temperature and under UV light (280 nm). The
micro-aerobic conditions of the electrolysis cells were maintained by
pumping mixed CO, (97.3%) and nitrogen (2.7%) through the slurries,
thus creating an anaerobic environment similar to the atmospheric
composition of Mars [10].

-The MCI system was linked to a computer in order to record data
and to control the redox potential®® voltage, Amperage, charge, and
current. The MCI system was operated at 40 mA and approximately 900

Schematic diagram of the functions of the electrolysis cell

containing the martian regolith simulant soil
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Picture 2. Schematic Diagram of Experimental Electrolysis To Study The MRS electro-
conductivity, under UV radiation, connected to the Computer MCI System with software
for system operation and/or functions, data processing and analysis. The electrolysis cell
under UV radiation is placed inside of a canopy-like structure (120 X 100 X 100 Cm) made
of plexiglass to prevent passage of light into or out of the electrolysis cell. The electrical
system including power supply, and the MCI system, and the computer system are located
outside the canopy-like structure.
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Picture 3. Actual physical arrangement of electrolysis cell with constant input voltage.
Any observed voltage change must be caused by the electro-conductivity through the
MRS. The photo also shows the electrosensor’s reference electrode and measurement
electrode inserted through the lid of the electrolysis cell. The plexiglass electrolysis cell
was designed (254 X 254 X 102 mm) to allow transmission of UV radiation 280 nm or
360 nm).

mV. The redox potential was controlled within 0.1% of the set point
for the period of each experiment. Redox potential measurements
were determined using a platinum electrode and an Ag-AgCl reference
electrode using a high-impedance galvanically isolated differential
amplifier and an analog-to-digital control card. The computer
recorded the values of the output signals from the PC card to the relay
switch and to the variable resistor. The flow of current was regulated
by adjusting the variable resistor, thus maintaining the redox potential
in the working compartment at the set-point value. The current was
measured by determining the potential difference across a precision
resistor.

-Parameters were measured with electro-sensors (Metrohm,
Brinkmann, NJ). Electro-conductivity, redox potential, and oxygen
levels were monitored using a fiber-optic sensor with a FOXY probe
connected to a fluorescent (200 - 850 nm) spectrophotometer (Ocean
Optics, Dunedin, FL, USA). Iron concentration (Fe** and Fe**) and pH
were measured with a voltmeter with mercury and KCl electrodes (746
VA Trace Analyzer, Metrohm, Switzerland). Each electrolysis cell was
subjected to a different treatment as shown in Cuero et al. (2003) [4].

-The electrolysis cells were soaked in hydrochloric acid, rinsed
with sterile water, cleaned with an ammonia-based cleaning solution
(pH 10), and finally rinsed with sterile distilled water [3] before each
experiment.

4. Determination of ferromagnetism

-A Phil Callahan Soil Meter (PCSM) (Strong; ME, USA) [9] was
used to measure ferromagnetism, based on a metric system unit,
micron x centimeter x gram x second (pcgs) after an applied magnetic
force, based on 106 units (u). The PCSM is a hand-held meter, which
functions as a paramagnetic count soil meter. The PCSM is designed
around two coil chamber principle. The two chamber system is based
on the fact that both chambers are filled with atmospheric air, therefore
any soil sample or rock added to the sample chamber will unbalance
the impedance match (XL x XC = 0), thus the unbalance side will read
the mismatch as a figure converted on the meter to uCGS reading as
described in the protocol provided by the meter manufacturer. The
results are displayed on a digital display. Magnetic susceptibility is
measured according to the physics handbook, in millionths of a CGS
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unit (centimeters grams second), micro CGS, or pCGS. Fifty grams of
soil were analyzed in triplicate.

4.2) Five electrical parameters, voltage, amperage, charge,
current, and paramagnetism were correlated to particle sizes, particle
surface, and to particle surface-weighted/volume-weighted values.
Additionally, these parameters were used to develop a statistical
analysis and computational modeling using a neuronal network.

5. Sampling

5.1) In each experiment, slurry samples were taken at the beginning
of the experiment and after 3-5 days of the experimental process.
However, three additional 30 g quantities of slurry were removed
in order to determine paramagnetism using the PCSM system as
described above. Excess water from these slurry samples was squeezed
out before determination of paramagnetism.

5.2) 30 g aliquots of the slurries containing Martian regolith
simulant were removed at the beginning of the experiment and after
the 3rd and 5th days of the experiment. Triplicate standard additions
were performed automatically with a 700 Dosino to internally calibrate
each analysis. The procedure provides a practical detection limit of
0.3 mg/L (ppm). Further, initial dried soil samples were analyzed for
paramagnetism, charge, current, amperage, and voltage levels.

6. Statistical analysis and neuronal network computational
modeling

6.1) Data from results of different types of particle size sample of
Martian Regolith Simulant (MRS), previously treated under different
levels of micro-current (mV/mA) and/or UV radiation as described
above, were subjected to both statistical and to a neuronal network
computational analysis. Different parameters including size of
soil particles, types of soil surface-area, surface area-volume ratios,
level of voltage (mV) and/or mili-Amperes (mA), charge (C), and
ferromagnetism (pcgs). These parameters were measured for each of
the different sizes of soil particles, which were used to determine the

capacity of the different MRS particle sizes to conduct and/or retain
energy and for potential use as nano and/or micro-particles.

7. Procedure for statistical and neuronal computational
modeling

7.1) Results from laboratory experiments using different particle
sizes under different regimes of electrical current and UV radiation
were subjected to both statistical analysis and neuronal computational
modeling. Data from three different MRS particle sizes were compared
to a control MRS with the largest particle size. The effects of parameters
including type of surface, weight, relationship between these two
parameters, particle volume, relationship between particle surface
and volume, surface-area, paramagnetism, resistance (Ohm), voltage,
and charge were assessed. Table 1 shows the different experimental
parameters used.

8. Determination of pearson correlation coefficient

8.1) Relationships among the different variables used during the
investigation were determined in order to establish the importance or
effect of each variable, as well as how much each variable affects the
electro-conductivity in each MRS sample in relation to the particle size
of each MRS. Table 2 shows the degree of correlation of the different
variables. The statistical correlation of the variables was done using the
Pearson coefficient of correlation.”? The correlation coefficients were
used in to assess the strengths of the relationships among different
variables. The Pearson correlation coefficient was calculated, which
is commonly used in linear regression [27]. Analysis of variance
(ANOVA) was also performed. After calculation of the standard
deviation, variance, and co-variance, the Pearson correlation coefficient
was determined using the formula below:

S(x—x)*(y-¥)

n—1

covariance =

Table 1. Experimentally-Determined Electro-conductivity Parameters. This table shows the different physical-morphological and electrical-conductivity parameters used to compare
different MRS particle size (1.79-1.98 nm) as well as charge. The small MRS particle size (2.28 nm), which represents an intermediate particle size between the large and the very small
particle size, had the highest charge (3,240). Voltage was also higher (between -16 and -19 mV) among small particles size compared to large particles (-231.9 mV). Resistance showed
an inverse relationship with MRS particle size, where the smaller the MRS particle, the higher the resistance (Q2). However, the intermediate MRS particle size (2.28 nm) reversed the
correlation by showing the highest resistance (321Q) along with the large MRS particle size (144.20 nm), which was 350 Q.

Treatment Sample Uniformity Surface weighted Volume
size mean weighted Mean
D[3,2] (pm) %

144.20 0.833 8.242 165.214

Martian Soil

sample 1 1.98 0.674 1.182 2.347

sample 2 1.79 0.653 1.149 2.132

sample 3 2.28 0.717 1.269 2.736

Specific Paramagnetism units? Resistance Voltage Charge
surface area cgs 2000 Q (mV) (C)
m*/g
0.728 595 350 -23.9 -14492
5.08 39 260 -24.4 -19
5.22 -76 288 -16.8 -35
4.73 -29 397 -19.6 3240

Table 2. Pearson correlation coefficients for different variables used during the investigation. The table shows the correlations among different particle sizes of the MRS and several different
variables using Pearson correlation coefficients. The main electro-conductive parameter (charge) showed good correlation (r=-0.98) with particle size. The negative value indicates that
smaller particle sizes result in higher charge (energy level). Although voltage is equivalent to energy transmission, it only showed approximately 50% correlation with particle size. Other
parameters including paramagnetism, surface area, surface weighted, and volume weighted showed high correlations (1=0.94 - 0.99). Uniformity of the soil particles was not included,
because it did not show even a minimum relationship with particle size; it only showed high correlation with surface weighted.

Relationship between variables

Size Sample vs. Charge

Size Sample vs. Voltage

Size sample vs. Paramagnetism

Size sample vs. specific surface area

Size sample vs. volume Weighted Mean %
Size sample vs. Surface

Uniformity vs. Surface weighted
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Pearson correlation coefficient
-0.980436613
-0.501577643
0.988611716
-0.995665833
0.988611716

0.9999326
0.948144224
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covariance
l" = -
Sx#Sy

9. Neuronal network computational modeling

9.1) A neuronal network computational model was implemented
in order to identify the MRS particle size, which exhibits the highest
electro-conductivity or generates the most energy in the MR matrix.
The neuronal computational model was developed according to an
established procedure.?>*

9.2) The computational modeling system was constructed based on
experimental data (Table 1) and also using data generated by statistical
analysis as described above. The following steps were implemented:

o Standardization of data.
o Definition of the amount of input and output layers.

o Definition of a vector that represents the hidden layers of the
model.

o Definition of an activation function.
o Definition of the number of training cycles.
o Training of the model using back-propagation algorithm 2.

e Use of different variables as input for the model in order to
obtain training error. The model is then evaluated based on
each input variable or parameter.

9.3) Identification of the variables that yield the highest error.
The variable yielding the highest error is the identified as the one with
the strongest effect in the analysis or evaluation of results. Thus, the
importance of variables was determined as follows:

. Determination of maximum and minimum values followed
by normalization of values to be between zero and one.

. Selection of vectors: An 8 unit double type vector was used
for the model. A 1 unit double type vector was used for output, which
represented charge. For hidden layer, a vector size 10x3 unit of double
type was selected.

. A sigmoidal activation function was selected.

9.4) Number of training cycles: 10,000 cycles were performed to
obtain 0.0000000001 error in the training data If the model.

9.5) Train the model by using the algorithm back-propagation.

9.6) The training error from use of all the variables were: 0.0000987.
Table 3 shows evaluation of level of error of the model using each variable.

Representative results

Different MRS particle size (144.209, 1.980, 1.792, and 2.28
um) were produced and used during the present investigation. The
combined treatment of UV radiation and electrical current, on the
MRS showed differential effects according to the particle size of the
MRS (Figures 2-5, and Table 1). The MRS matrix exhibited different
grain uniformity according the particle size. Thus, MRS with larger
particle sizes (144.209 um) showed the largest grain uniformity (0.83),
followed by the second larger particle size (2.28 um), which showed a
grain uniformity of 0.717. The smaller particle size (1.98, and 1.79 um)
exhibited the smallest grain uniformities (0.653-0.674) (Figures 2- 5,
and Table 2).
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Table 3. Evaluation of the level of error of the computational model for each experimental
variable. This table shows in the column of Error Evaluation the level or degree of
importance of each selected variable. The smaller the error evaluation the stronger the
correlation between predictable and real value in the computational model system; although,
the other variables are also influencing the interaction among the different parameters.

Variable Error Evaluation
Resistance (Ohm) 0.71
Voltage (mV) 0.50
Charge (C) 0.02
Paramagnetism (cgs) 0.01
Specific surface area m*/g 0.00
Surface weighted mean 0.00
Volume weighted mean 0.00
Sample size (nm) 0.00
Uniformity 0.00

Input Layer

Sample

Hidden Layer

Layer 1 Layer 2 Layer 3

Surface

weight Row 1

Output Layer

Volume
Weight

Row 3

Specific
surface

=
S
=
=

[ [ 7

Parama Row 6
gnetism

!

’-’

DA

Resiste

Activation Function
Connections

Voltage

Figure 1. Graphic representation of the neuronal network computational model. This figure
shows all the parameters (left column) used as input in the computational modeling, the
activation functions (middle) where input information is transformed for specific output
(far right) such as charge as measure of energy.

Experimental results showed differences among the parameters
selected in relation to particle sizes (Figures 2-5, and Tables 1 and 2).
There was a clear difference among the four different particle sizes: large
(144.209 um control), small (2.281 pum), very small (1.980 um and 1.792
um). The degree of differences among different parameters depended
on the different size of the MRS particles. Thus, all small particles
(1.792, 1.980, and 2.281 pum) showed marked differences in relation to
control larger particle size (144.209 pum). However, there were some
similarities in the results between the two very small particle size;
however, there was a noticeable difference with the small (2.281 pm),
which showed the highest charge, resistance, and surface area (Table 1).
The smaller particle size (2.281 um) showed the highest level of charge
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Concentration: 0.0016  %Vol Vol. Weighted Mean D[4,3]: 165.214  um Specific Surface Area: 0.728 mg
Span: 2578 Uniformity: 0.833 Surface Weighted Mean D[3,2]: 8.242 um
d(.1):  3.917 um d(0.5): 144209 um d(0.9): 375696 um
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Figure 2. Large particle size.

Concentration: 00002  %Vol Vol. Weighted Mean D[4,3]: 2.347 um Specific Surface Area: 5.08 m2/g
Span: 2.153 Uniformity: 0.674 Surface Weighted Mean D[3,2]: 1.182 um
d(0.1): 0.514 um d(0.5): 1.980 um d(0.9): 4.777 um
8 Particle Size Distribution
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Figure 3. Very small particle size.

Concentration: 0.0002 %Vol Vol. Weighted Mean D[4,3]: 2.132 um Specific Surface Area: 5.22 m?/g
Span: 2102 Uniformity: 0.653 Surface Weighted Mean D[3,2]: 1.149 um
d(0.1): 0.522 um d(0.5): 1.792 um d(0.9): 4.288 um
Particle SIze Distribution
& 100
7
— 6 4 80
E
P {80
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2
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1
00.1 1 10 100 600O
Particle Size (um)
—4" Micronizer Test No.4, 1/2 Lb/hr, 105 Psi Grind Pressure, Wednesday, July 06, 2011 3:28:49 PM

Figure 4. Very small particle size.

(3,240 C) compared to other samples of MRS with larger and very small
particle sizes (144.209, 1.792, and 1.980 pm, respectively), which had
negative charge values (Table 1). Likewise, resistance was higher (397
Ohm) in the small particle size (2.281 pum) and in the largest particle
size (144.209 um), which showed a resistance of 350 Ohm. The very
small particle size (1.980 and 1.791 um) had resistances in the range
of 260-280 Ohms (Table 1). Surface-area to mass relationships were
also higher (4.72 m?/g) with the small particle size (2.281 pm) when
compared to control (large) particles (144.209 um), which showed the
lowest surface-area to mass ratio (0.73 m?*/g). However, the surface-
area to mass relationship of the small particle size (2.281 um) was closer
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to the surface-area to mass relationship of the very small particle sizes
(1.792 or 1.980 um), which were in the range of 5.1-5.2 m*/g (Table 1).

Although, other selected parameters such as voltage,
paramagnetism, surface-weighted mean, and volume-weighted mean
did not differ significantly between the small particle size (2.281 um)
and the very small particle sizes (1.792 and 1.980 pm), there were
marked differences between the small and control (large) particle sizes
(144.209 pm), as well as between the very small particle sizes (1.792
and 1.980 pum) and the control particle size (Table 1). However, voltage
values were negative for all particle sizes. The small particle size (2.281

Volume 2(2): 91-99



Cuero Raul G (2016) Martian soil as a potential source of nanoparticles: Study using martian regolith simulant

Concentration: 0.0002  %Vol Vol. Weighted Mean D[4,3]: 2736 um Specific Surface Area: 4.73 m2/g
Span: 2262 Uniformity:  0.717 Surface Weighted Mean D[3,2]: 1.269 um
d(0.1): 0.533 um d(0.5): 2.281 um d(0.9): 5.693 um
8 Particle Size Distribution
7 100
= & { 80
S 5
g 4 4 60
3
9 3 { 40
2
4 20
1
00.1 1 10 100 EDOD
Particle Size (um)
—4" Micronizer Test No.5, 2 Lbs/hr, 105 Psi Grind Pressure, Thursday, July 07, 2011 3:48:55 PM

Figure 5. Small particle size.

um) showed the least negative value (-19 mV) along with one of the
very small particle sizes (1.792 pm) as compared to control particles
(144.209 pm), which showed the most negative value (-23.9 mV).
Paramagnetism also varied according the specific particle size. The
largest particle size (144.209 um) showed the highest paramagnetic
value (595 pcgs) as compared to the small particle (2.281 pm), which
was -29 pcgs, followed by one of the very small particles (1.792 um),
which had a paramagnetism of -76 pcgs. However, one of the very small
(1.980 pm) particles showed the second higher paramagnetism (39
ucgs) (Table 1). Other selected parameters such as surface-weighted
mean and volume-weighted mean showed differences between the
small particles and the control particles. Thus, all small particles (2.281
um) and very small particles (1.792 and 1.980 pum) had similar lower
surface-weighted values (1.1-1.2 um) as compared to control particles
(144.209 pm), which had a surface-weighted value of 8.2 pm (Table
1). Likewise, volume-weighted values were different between small
particles and control particles size; however, there was not a significant
difference between small and very small particles. Thus, small particles
(2.281 pm) and very small particles (1.792 and 1.980 um) showed
similar low values (2.1-2.7%) as compared to control particles (165.2%)
(Figures 2- 5, and Table 1).

Other parameters examined included soil morphological
uniformity, surface-weighted, volume-weighted, and specific surface-
area, which showed different correlations with different particle sizes
of the MRS (Table 1). Thus, the uniformity of the soil was indirectly
correlated with charge, where the smaller the soil particle size resulted
in a higher charge. However, soil uniformity was directly correlated to
surface weighted, where higher soil uniformity correlated to a higher
surface weighted surface area (Table 1). The relationship between soil
uniformity and particle size of the MRS was direct, so large particle size
MRS (144 nm) showed higher uniformity (8.2), as compared to small
particle size MRS which showed lower uniformity (1.1-1.2) (Table
1).The relationship between particle size and surface area was higher
between smallest particle sizes (1.79-2.28 nm) and the surface area,
which was between 4 and 5 m*/g, as compared to larger particles (144
nm), which was 0.7 m*/g (Table 1). Other parameters such as volume
weighted surface area were higher (165%) for the large particles (144
nm) compared to smaller particles (1.79-2.28), with lower volume
weighted surface areas of 2.1-2.3% (Table 1).

Discussion

Our investigation demonstrated that the MRS is a good substrate
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to be used as a source of nanomaterial. Although the particle sizes of
the MRS used were larger than the conventional nanoparticle size of 50
nm, they still exhibited electro-physical characteristics and/or behavior
of nanoparticles as these properties relate to energy conductivity. Thus,
as the MRS particle size becomes smaller, MRS particles generate
more energy as measured by the amount of charge (C). This is one
of the characteristics of a nanoparticle [28,29] Charge (Coulomb)
is an important measurement unit, which is capable of transporting
one Ampere in one second. Charge is mainly a property of protons
and electrons; both have the same magnitude of electrical charge but
different signs [6]. Thus, protons and electrons are the main energy
carriers in most nanoparticles. However, the energy levels and/or
electrical charges of nanoparticles may also depend on the types of
matrices or constituencies of the nanoparticle material. Other authors
have also reported efficacy of nanoparticles by determining the Z
potential [30] which is another way to determine the level of charge (C).
The relationship between the particle size of the MRS and the amount
of charge is corroborated by the results of the Pearson correlation
coeflicient, in which the correlation between particle size and charge
was high (r= -0.98) (Table 2). Although the value is negative, this
indicates that the correlation is approaching -1. Voltage that was
opposite to charge showed a lower degree of negative correlation (r=-
0.50) (Table 2) [6].

Other parameters related to the physical characteristics of the
MRS such as paramagnetism, surface-weighted, surface-area, and
volume-weighted, showed positive high correlations (r= 0.90 - 0.98)
with particle size of the MRS. The physical-chemical composition of
the matrix or substrate also determine the movement of protons and
electrons through itself [31]. Consequently, the matrix composition
can influence the electrical charge of the substrate and/or particles.
When the substrate is made of heterogeneous particle materials, the
degree of interference is higher and can lead to inhibition. Thus, this
will reduce expression of the charge (C) compared to homogenous
nanoparticles in which charge expression is not subject to interference,
therefore showing higher charge levels.

One of the best ways to express the electrical charge is through a
mathematical vector system. The value of a charge of any nanoparticle
can be smaller than any portion of the particle because charges can
nullify each other, especially in larger and/or heterogeneous matrices
or substrates compared to nanoparticles that are more homogeneous
[6]. This could explain the charge differences according the particle size
of the MRS. The MRS is a composition mainly made of combination
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of different metal ions including high concentrations of Fe* and Fe*,
Zn*, Cu** and Cu’**, AI**, Ca*, Si, and many other elements [24,25].
The heterogeneous composition of metal ions of the MRS may reduce
the charge of the large particles (144.209 um) compared to the smaller
size particles (1.79, 1.98, and 2.28 pm). This could be explained
based on the homogeneous composition of the smaller particles
in which the charges are not nullified by each other and can form a
unidirectional vectorial plane, as describe above.® Even though the
small particles of the MRS were not within the range of <50 nm, they
still showed both the electrical conductivity tendencies and behaviors
of nanoparticles. Therefore, further micronizing of the MRS towards
nano-size can be attempted and should result in maintenance of the
electro-conductivities shown above (Tables 1 and 2). The particle size
of the MRS was not further minimized in our experiments due to the
limitation of the micronizing technique in relation to the type of MRS
used. It is possible that the use of an MRS with different compositions
would be easier to micronize to 50 nm.

Other parameters such as surface weighted, volume weighted, and
surface-area relationship showed high correlations within MRS particle
size (Tables 1 and 2). The specific surface of the substrate including
particulate material such as soil influences the electro-conductivity
of the diffuse layer of the substrate [8,31] Uniformity of the particles
was the only parameter that did not show any direct correlation with
particle size, although it exhibited good correlation with surface-area
(Tables 1 and 2). This could be corroboration that the composition (i.e.
metal ions) of the MRS matrix is more important than the uniformity
of its particles. In fact, all particle sizes of the MRS showed a similar
uniformity value (Table 1).

The importance and effect of a single variable or several variables
has on other variables were identified using the neuronal computational
modeling, which is important since the MRS is a matrix composed of
several elements that interact with each other. Table 3 shows resistance
as the variable with the strongest influence (error evaluation = 0.70)
followed by voltage (error evaluation = 0.50). However, the values
generated by resistance and voltage were not enough to have a marked
effect on the other variables. The higher values of resistance and voltage
confirm the importance of charge, as described above, since charge,
which is the main variable expressing the energy of the nanoparticles of
the MRS, is related to resistance and voltage [6]. Nevertheless, all other
variables showed similar error evaluation (approximately 0.1), which
indicates that these variables did not generate error in the data set of
the model. Thus, they are the most important variables to consider [23].
This proves the importance of the appropriate selection of variables as
input and the output variable such as charge (Figure 1).

The results of our investigation also demonstrate that the method
used to investigate the induction of higher energy in the MRS micro-
particles is effective. The UV photons and/or the electric current
must have induced the reduction of iron species and increased the
concentration of iron, which is prevalent in the MRS [24,25]. Electrical
current can produce electrons [7] thus inducing movement of charge
and consequently generate higher energy in the MRS micro-particles.

The level of electrical current used in the present investigation may
induce formation of oxidants (electron acceptors) stimulating iron
oxidation-reduction, [32] and, consequently, generation of proton
and electrons. This could be due to the interaction between the UV
photon and the iron containing minerals in the MRS, which produces
H* (protons) and triggers iron redox and higher charge. Iron is present
at high concentrations in the electrolysis cells, and the presence of UV
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light and electrical current may have increased oxidation-reduction of
the iron, which increases the level of energy of the MRS particles. The
UV effect on the regolith and on the solution may be explained by the
surface-mediated light-controlled Friedericksz transition effect. Light
induces modulation of electric charges in a liquid current, as well as
strong reorientation of the liquid current due to the field extending into
the bulk [14] matrix.

The experimental results of the present investigation show the
planet Mars as a great potential source of nanoparticles due to the great
presence of both UV radiation and high concentrations of iron and
other metal ions. The interaction of UV photons with iron ions (photo-
Fenton reaction) constantly induces H' release. This will, in turn,
generate high energy particulate material. Furthermore, in addition
to having similar types of minerals and ions as contained in the MRS,
Martian soil may possess other types of minerals and ions, perhaps also
in different valence states. This may contribute to a greater electro-
conductivity in the particulate material of the surface of the Mars.
Martian soil can be an energy sink due to the planet’s atmospheric
conditions, which exhibit strong photochemical phenomena.
Consequently, Martian soil could be a great substrate to harbor high
energy electrical charge. The atmospheric conditions of Mars have
been used to design different types of photochemical models [21] for
determining the abundance of OH radicals. This model also discovered
a relationship among abundances of CO, 0, O, and molecular
hydrogen. These results suggest a constant flux of high energy electrical
charges (i.e., protons, electrons, and other particles) in Martian soil.

Conclusions

The present results demonstrate: 1) The application of electrical
current along with short wave UV radiation with the use of electrolysis
cells having electro-sensors is ideal for performing realistic experiments
for constructing higher energy micro and/or nanoparticles. The
nanoparticles must have a good surface-area relationship and exhibit
high strength during the process of micro-sizing and/or nano-sizing. 2)
MRS isagood experimental substrate to simulate studies to demonstrate
the potential of Martian soil for construction of nanoparticles. 3) Mars
can be a source of nanoparticles. Additional studies at the atomic level
under similar and new conditions are needed in order to obtain a
more comprehensive understanding of the electrical current and UV
interaction as well as the geophysical and geochemical effects on the
formation of the nano-particles on Mars as well as Earth.
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