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Abstract

The researchpresened herein discusseghe analysis of Martian soil fromhe
Phoenix missionand the development of a new instrument to further our
understanding of remote terrestrial and extraterrestrial environnmiémsocus of
the Phoenix analysigork was placed on the quantification of the soluble sulfate in
the Phoenix amples and the determination of perchlorate parent salts using
modelling software, soil simulants, iselective electrodes and ion
chromatography. The implications of these analyses, especially the presence of
CaClQ, indicatean arid Martian environmeiat the Phoenix landing site

Building on the successful Phoenix mission, as well as othdlown
instruments including the Robotic Chemical Analysis Laboratory, dmsmwment
wasconceiveddesigned, and fabricated. The new instrumentntséu Chemical
Analysis Laboratory and Sensor Array, increased the sampling capabilities
compared with Phoenix by decreasing the size of the sample analysis unit while
incorporating an increased number of sensors perTuretscalablénstrumenican
accommodaté-100 units upon mass fabrication. Each sample analysis unit can
house a maximum of 42 ieselective electrodes3 reference electrodeghilst
reserving one wall for other electrochemical sensors. The increased sensor
redundancy will allow for a more as@te and precise measurement of the soluble
species present in the sample. The increased number of sensors was achieved by
miniaturizing and optimizing the sensor design and materials. The final design,

which utilized silver epoxy and porous carbon withian-selective membrane,



yielded miniaturized sensors with similar sensitivity and stability while also
increasing the overall lifetime.

An investigation into soil leaching parameters was also performed to
investigate the effects of miniaturizing the gden analys unit from
accommodating 25 mL tiess tharlO0 mL leaching solutionlon chromatography
showed that the greateisicreaseon the soluble species present in the leachate
occurred as the leach ratio (g leach solution:g soil) and leach timesedréa
Antarctic soil samples. The low levels of calcium and magnesium resulted in
opposite trend, where the concentration d@sreased as the leach ratio and time
increased, due to the presence of carbonates in the leaching solution and soil

sample.
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1. Background and Theory

1.1. Mars Exploration 1972008

There have been several successful landed missions to Mars prior to the landing of
the Phoenix Mars Scout lander in0B0 The first missions to land on Mars were the
Viking 1 & 2 landers in 1976, followed by Pathfinder base station and the Sojourner
rover in 1997, and the Mars Exploration Rovers (MER) Spirit and Opportunity in
2004(1). The scientific goals of the first landers, Vig 1 & 2, were to determine

if life and organics were present on the Martian surface through a series of
biological and chemical experiments. The primary analytical instrument on board
was a gas chromatograpiass spectrometer (G@S). Results from the GMS
showed that no organics were present on the surface. However, the protocol
included the pyrolysis of the sample and since a strong oxidizer was detected any
possible organics were combusted before reaching th€2M8. Twenty years

later, the primary goal of the Pathfinder mission was to demonstrate the ability to
deliver a rover, Sojourner, to the Martian surface. The mission was a success and
over 16,000 images were returned from this mission, resulting in some of our
current knowledge regarding the geology of the pla(®t7). Spirit and
Opportunity (MER) added to our knowledge regarding the geology and atmosphere
of the planet, including the determination that Gusev crater was mainly basaltic by
Spirit (81 12). The MER mission defined four main science objectives that future
Mars exploration projects would utilize: (1) determine whelifiewas present on

Mars; (2) characterize the climate of Mars; (3) characterize the geology of Mars;

and (4) characterize the surface for potential human explofa®hrrhese science



objectives were at the core of the Phoenix mission, as well as the cument M
Science Laboratory (MSL) Curiosity rover. For the purposes of this work, a focus
will be placed on the Phoenix lander (henceforth referred to as Phoenix), as this
was the payload that included instrumentation developed here, at Tufts University

in theKounaves research group.

1.2. Phoenix Rising (and Landing)

The Phoenix Mars Scout Lander launched in August of 2007, and landed on Mars
on 25May 2008(14, 15). Onboard Phoenix were several scientific instruments
focused on defining Mars in terms of the aforatr@ned science objectives. The
instruments can be divided into three categories: (1) imaging; (2) characterizing the
climate; as well as (3) the chemistry/geology. The imaging instrumentation
included the robotic arm (RA) and camera, the Surface Steragein{SSI), and

the Mars Decent ImageMARDI) (16/ 18). The instrument to characterize the
climate of Mars was the Meteorological Station (MET9, 20) while the chemical

and geological instruments were the Thermal and Evolved Gas Analyzer (TEGA)
(21) and the Microscopy, Electrochemistry, and Conductivity Analyzer (MECA)
suite of instrument§22, 23). Four Wet Chemistry Laboratory (WCL) units were
included in the MECA suite of instruments, each WCL being-time use(23). A

view of the WCL units as seen by the @amlocated on the RA can be seen in
Figure 11. Each WCL unit consisted of an actuator assembly and a beaker where

the electrochemical sensors were housed, sltessambled in Figurke2.



Figure 1.1 Instrumentation aboard Phoenix, including WCL @) and TEGA (circle). Imag
taken by camera located on Rinage credit: NASA/JPiCaltech/University of Arizone/Texa
A&M University.
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Figure 1.2.Views of the WCL units assembled (left) and a mockup of a side view (right)
showing thebeaker lined with sensorsnage credit, left(23).
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Each WCL beaker contained 23 electrochemical senswkiding 15 ion
selective electrodes (ISEs). Each ISE present detected a primary soluble ion, and
the anions and cations investigated were: Bf, I, NOs/ClOs, Na', K", NH4",

H* (pH), Li* (serving as the reference electrode)?M@g&”*, and B&" (titrimetric
determination of Sg¥). Of the above listed species, ISEs were duplicated for Cl
pH and Li, yielding the total of 15 ISEs. These electrodes were duplicated because
of the importance of the determination of the pH of Martian soil as weheas t
reference electrode (I[CI). The remaining eight electrochemical sensors were
electrodes for chronopotentiometry (CP), cyclic voltammetry (CV), oxidation
reduction potential (ORP), anodic stripping voltammetry (ASV), conductivity and
an iridium oxideelectrode for verification of pH. A discussion of the Phoenix
results can be found in the literaty@4i 30) but a brief summary of the major
results with an expanded discussion of the work performed over the last few years
will be presented in the subsequent chapter. Before discussirgsthis from the

ISEs, the theory and background of these powerful analytical devices will be

presented.

1.3. lon-Selective Electrodes

1.3.1.Theory and Background

lon-selective electrodes (ISEs) are powerful analytical devices that quantify the
amount of various 1oic species in a desired sample. The applications of ISEs are
vast and boundless including environmental monitoandthe analysis of ionic

species in urine and blood. As stated in the previous section, ISEs can also be used



to determine the charactertst of extraterrestrial soils. In general, ISEs are easy to
fabricate and use, inexpensive (compared to traditional analytical instrumentation),
provide a nordestructive analysis and are available for a variety of ionic species,
including: inorganic caties, anions, transition metals, organics, and acids/bases.
The core of the work presented here is the study of ISEs for future instrsuntest

for remote and autonomous measurements. Therefore, presented below is a

discussion of the theory and backgrowhdSEs.

1.3.1.1Potentiometry and Potentiometric Sensors

In potentiometry a potential is measured between two electrodes, elucidating the
composition of asample(31). The current flow between these two electrodes
should be kept constant (ideally zero). Potentiometry has been arsednfiple
determination and characterization for many decades, but the developments
regarding the most common potentiometric devices, ISBs tesulted in an
increase in their use across many fields of science. There are three main
components that makewa potentiometric measurement: (1) a working electrode
(an ISE); (2) a reference electrode; and (3) a device capable of measuring potential
change. These devices can range from the common pH/millivolt meters that are
prevalent in many labs around the vdorto more complex systems that can
accommodate many ISEs at once (with varying number of required reference
electrodes). A typical setp can be seen Figurel.3. The purpose of the reference
electrode, seen on the left, is to exhibit a constant pateetjardless of changes

in the analyte solution. This ensures that any changes in potential are due to the
detection of (ideally) a specific ionic species by the ISE. A typical (commercial,

6



liquid junction) ISE is composed of an internal reference elefsbotvn above as
Ag|AgCI) with an internal electrolyte solution of known, constant activity and an

ion-selective membrane (ISM) all encased in a housing.

EMF
Reference /@(
Electrode ISE
Internal reference AQJAGC]
(Ag/AgCl) g/Ag
Reference Internal filling
electrolyte solution
Glass frit Membrane
Sample

Figure 1.3 Typical experimental setp used for potentiometry. Adaptéom (31).

The detection of ionic speciesaurs by electroactive components that are
presentin an ISM. Membranes are permselective, water insoluble and mechanically
stable. Commonly, ISMs are polymeric in nature and can be plasticized using
different organic solvents. The main electroactive sgaaiesent is an ionophore,
or other selectively binding material, specific to the binding of the target ion into
the membrane or facilitating ion exchange into the membrane. Ideally, the
ionophore only targets the specific ion of interest, ignoring ther sihecies present
in the background matrix. This usually is not the case as there are other ions that
can be targeted, and this will be discussed furth&eiction1.3.1.4 Commercial

ISEs contain an internal solution of constant activity present béhentSM (the



back, norsensing, side of the ISM). This reservoir of constant activity provides a
stable potential for the internal reference element (depictecabAg¢fAgCl).

The binding ouptake of an ion causes a gradient of activity within the ISM,
which translates to a change in potential. This change in potential is quantifiable
and is measured against a reference electrode, which ideally remains constant
regardless of the sample and matrix composition. Before expanding on the free
energypotentialrelationship it is important to understand the relationship between
concentration and activity. The activity of an ion a solution &), defined as the
thermodynamic effective concentration, is determined by:

w [0
where 9 and C; are the activity coefficient and concentration of the ion
respectively. The activity coefficient is determined by the Ddlyekel equation
given below as:

. ™ @
||r(;p;m|f/lm

—

wherezis the charge of the target igrande is the ionic strength of the solution.
Thermodynamics state that this gradient of activity present in the ISM

produces a gradient of free energy@, given by the equation:

whereR s the universal gas cetant (8.314 J K mol?), T is the temperature (K),
anda; is the activity of the sample and internal solution for the target spediee
potential E, also referred to as the electromotive force, emf) is related to the

gradient of free energy by:



YO ¢ 00
wheren s the charge of the targetiondhd s Far adayds constant (9
combination of the previous two equations yields:

!Y"YA(I)F\sam | e
0 —J 1—2TP
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The determination of the activity of the target ionconsists of several
potential contributions. An electrochemical cell, given below:

Ag| AgCl | Ref. Internal Solution || Sampl €
O © (] O O ©

begins to elucidate where potential contributions occur, wigere the junction
potential Em is the membrane potential aBgs are various potential contributions
that are sample ingendent. A summary of these contributions is given as:
Q4aQ 0 O ©

where all sample independent potential contributions have been summed to form
the termEconst As indicated by the electrochemical cell, the junction potesttisgs
from migrationof ions between the electrolyte and sample solutdes to the
differences in activity between thwo solutions The magnitude oE; can be
minimized by selecting a reference electrolyte of high activity and of similar
mobility to the target ion. If the value &) cannot be kept small and constant, then
it can be determined by the Henderson equation.

The combination of the previous two equations yields an equation for the

determination of the activity of the ionic species in sotut

. . . Y .
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Y Wrs ampl e
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This equation can be further simplified by combining Bi@nd Econstas well as
dropping a;, int soin (@ssuming it remains constant throughout the measutgme
which yields the Nernst equation:

o YV, L
O © Tﬂtuw]sfc%—“ol | dg

whereE® is the combination oE; andEconstand the a factor of 2.303 was used to
calculate 0.05916 V upon the conversion of In into log.

A plot of the potential versuke logarithm of activity ideally yields a linear
relationship with a slope of 59.16mV/decade. For every teold change in the
concentration ok, there is a 59.16/mV change in potential (dependent on the
charge and magnitude of the target ion). élactrode that exhibits this slope
behavior is said to be fANernstinFgme . An

14.
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Figure 1.4. Ideal potential response of a Nernstian electrode. The monovalert)ierhibits a

Nernstian slope of 59.16 mV/decade, while the divalentlipexhibits a Nernstian slope of 29.
mV/decade.
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1.3.1.2 ISE Fabrication and Characteristics

As previously mentioned, an ISE is fabricated with three main parts: (1) an internal
referene element; (2) an internal reference solution (or solid support that replaces
the aqueous phase); and (3) an ISM. Electrodes can vary in size (diameter and
length) and have changed drastically in the past few decades. Commercially
available ISEs, similawtthose in Figurd.3, aretypically on the order of lengths

> 10 cm and diameters > 1 cm. The accommodation of a single ISE and reference
in a beaker with a sample analyte is easy in the laboratory setting, but the
introduction of multiple ISEs (and pobgr multiple references) poses a challenge,
especially when using portable instrumentation in the field or when there is a
limited amount of sample. For this reason, many advances have been achieved in
the miniaturization of ISEs. Although there are madyamtages associated with
miniaturized ISEs, there are also complications that arise.

The replacement of the internal solution upon the miniaturization of ISEs
poses the largest obstacle during the fabrication process. In most commercially
available ISEsthe internal solution can be refilled to ensure proper function. Upon
miniaturization, smaller volumes evaporajgicker and require more frequent
replacement. A possible remedy to this problem is to replace this solution with a
solid support, yielding wétt is known as solidontact ISEs (STSESs)(32). The
solid support must function in a similar manner as the internal solution, in that it
still needs to serve as a reservoir for the internal reference element, which yields a
stable, constant potential. Many authors have used various supports to solve this

problem including conductingolymers(33i 41), porous carbof42, 43), and more
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recently carbomanomaterialg44i 49). The replacement of the internal solution

with a smaller solid suppbis an important first step into the fabrication of
miniaturized ISEs, but the process itself poses as a large obstacle in and of itself.
Smaller housings can provide little room for the adhesion of the ISM, the smaller
surface area of the ISM can resuit a quicker leaching of the electroactive
components, and also increase the electrical resistance of the measurement. These
problems manifest themselves by affecting the potential of the ISE (sensor

sensitivity, stability, selectivity and lifetime).

1.3.1.3 Stability and Detection Limits

One of the main reasons ISEs are widely used is their ability to detect a target ion
across a broad range of activities. The detection limit is dependent of each
individual sensor and is determined as a function of the catihratirve. The ISE

will have a linear detection range and will eventually approach a lower limit, the
limit of detection. A representation of this is se@nFigure 1.5, where the
intersection of the two best fit lines of the linear detection range ambiHeaear

range yields the detection limit of the electrode.

Ideally each electrode would also produce a constant and precise
measurement each time it is used. As this is not the case, the stability of a sensor is
another important characteristic. Stapiis defined as the repeatable response of
the electrode at a fixed activity of analyte (target ion). For instance, later work will
investigate the stability of fabricated® HSEs, where the values obtained all

occurred at an activity ~1OM K*. The ned for a stable sensor is especially
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important when conducting remote and autonomous measurements, where sensors

cannot be replaced -atill or recalibrated. A reproducible response to known

analytes and mixtures will ensure the electrode is properly umieg, for instance,

on Earth and Mars alike. The | SEsd®6 potenti
electroactive components from the ISM, uptake of water by the &M,

development of a water layer between the ISM and -solidact, among other

factors.
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Figure 1.5. Calibration of an idealized monovalent ion for the determination of the detection
The electrode response is linear betwed@ and-6.5, and-6.5 and-1.0. The intersection of thes
lines represents the detection limit, seendms-6.5 or an activity of 16°>M.

1.3.1.45electivity

Ideally, an ISE should bgpecifictowards the detection of a target ion. In reality,
each ISE iselectivetowards a target ion, where the target ion lies on a spectrum
of selectivity for various ionispecies. For instance, a commercially available K

ISE also detects certain amounts of, INa', Rb", Cs, NH4*, C&* andMg?* (50).
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The NikolskirEisenman equation shows the effedtinterfering ions on the
potential:

0O 0O mru w}dq;sY—:;i i Qo
wherek; is the selectivity coefficient versus the interfengmt is the activity of the
interfering ion andz is the charge of theatget ion ¢) and interfering ion Z).
Selectivity coefficients are usually given in the form of a logarithm, whete#
1 then the electrode is more selective towards the interfering ion, but Usgally
meaning that it is more selective towards target ion than the interfering species.
For example, for the Kelectrode discussed abaweeproduce the same response as
K™, the affinity of the ISM for Nawould have to be 2,300 times that of. Khe
technical specifications also list the selectidoefficients for each species, listed
in Table 11. Therefore, the electrode is much more selective towards potassium

than sodium.

Table 1.1 Selectivity coefficients of a commercial potassium ISE from Nico 2000. Adapted
(50).

. . Selectivity
Interfering Species Coefiicient, log(k,)
Rb* 0.30
Cs -0.40
NH4* -2.00
Na* -3.40
ca* -3.50
Mg?* -3.50
Li* -4.00

The two most commonly used methods to determine the seteaivan
electrode are the separate solutions method (SSM) and the fixed interference

method (FIM (51, 52). In theSSM, the selectivity is determined by comparing the
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response of the electrodes in two solutions: one containing the target ion only, and
the other the interfering ion only (at the same concentration of the target ion in the
first soluion). The selectivity is then given by:

O O a©

| 1@ YV P p afa I | &

If the responses in both solutions are equal then the selectivity coefficient can be

calculated by:

[ 7

The FIM cdibrates the electrode for the target ion in a constant background of an
interfering ion. After plotting the potential vs. the logarithm of activity for both
measurementshe detection limit indicates the value af to be used above
equation E = Ei SSM equation). Both methods rely on the Nikoldkisenman
equation, which serve as an approximation of the selectivity, although both falter,
especially when the magnitude of charges for the target ion and interfering ion are

not equal.

1.3.2 Benefit of ISEs ér Martian Chemical Analysis

The availability of various ionophores and complexing agents for a variety of ionic
species, the broad detection range, detection limits within what was expected to be
present on Mars, sensitivity, stability, size, and robsstiveere just some of the
reasons ISEs were selected as the analytical devices for the WCL. A maximum
number of analyses is desired for any mission to gather as much information as

possible about the environment being studied. For this reason, the precébce

15



ISEs in each WCL cell (along with various other electrochemical sensors) is a
valuable selling point of the instrument for inclusion as part of the payload. To
ensure that the ISEs could function after longfpght and cruise periods, the
sensorsinderwent vigorous environmental testing (more information can be found
here(23)).

The successful use of ISEs Mars for the Phoenix mission after the-pre
flight, cruise landing and Martian surface conditions proved their robustness and
capabilities to function. Compared with other analytical techniques and
instrumentation, ISEs also provide @nrsitu analysis 6 the sample in redime.

This provides valuable information regarding the solubility of the ions in the
sample, i.e. are certain species immediately soluble or are there are other species
that become more soluble over time. Upon equilibrium, experimesms be
performed to further elucidate the chemistry of the sample instead of using a
destructive method (the pyrolytic sample treatment for GC). For these reasons, ISEs
were ultimately selected as the main cheméadlysisinstruments for the WCL

cells.

1.3.3 Phoenix ISEs

The electrodes incorporated in each Phoenix WCL cell were a pseudo form of SC
ISEs, as previously mentioned 8ection1.3.1.2 Themajor exception was that
instead of using a conducting polymer ordaupport, the Phoenix ISEs utilized a
polymeric hydrogel. A hydrogel is a polymer network whose main component is

water but exists as a cured gel. The advantages of a hydrogel over other polymers
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is the fact that it is comprised of mainly water and cacdyglitioned in various
ionic solutions. The use of a hydrogel most closely mimics an aqueous solution
without having the actual solution. Each membrhased ISE fabricated contained

a hydrogel component conditioned in the target ionic species (balayced b
counterion, usually Clor NOs). The hydrogel selected was pol{gdroxyethyl
methacrylate), referred to for the rest of this study as pHEMA. The conditioning of
each hydrogel provided the constant activity of background ionic species while
eliminating the internal reference solution. The ISM for each ISE was placed on the
hydrogel layer as sean Figurel1.6. The ionophors used for each ISM can be
foundin Tablel.2. Other ISEs, mainly the halide ISEs were fabricated with a-solid
pellet crystalsThese ISEs will not be discussed here and further reading can be

found in(31, 53).

Hydrogel
Electrolyte

Retainer
Ring

Plasticized PVC Membrane
Doped with lonophore

Reference Electrode Wire

Ag/AgCl Layer

3mm

Figure 1.6. Phoenix WCL membrankased electrodes. Image takemir®3).
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Table 1.2 Summary of the ionophores used in the ISMs of the Phoenix membased
electrodes. Adaptefom (24).

ISE lonophore
NH4* Nonactin
Ba?* Ba lonophore |
ca* ETH-1001
Li* Li lonophore VI
Mg?* ETH-7025
NO3/ClOs lon exchanger
pH ETH-2418
K* Valinomycin
Na* Na lonophore VI

"ETH: Eidgendssische Technische Hochschule, Zurich (Swiss Federal Indtifigtehmology,
Zurich)

Of the 15 ISEs aboard Phoenix there are several that warrant individual
discussion. First, the ISE originally intended to detect'Né@bped with an ionic
exchanger, in fact detected another ionic species. Due to the lack oivaglett
the ionic exchanger, the NOISE functioned as a Hofmeister electrode. A
shortened version of the Hofmeister series is present here as:

ClOs > I'>Br > NOs > NOy > HCOs > CI
where the species to the left of l@ould be detected by theniw exchanger more
than NQ' itself (23). Thereforeany appreciable amount of Gi@ould be detected
at levelsmuch higher than N@ This was the case in the Phoenix soil samples,
where it was determined that perchlorate wessent(24, 25). The presence of
ClO4 was confirmed by performing similar experiments to those conducted on
Phoenix here on Earth on spare WCL flight units. Further investigations regarding
the Phoenix CI@ are discussed in Sectisn2.1 and 2.3 Next, the B&" ISE
indirectly measures the amount of solublesS@a a titrimetricanalysis Section
2.2). Lastly, the Lt electrodes served as the reference electrodes for the remainder

of the ISEs
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A lack of solidstate reference electrode technology at the time, still a
problem in the field today, resulted in the use of an ISE as a reference for the WCL
analyses. As discussed, the reference electrode should remain constant regardless
of the samm@ solution (including changes to the sample solution). Lithium was
chosen as the ISE for the reference due to the hypothesis thablld not be
present in the Martian soil at significant levels. To ensure that theegponse
remained constant, the Wa@round leaching solution which contained various
amounts of ionispeciesgee Tabl.2in Section2.2) alsowith a constant amount
of Li* ata levelof 1.0 mM. The addition of the sample should produce no change
in the Li" levels since the concentratiofLi* in the background is at an elevated

level.

1.4 lon Chromatography

The validation of the results obtained from ISEs was performed by another
analytical technique, ion chromatography (IC). A form of liquid chromatography,
IC is a separation techniqueat relies on the attraction/repulsion of ionic species

to a charged stationary phase. Since its introduction in 1975, it has grown into a
major analytical tool for the detection of ionic species atmuh levels(54i 56).

The detection limits of IC are typically below that of ISEs (Phoenix LODs were on
the order of 18 M), but require larger and more complex instrumentation. A typical
setup includes a higipressure system encompassing: (IQma; (2) eluent(s); (3)

an injection mechanism; (4) a guard and analytical column; (5) a suppressor; (6) a
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conductivity detector; and (7) a data analysis system. A flow diagram of the
components ishown inFigure 1.7

Eluents are typically a strong acat base that is compatible with the
stationary phase of the analytical column, a pellicular microbead with either a
cation or an aniorexchange latex coating. Pellicular microbeads are the backbone
of choice due to their high surface area, porosity ailiyeto maintain flow. These

characteristics decrease band broadening allowing for a more precise separation.

Detector
>
SUppressor
»>
/[ :I\ Guard
Column
Pump » .
@l rL Analytical
Column
A
S . .
Eluent Injection
Valve

Sample
Loop  Sample

Figure 1.7.Flow diagram of a commercial IC system. Adapted from The&uientific.
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The use of solvents of analytical purédyg the molbe phase is of great importance

to ensure the separation of analytes and to not introduce contaminants into the
system, especially the analytical column. For this reason, the most common eluent
systems are not prepared by the user, but instead purchaseshgent free eluent
generation cartridgeshown inFigure 1.8 In this case, the user supplies purified
water that flows through a KOH (eluent) generation chamber. A concentrated
reservoir of KHPQy serves as the source fof Kons. An externally conttted

power supply connects an anode in the reservoir and a cathode in the KOH

Vent ~

Pt anode

+ Controlled
current
—  power

2H*£0,T +2e” supply

K* reservoir: HO

2Lof2M

K-HPO,
Capillary
permeable

Cation-exchange
barrier membrane

K*

to H,

Pump

[ |
H2O in—- ; — —————————— 71
KOH out to

= H, stripper
/ I 2 SUIPP chromatography
KOH generation Pt cathode \ Anion trap column
chamber 2H,0 +2e"— KOH + 2H(g) out
H.(g)+ 20H"

Figure 1.8. Reagentree cartridge for use with IC. Image cre7).

generation chamber. As current is applied, the electrolysis of water oxidizes water
at the anode and reduces water at the cathode. Thireaauses free Ko pass

through a catiorexchange barrier membrane to produce KOH in the generation
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chamber. The amount of KOH formed is proportional to the current applied and
inversely proportional to the flow rate. The hydrogen gas generatedasedrand
the resulting eluent is a constant concentration of KOH.

Several detection platforms are readily available for IC, although a
conductivity detector is the most common. A challenge of this type of detection is
the use of the eluents previously ddsed. The use of a strong acid or base will
result in a high background conductivity, hindering the detection of ionic species
at low concentrations. The original solution to this problem was to use an ion
exchange resin packed column with fiborous memésaiaced before the detector
(58). Althoughthis experimental seip lowered the background conductivity, it
also required copious amounts of regeneration solution and introduced peak
broadening ath dispersion. Dionex (now a part of Thermo Scientific) introduced a
selfregenerating suppression mechanism in the early 188DsThis suppressor,
which is still in use today, relies on the hylgsis of water. The use of water as the
regeneration solvent is ideal, because it is already supplied by the user for the
generation of the eluent. The suppressor also contains a set gfesemeiable ion
exchange membranes that are sandwiched between dbte of iorexchange
screensThe result is shown ikigure 1.9 After the analytes are separated in the
analytical column they are flowed into the suppressor. For example purposes, the
discussion will focus on the separation of anionic speci€s Whee given the
eluentis KOH. Each anion will be present as KX at the introduction site of the
suppressodue to the choice of eluenthe suppressor, which contains cation

exchange membranes, allows the movement of thierkKthrough the membrane

22



and uponhe electrolysis of water the analyte is now present as HX before reaching
the detector (since Hcan also move through the membrandeanwhile, the
eluent, KOH, is being converted te@®. The conversion of the eluent from KOH
to HO decreases the backgnauconductivity, allowing the detection of small
changes of analyte (X

The most important component in IC, the stationary phase housed in the
analytical column, is where the separation occurs. The selection of the analytical
column can vary based onetldesired analyte and eluent composition. As the

analyte moves through the column it is competing for places on the stationary

KOH
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n Anion

l chromatography

Sample
NaNO, + CaSO, “ﬂ
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Anion KOH
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Cation-exchange
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Figure 1.9. Suppression in IC and the corresponding chromatogram with and without supprt
Image credit(57).
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phase. The stationary phase is paired withetloent, therefore if the eluent of
choice is KOH then a hydroxide selective analytical column will be selected. The
frequency of the partitioning, the movement of the analyte from the mobile phase
to the stationary phase, results in the separation oathple mixture. If the analyte
does not have affinity for the stationary phase it will pass quickly through the
column, eluting at the beginning of the chromatogram. A typical chromatogram is

shownin Figure 1.10 The diameter of the beads used to compbseestationary

phase are usually < 10 e€m and can vary bas
15
21 23
22
T 5
j:;f 11 25 28
g 14 19 24 || 55 27 3
P 29
18 b 30
‘ 1 1 1 1 | 1 | 1 1 1 1 | 1
¢} 5 10 15
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Figure 1.1Q A typical anion chromatogram using a Dionex lonPac AS11 column. Peaks &
quinate; (2) E (3) acetate; (4) propanoate; (5) formate; (6) methigsake; (7) pyruvate:
(8) valerate; (9) chloroacetate; (10) BrO(11) Ct; (12) NQ; (13) trifluoroacetate; (14) Br
(15) NGs; (16) CIGs; (17) selenite; (18) C§; (19) malonate; (20) maleate; (21) 8O
(22) GOs; (23) tungstate; (24) phthata (25) PGQ*; (26) chromate; (27) citrate
(28) tricarballylate; (29) isocitrate; (3@)s-aconitrate; (31}rans-aconitate. Image from Thermc
Scientific.

1.5 Future Chemical Instrumentation for Mars

Phoenix provided the firsh-situ wet electrochemicadnalysis of another planet's

soil. Scientists use the data from the mission in combination with several other
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mission results to characterize Mars. The Phoenix data is still being analyzed and
reanalyzed, but recent work has focused on the developmentutofe f
instrumentation In order to have wet chemistry experiments on Mars, the
advantages and disadvantages of the Phoenix instrumentation must be considered
before a future iteration of the WCL can be proposed. Advantages of a WCL type
analysis include #n real time investigation of soil sample. The use of ISEs also
allows for the simple determination of soluble ionic concentrations simultaneously.
The WCL type ISEs survived the harsh conditions travelling to and remaining on
the Martian surface, and alsaccessfully determined the concentration of several
ionic species.

A major improvement that can be made to a potential next generation WCL
would be the ability to increase sampling. Only four cells were onboard Phoenix,
limiting the analyses performedva ng t o e atienb use aapabilisydTheo n e
ability to analyze a greater number of samples would provide a greater
characterization of the Martian surface. In a similar vein, the ability for a WCL type
instrument to be placed on a rover, insteadlahder, would also help achieve this
goal although in order to maximize the number of analyses performed either the
WCL must be miniaturized or the overall payload/rover must be much, much larger.
Accuracy and precision of the measurements can be incregsedorporating
more ISEs, each WCL beaker had only 15, and by implementing redundancy of the
ISEs present. These changes allow for greater chemical speciation and the
production of more reliable measurements. At the current time of flight, there was

not a viable solidstate reference electrode, therefore theeléctrode was used,
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under the assumption that no lithium would be present on the surface. Although
this turned out to be the case, a saluhtact reference electrode should be used in
future andyses that does not rely on a specific ion in the background matrix. An
active delivery of the soil sample should also be incorporated to ensure that the
sample is successfullgdded to the leaching solutionLastly, WCL analyses
assumed that a 1 cc sampf soil was added to each cell, with an approximate
weight of 1 g. The ability to weigh the sample prior to analysis would greatly
increase the accuracy and precision of the calculations.

The inclusion ofan IC on a payloado Mars, or another planetabpdy,
would eliminate the stability and selectivity issues that exist with ISEs. An IC in an
extraterrestrial environment would allow the separation and detection of the various
ionic species at lower detection limits than ISEs and would also be able to
differentiate ions in the Hofmeister series, therefore eliminating the perchlorate
problem when trying to quantify the amount of nitrate. The amount of sulfate could
also be determined directly, instead of using titrimetric methods. The major
obstacle of tls is the sheer amount of instrumentation required. Although
advancements are being made for a miniaturized IC system, the requirement of
eluent and the generation of waste poses the greatest obstaclerder to
successfully detect the cations and asitimat Phoenix detected three different
systems would be required, taking up valuable payload real estate. The use of IC in
an extraterrestrial environment might occur sometime in the future, but the current
technologies hinder it from being included fewesral years to come. Currently, the

most viable method for the detection of soluble ionic species remains ISEs.
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2. Martian Chemistry

The core of any analytical technique consists of three steps: (1) sample acquisition,
(2) sample preparation, and (3) sarmgialysis. In a laboratory setting, the first two

can be overlooked and underappreciated. When performing autonomous
experimentation in a remote location, or on another planet, the sample is usually
acquired by some form of a robotic arm (RA) and sampépamation is often
limited. For instance, on Phoenix, the RA delivered the soil sample to the funnel,
and it was then dropped into the WCL beakeafmalysig23). The TEGA analyses
involved the heating of the sample in ovens befamalysis (21). Complex
preparatory experiments require too many resources fonsruinent payload,
therefore techniques and instruments are usually selected that can perform a sample
analysis with limited sample preparation.

Ideally, samples would be returned from the various sampling areas for
analysis here on Earth. Mars sampleime, although proposed in several decadal
surveys, has yet to be accomplished. Scientists and engineers face enough
challenges and obstacles when planning avesye mission to Mars, let alone a
mission that caches samples and then returns to Earth. ifae#ison, Martian
analogues are proposed and tested to confirm the various results of the various
missions and provide further insight for future missions. Currently, several
terrestrial sites provide similar characteristics to those of Martian soil asuttte
Antarctic DryValleys (ADV) (59i 62), the Atacama desert in Ch{i@3, 64) as well
as several other sité85, 66). These environments contain a combination of similar

aridity, geological composition, chemical composition or other traits, althnagh
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terrestrial analogue is identical to the Martian surface. For this reason, models are
formed based on equilibrium kinetics. Geochemical and equilibrium models are
invaluable when a lack of laboratebased studies have yet to be performed for
various samples. This chapter will discuss the results of Phoenix as well as the use
of equilibrium modeling software to confirm the results seen on Phoenix, and
guantify and characterize the form of sulfates and perchlorates. A brief discussion
will also compare he results of the models to the Phoenix results, a Martian

meteorite (EETA 79001) and a Mars analogue (Antarctic soil).

2.1. Phoenix Results

Four soil samples, designated Rosy Red, SorcédreSerceres2 and Golden
Goose were delivered to the sample fusré cells 02, respectively. The only
sample that was not successfully delivered for analysis was the Golden Goose
sample to WCL celB. The location of such samples canf@end in(25). Oneof

the major results of the Phoenix mission was the determination of the pH of the
soil. Using the two pH ISEs as well as an iridium electrode coated with iridium
oxide, the pH was determined to be alkaline with a value of 7.3 £2@). The
Martian soil was buffered by the carbonate system and the presence of tG®
headspace of the WCL beaker. The dominant anion in solution was determined t
be perchlorate, CIQ at a level of 2.7 + 1 mM in solution (corresponding to ~ 0.4
0.6 wth) (24, 25). Thedetermination of perchlorate confirmed the Viking results
that indicated a strong oxidant was present, indicating that the pyrolytic

pretreatment of the sample should not be performed if one wardtetd drganis
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on Mars. At the very least, without the use of derivatization agents. It should be
noted that the Phoenix TEGA results were inconclusive for the presence of
organics, most likely from the heating of the soil sample before analysis. However,
the presence of a strong oxidant at these levels did not have a drastic impact on the
oxidationreduction potential of the sample, with a moderate value of Z5&Y

(30). Thesoluble cation concentrations were initially reported as?]Ga0.56 +

0.50 mM; [Mg?*] = 2.9 £ 1.5 mM; [N&] = 1.4 + 0.6 mM; and [K] = 0.36 = 0.8

mM (24). A discussion of the error associated with this measurement can be found
in (24). A graphical representation of the Phoenix results can be fouRdjure

2.1, showinga potential versus time plot for numerous ISEs. The response of the

Hofmeiger electrode (N@/CIO4) shows thdargest response (~200 mV change)
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Figure 2.1.Phoenix results represented as a plot of potential (versus tieéetirode) vs. loca
time. Beginning at time 11:00, the electrodes from top to bottom ardN@4/CIO4, C&*, Mg?*,
NH4*, Na", and K. The orange dotted line just after 11:00 is the addition of the calibration |
and the blue dotted line represents the addition of the Rosy Red sample36n Isehge credit:
(24).
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indicating the presence of CJGand not N@. The calcium ISE is the only other
uncharactestic signal, in that upon samm@edition there was a negative response
(indicating that the amount of icaum had decreased and/or been eliminated from

the system). This will be further investigaiedSection2.3.1

2.2. Equilibrium Modeling with MINEQL+

The soluble ionic species outlined above and gin€A4) wereused to compose a
simulant of salts (and later minerals) for confirmation of the Phoenix results, and
determine the amount of sulfate in the Phoenix soil samplesRobg Red soil
sample was initially chosen because thé'Bansor used in the Sorcerdssample
failed. Results were also later compared with the Sorc@rsample.
Chemical equilibrium software, MINEQL+, was used to model the Phoenix
results and falicate a simulant. Eacdpecies infable 2.1lwasselected along with
H-O and H, which were selected by default. Perchlorate needed to be added via
AEdit Modeo and was suppliedl)wAiter&l i ts corr
species wer 8S&csasal dboeedpot medBd was chosen. U
menu, the concentrations of the various components were varied. The final values
selected for modeling agesent infable 2.1as A ImMp wt (The various o
parameters were changed and selected a®mwllthe pH was calculated by the
program based on electroneutrality; the-as fopen to the atmosph
log(Pco2) value of-2.10 (equal to the value of the WCL headspace); and the solids
selected included calcite (Cagi@nd magnesite (MgGR No parameters were
changed for the various menus entitl ed: A F
ASpecies Not Consideredo. Based on the Pho
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to the value determined for the Rosy Red sample (8.4 @nd the tenperature

was set to 8.4AC. The results of the model
Species for a Single Runo | ocatAfter under th
several models, a simulant was formulated using commercially available salts

including: ammonium chloride (NKLCI), sodium chloride (NaCl), potassium

perchlorate (KCI@), magnesium perchlorate hexahydrate (MgEH® 6 190),

sodium sulfate (N&5Qs), magnesium sulfate heptahydrate (Mg8Q 10),

calcium carbonate (CaG}J) magnesium carbonate (Mg@Qand calcium sulfate

dihydrate (CaS@® 2 40).

Table 2.1 Simulant concentrations for the MINEQL+ program (Input) as wethasphysical
makeup of the desired simulant (SIMRR105). Results from the equilibrium program (MIN
Output) are compared with the soluble species detected by a WCL testbed (TB2 Output).

lon Input (M)"  MINEQL Output (M) TB2 Output M)

Ba* 3.00 x 1¢° 2.92 x 16° 6.44 x 10°
Ca* 5.00 x 107 8.99 x 1¢ 1.93 x 16
Cr 6.73 x 10 6.73 x 10 6.39 x 10
K* 4.92 x 10 4.88 x 10 4.61 x 16
Li* 1.00 x 16 9.94 x 10 NA
Mg?2* 9.96 x 10° 4.83 x 16° 9.27 x 10
Nat 1.55 x 16 1.53 x 16 4.75% 10*
NHz* 3.00 x 1¢° 2.78 x 1¢° 1.17 x 10
NOs 1.09 x 16 1.09 x 16® NA
SO 3.04 x 16 2.09 x 16 NA
ClOs 2.76 x 16° 2.76 x 16° NA

*Includes background contribution from TS21 solution
NA: not analyzed

Experiments were performed on aQlVtestbed (TB2) that contained the
same makaip and orientation of sensors e WCL onboard Phoenix. The
electrochemical sensors were calibrated with the leaching solution serving as the
first calibration point, similar to the procedure performed on dMdihe only
differences were: (1) the additions were added in aqueous form, opposed to the

addition of a solid calibration pellet, and (2) a fulpdint calibration was
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performed before sample addition, compared witkpaiit calibration on Phoenix.
The addition of calibrants in agqueous form eliminates the time required for the
dissolution of the solid calibrant, allowing the calibration to occur quickly and
efficiently. The concentration of the test solutions (TS)sam@vn inTable 2.2 The

leaching saltion for the Phoenix WCL cells was TS20. Therefore, with the

Table 2.2.Composition of the test solutions (TS) used for the analysis of Martian simulants.

lon TS20(M)  TS21 (M) TS2IM (M) TS22(M) TS23(M) TS24 (M)
Li* 1.00 x 1 1.00 x 16 1.00 x 16® 1.00 x 16® 1.00 x 16® 1.00 x 16®
Na* 1.00x 16 3.00x1 340x16F 1.10x10" 1.01x 16 1.00 x 16
NH4* 1.00 x 16° 3.00 x 1¢° 3.40 x 160 1.00 x 16* 1.00 x 16 1.00 x 167
K* 1.00 x 16° 3.00 x 1¢° 3.40 x 160 1.00 x 16* 1.00 x 16 1.00 x 167

cat 1.00 x 16° 3.00x 166 4.17 x 160 1.00 x 16* 1.00 x 168 1.00 x 1
Mg?* 1.00 x 16° 3.00 x 160 3.47 x 160 1.00 x 16* 1.00 x 168 1.00 x 1
Ba?* 1.00x 166 3.00x16F 3.81x16F 1.00x10* 1.00x 16 1.00 x 17
NOz 103x16 1.09x16¢ 1.10x16¢ 1.30x16¢ 4.00x 16 3.10 x 1%
Cl 500x 16 150x10¢ 1.94x10" 6.00x10* 6.00x 16 6.00 x 1¢#
HCOs 1.00 x 160 3.00x16F 3.40x16¢ 1.00x16 1.00x 16 1.00 x 16@

exception of the backgrodnconcentrations of Liand NQ at ~1 mM, the
remaining ionic species were present at ¥0(10° mM). A solid calibration pellet

with known amounts was then added to bring the concentrations to ~°3v10
therefore TS21 served as the second point ha talibration. The actual
concentrations of TS21 on Mars were calculated as TS21M. On Mars, the ISEs
could not be calibrated any further because the background concentrations needed
to remain relatively low in order to detect small concentratioangesof ionic
species. In the laboratory, WCL tdstds and flight units are calibrated from TS20
TS24 before performing gnanalyses. Simulant experiments were carried out in

the Mars chamber, seanFigure 2.2with a controlled solution temperature of 10
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15C and in an atmosphere of ~8000 mbar>@aalanced by B, equal to the
headspace d3.of WCL. The 1015°C range corresponded to the temperature of
WCL during the thawing/analysis process. At the start of each sol (Martian day)
the beaker was thawed andZen at the end of the analysis/sol to conserve power
for the overall payload. A custom lid for the chamber was fabricated to facilitate
the addition of spike solutions while under the above conditions, therefore the lid

allowed the chamber to act as avgldox.

Figure 2.2.Mars simulation chamber. Courtesy of S.P. Kounaves.
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2.1.1. Martian Simulants

The first simulant fabricated, SImRR105, after equilibrium modeling with
MINEQL+ compared well with the Rosy Red (RR) soluble concentrations. The
makeup ofthe SIMRR105 simulant can be foumdTable 2.1 along with the
equilibrium modeling and experimental results. Similar to the Phoenix results, there
was approximately a 200 mV depression
addition of 2.76 mM CI@ and the characteristic negative response seen by the Ca
electrode ashown inFigure 2.324, 25). With the exception of Cdand Md¢*, the

modeling software was in agreement with the soluble concentra@oresreason
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Figure 2.3 Addition of the SImMRR105 simulant and the electrochemical responseriofis:
electrodes in WCL TB2. The first major potential change ~2800 s is the addition of the first ca
spike to bring the concentration levels to that of TS21. The next change in potential ~3600
addition of the simulant SImRR105. From topbittom starting at t = O the ISEs were: chlorit
nitrate, calcium, magnesium, sodium, ammonium and potassium.
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for this discrepancy could be that the simulant was analyzed for only 2 hours, and

although it appeared an equilibrium had been reachedusgastber reactions could

continue to occur slowly over time (much slower than experimental conditions).

This was also expected since the ionic species originated from chemical salts

instead of minerals. The results from the SImMRR105 simulant confirmed the

Phoenix results and presented evidence of the possible parent salts of the species.
Further simulant analysis looked to elucidate the amount of soluble sulfate

in the Phoenix soil. To achieve this, the most prevalent ionic species, @3

removed to esure no interference with S8 The formation of simulant

SImRR105ii replaced all perchlorates with their respective nitratesessinl able

2.3, The simulant SimRR105ii was then run in the Mars chamber in a similar

fashion to the previous simulant. Araparison of the resulseen inFigure 2.4

with those ofFigure 2.3 shows the behavior of the NOand C&* electrodes with

no perchlorate present. The nitrate signal, which begins at a background

concentration of 1.09 mM increases to 4.10 mM with aipadl difference of ~30

mV, opposed to the ~200 mV change when a similar amount of @H3 added.

This clearly showedhe selectivity of the electrode ISM toward perchlorate over

nitrate. The calcium signal also increased, as wapected due to the aomd of

calcium in the system, although thmeajority of the calcium remaineas CaCQ.

Similar to the previous simulant, the equilibrium model agrees with the

experimental results with the exception ofCand Md*.
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Table 2.3.Simulant concentrations fahe MINEQL+ program (Input) as well as the physi
makeup of the desired simulant (SImRR105ii). Results from the equilibrium program (MIN
Output) are compared with the soluble species detected by a WCL testbed (TB2 Output).

lon Input (M)  MINEQL Output (M)  TB2 Output M)
Ba?* 3.00 x 1 2.88 x 1¢° 4.67 x 16
ce* 5.01 x 17 9.02 x 1¢* 8.03 x 1¢¥
CI 4.92 x 10 4.92 x 10¢ 6.40 x 10
K* 5.44 x 16 5.39 x 1¢* 4.79 x 16
Li* 1.00 x 16 9.94 x 1¢¢ NA
Mg?* 9.96 x 1¢° 4.85 x 16° 6.53x 10*
Na' 1.42 x 16 1.40 x 16 2.82 x 1¢¢
NH,* 3.00 x 1 2.78 x 16 9.21 x 1
NOs 4.10 x 1¢ 4.09 x 1¢ NA
SQO? 2.99 x 1¢° 2.05 x 16° NA
ClOys 0.00 0.00 NA

*Includes background contribution from TS21 solution
NA: not analyzed
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Figure 2.4.Addition of the SimRR105ii simulant and the electrochemical response of ve

electrodes in WCL TB2. The first major potential change ~5200 s is the addition of th

calibrant spike to bring the concentration levels to that of TS21. Riem@nge in potential ~600

s is the addition of the simulant SImRR105ii. From top to bottom starting at t = O the ISEs

chloride, nitrate, calcium, magnesium, sodium, ammonium and potassium.
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2.2.
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Determination of Sulfate at the Phoenix Landing Site

Goose

ASampl ec¢

The total amount of soluble $Owas initially determined to be 4.8 + 1.5 mM for

cell-0 (Rosy Red) and 5.9 + 1.5 mM for c@ll(Sorceres®). This value was

estimated by the equation:

where [S@*]Ti s

t he

[S @1,=

tot al

el
2

a mo lisithe cleange is chlorida t e

and

concentration from the addition of the sample utdre was an increase in the

barium signal, indicating that all the sulfate had been titraigdré-2.5showsthe

signals of the chloride and barium electrodes from@elhd cel2 used for this

calculation. In cel0 the chloride signal increases, but stabilizes by the end of the

sol, while in ceH2 there is a constant increase in the chloride signaltbeemwo
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Figure 2.5 Barium @ ) and chloride &) electrode responses for the analysis of the sol
sulfate in ceHO of the Rosy Red soil sample (left) and -&@#if the Sorceres? soil sample (right).
Chloride was also independently verified by CP). The Rosy Red sample was added on ¢
30, the sulfate titration experiment was performed on33o(left) and the Sorcere@ssample
was added on Sdl07 with the sulfate titration experiment performed onHd (right).Figure

taken from(28).
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sample time periods. The increase was quantified as ~108 rol L™ h, The
increase in chloride was also confirmed with CP.

The increase of the chloride concentration in cells 0 & 2 led to the
hypothesis that there was a leak present from the -Ba@tibles. This was
confirmed upon the analysis of the €@ data. The soil sample, Golden Goose,
was not successfully delivered, as it got clogged in the funnel and would not drop
into the drawer. After the soil addition attempt there was an increase in the amount
of barium and chloride seen by their respec#iectrodesshown inFigure 2.6
This evidence of a "blank" confirmed that there was in fact a leak of the Bt€|
soil addition (or attempted soil delivery). The increase in concentratiorfofBa
Cl"in cell-3 increased at the predicted ratiolo?, while increases were not seen
for any of the other ionic species. The increase in chloride concentration was also

confirmed independently with CP.

Figure 2.6.Barium ( ) and chloride4) electrode responses for the analysis of the Golden G
soi sample on SeP6. Chloride was also independently verified by CB.(The attempted sampl
delivery occurred on S@6, although no soil was delivered. The increase of both the bariur
chloride signals point to a leak of the Ba®igure takerfrom (28).

38


















































































































































































































































































































