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The off-gassing of ammonia from hardware and metabolic sources presents a unique
challenge to trace contaminant control system design, driving process flowrates to meet
crewed air quality requirements. Accurately simulating representative trace contaminant
cabin loads during ground testing is necessary to validate component design as well as
understand potential contaminant propagation across life-support system process interface
boundaries. This effort is complicated by the observed temporal concentration instability of
gaseous ammonia in ground test chambers. To this end, ammonia concentration decay rates
were characterized under controlled environmental conditions to better understand
underlying phenomena and quantify incidental mass losses. The suspected chemical
interaction between ammonia and trace acetaldehyde was investigated and its effect on species
guantification was examined by both gas chromatography-mass spectrometry and Fourier-
transform infrared spectroscopy. Recommendations for ground test procedures were made in
order to best compensate for undesirable ammonia mass losses and mitigate test artifacts.

Nomenclature

C = concentration of ammonia

CH4 = methane

COTS = commercial-off-the-shelf

DCM = dichloromethane

ECLS = environmental control and life support
FTIR = Fourier-transform infrared spectroscopy
g = gram

GC = gas chromatograph

GCMS = gas chromatography-mass spectrometry
ISS = International Space Station

L = liter

A = decay constant

m = meter

min = minute

MSFC = Marshall Space Flight Center

NASA = National Aeronautics and Space Administration
NH3 = ammonia

v = device flowrate (cubic meter/minute)
r218 = octafluoropropane

RH = relative humidity (percent)

S = second

SMAC = spacecraft maximum allowable concentration
t = time (minute)

TCC = trace contaminant control

\Y = volume (cubic meter)

Vchamber = vacuum chamber

VOC = volatile organic compound
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I. Introduction

MMONIA (NHs) present in a crewed spacecraft cabin environment is generated from hardware off-gassing and

human metabolic processes. Historically, ammonia production rates were derived from Spacelab program data
combined with published human metabolic studies, which then served as a basis for designing air quality controls
aboard the International Space Station (ISS).* According to the 2009 proposed working cabin load model for trace
contaminant control (TCC) system design, the primary ammonia source aboard a crewed spacecraft is human
metabolism.? Note that in this load model, the metabolic component of the ammonia generation rate of 50 mg/person-
day is substantially larger than the equipment off-gassing rate of 8.5 x 105 mg/kg-day. For perspective, the 2009 load
model suggests that ammonia’s contribution to the total metabolic off-gassing load of 10.7% is only second to that of
methane.2 Ammonia produced via metabolic pathways is liberated through the breath, sweat, and skin; of these
metabolic pathways, ammonia is primarily liberated from human sweat and is thus dependent on sweat production
rates which are elevated during exercise.®

A. Literature Survey on Metabolic Ammonia Sources

An updated literature survey was completed which adds additional references to the data set analyzed in 2009.2
Results of the literature review indicate 48.6 mg/person-day to be an appropriate total metabolic liberation rate, which
is consistent with the previously proposed rate magnitude. Specific findings pertaining to ammonia contributions from
skin, sweat, and breath from the updated literature survey are presented in the following summary.

The sweat liberation component was found to contribute up to 27.3 mg/person-day or approximately 56% of the
total daily load. This contribution is based on the 95% confidence interval upper bound for the ammonia concentration
in sweat of 0.141 mg/mL identified by literature survey.**! This concentration is applied to a time averaged daily
sweat production rate of 25.8 mL/minute® 217 during exercise periods lasting up to two hours and 0.6 mL/minute?8 1°
for normal activities up to 22 hours duration. The literature surveyed also indicates that sweat pH is 6.9 for the 95%
confidence interval upper bound.* 8 1012 At this pH, only 0.006% of the ammonia is expected to be available as free
gas. Conservatively, it is assumed that 5% of the ammonia in sweat is available as free gas to account for the higher
end of the reported sweat pH range.

The ammonia source component attributed to breath accounts for 8.7 mg/person-day or approximately 18% of the
total daily load. This load component is based on the 95% confidence interval upper bound for the ammonia
concentration in breath of 0.79 mg/m3.11 2032 This concentration is applied to a time averaged breath volume rate of
0.46 m3/h,33-3¢

The final release pathway for metabolically-produced ammonia is via the skin. Ammonia liberation from the skin
was found to contribute 12.6 mg/person-day®’ and this quantity is approximately 26% of the total daily ammonia load.

B. Trace Contaminant Control Design and Test Considerations

From the perspective of cabin air quality with respect to crew health, ammonia is of greater concern due to the
juxtaposition of its relatively large production rate and low 180-day spacecraft maximum allowable concentration
(SMAC) of 2 mg/m3.3® In fact, the coupling of the NH3 generation rate and SMAC specified the process flowrate
requirement for the ISS TCC system charcoal bed. The ISS TCC charcoal bed assembly utilizes phosphoric acid-
treated charcoal to control ammonia by chemisorption.? Future exploration TCC system architectures will be subjected
to similar process design constraints. Efforts are currently underway to aid in process design and equipment sizing by
modeling ammonia adsorption on candidate acid-treated charcoal 3% #°

Exploration hardware prototypes and dynamic adsorption models will need to be proven and anchored by a
rigorous ground test program. Accurately simulating representative trace contaminant cabin loads in ground testing
has proven to be challenging historically due to the apparent temporal concentration instability of ammonia gas, even
in quiescent environments. These instabilities were hypothesized to be from surface passivation and/or interactions
with volatile organic compounds (VOC) representative of nominal cabin loads. It is necessary to overcome and/or
better understand these instabilities in order to accurately measure TCC system performance as well as understand
potential contaminant propagation across life-support system process interface boundaries.

Il. Experimental Chamber Test Methods

Testing was performed in the MSFC Vacuum Chamber (Vchamber), a 96.3 m® vessel located in building 4755.
The Vchamber is a sealed mixing chamber ideally suited for simulating a stable environment of trace contaminants.
Mixing is provided by commercial-off-the-shelf (COTS) ventilation fans, humidification by a COTS moisture wicking
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humidifier, and dehumidification by a COTS unit capable of continuous operation. Chamber humidity was monitored
using a Sable Systems RH-300 sensor and tests were performed under ambient temperature and pressure.

Ammonia was injected by pumping from a 10 L Tedlar® gas bag filled with a certified blend of 1.3 vol. % NH3 in
air purchased from Airgas. Each 10 L bag provides ~ 98.8 mg of NHs which is diluted to = 1 mg/m? by the chamber
volume. Octafluoropropane (r218) was injected by pumping from a 10 L Tedlar® gas bag filled with a blend of 10 vol.
% r218 in air. Each 10 L bag provides ~ 8.39 g of r218 which is diluted to 87 mg/m? by the chamber volume. Methane
(CHg) was injected by pumping from a 1 L Tedlar® gas bag filled with pure CH4. Each 1 L bag provides ~ 662 mg of
CHg4 which is diluted to = 6.9 mg/m?® by the chamber volume. Both r218 and CH. were purchased from Sexton. VOC
injections were made manually by pre-measured aliquot evaporations from sample vials on a warm hotplate. Aliquots
were calculated based on the combination of desired mg/m?® concentrations, chamber volume, and pure component
liquid density. All pure VOC liquids were purchased in the highest grade available from Sigma-Aldrich.

Quantification and VOC analysis was performed by gas chromatography-mass spectrometry (GCMS) with an
Agilent 7890 capillary gas chromatograph (GC) utilizing a single analytical column [Restek Rxi-624Sil MS (20 m x
0.18 mm x 1.0 um)] equipped with both a flame ionization and mass selective detector. A Gerstel TDSG thermal
desorption system provided trapping of contaminants within a layered sorbent tube followed by cryogenic (-120°C)
focusing on quartz glass wool at the GC inlet. Sample flows were metered using an integrated mass flow controller.
Calibrations were made using gas phase standards generated via National Institute for Standards and Technology
traceable permeation tubes heated within a Kin-Tek gas generator and regulated by a Kin-Tek Interface Module.
Calibrations were referenced to the flame ionization detector whereas the mass selective detector was utilized for
identification of chemical unknowns and reaction byproducts. Samples were drawn from the test chamber in a closed
loop utilizing an external sample pump and instrument sample flow was provided via slip stream to the GC and
returned via the Gerstel sampling loop to the chamber to avoid any mass losses.

Ammonia, CHa, and r218 quantification was performed with a Gasmet DX4040 Fourier-transform Infrared (FTIR)
spectrometer. The FTIR features a Peltier-cooled mercury cadmium telluride detector with interferometer having 8
cm? resolution. Long measuring times of 5 minutes (min) through a 9.8 m optical path length cell allow for trace gas
detection. The FTIR operated on an independent, closed loop with the chamber and sample flow was provided by an
internal pump which automatically operated intermittently between measurements.

I11. Results & Discussion

Ammonia stability was examined by monitoring chamber concentrations over time. The influence of
environmental effects and trace contaminants were studied to better understand underlying ammonia concentration
decay rate phenomena. From these observations, a rational ground testing strategy to accurately simulate trace
contaminant rich environments in the presence of ammonia was proposed.

A. Chamber Atmosphere Stability

The temporal concentration instability of three serial ammonia injections is shown by Fig. 1. Each injection
exhibited a peak concentration maximum followed by a rapid decay in observed chamber ammonia concentration.
This behavior is unlike that of most trace contaminants

where stable chamber VOC concentrations are typically 35
observed over a period of days. The observed NHs;
concentration decay is a challenge for ground hardware 30
testing where targeted plateau concentrations are desired 25
to challenge processes with representative spacecraft
cabin conditions. Furthermore, the temporal losses skew 2.0
. =

or mask the true cabin mass balance. To better <
understand the origin and rate of the concentration L5
decay, test data for each individual injection was 1.0
regressed against physical and mathematical models.

Exponential decay is described by the differential 0.5
equation shown by Equation 1 wherein the 00 |
concentration of ammonia (C) decreases at a constant 0 100 200 300

rate according to the decay constant (1). The solution to
Equation 1 is shown by Equation 2. Using the method of ] o _ 100
least squares, the initial peak chamber concentration C, Fi9ure 1. Serial ammonia injections. RH = 49%.

Time, min
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and A may be determined from test data, where A has units of inverse seconds (s). While the value of A is useful for
comparing decay rates between injections with varied initial chamber peak concentrations and environmental
conditions, it lacks physical meaning. Equation 3 introduces the mass balance for a cabin of known volume (V)
interacting with a removal device having a flow rate (v), where v has units of m®/min. By comparison of Equations 1
and 3, a relationship between A and v can be made and the value of v easily determined from the regression parameters.
Determining the value of v is valuable for ground test planning as the expected incidental rate of mass loss due to
temporal concentration instability can be estimated and factored into the desired test plan ammonia injection rate, as
required to simulate metabolic loads.

dc

PR )
C(t) = Che™ (2

ac vC

&=V @

Figure 2 displays the measured ammonia concentration trends from Fig. 1 (closed symbols) overlaid with an
exponential regression curve as well as the mass balance model (open symbols) as described by Eq. 3, wherein the
value of v was found using A. Table 1 summarizes the peak initial ammonia concentration for each injection,
determined regression parameters, and resulting effective removal
device flow. Note that the measured decay rates and simulated Table 1. Regression and model parameters.
removal device flow decrease with increasing initial chamber *From experimental test data.
spike mass. For reference to nominal ISS ammonia loads of

approximately 0.13 mg/m®, we can conservatively estimate the Co* Co A v
incidental mass loss at this concentration to be 0.21 mg/min. mg/m® | mg/m® st m*min
The functional form of Equation 2 may also be representative 0.43 0.35 0.0165 1.59
of the rate law for a first order chemical reaction mechanism 0.86 0.80 0.0114 1.09
wherein A represents the rate constant k. The apparent dependence 2.18 2.01 0.0056 0.54

on the observed decay rates on initial ammonia concentration,
combined with the lack of self-similarity in k, likely indicates that ammonia instability is not the result of a simple
chemical degradation in this case.

B. Environmental Effects on Stability

The effect of the chamber relative humidity (RH) and influence of the mixing fans was of interest to better
understand the observed decay rates. Ammonia injection into an unmixed atmosphere is shown by Fig. 3a where a
peak concentration of 1.36 ppm appears to stand out from the data trend showing that the chamber is not well mixed
within the first 10 min of the test. Including this data point into the regression shown by Fig. 3b resulted in a poor fit,
as expected. Thus, this data point was excluded from the regression as it would not properly represent the decay rate
of a quiescent atmosphere. Parameters extracted from Fig. 3b were Co = 0.61 mg/m®and A = 0.0029 s** which resulted
in determining v =0.28 m%min at 45% RH. Based on the parameters previously extracted from ammonia concentration
decay in the presence of chamber ventilation fans (Table 1), there appears to be a noticeable reduction in decay rate.
This result may indicate that adsorption to chamber surfaces, enhanced by the forced convective mixing of the
ventilation fans, contributes to the observed ammonia concentration instability. To examine the role of chamber
mixing on ammonia concentration decay, as well as examine the influence of chamber humidity, experiments were
conducted at 23% relative humidity. Concentration decay behavior having a shape consistent with previous
observations was seen for an injection characterized by Co = 0.53 mg/m®and A = 0.0088 s (v = 0.84 m®/min). Again,
based on the parameters previously extracted from ammonia concentration decay in the presence of chamber
ventilation fans (Table 1), there appears to be a noticeable reduction in decay rate at this lower humidity. Disabling
the ventilation fans at lower relative humidity further delayed the decay rate towards 0.001 - 0.0008 s depending on
whether the unmixed injection spike was included into the regression or not. Thus, we confirm that forced convection
does increase observed ammonia concentration decay rates and it appears this effect may be amplified by the presence
of humidity. Neither of these factors are parameters that would be controlled to mitigate the effect of ammonia
concentration decay since both atmospheric mixing and comfortable atmospheric humidity are required for
spaceflight, and thus, ground testing.
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C. Effect of Trace Contaminants

A stable atmosphere of trace contaminants representative of typical cabin loads and a wide array of common
compound classes was simulated by injection into the Vchamber. Compound classes represented included alcohols,
aldehydes, aliphatic and aromatic hydrocarbons, chlorinated hydrocarbons [dichloromethane (DCM)], ketones,
fluorocarbons, and siloxanes [hexamethylcyclotrisiloxane, i.e. D3]. Ammonia was injected into this atmosphere to
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observe the temporal concentration stability in a
representative cabin environment as shown by
Fig. 4. Two 10 L injections were made with a peak
concentration of 1.4 ppm and 2.0 ppm,
respectively. After each NHs; injection, a
significant and  unexpected increase in
acetaldehyde concentration was measured by
GCMS. This is noteworthy because NHj; is not
typically detected by GCMS as a pure component,
indicating a potential chemical interaction and/or
coelution through the chromatograph. Fig. 5
displays the measured acetaldehyde background
concentration by GCMS during serial pure
ammonia injections. Ammonia concentration
measurements were made by FTIR and
acetaldehyde concentrations were on the order of
10 parts per billion throughout confirming that
pure ammonia does not elute from the
chromatograph over the same retention time
window. This finding should preclude false
positives for acetaldehyde due to pure ammonia
elution.

FTIR spectra collected on ammonia and
acetaldehyde atmospheres were scrutinized for
evidence of non-covalent interactions via red or
blue shifting to the extent possible by the
instrument resolution. Kayatin (2012) has
previously shown this analysis beneficial for
probing non-covalent polymer-solvent
interactions to elucidate hydrogen bonding.*
Unlike condensed-phase spectra, where sample
media are much more concentrated, the spectra of
trace gas atmospheres are missing the richness and
clear definition of many expected peak vibrations.
Fig. 6a shows the FTIR fingerprint region
highlighting the peak at 965 cm™. This peak was
attributed to a deformation mode of ammonia and
its concentration directly scales with absorbance
as shown by the inset.*> We interpret the absence
of any non-linear behavior to be evidence against
a gas-phase chemical interaction between species.
Furthermore, no apparent mid-infrared spectral
shifts were observed for the experiments
discussed herein. This may be a result of the low
(8 cm'Y) spectral resolution provided by the FTIR,

however. To further investigate potential
physicochemical interactions (indirectly), the
influence of acetaldehyde introduction on

ammonia concentration decay trends/rates was
examined.
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Figure 4. a) Injection into an unmixed chamber and b) regression of unmixed dataset excluding the 1t data
point. RH = 45%.

Since we have shown that pure ammonia is unstable in a clean test chamber over time, experiments to detect any
changes in the expected concentration decay rate of ammonia upon acetaldehyde introduction, and vice versa, were
also performed. After first establishing a stable mean acetaldehyde concentration of 1.85 ppm (7.25 mmol), 30 L of
ammonia was dosed to bring its concentration to 3.4 ppm (13.3 mmol). For reference, this atmosphere represents a
peak ammonia to acetaldehyde molar ratio of 1.83 and the chamber RH was 37% at this time. Acetaldehyde
concentration as measured by GCMS rose to = 2.5 ppm, which is in error based on the starting load of acetaldehyde
dosed into a clean chamber atmosphere. The decay rate was well-behaved (R? = 0.98), and consistent with similar
regression parameters as those shown by Table 1, having Co = 2.29 mg/m® and A = 0.0075 s which resulted in
determining v = 0.73 m%min. In the opposite order, an ammonia rich atmosphere was established with a peak load of
3.4 ppm (13.3 mmol) into which = 10.7 mmol of acetaldehyde was added. Due to the potential interactions or error

introduced to the GCMS measurement, the ——Ammonia —e—Acetaldehyde  -=--Methanol Ethanol
exact recovery of acetaldehyde into the ~ ~ Actone 2-propanal :(?_%',\I"ene ~ bdtanol
atmosp.here was unknc_>wn but the 6 _ _ _ _ _ 35
theoretical peak concentration was 2.7 ppm ST = = = —° )
(4.9 mg/m?). For reference, this corresponds 5 30 3
to a peak ammonia to acetaldehyde molar -2 9
ratio of 0.82 and the chamber RH was 39% 2 , 25 &

i i ; Ro
at this time. The observed ammonia > -
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interruption or inflection was observed to ) A —p— g e o — g —p — g e o —g— =
the already in progress concentration decay 0% 0
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rate of ammonia as shown by Fig. 6b. This

observation does not support a gas-phase . . .
reaction of ammonia and acetaldehyde. Figure 3. Stability of VOC classes and ammonia. NHs, CHs, and

After decaying to 0.99 ppm NHs, second r218 measured by FTIR. VOC measured by GCMS. RH = 37%.

injection of ammonia was also added, peaking at 1.95 ppm (7.6 mmol). Likewise, the decay rate was well-behaved
(R?=0.99) having Co = 1.89 mg/m?® and A = 0.0032 s which resulted in determining v = 0.31 m*/min. Thus, the effort
to elucidate any indirect insight into ammonia-acetaldehyde potential interactions via observed decay rate kinetics was
unremarkable at these concentrations.

In absence of compelling evidence supporting gas-phase physicochemical interactions, we searched the literature
for further resolution. Condensation reactions between acetaldehyde and ammonia have been reported in the aqueous
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phase, including the formation of a cyclic trimer.*®> * No reference was available extending these reactions to the gas
phase at room temperature, however. Interestingly, this reaction is of interest to researchers studying the interstellar
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Figure 5. Measured acetaldehyde concentration by

GCMS during ammonia injection. RH = 22%.
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chemistry of cold ices and various interstellar media.
Duvernay et al. (2010) deposited pure component ices
of ammonia and acetaldehyde and found them to react
to form alpha-aminoethanol at 130 K (-134°C).%
Vinogradoff et al. (2012) also found that at cryogenic
conditions (near 160 K or -113°C) the trimer is formed
in these ices in the presence of formic acid.*® These solid
state reactions occur at cryogenic conditions
remarkably similar to those found within the GC
cryofocusing step, where both trace contaminants and
moisture are condensed together at 153 K (-120°C) and
subsequently warmed to desorb on the capillary column
for separation. Thus, we believe we have a plausible
source of ammonia-acetaldehyde interaction and the
resulting measurement artifact. The exact cause for the
resulting amplification of acetaldehyde peak areas
remains elusive presently and is beyond the scope of
this work. We note that scrutiny of mass spectra shows

only evidence of pure acetaldehyde, however, which may indicate thermal degradation of any cryogenic reaction

product reverts back to pure components.
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Figure 6. a) FTIR spectra of ammonia rich atmosphere in presence of acetaldehyde. RH = 39%. Inset: Peak
absorbance vs. concentration at 965 cm™. b) Acetaldehyde (C2H.O) dosed into an ammonia rich atmosphere.

D. Ground Test Strategy

Due to the observed temporal concentration instability of ammonia, desired chamber ammonia injection rates must
be augmented at anticipated mass loss rates. For example, previous testing conducted by NASA Advanced Exploration
Systems under the Atmosphere Resource Recovery and Environmental Monitoring Project specified ammonia
injection rates of 7.1 mg/h to adequately simulate 1SS cabin generation rates.*” Based on test data presented herein, at
targeted relevant chamber concentrations, we estimate additional losses on the order of 10 mg/h. These adsorptive
losses can be categorized as an additional incidental mass loss route.*® Towards specification of a functional NH;3
injection system, a targeted rate of 20 mg/h was selected. Calculations show that feeding a ruggedized 100 mL/min
mass flow controller from a gas cylinder of 1 vol. % NH3; will afford an injection rate range from approximately 2.3
mg/h up to 45.6 mg/h, allowing margin to accommodate additional losses. Since the exact mass accountability is
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difficult to ascertain, NH3; should be injected continuously while actively monitoring a sample port immediately
upstream of the primary TCC process of interest using FTIR.

An interaction of ammonia and acetaldehyde is suspected based on the observed amplification of measured
acetaldehyde concentrations and lack of apparent artifact while analyzing gas streams containing only the pure
components by GCMS. In order to avoid skewing test data, we propose substituting the acetaldehyde load with an
analog of similar molar volume. This can be achieved by substituting the desired acetaldehyde injection rate with
additional methanol. Trace contaminant breakthrough test data on shallow depth charcoal beds have shown neither
acetaldehyde nor methanol are well controlled by high velocity adsorption.*® In addition, test data on a high aspect
ratio bed showed remarkably similar breakthrough trends between compounds. # Thus, substitution with an additional
methanol load will not impact measured outcomes of charcoal bed performance. Furthermore, the full load will still
reach the TCC catalytic oxidizer and assuming that there is no discrepancy between each compound’s thermal
oxidation efficiency, this substitution should not impact measured test performance.

IVV. Conclusion

The temporal concentration instability of ammonia injected into a ground test chamber was shown and
characterized by regression against mathematical and physical models. Test results indicate that adsorption to chamber
surfaces, enhanced by forced convection, contributes to the observed ammonia instability and this effect is enhanced
in presence of humidity. While most common classes of trace chemical contaminants do not interact or influence the
ammonia concentration decay rate, the presence of acetaldehyde introduces an artifact into the aldehyde measurement
as determined by GCMS. To overcome the observed instability of ammonia for ground testing we recommend
continuous injection and monitoring upstream of process equipment of interest. To overcome introducing
experimental artifacts resulting from the apparent cryogenic incompatibility of ammonia and acetaldehyde we
recommend substituting acetaldehyde’s mass load with additional methanol mass.
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