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Trace contaminants that are introduced into the ventilation loop of a spacesuit via 

metabolic processes, off-gassing of spacesuit materials, and by-products of the amine used in 

the Rapid Cycle Amine (RCA) system can be removed using activated charcoal. Although 

effective, the drawbacks of using activated charcoal are a bulky system with low 

regeneration capability, a reliance on consumables, significant power consumption, and 

consequently high associated life cycle operating cost. The charcoal bed cannot be 

regenerated solely by vacuum, and thus has to be regenerated on-base since it requires heat 

treatment along with a sweep gas or vacuum to remove the desorbed contaminants.  

Precision Combustion, Inc. (PCI) has developed and demonstrated a new sorbent material 

for the Trace Contaminant Control Systems (TCCS) in advanced spacesuit applications 

based upon PCI’s novel nanomaterials, enabling a compact, low pressure drop, and 

regenerable TCC device for efficient removal of NH3 and CH2O. A combination of novel 

sorbents, tailored for specific contaminants of interest, and structured support substrates 

permit practical implementation of the sorbent for a vacuum-regenerable (without heating 

requirement) TCCS with high bed utilization and high removal efficiency, while also 

minimizing the competitive sorption with moisture and CO2. The resulting TCCS bed, with 

enhanced mass transfer and regenerable capability, offers the potential for real-time, on-the-

suit sorbent regeneration, reduced logistical burden associated with bed replacement or 

thermal regeneration, and offers significant volume and weight reductions of the TCCS 

module. In the past year, PCI has been improving the performance of the sorbent materials 

for the removal of NH3 and CH2O and developing operational windows for the improved 

TCCS prototype. In this paper, the performance metrics and operational requirements of 

the improved TCCS beds consisting of the new sorbents will be presented. These include 

results from performance testing of the prototype at portable life support system (PLSS) 

operating conditions, including capacity, regenerability, and multi-cycle testing. 

Nomenclature 

°C = Degree Celsius 

%RH = percent relative humidity 

ARC = Ames Research Center 

atm = atmosphere 

CFD = Computational Fluid Dynamics 

cm = centimeter 

EMU = Extravehicular Mobility Unit 

EVA = Extravehicular Activity 

FM = Functionalized Material 

g = gram 

GHSV = gas hourly space velocity 

hr = hour 

ICES = International Conference on Environmental Systems 

in = inch 
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ISS = International Space Station 

kPa = kilopascal 

lpm = liter per minute 

m = meter 

mg = milligram 

min = minute 

mL = milliliter 

Pa = pascal 

PCI = Precision Combustion, Inc. 

PLSS = Portable Life Support System 

ppmv =  part per million by volume 

psia = pound per square inch absolute 

RCA = Rapid Cycle Amine 

SCT = Short Contact Time 

sec = second 

SEM = Scanning Electron Microscopy 

slpm = standard liter per minute (21°C, 1 atm) 

SMAC = Spacecraft Maximum Allowable Concentration 

TC = Trace Contaminant 

TCC = Trace Contaminant Control 

TCCS = Trace Contaminant Control System 

TIC = Toxic Industrial Chemical 

VOC = Volatile Organic Compound 

wt. % = percent by weight 

I. Introduction 

he focus of our paper is on the development and demonstration of a compact, low pressure drop, vacuum-

regenerable Trace Contaminant Control Systems (TCCS) sorbent bed for removal of ammonia (NH3) and 

formaldehyde (CH2O). Specifically, the TCCS bed will be implemented to address the trace contaminants that are 

introduced into the ventilation loop of a spacesuit via metabolic processes, off-gassing of spacesuit materials, and 

by-products of the amine used in the rapid cycle amine (RCA) system. In the current spacesuit, these contaminants 

are removed using activated charcoal bed, which is part of the spacesuit portable life support system (PLSS). PLSS 

performs the functions required to maintain crew conditions, health, and comfort during Extra-Vehicular Activity 

(EVA) missions by maintaining temperature, providing pressurized O2, and removing CO2 and other contaminants. 

The activated charcoal is located inside the CO2 removal bed in the current International Space Station (ISS) 

Extravehicular Mobility Unit (EMU). Although effective, the downside of using activated charcoal is a bulky system 

with low regeneration capability, a reliance on consumables, significant power consumption for thermal-assisted 

regeneration, and consequently high associated life cycle operating cost. For example, a specially designed “oven” 

in the ISS Equipment Lock is needed to regenerate the saturated canisters at the end of EVA missions, which adds a 

logistics burden to the crew. 

For the next generation spacesuit, NASA is evaluating feasibility of TCC technologies that can efficiently 

remove trace contaminants and are specifically designed to consider power savings (e.g., sorbent regeneration via 

vacuum), size reduction, removal capability improvement, and long-term usage. The selection of the RCA swing 

bed for CO2 removal in the advanced spacesuit PLSS has also added a key driver for removing trace contaminants 

due to NH3 off-gassing from amine sorbents. An earlier study predicted that NH3 and CH2O will most likely exceed 

Spacecraft Maximum Allowable Concentration (SMAC) without a TCC device in the PLSS ventilation loop (Table 

1).
1
 Activated charcoal has been the traditional method of removing trace contaminants for spacesuit applications; 

however, these materials often have limited regenerability which reduces their usable life and require numerous 

replacement cartridges which increase launch costs and add logistical burdens to the crew. In addition, regeneration 

of the TCCS charcoal bed often requires thermal treatment which elevates energy demands and poses a fire hazard 

and therefore cannot be performed within a spacesuit. This necessitates that the beds be sized for at least one full 8-

hr EVA, resulting in a significantly larger PLSS component.  On the other hand, rapid vacuum regenerability to 

permit real-time, on-the-suit TCCS bed regeneration will significantly reduce the size of the TCCS bed.  

Technically, a 1-to-3 min swing is preferred due to the operation of the RCA unit, although there are occasions 
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during low metabolic rate periods where the RCA operates with up to 15-min half cycle.  Because of the range of 

the half cycle, 15 minutes was determined to be the design point for the TCCS bed developed in our effort. 

Additional requirements necessitate on-the-suit regeneration of the sorbent beds to be accomplished with 

minimum power consumption. This means minimizing pressure drop across the TCCS unit (i.e., sorbent bed and 

housing) and maximizing vacuum regeneration capability. The low-pressure-drop benefit will result from the 

avoidance of pelletized supports and maximized surface area via the use of high-surface-area Microlith
®
 mesh 

substrates. Durability toward multiple adsorption-regeneration cycles will permit utilization of short cycle times 

enabling simultaneous regeneration of the new TCCS hardware with NASA’s RCA module. 

To address the TCCS issue, there has been significant work directed towards development of new functional 

materials for trace contaminant removal. For example, Nucon International Inc. offers two pellet impregnated-

carbon ammonia adsorbents, Ammosorb I-3 and Ammosorb II-3. Ammosorb I-3 is non-corrosive and can be used in 

relative humidity from 10 to 95%. Its equilibrium ammonia capacity is about 5 wt.%. The impregnant in Ammosorb 

II-3 is corrosive to metal, thus requiring the use of plastic vessels or linings. Its equilibrium ammonia capacity is 

about 6 – 8 wt.%. However, the presence of a guard bed or increased residence time is recommended in case of 

competitive adsorption in the presence of other contaminants. Moreover, their ammonia sorbent products cannot be 

vacuum-regenerated. The spent sorbents must be thermally-reactivated and therefore real-time, on-the-suit 

regeneration during EVA missions is not possible due to the high power consumption associated with thermal 

regeneration. Additionally, thermal regeneration of activated carbon is a potential fire hazard, especially in an 

oxygen environment. Ames Research Center (ARC) NH3 scrubbing test results, however, have reported significantly 

lower capacity (~1.5 wt.%) than the Nucon’s projected equilibrium capacity of 5 wt.%. ARC also tested phosphoric 

acid impregnated granular activated carbon from Calgon Carbon which yielded NH3 sorption capacity of ~2.5 wt.%. 

However, no information is available on its regenerability. Formaldehyde, on the other hand, is more difficult to 

remove than other volatile organic compounds (VOC’s) because of its very weak bond on activated carbon. 

NUCON offers Formasorb-3 with no capacity information. The sorbent is non-regenerable, but may be reactivated 

and re-impregnated by the supplier. Pei and Zhang have reported activated carbon based chemi-sorbents for 

formaldehyde with irreversible sorption capacity in the range of 1.5 – 2 0 wt.%.
2
 In summary, a serious shortcoming 

of the existing sorbent technology is its inherent inability for rapid, in-situ, vacuum regeneration. 

Table 1 outlines the total generation rate of twelve contaminants of concern in spacesuit applications, calculated 

by summing the generation rates through human metabolic production, estimated space suit material off-gassing, 

and experimentally-observed RCA bed off-gassing of NH3 and methane. Column three contains the SMAC of each 

contaminant during EVA based on a conservative estimate using the 24-hour exposure values.
1
 The last column 

represents the level for each contaminant assuming no TCCS bed was in place over an 8-hr EVA. 

Table 1. Total generation rate, SMAC, and calculated concentration for an 8-hr EVA in the absence of 

any TCCS and without suit leak.
1,3

 Bold values indicate the chemicals with concentrations that exceed SMAC. 

Trace Contaminant 
Total Generation Rate 

(mg/8-hr EVA) 

24 hr SMAC, mg/m
3
 

(ppm) 

Concentration with 

no TCCS (mg/m
3
) 

Acetaldehyde 0.027 10 (6) 0.181 

Acetone 0.045 500 (200) 0.301 

Ammonia 83 14 (20) 564 (800 ppm) 

n-Butanol 0.17 80 (25) 1.13 

Carbon Monoxide 11 114 (100) 74.4 

Ethyl alcohol 1.3 10000 (5000) 9.03 

Formaldehyde 0.13 0.6 (0.5) 0.902 (0.73 ppm) 

Furan 0.10 1 (0.36) 0.676 

Hydrogen 17 340 (4100) 113 

Methyl alcohol 0.47 90 (70) 3.16 

Methane 200 3500 (5300) 1352 

Toluene 0.2 60 (16) 1.36 

 

It is evident from Table 1 that without a TCCS device, NH3 and CH2O are expected to exceed their 24-hr SMAC 

levels and therefore considered as the design driver for the TCCS bed development effort. In addition, aldehydes 
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(such as formaldehyde) have been found to react irreversibly with the RCA system,
4
 which can accelerate sorbent 

degradation and loss of capacity. Thus, NH3 and CH2O were selected as the trace contaminants of interest for our 

study to evaluate the sorption capacity of PCI’s developed adsorbent nanomaterials. It was also decided that the inlet 

and breakthrough concentrations should be based on the SMAC levels in the absence of the real-time generation rate 

profiles, while also taking into account any detection limitations of analytical equipment available at Precision 

Combustion, Inc. (PCI).  Since the NH3 concentration profiles from the real-time activities of an astronaut during 

EVA were not readily available to PCI, it has been suggested to test the sorbent nanomaterials under several NH3 

inlet concentrations, starting from the continuous exposure to 20 ppmv NH3.  In reality, the NH3 concentration would 

be less than 20 ppmv as the presence of TCCS bed would not allow the NH3 concentration to get close to 20 ppmv.  

Also, the breakthrough concentration of CH2O was determined by the detection limit of analytical equipment at PCI 

(i.e., 0.25 ppmv).  It is important to note that the sorption capacity is generally inversely related to the concentration 

of the contaminants.   

Molecular sieves, zeolites, and other sorbent materials have been well researched where the effect of parameters 

such as pellet size and shape, humidity level and flow rate have been thoroughly investigated for regenerative trace 

contaminant control.
5
 The adsorption capacity of pelletized-adsorbents is, however, limited by diffusion of the 

adsorbates to the core of the pellet, restricting access to available adsorption capacity. In packed beds, the formation 

of preferential flow channels results in capacity penalties and poor bed utilization, while also increasing pressure 

drop. Adsorbents coated on monoliths have much lower geometric surface area per unit volume, thus limiting the 

adsorbent loading capacity. In our study, the selected sorbent nanomaterials for removing NH3 and CH2O were 

coated on the Microlith
®
 substrates for improved bed utilization and working/sorption capacity during adsorption. 

As reported earlier, PCI has selected, functionalized, and evaluated high-surface-area nanomaterials, up to 

2600 m
2
/g – more than five times that of activated carbon, with high capacity for adsorption of trace contaminants.

6
 

The nanomaterials can provide a variety of surface oxygen containing groups, ideal for the formation of hydrogen 

bonding or electrostatic interaction with polar organic compounds, such as alcohols or aldehydes. While capacities 

of these functionalized nanomaterials are promising, they were primarily evaluated as powder-based materials, 

which have significantly high pressure drop and suffer from channeling. 

In this paper, we will summarize our development effort and evaluation of the effect of functionalization of the 

sorbent nanomaterials on sorption capacity. The performance of the functionalized nanomaterials was optimized and 

evaluated for removal of trace contaminants as well as regenerability. To date, test results from sorbent 

nanomaterials in powder form indicate that they can efficiently remove NH3 and CH2O, and can be regenerated 

without heat, which offers the potential for on-the-suit sorbent regeneration via vacuum. Here, we will highlight our 

effort to develop and demonstrate a compact, low pressure drop, vacuum-regenerable TCCS prototype based on the 

functionalized sorbents nanomaterials for advanced spacesuit applications. Based on the improved performance of 

the sorbent materials, we identified operational windows and established performance metrics and requirements that 

have been used to design a TCCS prototype for further evaluation to validate sorbent capacity, regenerability, and 

pressure drop. 

Since size is a critical parameter for PLSS application, the derivation of design criteria should ideally start with 

the allowable size of the unit followed by the amount of sorbent that can be contained in the unit based on the 

sorbent volumetric density.  This should be driven by NASA requirement (i.e., targeted available space for the 

TCCS within the PLSS); however, NASA is still in the process of designing the next generation PLSS (into which 

this TCCS technology, if proven, will be integrated) and thus such sizing criteria is not yet well-defined.  Due to the 

absence of the size requirement, PCI utilized the sorption capacities obtained from testing these sorbent 

nanomaterials and calculated the expected size of the TCCS bed for a given cycle time (i.e., 15-minute cycle time 

was selected as the worst case scenario in the 3-15 min expected cycle time of the RCA unit) and the amount of NH3 

and CH2O that will need to be removed during this cycle (calculated from the generation rates provided by NASA 

and listed in Table 1).  Ammonia is the key driving factor of the bed design due to its much larger generation 

amount (2.6 mg NH3 at 15-min cycle time) compared to that of CH2O (0.004 mg CH2O at 15-min cycle time).  

Using the baseline sorption capacity from “FM sorbent B”, the amount of sorbent required was calculated.  The 

sorbent bed size can then be calculated based on the volumetric sorbent density of a Microlith-based TCCS bed.  

More detailed information is provided in Section IV below. 

II. Microlith
®
 Substrate Technology 

The TCCS adsorber units described in this paper implemented PCI’s patented Microlith
®
 technology 

(trademarked by PCI) for supporting the sorbent materials.
7
 The Microlith substrate consists of a series of ultra-
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short-channel-length, sorbent (e.g., zeolites, sorbent nanomaterials, etc.) coated metal meshes with very small 

channel diameters (Fig. 1). The metal meshes can also be coated with active metal catalysts, such as base metals, 

transition metals, platinum group metals, and noble metals. These very short channel lengths allow the avoidance of 

the boundary layer buildup and hence achieve improved heat and mass transfer coefficients, along with the benefits 

of low thermal masses and extremely high reaction rates. These attributes increase the efficacy of the adsorbers 

and/or chemical reactors as well as reduce their weights and volumes. The use of these kinds of systems, where the 

reacting stream is passed through the sorbent materials or catalysts at extremely high space velocity, is generically 

termed a short contact time (SCT) approach. In conventional honeycomb monoliths, foams, and pellets, a fully 

developed boundary layer is present over a considerable length of the device, resulting in a high resistance for heat 

and mass transports. In PCI’s adsorber units, when thermal treatment is required during the regeneration process of 

the adsorbents, the unique metal mesh substrate permits direct resistive heating of the sorbent supports. This enables 

a rapid, low power regeneration process (compared to using an external heater or pre-heated sweep gas) and highly 

uniform temperature distribution throughout the sorbent bed, eliminating local hot spots and temperature excursions 

as well as preventing sorbent deactivation due to severe thermal cycle profiles or temperature gradients. In catalytic 

reactors involving exothermic reactions, such as the Sabatier process, enhanced heat transfer properties are also 

necessary to eliminate local hot spots and temperature excursions at the catalyst surface, and to prevent catalyst 

deactivation due to metal sintering. The Microlith substrate also provides about three times higher geometric surface 

area over conventional monoliths with equivalent volume and open frontal area, resulting in a lower pressure drop 

while maintaining high surface area of active sites, which is beneficial for many applications requiring low pressure 

drops. Furthermore, the Microlith substrate can pack more active surface area into a small volume, providing a 

substantial increase in adsorption area for a given pressure drop. 

 
The heat and mass transfer coefficients depend on the boundary layer thickness. For a conventional long 

channel honeycomb monolith, a fully developed boundary layer is present over a considerable length of the active 

surface, thus limiting the rate of reactant or contaminants transport to the surface of active sites (e.g., metal catalysts 

or sorbent materials). This is avoided when short channel length screens are used. A Computational Fluid Dynamics 

(CFD) analysis (Fig. 1) using Fluent illustrates the difference in boundary layer formation between a long 

honeycomb monolith and Microlith screens.  

The use of Microlith substrates with high heat and mass transfer rates, high surface area, and low pressure drop 

has a significant impact on the adsorber and reactor performance, weight, and size as compared to conventional 

pellet or monolith based units. The effectiveness of the Microlith technology and long-term durability of PCI’s 

proprietary coatings have been systematically demonstrated in different applications. These include exhaust 

aftertreatment,
8
 trace contaminant control,

9,10
 adsorption of Toxic Industrial Chemicals (TICs) and sulfur,

11
 Sabatier 

reactor,
12

 catalytic combustion,
13

 partial oxidation of methane,
14,15

 liquid fuel reforming,
16

 CO preferential oxidation, 

and water gas shift reactors.
17

 A scanning electron microscopy (SEM) micrograph of the surface of a coated 

Microlith substrate is shown in Fig. 2. SEM analysis indicates uniform coatings of the active materials on the 

substrate with complete coverage. 

 
Figure 1. Physical characteristics of conventional, long honeycomb monolith and Microlith substrates, 

and CFD analysis of boundary layer formation for a conventional monolith and three Microlith screens, 

showing the minimization of boundary layer build up. 
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Utilizing the Microlith technology as the support structure for 

the sorbent nanomaterials in the PLSS application provides the 

benefits of meeting the pressure drop requirement (<0.3 in of 

H2O)
6
 as well as improving the bed utilization and heat transfer.

18
  

The improvement in bed utilization compared to the pellet beds 

resulted in higher gravimetric (wt.%) and volumetric (g/mL bed) 

sorption capacities in spite of the lower sorbent density in the 

Microlith support mesh compared to the bulk density of the 

sorbent material (i.e., ZnO pellets).
18

  With improved heat transfer, 

the temperature of the bed can be more uniform which will reduce 

the propensity of the different sorption capacities within the bed 

due to the non-uniform temperature distribution (typically 

observed in pellets).  It is important to note that the heat transfer 

benefit may not be readily evident for this small scale application.  

However, the benefit will be visible at the larger scale application. 

 

III. Experimental Setup 

Sorbent preparation methods have been reported earlier and can be found in our International Conference on 

Environmental Systems (ICES) 2017 manuscript.
6
 In the last year, further optimization and evaluation of the 

functionalized sorbent materials (in powder form) was performed in a sub-scale test fixture sized for approximately 

1 – 2 slpm of contaminated air. This subscale size was selected to balance between the total process air flow rate and 

the amount of sorbent materials that are needed to be synthesized. The initial evaluation to determine the sorption 

capacity, removal efficiency, humidity effect, breakthrough time, and cycle-to-cycle variation of the sorbents was 

performed using this subscale test fixture. It consisted of a 2.0 – 2.5 cm (0.8 – 1") ID tube which can be loaded with 

sorbent media (i.e., functionalized sorbent materials both in powder form and, later, coated on the Microlith 

substrate). To retain the powder within the adsorber housing, plugs of alumina silica fiberglass insulation were 

placed at the inlet and outlet. These plugs sandwiched the powder, keeping it in place and preventing it from being 

carried downstream with the bulk flow. The housing was operated in a vertical orientation to prevent the powder 

from settling and thus minimizing the channeling and contaminant bypass. Due to the nature of a packed powder 

bed, the resulting pressure drop was higher than desirable, at least ~6900 Pa (28 in H2O) with 1 slpm of flow. After 

implementing the sorbent coated Microlith substrates to facilitate vacuum regeneration, the pressure drop was 

significantly reduced, to be less than 75 Pa (0.3 in 

H2O), as described in our earlier work.
6
 The process air 

flow was passed axially through the sorbent bed as 

shown in Fig. 3. For the functionalized sorbent 

materials optimization tests (in powder form), the 

sorbent regeneration was performed using clean, dry air 

at room temperature. Once the optimal sorbent was 

coated on the high-surface-area support structure, the 

sorbent regeneration could be performed under vacuum. 

Fig. 4 shows a photo of the sub-scale test housing, 

which was utilized to optimize the operating conditions, 

including linear velocity, gas hourly space velocity 

(GHSV), cross sectional area, pressure drop, etc., for 

the TCCS bed scale-up design. 

 
Figure 2. Surface-scan SEM micrograph 

of the coated Microlith substrate. 

FLOW

 

Figure 3. Cross section schematic of the sub-scale 

test housing for the sorbent performance evaluation 

at 1 – 2 slpm process air flow. The test was done in an 

axial flow configuration. Proportions shown are not 

representative of the actual design. 
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A block flow diagram representing the test rig for 

sorbent evaluation is shown in Fig. 5. This test rig was 

equipped with calibrated thermal mass flow controllers 

(Brooks Instrument) to accurately meter the 

contaminated and humid air streams. Trace contaminant 

streams were introduced from gas cylinders and were 

diluted with air which was passed through a humidifier 

(Note: only air was passed through the humidifier; the 

trace contaminant streams were not passed through the 

humidifier) to achieve the desired concentration as well 

as humidity level. Gas sample probes were located both 

upstream and downstream of the adsorbent bed to verify 

the feed NH3 and CH2O concentrations and humidity, 

and to monitor the outlet concentrations as a function of time to obtain concentration profiles during the adsorption 

process. 

 
Figure 5.  Block flow diagram of the trace contaminant adsorbent test rig implemented for performance 

testing and evaluation of optimized sorbent materials (e.g., functionalized nanomaterials in powder form). 
 

The relative humidity was measured using a handheld RH detector (HMC 20, Vaisala). Analysis of the NH3 

concentration was performed via a chemiluminescence detector from Thermo Scientific after converting NH3 to NOx 

in a standard catalytic oxidizer located immediately after the sorbent test fixture. This prevents “false” reading of 

NH3 concentration (usually, on the lower side) which may be due to the NH3 sorption in the line downstream of the 

sorbent or NH3 reaction with moisture to form ammonium hydroxide, which often happens during evaluation of the 

capacity of sorbent materials and leads to incorrectly high sorption capacity. Formaldehyde was detected via an 

electrochemical voltametric sensor (RM Series, Interscan Corporation). The NH3 and CH2O concentrations were 

occasionally verified using Drager tubes. Both the CH2O detector and NOx detector (including the catalytic oxidizer 

to convert NH3 to NOx) were frequently calibrated and verified to ensure that the correct concentrations of NH3 and 

CH2O were recorded during sorbents evaluation. 

Table 2. Test matrix for performance testing of the optimized sorbent nanomaterials. 

 Values 

Parameters Ammonia Formaldehyde 

Adsorption Temperature 20 – 25°C 

Adsorption Pressure 1 atm 

Adsorption Atmosphere Air 

Regeneration 
Powder sorbent: Dry air flow; 

Coated substrates: Vacuum (<300 mTorr) 

Air flow rate 1 – 2 slpm 

Inlet concentration 10 – 20 ppmv 0.25 – 0.5 ppmv 

Breakthrough concentration 10 ppmv 0.25 ppmv 

Relative humidity 20%, 40% and 60% 

Bed Volume for proof-of-concept 

TCCS bed testing 
Approx. 10 – 20 mL 

 

~0.8” dia. & ~0.5” long 
(for sub-scale testing)

 

Figure 4. Photo of the sub-scale test housing for 

evaluation of the optimized, functionalized powder 

nanomaterials. 

2.0 cm dia.  

(for sub-scale testing) 

25°C,  
bone dry 

25°C,  
20 – 90% RH 

Adsorption: room T 
Regeneration: room T 
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The initial performance evaluation of the sorbent materials was performed at a sub-scale flow rate according to 

the test plan outlined in Table 2. This simplified test matrix will allow us to quickly compare multiple 

materials/formulations and downselect the optimal sorbent nanomaterials for implementation in the full-scale TCCS 

prototype. To date, only testing with NH3 has been started; while testing with CH2O is pending and will be 

performed at the completion of sorbent performance evaluation with NH3. 

IV. Experimental Results and TCCS Bed Hardware Design 

Similar to our experimental method described previously,
6
 the optimized sorbent nanomaterials were prepared 

and evaluated in powder form for their initial performance during NH3 and CH2O sorption. Initial testing was 

performed (tests have been ongoing with NH3 and not yet started with CH2O at the time of preparation of this 

manuscript) for individual contaminant to determine the sorption capacity and regenerability of the sorbents as well 

as the regeneration protocols. After the sorbent performance is characterized and the optimal sorbents are selected, a 

co-sorption will be performed by introducing both NH3 and CH2O simultaneously to the sorbent bed.  In our current 

study, the initial testing of sorbent nanomaterials were performed in powder form with up to 3 cycles as first 

indicator of the sorbent capacity and regenerability (in air).  We will perform a more rigorous regenerability study 

once the selected sorbent materials are coated on the Microlith metal meshes and regeneration is performed using 

vacuum due to potential differences in regeneration characteristics of the sorbents when using dry air or with 

vacuum.  It is also important to note that the TCCS bed has been sized with a large safety factor in order to account 

for potential incomplete sorbent materials regeneration during the 3-15 min cycle operation.  The performance will 

be validated using the proof-of-concept 10-20 mL TCCS bed (the rationale for the bed design and sizing is described 

below).  

A. Sorbent Optimization and Experimental Results 

In our previous work, “FM Sorbent B” powder provided the best performance with the highest sorption capacity 

for removal of NH3. This sorbent nanomaterial was obtained by functionalization of the base high-surface-area 

sorbent material with calcium salt. This sample was exposed to the test conditions (i.e., 1 slpm process air, 20 ppmv 

NH3, and 40% RH) and the concentration profiles are shown in Fig. 6. The sorbent regeneration of all powder 

samples was performed by passing clean, dry, room temperature air at 1 slpm through the bed for approx. 200 

minutes (to match the breakthrough time during the adsorption process) until the outlet NH3 concentration became 

less than the detection limit of the instrument used for the analysis. The regeneration time for testing the sorbent 

nanomaterials in powder form is not optimized since the regeneration method will be very different with the 

Microlith-based TCCS bed (i.e., vacuum regeneration vs. flowing dry air for powder materials). The NH3 outlet 

concentration profiles for all three adsorption cycles are consistent, indicating regenerability of the sorbent material 

with exposure to dry purge air at room temperature, without any heat input.  There is a small degree of fluctuations 

between cycles which was attributed to potential experimental errors, such as slight variations in air flow, NH3 inlet 

concentration, and relative humidity as well as measurement errors.   

Overall, the breakthrough time for “FM Sorbent B” (i.e., approx. 200 min.) was significantly longer than other 

samples previously evaluated, resulting in a higher removal of NH3 and a higher sorption capacity (mg of NH3 

uptake per gram of sorbent). It is important to note that during these powder tests, we typically observed a small 

amount of NH3 bypass (i.e., channeling), which was most likely due to the “wall” effect nature of the powder testing 

(which could be eliminated by using sorbent coated on Microlith meshes as described in our previous paper). 

For the NH3 removal, we have been investigating various methods for improving the “FM Sorbent B” sample 

previously developed as well as alternative functional groups and functionalization pathways for the base sorbent 

material. For improving the “FM Sorbent B” sample, we optimized the functionalization process to adjust the 

concentration and increase the dispersion of the calcium salt. By adding the calcium salt, we are changing the 

electronegativity of the base material and making it more attractive to NH3. However, this can also lead to 

undesirable chemisorption bonding which is difficult to break, resulting in loss of capacity after the first adsorption-

regeneration cycle (i.e., only partially regenerated the sorbent due to the presence of chemisorbed sites). Therefore, 

we intended to create sites with electrostatic interaction potential which are more likely to reduce the chemisorption 

sited and to be more vacuum-regenerable. We also modified the base material in order to enable a high distribution 

(i.e., dispersion) of calcium nanoparticles, facilitating interaction with NH3 as well as making it more susceptible to 

regeneration. In this round of optimization, we seek to determine the optimal calcium concentration on the sorbent. 

To study the effect of varying the calcium concentration, we formulated three samples using incipient wetness 

impregnation. The first sample was loaded with approximately the same amount of calcium salt that was used 
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previously (i.e., “FM Sorbent B”) for baseline performance. The second and third samples synthesized, respectively, 

have calcium concentrations above (i.e., “FM Sorbent B High”) and below (i.e., “FM Sorbent B Sub”) compared to 

that of the baseline sample. Table 3 shows the sorption capacity comparison for the three sorbent materials evaluated 

in their powder form for the removal of NH3 in addition to two other sorbent nanomaterials tested for possible 

humidity tolerance and higher sorption capacity. Our preliminary results from testing the powder form of these 

samples indicate that increasing the calcium salt concentration and modifying the base materials to facilitate higher 

dispersion of the functionalized sites provides a significant improvement in the sorption capacity for NH3 removal. 

An increase of as high as 50% in sorption capacity was observed from these rapid sorbent screening tests, indicated 

by the ability to remove about the same amount of NH3 with less amount of sorbent. 
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Figure 6.  Concentration profiles (NH3 outlet concentration vs. time) obtained from the NH3 adsorption 

testing on “FM Sorbent B” powder, presented previously.
6
  The feed was 1 slpm of air containing 20 ppmv 

NH3 and 40% RH at 21
o
C. Breakthrough was defined as 10 ppmv NH3 in the outlet (i.e., half of SMAC for 

NH3). 

 

Table 3.  Sorption capacities for the sorbent materials evaluated for NH3 removal. 

Sorbent 
Sorption capacity @ 10 ppmv 

NH3 breakthrough (mg/g) 

FM Sorbent B (baseline) 8.3 

FM Sorbent B High 12.4 

FM Sorbent B Sub 6.9 

FM Sorbent D (10 wt.%) 9.2 (humidity tolerance) 

FM Sorbent E (10 wt.%) 12.6  

 

The “FM Sorbent B High” powder sample was further evaluated using the test conditions described above (i.e., 

1 slpm process air, 20 ppmv NH3, and 40% RH) and the concentration profiles are shown in Fig. 7. The sorbent 

regeneration was again performed by passing clean, dry, room temperature air at 1 slpm through the bed for about 

220 minutes (to match the breakthrough time during the adsorption process) until the outlet NH3 concentration 

became less than the detection limit of the instrument used for the analysis. The NH3 outlet concentration profiles 

for all three adsorption cycles are relatively consistent, indicating regenerability of the sorbent material with 

exposure to dry purge air at room temperature, without any heat input. Similar to data in Fig. 6 above, a small degree 

of decreases in sorption capacity in each successive cycle was observed in Fig. 7.  At this time, we are still in the 

process of determining if the decrease was due to sorbent performance or due to potential experimental errors, such 

as slight variations in air flow, NH3 inlet concentration, and relative humidity as well as measurement errors. In 

summary, our recent development of the sorbent material for NH3 removal has indicated an improvement in sorption 

capacity, while being able to maintain its regenerability. This was reflected by the ability to remove about the same 

amount of NH3 with less amount of sorbent used. The higher sorption capacity will result in TCCS bed size 

reduction, which could potentially facilitate direct integration of the prototype with the existing RCA design. 
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Using the baseline sorption capacity from “FM sorbent B” (8.3 mg/g), as much as 0.313 gram of sorbent is 

required to remove NH3 during the 15-min cycle time (the longest half cycle for the RCA).  NH3 is the key driving 

factor of the bed sizing due to its much larger generation amount (2.6 mg NH3 at 15-min cycle time) compared to 

that of CH2O (0.004 mg CH2O at 15-min cycle time).  Recent experimental data has shown that the sorbent loading 

in Microlith mesh support can be achieved at as high as 0.37 – 0.46 gram/mL (compared to the sorbent materials 

bulk density of 1.0 – 1.5 g/mL).  Thus, the sorbent bed size is expected to be 0.7 – 0.9 mL, with room for further 

reduction when implementing more optimal sorbent nanomaterials.  We added a significant amount of safety factor 

to account for the potential non-uniform flow distribution and low bed utilization in the high-flow PLSS application, 

and proposed a proof-of-concept TCCS bed design with a volume of between 10 – 20 mL to be evaluated later this 

year.  This was deemed by NASA as a good starting point for the proof-of-concept TCCS bed evaluation with 

vacuum regeneration capability.  It is important to note that even though the volumetric sorbent loading of the 

Microlith-based TCCS bed is lower than that of the powder bed, the pressure drop requirement for the TCCS bed 

(i.e., <0.3 in of H2O) prevents the implementation of the powder sorbent in this application.  The volumetric sorbent 

loading of the Microlith based system is typically half of that for the pellet system; however, it has been well known 

that pellet beds suffer from low bed utilization and channeling, especially in the high-flow applications. Our 

previous study indicated an improvement of as high as 5 times in volumetric sorption capacity (i.e., mg of 

contaminants per mL of bed) when using a Microlith-based adsorber compared to a pellet bed adsorber.
18
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Figure 7. Concentration profiles (NH3 outlet concentration vs. time) obtained from the NH3 adsorption testing 

on recently synthesized “FM Sorbent B High” powder.  The feed was 1 slpm of air containing 20 ppmv NH3 

and 40% relative humidity at 21
o
C. Breakthrough was defined as 10 ppmv NH3 in the outlet (i.e., half of 

SMAC for NH3). 

 

In the next round of testing (in progress), we are investigating the effect of adjusting the type and concentration 

of oxygen containing groups and the use of Group 2 and transition metal oxides to change the strength of the 

interaction between these functions and the chemically reactive NH3 to maintain an acceptable capacity while 

facilitating rapid vacuum regeneration. Improvement in NH3 retention is partly due to an increase in acidity caused 

by the metal oxide forming new Bronsted sites, especially in the presence of water – i.e. the resulting sorbent might 

be even more tolerant to humidity. Based on our literature review, we have identified two non-toxic oxides, which 

will be functionalized on the base material in order to examine their capacity to remove NH3.  We are using incipient 

wetness impregnation and an initial loading of 10 wt.% metal oxide (“FM Sorbent E”). Additionally, we are also 

investigating alternative salts with potential for higher capacity, humidity tolerance, and regenerability. Several salts 

have shown higher capacities for NH3 removal based on literature review due to their higher overall 

electronegativity and potential for non-specific interactions such as hydrogen bonding or Van der Waals interactions 

(i.e., regenerable); however, they can be corrosive and toxic which limits their potential application as part of a 

breathing apparatus. One safer alternative that can be considered is strontium salt (“FM Sorbent D”) which is used 

for dental work and in tooth paste. This compound is also less hygroscopic than calcium salt which should increase 

the sorbent tolerance to humidity.  Additionally, strontium is a larger atom than calcium such that the strength of its 

bond with its salt is somewhat lower, and thus making it more polar for NH3 adsorption.  
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 Fig. 8 shows the concentration profiles from evaluating the “FM Sorbent D” powder sample using our standard 

test conditions but at two different relative humidity levels (i.e., 20% RH and 40% RH). The sorbent regeneration 

was again performed by passing clean, dry, room temperature air at 1 slpm through the bed for about 220 minutes 

(to match the breakthrough time during the adsorption process).  As expected, the “FM Sorbent D” material 

provided humidity tolerance up to 40% RH, indicated by consistent sorption capacity between 20% RH condition 

and the higher humidity condition.  Testing at 60% RH is ongoing.  Previously, we have evaluated the effect of 

humidity on the as-received powder (“FM Sorbent A”) and “FM Sorbent B”, and a reduction in sorption capacity by 

about 10% was observed when the sorbents were exposed to 40% RH. 
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Figure 8. Concentration profiles (NH3 outlet concentration vs. time) obtained from the NH3 adsorption testing 

on recently synthesized “FM Sorbent D” powder, utilizing strontium salt.  The feed was 1 slpm of air 

containing 20 ppmv NH3 and 20% (cycle 1) and 40% relative humidity (cycles 2-4) at 21
o
C. Breakthrough was 

defined as 10 ppmv NH3 in the outlet (i.e., half of SMAC for NH3). 

 

 The most recent results show a potential sorbent nanomaterial with a combined ability of higher sorption 

capacity and humidity tolerance while maintaining its regenerability (i.e., “FM Sorbent E”).  Fig. 9 shows the results 

from evaluating the sorbent using our standard test conditions but at two different relative humidity levels (i.e., 20% 

RH and 40% RH). The sorbent regeneration was again performed by passing clean, dry, room temperature air at 

1 slpm through the bed for about 300 minutes (to match the breakthrough time during the adsorption process).  More 

tests at the high humidity levels (i.e., 40% and 60% RH) are ongoing for “FM Sorbent E”; nevertheless, initial 

results indicated that it gave a much higher sorption capacity compared to the other sorbents previously synthesized 

and evaluated as well as potential for humidity tolerance (Table 3). 
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Figure 9. Concentration profiles (NH3 outlet concentration vs. time) obtained from the NH3 adsorption testing 

on recently synthesized “FM Sorbent E” powder.  The feed was 1 slpm of air containing 20 ppmv NH3 and 

20% (cycles 1-3) and 40% relative humidity (cycle 4) at 21
o
C. Breakthrough was defined as 10 ppmv NH3 in 

the outlet (i.e., half of SMAC for NH3). 

 

B. TCCS Bed Hardware Design 

Based on the performance results from the earlier sorbent development work as well as the recently-optimized 

sorbent materials, we have started to perform a trade-study of several potential TCCS Bed Hardware designs for 

evaluation of the prototype and for future integration with the RCA system. Pressure drop across this TCCS bed 

hardware is a major, critical factor to be considered in the design phase. Table 4 provides an estimate of the pressure 

drop per unit length (i.e., Pascal per cm) observed during PCI earlier testing of the sorbent-coated Microlith meshes. 

In general, the Microlith mesh system can achieve very low pressure drop due to its open configuration.  

Additionally, the high sorption capacity of our sorbent materials reduces the size of the TCCS bed needed to remove 

the targeted amount of NH3 and CH2O. One aspect that still needed to be considered was the design and fabrication 

of the housing components that would allow as minimal pressure drop as possible and at the same time, be able to 

provide a uniform flow distribution to the sorbent bed to fully-utilized the sorbent and to avoid channeling of 

reactants. 

Table 4.  Experimentally-derived pressure drops across beds consisting of sorbent-coated Microlith meshes at 

different linear velocities. 

Linear velocity 

(cm/sec) 

Experimentally-derived 

pressure drop (Pa/cm) 

27 <10 

30 ~10 

63 ~30 

 

To assist with the design of the bed housings with flow distributor and other components, we performed CFD 

analysis and evaluated the pressure drop from each of the TCCS bed hardware designs. Fig. 10 shows a preliminary 

design that has potential to meet the pressure drop requirement (the total pressure drop was estimated to be ~70 Pa 

based on CFD analysis; to be validated experimentally) and provide a relatively uniform flow distribution. Finally, 

Fig. 11 provides the housing components that will be fabricated to house the sorbent-coated Microlith mesh TCCS 

bed for further performance evaluation and validation prior to integration with the RCA system. 

 

V. Conclusion 

This paper describes experiments performed at PCI to demonstrate the performance of recently-synthesized 

sorbent nanomaterials for removal of NH3 and CH2O for the advanced spacesuit applications. PCI has developed 

 

         

Figure 10. A CAD drawing of preliminary hardware design 

that has potential to meet the pressure drop requirement and 

provide a relatively uniform flow distribution. 

 

Figure 11. Housing components for 

the sorbent-coated Microlith mesh 

TCCS bed. 
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and demonstrated a regenerable (without heating) TCCS prototype based on novel functionalized nanomaterials, 

with performance improvement (e.g., higher sorption capacity) compared to earlier work. The sorbent regeneration 

protocol for the PLSS application (i.e., 15-min vacuum regeneration cycle) will still need to be evaluated and 

optimized. A few more sorbent nanomaterials will be evaluated before the optimal sorbent is selected. Based on the 

improved performance of the sorbent materials, we will be able to identify operational windows and establish 

performance metrics and requirements that will be used to design a Microlith-based TCCS prototype for further 

evaluation to validate sorbent capacity, regenerability, and pressure drop. The sorbent materials were successfully 

coated on the high-surface-area Microlith
®
 substrates for more effective removal of NH3 and CH2O, and for bed 

operation with a very low pressure drop.  Tests of Microlith-based TCCS bed will commence later this year.  The 

resulting TCCS bed, with enhanced mass transfer and vacuum-regenerable capability, will offer the potential for 

real-time, on-the-suit sorbent regeneration, reduced logistical burden associated with bed replacement or thermal 

regeneration, and further volume and weight reduction of the TCCS module. In parallel with our sorbent 

development effort, a clear path towards functional hardware prototype design, fabrication and demonstration was 

described. 
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