
 
 

ABSTRACT 

MEKEEL, CHRISTOPHER JAMES. Mitigation of Error and Bias in Standard Test Methodologies 
used to Evaluate the Resistance of Protective Clothing to Permeation by Hazardous Chemicals. 
(Under the direction of Dr. Roger Barker). 

Resistance to permeation by chemical hazards is a pivotal characteristic of chemical 

protective equipment (CPE).  The requirements surrounding chemical permeation resistance 

ultimately define the safety and functionality of CPE.  The substantial emphasis placed on 

evaluating permeation resistance necessitates considering the quality of its data to be of the 

utmost importance. Within the scope of characterizing chemical resistance, sources of error 

which result in an overall lower quality of data, diminish the confidence associated with 

experimentally defined levels of performance. 

Major sources of experimental error in measurements of permeation resistance were 

identified with the test apparatus, temperature, and permeant analysis technique.   Their 

influence on the quality of resultant data were individually quantified.   Biases were identified 

within contemporary permeation test cell designs.  Additionally, substantial temperature-

magnitude bias was found to exist as a result of inadequate specifications surrounding test 

temperature tolerance. 

Innovative solutions were developed for mitigating identified error sources.  An 

alternative test cell was designed and validated for use with contemporary test methodologies. 

A chemical sensor array was developed to investigate its potential as an inexpensive, dedicated 

permeant analysis system.  Finally, after successfully characterizing the relationship between 

temperature and permeation resistance, a compensation technique was created to eliminate 

temperature-induced error from comparisons of permeation resistance data.  
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Chapter 1. Introduction 

 

1.1. Purpose of Research 

Resistance to permeation by chemical hazards is a pivotal characteristic of chemical 

protective equipment (CPE).  The requirements surrounding chemical permeation resistance 

ultimately define the safety and functionality of CPE.  Arguably, no other specification or 

evaluation influences the materials and construction of CPE to the same extent.  The substantial 

emphasis placed on evaluating permeation resistance necessitates considering the quality of its 

data to be of the utmost importance.  Contemporarily defined in terms of precision and accuracy, 

permeation data quality may be impacted by the practiced testing methodologies, apparatus, 

and analytical techniques.   

In any characterization program, data infidelity and variability—whether independent or 

collective—detract from its ensuing utility.  As a component of measurement error, variability 

observed among replicates obscures the distinction between normally differentiated intervals.  

The consequences of which may be less obvious, though of equal importance, to obtaining an 

authentic representative value.  Within the scope of characterizing chemical resistance, sources 

of error which result in an overall lower quality of data, diminish the confidence associated with 

experimentally defined levels of performance. 

Standardized chemical permeation test methods have seen a number of procedural 

revisions since their initial inception.  This, however, appears in stark contrast to the drastic 
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technological developments seen within the materials of which they are meant to assess.  The 

evaluation of modern materials through the use of antiquated techniques may contribute to an 

overall reduction in the quality of resultant data.   

Contemporary permeation test methods purposefully lack specificity in aspects of their 

methodology to ensure utility across a broad range chemical materials and challenge chemicals.  

While intended to provide the testing laboratory sufficient flexibility for conforming existing 

procedures and apparatus toward a given challenge chemical, these gaps in specificity may 

ultimately contribute to error within the reported results.  A detailed investigation into sources 

of error inherent to the test apparatus and methodologies of permeation testing has yet to be 

performed.   

The fundamental aim of this research was to advance the state of chemical permeation 

evaluations by improving the quality of permeation measurement data.  More specifically, the 

following work aims to identify and mitigate intrinsic sources of error in order to reduce the 

influence permeation testing methodologies have on their resulting data.   

 

1.2. Research Objectives 

1.2.1. Identification and Mitigation of Major Sources of Experimental Error 

The initial objective of this research was to aid in the advancement of chemical 

permeation testing methodologies and techniques.  In support of this objective, a critical area of 

interest was an investigation into intrinsic sources of variability and error within contemporary 
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permeation testing procedures and experimental design.  As such, the consequences associated 

with specified test temperature tolerances on the fidelity of resultant data were examined.  

Additionally, the exact extent to which temperature influences the magnitude of permeation 

measurements was characterized.  Lastly, an error compensation technique was investigated in 

an effort to eliminate error induced into data comparisons through subtle differences in 

temperature observed between replicate permeation measurements.  The combined insight 

gained from these efforts provided empirical evidence in support of suggested procedural 

changes aimed at reducing variability and bias within permeation testing. 

 

1.2.2. Reducing the Influence of Test Apparatus and Analysis Technique on Resulting Data 

Numerous researchers have previously reported on the significant influence the 

permeation test apparatus has on results obtained through its use.  As such, a second objective 

of this work focused on the development of a next-generation test cell; a single alternative design 

suitable for use with contemporary standardized test methods.  The influence of its unique design 

attributes on resultant data were investigated.   

The incorporation of a permeant analysis system dedicated to each test cell was studied 

for its potential for improving data quality.  A chemical detector suitable for permeant analysis 

was successfully created using an array of commercially available metal oxide semiconductor 

(MOS) chemical sensors.  The prototype sensor array was calibrated against a battery of toxic 

industrial chemicals commonly used for evaluating the permeation resistance of chemical 
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protective clothing.  The sensitivity and accuracy of the detector were evaluated to determine its 

suitability in permeant analysis. 

 

1.3. Research Approach 

 The proposed work was predicated on the notion of that the fidelity of data obtained 

through assessments of chemical permeation resistance is of the utmost importance when 

determining the protection afforded by chemical protective clothing (CPC).  Consequently, the 

aforementioned objectives of this research were chosen to investigate sources of error and bias 

which ultimately contribute to reducing the repeatability and reproducibility of resultant data.  

Table 1 provides a list of necessary tasks categorized by their role in the achievement these 

objectives. 
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Table 1. Research Approach 

Objective Review State of the Art Investigate Demonstrated Precision Improve Test Apparatus Advancement of Techniques and Methodologies 

Description 
Comprehensive review of 
available literature to 
investigate: 

Evaluate precision demonstrated by 
contemporary test methods. 

Develop and validate next-
generation test apparatus. 

Develop chemical sensor 
array for use in permeant 
analysis. 

Reduce the impact of 
temperature variability on 
data quality. 

Tasks 

Factors known to impact 
permeation data quality 

Assemble collection of similar data to 
analyze precision. 

Test Apparatus Design Sensor Array Design 
Evaluate Temperature 

Variability 

Design updated test cell which 
incorporates important features 
of previous designs.  Finalize 
design with improvements 
identified through the work. 

Select array components, 
design analog circuitry, 
develop data acquisition 
method, and design 
sensor housing. 

Constantly monitor test cell 
temperature and evaluate 
fluctuation.  Identify causes of 
temperature variability and 
determine impact on data 
quality. 

Technical requirements 
required for evaluating 
modern CPC methods and 
materials 

Evaluate repeatability and reproducibility 
determined through inter-laboratory 
studies. 

Assess Design Improvement Calibration 
Precision Temperature 

Control 

Characterize permeant collection 
efficiency using computational 
fluid dynamics analysis. 

Calibrate array against 
common challenge 
chemical battery 
members. 

Investigate the difference in 
data quality observed when 
test cell temperature was 
controlled directly. 

Important features of 
previous test cell designs 

Evaluate repeatability associated with test 
cell equivalency studies. 

Infinite Exposure Validation Study Assess Sensitivity 
Temperature-Permeation 

Relationship 
Validate new design for use with 
infinite exposure scenarios and 
determine equivalency with ASTM 
F739 test cell. 

Determine limits of 
detection and minimum 
detectable permeation 
rates. 

Characterize the relationship 
between temperature and 
permeation within 32 °C ± 4 °C 
for acetone-FEP 

The impact of test cell 
design on resultant data 

Analyze true precision indicative of a large 
population of pooled data. 

Finite Exposure Validation Study Permeant Analysis 
Temperature-Induced Error 

Compensation 

Validate new design for use with 
finite exposure scenarios and 
determine equivalency with LCVP 
test cell. 

Evaluate array's 
performance as a 
dedicated permeant 
analysis system. 

Use temperature-permeation 
relationship to develop an 
active method of error 
compensation.  Demonstrate 
compensation using acetone-
FEP. 

Chapter(s) 2, 3, 4 5 6 7 8, 9, 10 

Project Role Literature Review Data Quality Baseline Error Identification, Mitigation, and Compensation 
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Chapter 2. Evaluations of Chemical Permeation Resistance 

 

2.1. Molecular Transport Phenomena 

The permeation process begins with an initial absorption of chemical onto the exterior 

face of the chemical protective (CP) barrier material.  Next, permeant molecules diffuse through 

the barrier matrix; occupying free voids between polymer chains.  The process concludes with 

the desorption of the permeant from the interior surface.  A diagram of the molecular transport 

phenomena may be seen in Figure 1. 

 

 

Figure 1. Solution-Diffusion model. 
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George and Thomas describe the concentration gradient across the two faces as the 

driving force behind the transport process and governed by Fick’s laws of diffusion (Equation 1).  

In accordance to the solution diffusion model the steady state rate of permeation (SSPR) is the 

product of the diffusivity, D, and solubility, S, of the chemical within the polymer membrane 

divided by the membrane’s thickness, l (Equation 2).   

 

Equation 1. 

𝐽 = −𝐷
𝛿𝑐

𝛿𝑥
 

Equation 2. 

𝑆𝑆𝑃𝑅 =
𝐷 ∙ 𝑆

𝑙
 

 

Various models and relationships have been studied to describe transport prior to steady 

state.  The relevance of the solution-diffusion model begins to break down when complex 

interactions between the polymer membrane and permeating molecules occur.  Consequently, 

attempts to predict the effectiveness of elastomeric CP materials using numerous diffusion and 

solubility models have yielded mixed results.    The topic of predictably modeling molecular 

transport through polymeric systems is extensive and subsequently out of the purview of this 

work. 
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2.2. Evaluating Chemical Protection 

Fundamentally, permeation testing represents a functional look into the transport 

characteristics a CP barrier.  While the permeation process remains governed by the 

aforementioned phenomena, CP materials are evaluated in a manner which provides an 

indication of their anticipated levels of protection rather than an in-depth analysis of the 

chemical or physical characteristics to which this performance is owed.  Additionally, test 

specimens are most commonly evaluated after removal from finished CP goods.  Therefore, 

unlike permeation testing similarly performed on barrier films used in food packaging or 

molecular separation processes, the test procedures and apparatus must be capable of 

accurately quantifying permeation of varying shapes, construction techniques, material types.  

Figure 2 displays conventional permeation test setups for open (a) and closed-loop (b) analysis. 
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Figure 2. Open (a) and closed-loop (b) permeation test configurations. 

 

The typical permeation test procedure mounts a swatch of CP barrier, of known surface 

area, within a permeation cell constructed of two opposing chambers; allowing for an exposure 

to the chosen challenge chemical and the simultaneous collection of permeant molecules as they 

migrate through the test specimen.  A detailed discussion on permeation test cell design and its 

impact on resultant data to follow in later sections.  In a closed-loop configuration, the collection 
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media—gaseous or more commonly liquid—is recirculated throughout the test.  

Correspondingly, the concentration of permeant within the collection media is constantly 

increasing.  Closed-loop testing with gaseous collection media has been used to overcome 

sensitivity limits of analytical instrumentation.  Conversely, in an open-loop configuration the 

surface of the tested material is continuously flushed with fresh collection media prior to 

collection or analysis.  In either configuration, the permeant concentration within the collection 

media must be kept to a minimum to maintain the concentration gradient across the material.  It 

has been recommended that the mass of permeant should not exceed 20 % of its solubility within 

the collection media.  Previous studies have demonstrated the potential for gradient reduction 

with both configurations, even with permeant concentrations well below this level. 
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2.2.1. Indices 

 

Figure 3. Cumulative and rate measurements of permeation. 

 

A material’s permeation performance may be characterized by the magnitude of 

transport and the rate at which occurred.  Assessment of these attributes provides the relevant 

information to identify afforded levels of protection.  Figure 3 depicts various permeation indices 

which have historically been used to compare the relative protection of a set of CP materials and 

to set acceptable levels of performance. 
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2.2.1.1. Rate Measurements 

The most common permeation metric is permeation rate (PR); measured as the mass of 

challenge chemical permeating per unit surface area per unit of time.  While often reported as 

μg/cm2/min, units of mg/cm2/s and mg/cm2/min have also been used.  To compensate for 

inconsistencies in thickness between replicate swatches, PR may be normalized by multiplying by 

the material’s thickness yielding permeability (μg/cm/min).  Measurements of permeability are 

uncommon in CP evaluations although it has been shown to be less variable than other indices.    

Given an adequate test duration and mass of challenge chemical, transport across the CP material 

will eventually reach a steady state, referred to as the steady state permeation rate (SSPR).  ASTM 

F2815:10, Standard Practice for Chemical Permeation through Protective Clothing Materials: 

Testing Data Analysis by Use of a Computer Program described the determination of (SSPR) by 

averaging three data points with the greatest permeant concentration located within the steady 

state region of the PR curve.    Analysis of the steady state region may not always possible for 

every permeant-material pairing. 

 

2.2.1.2. Time-based Indices 

Early permeation evaluations of CPC were aimed at comparing the relative protection of 

elastomeric glove materials to provide an end-user with an indication of acceptable work time 

prior to hazardous exposure.  Consequently, the length of time elapsed prior to the detection of 

any challenge chemical within the collection media, known as breakthrough time (BT), was 
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recorded.  To compensate for differences in analytical sensitivity, an arbitrary point on the PR 

curve was chosen as a normalized BT value (nBT).  At the time of this review, specified nBT values 

of 0.1 or 1.0 µg/cm2/min remain in most standardized permeation test methods. 

Lag time (LT) is a time-based measurement commonly reported as an alternative to BT 

values.  Described in more detail within Chapter 6, LT is directly related to the diffusion coefficient 

(D) and may be determined from permeation results as the intercept of the linear portion of the 

CP curve with the time axis.  A period of approximately three LTs is required to ensure permeation 

has reached a steady state.   LT was found to be less variable and therefore capable of 

differentiating between similar materials than measurements of nBT.  Necessitating SSPR to have 

be met, derivations of LT from permeation results may not always feasible.  

 

2.2.1.3. Cumulative Permeation 

The cumulative mass having permeated throughout the test duration or sampling interval 

is referred to as cumulative permeation (CP).   CP may be calculated as the integral of the PR 

curve.  Recently, NFPA performance specifications have determined CP to represent a more 

applicable metric of protection as CP provides an indication of potential toxicological dosage; 

something not possible with SSPR or BT. 
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2.3. Standardized Permeation Resistance Test Methods 

Permeation resistance testing methodologies may be divided into two exposure 

scenarios: infinite and finite.  The type of exposure is commensurate with the intended use and 

expected level of protection of the CPC material.  Differences between exposure ideologies lead 

to variations of testing configurations and indices reported.  Contemporary standardized test 

methods for evaluating the performance of CPC are shown in Figure 4, grouped by exposure 

scenario and use. 

 



15 
 

 

Figure 4. Contemporary permeation test methodologies. 

 

2.3.1. Infinite Exposure 

Test methods employing an infinite exposure scenario require the material to be fully 

exposed and in constant contact with the challenge chemical, regardless of whether the 

challenge chemical is in a gaseous or liquid state.  Although the volume of challenge is limited to 

Ex
po

su
re

 S
ce

na
rio

Infinite

Universal

ASTM F739 Permeation of Liquids and Gases Through Protective Clothing Materials Under 
Conditions of Continuous Contact

ASTM F1407 Resistance of Chemical Protective Clothing Materials to Liquid Permeation-
Permeation Cup Method

ISO 6528 Determination of Resistance to Permeation by Liquids and Gases; Methods A-B

EN 16523-1 Permeation by Liquid Chemical Under Conditions of Continuous Contact

EN 16523-2 Permeation by Gaseous Chemical Under Conditions of Continuous Contact

Medical ASTM D6978 Assessment of Resistance of Medical Gloves to Permeation by Chemotherapy Drugs

First Responders NFPA 1991 Vapor-Protective Ensembles for Hazardous Materials Emergencies and CBRN 
Terrorism Incidents

Finite

Universal
ASTM 1383 Resistance of Protective Clothing Materials to Permeation by Liquids and Gases 

Under Conditions of Intermittent Contact

ISO 6529 Determination of Resistance to Permeation by Liquids and Gases; Method C

First Responders

NPFA 1951 Protective Ensembles for Technical Rescue Incidents

NFPA 1952 Surface Water Operations Protective Clothing and Equipment

NFPA 1953 Protective Ensembles for Contaminated Water Diving

NFPA 1994 Protective Ensembles for First Responders to Hazardous Materials Emergencies and 
CBRN Terrorism Incidents

NFPA 1999 Protective Clothing and Ensembles for Emergency Medical Operations

Military/Law 
Enforcement

TOP 8-2-501 Permeation and Penetration Testing of Air-Permeable, Semipermeable, and 
Impermeable Materials with Chemical Agents or Simulants

TOP 8-2-503 Low Volatility Agent Permeation (LVAP) Swatch Testing

NIJ Standard-
0116.00

CBRN Protective Ensemble Standard for Law Enforcement
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that allowed by the cell design, a seemingly “infinite” mass of chemical is available for transport.  

When combined with adequate test durations, these methodologies allow for measurements of 

SSPR.  Continuous exposure in this manner for extended periods of time is considered to be a 

worst case scenario for the end user.  While the chances of a CP ensemble or material being held 

in constant contact with a hazardous chemical for the length of an entire work day is unlikely, 

these methods are intentionally severe in order to provide a conservative estimation of 

protection against an unknown or previously untested hazard.  Infinite exposure evaluations 

most commonly report nBT as the main metric of performance.  An example of a CBRN protective 

ensemble evaluated in this manner is depicted in Figure 5a.  

 

Figure 5. Examples of CBRN ensembles (Kappler Protective Products(a) & Blauer 

Manufacturing Co. (b)) 
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2.3.2. Finite Exposure 

The extreme circumstances of infinite exposure methods have been determined to be 

unrealistic evaluation of CPC materials intended for use when: direct contact with chemical 

hazard is minimal, the identity of the chemical hazard is known—therefore a confident selection 

of CPC is possible—and the duration of exposure is limited.  Examples of CBRN protective 

ensembles designed for this intent are shown in Figure 5b.   

To simulate a finite exposure scenario, National Fire Protection Association, NFPA, 

National Institute of Justice, NIJ, and US military test methods rely on the use of a challenge 

density or a mass of chemical per unit of surface area.  Liquid chemicals are applied as discrete 

droplets in a uniform pattern across the material surface.  To facilitate the application of 

challenge droplets, the permeation test apparatus is designed in such a manner that the entire 

surface area of the test specimen is accessible through the removal of a large threaded cap.  

When testing against a gaseous and vapor-producing chemical, a concentration consistent with 

a realistic exposure situation is specified.  True representation of SSPR is unlikely to occur as the 

transport process is artificially influenced by the finite mass of permeant available and intestinally 

limited test duration.  While BT was reported in early NFPA CBRN standards, the practice was 

changed in recent revisions to require the reporting of CP instead.   

In comparison, ASTM F1383 and ISO 6529(C) utilize a finite volume of chemical to expose 

CP barriers intermittently throughout a test duration; though nBT remains the main reported 

metric.  These methods were derived from constant exposure methodologies with previous 
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research concluding they provide inconsistent results due in part to difficulties in reproducing 

identical exposure intervals. 

 

2.4. Challenge Chemical Battery 

It is not practically feasible to evaluate permeation performance against the entirety of 

potential chemical exposures.  Therefore, a limited challenge chemical battery must be selected 

incorporating a variety of chemical species and reactivities.  Table 2 contains a list of common 

challenge chemicals from various CPC test methods, performance specifications, and the Naval 

Research Laboratory (NRL) lists of high priority inhalation, ocular and percutaneous hazards.  

Identical batteries specified in NFPA 1991, NFPA 1994, and NIJ-0116.00 were combined. 
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Table 2. Contemporary challenge chemical batteries. 

Chemical 
NRL Priority 

Hazards 
ASTM 
F1001 

NFPA & 
NIJ ISO 6529 EN 16523 

1,3 Butadiene      
Acetic Acid      

Acetone      
Acetonitrile      

Acrolein      
Acrylonitrile      

Ammonia      
Ammonium Hydroxide      

Carbon Dioxide      
Carbon Disulfide      

Chlorine      
Cyanogen Chloride      
Dichloromethane      

Diethyl Amine      
Dimethyl Formamide      

Dimethyl Sulfate      
Ethyl Acetate      

Ethylene Dibromide      
Ethylene Oxide      
Formaldehyde      

Heptane      
Hexane      

Hydrofluoric Acid      
Hydrogen Bromide      
Hydrogen Chloride      
Hydrogen Peroxide      
Hydrogen Sulfide      

Mercury      
Methanol      

Methyl Bromide      
Methyl Chloride      

Nitric Acid      
Nitrobenzene      

Nitrogen Dioxide      
OMPA      
Ozone      

Phosgene      
Phosphine      

Sodium Hydroxide      
Sodium Hypochlorite      

Sulfur Dioxide      
Sulfuric Acid      

Sulfuryl Difluoride      
Tetrachloroethylene      

Tetrahydrofuran      
Toluene      
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Spence published a recommended list of challenge chemicals for comparing relative 

performance of CPC materials, stating that membership status should be based upon: a variety 

of different chemical functional groups, maximum potential for permeation, availability and ease 

of use, and amenability with currently testing techniques.    

Members of the ASTM F1001 list were initially selected on the basis of their solubility and 

known interactions within common CPC materials at the time of the standards creation.  This list 

serves as the foundation for the NFPA and subsequent NIJ batteries.  Acrolein, acrylonitrile, and 

dimethyl sulfate were added to supplement the F1001 list for the NFPA 1991 battery.  A subset 

of the NFPA 1991 battery was chosen for the individual classes of NFPA 1994.   Suggested 

challenge chemicals in ISO 6529 and EN 16523-1 & 2 share similarities with the F1001 list.  The 

battery comprised from both EN 16523 test methods represents the largest currently available. 

The NRL reports detailed a process for prioritizing specific inhalation, ocular and 

percutaneous hazards based upon “fundamental chemical reactivity principles”.  This emphasis 

on chemical reactivity was chosen to evaluate CPC materials against negative permeant-material 

interactions which may reduce overall protection. 
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Chapter 3. Identifying Sources of Error and Bias in Permeation Measurements 

 

3.1. Root Cause Analysis 

 Following a similar approach used by Chęsy et al., an Ishikawa or fishbone diagram was 

created to identify which aspects of permeation testing have the greatest potential to impact the 

quality of resulting data.  Various potential sources of error and variability were divided amongst 

six categories: analyst, apparatus, material, methodology, sampling and analysis, and 

environment.  The resulting diagram is depicted in Figure 6. 
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Figure 1. Ishikawa diagram used to identify sources of error in permeation test methods. 
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 The Ishikawa diagram illustrated the complexity and interconnectivity of the numerous 

potential sources of error associated with permeation testing.  Where applicable, a 

comprehensive review of available literature on the subjected of each is included within the 

introduction of each chapter.  The following sections describe a number of root causes which are 

not incorporated into other chapters though required additional review throughout the course 

of this work. 

 

3.2. Material Formulation and Construction 

While many factors may affect permeation through the polymeric barrier layer of CPC, it 

is generally accepted that the nature of the polymer itself is the dominant factor.    This is due to 

the strong influence properties such as free volume and chain mobility have on the transport 

process.  Consequently, sample inhomogeneity has been found to have the greatest influence to 

the resulting precision of permeation test data.  Differences in polymer formulations leading to 

disparities in cross link density, average molecular weight, crystallinity, and copolymer ratio, have 

been shown to directly impact transport phenomena.  According to Phalen and Wong, variations 

in polymer composition and glove sample uniformity correlated with an increased variability in 

BT, SSPR, and CP values.  Rivin et al, suggested differences in formulations of cross-linked 

polymers contributed to variability in the apparent permeability and diffusivity of CWA simulants. 

The use of multi-layered composite materials has increased in popularity in the 

construction modern CPC.  Thin layer plastic laminates potentially offer increased protection 
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against a greater variety of chemical species with a significant reduction in thickness in 

comparison to elastomeric materials.  Although these materials offer definite advantages over 

their monolithic counterparts, their complexity may ultimately contribute to an increase in 

variability seen in permeation test results.  Crank described the difficulties of modeling 

permeation through laminates due to convoluted multi-dimensional diffusion heavily influenced 

by complex interfacial relationships.  This was supported by the work of Gårdebjer et al. where 

the presence of non-homogeneous crystallization at laminate interfaces was determined to 

cause localized variations in permeability.  Additionally, the rate of permeation through laminate 

materials was found to be directionally dependent, adding to the complexity of describing the 

permeation process.    

 

 

Figure 7. Molecular Transport Through Monolithic (a) and Laminate (b) CPC Materials 

Ursin and Drabaek uniquely demonstrated the permeation characteristics of composite 

CPC materials through the use of radiolabeled challenge chemicals and autoradiography.  After 
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reaching steady state, the concentration of challenge chemical was nearly uniform across the 

thickness of a single layer of neoprene (Figure 7a).  In comparison, the concentration profile 

within the viton-chlorobutyl composite material (Figure 7b) was found to diminish greatly after 

the first layer. The authors’ observations suggest that subtle differences in thickness or 

positioning of individual laminate layers, between replicate test specimens, may directly affect 

the precision of permeation results.   

 

Table 3. SSPR variability in films vs. laminates 

  Mean SSPR 
(µg/cm2/min) CV (%)  Material 

Films 
LDPE 537 7 

metallized LDPE 139 22 

Laminates 

LDPE/LDPE 88.5 17 
LDPE/metallized LDPE 60.5 39 

LDPE-metallized/metallized 
LDPE 40 39 

 

Goydan et al., investigated the permeation performance of two layer laminates of linear 

low density poly ethylene (LDPE) and metallized-LDPE films.  As shown in Table 3, the SSPR of 

dichloromethane through laminate materials exhibited greater variability than those determined 

for their component films.  The act of combining multiple individual layers into a laminate or 

composite material likely amplifies the effect that minor changes in polymer composition and 

uniformity have on the precision of permeation results.  Furthermore, the potential destruction 

or delamination of these materials is unlikely to be reproducible between replicate test 
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specimens.  As material variability is likely impossible to avoid, it seems increasingly important 

that other sources of error within permeation testing are eliminated.  

 

3.3. Permeant Analysis 

3.5.1. Magnitude of Measurement 

The magnitude of permeation measurements continues to decrease as a consequence of 

modern CPC materials and their required performance specifications.  The error associated with 

chemical analysis increases as the magnitude of the measurement decreases.  As the 

concentration of an analyte nears zero, the influence of the analyte on the measure value 

decreases and the effect of the matrix increases.    
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Figure 8. Predicted CV as a function of analyte concentration. 

 

The Horwitz equation is commonly used to predict inter-laboratory precision (CVR) as a 

function of analyte concentration (C).  This correlation is a product of over 10,000 validation 

studies.  With C expressed as a dimensionless mass fraction, CVR = 2C-0.15.  Therefore, CVR is 

expected to double for every two orders of magnitude reduction in concentration.  Figure 8 

depicts the predicted level of precision (PCVr), as function of concentration, using the estimation 

that intra-laboratory precision (CVr) is approximately 50%-70% of CVR.   
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Table 4. Predicted precision of permeation rate measurements 

PR, µg/cm2/min PCVr, % 
0.001 19 
0.01 14 
0.1 10 
1.0 7 

10.0 5 

 

The Horwitz equation is only capable of predicting precision of “true measurements”, not 

those depending upon measurement technique or methodology.  Therefore, it cannot be used 

to estimate variability within permeation testing directly.  However, it is applicable for use in 

predicting potential variability directly related to the measurement of permeant concentration 

within the collection media.  The predicted precision associated solely with the measurement of 

various permeation rates are shown in Table 4.  Permeant concentration (µg/µg) was calculated 

from PR using 1” test cell, an open loop configuration, with a collection flow rate of 1 L/min.  At 

a PR of 0.1 µg/cm2/min, the normalized BT value specified in ASTM F739:12, the Horwitz 

relationship estimates up to 10% variability between concentration measurements alone.  While 

this would be considered more than adequate for analytical performance, the combination of 

this error with those of other previously described sources, likely adds to the elevated levels of 

inter-replicate variability characteristic of chemical permeation testing.   
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3.4. Test Apparatus 

The performance demonstrated through permeation testing is indicative to the level of 

protection afforded to the CPC end user.  Therefore, any biases and variabilities introduced into 

permeation testing methods result in an inaccurate description of the CPC’s actual protection.  

The following section consists of an investigation into the potential impact the design of the 

testing apparatus may have on the quality of permeation results.   

3.4.1. Swatch Orientation 

 

Figure 9. Vertical (a) and horizontal (b) test cell orientation. 

  

As described previously, a permeation test apparatus may be positioned in a way which 

orients the test material in either a vertical or horizontal fashion, as depicted by Figure 9a and 

Figure 9b, respectively.  For example, the F739 cell (Figure 15) is primarily used in a vertical 

orientation, compared to the ISO design (Figure 18) which is situated horizontally.   The main 

advantage of a horizonal positioning is the reduced volume of challenge chemical need to fully 
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cover the exposure surface area of the test material.  In comparison, the challenge chamber of a 

vertical cell must be entirely filled to ensure complete coverage.  Multiple researchers have noted 

the need for a limited volume of potentially toxic challenge chemicals as practical benefit of 

horizontal swatch placement   

A review of relevant previous work indicated test cell orientation may have had an impact 

on resulting data.  A collection of available data comparing SSPR values between vertical and 

horizontal oriented cells is shown in Table 5.  For comparability, published data was converted 

to SSPR values with units of μg/cm2/min; wherever necessary.  In approximately 70% of the 

comparisons, the vertical F739 cell exhibited greater inter-replicate variability.  Interestingly, 

while only half of the comparisons resulted in greater SSPRs for the horizontal cells, in the 

instances where these values were greater, the difference was substantial.  
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Table 5. Comparison of SSPR for vertical and horizontal cell designs. 

 F739  Comparison  

Chemical Material 
SSPR 

(μg/cm2/min) 
CV 
(%) 

 SSPR 
(μg/cm2/min) 

CV 
(%) Design Reference 

Acetone Neoprene 271 4.6 
 

309 8.9 AMK 
Berardinelli et al. 

(1983) 

Toluene Dermapren 911 19.7 
 

1721 
11.
3 ISO Melström (1991) 

Toluene Fairprene 1052 16.9  1496 3.5 ISO Melström (1991) 

TCE Dermapren 1943 26.8 
 

2458 
33.
1 ISO Melström (1991) 

TCE Fairprene 1662 10.4  1549 0.7 ISO Melström (1991) 

Benzene Nitrile 788 6.7  904 2.0 ISO Chao et al. (2007)a 

EDC Neoprene 1077 7.6  1206 5.3 ISO Chao et al. (2007)a 

Acetone Neoprene 203 1.9  202 3.7 MK1 Bromwich (1998) 
Acetone Neoprene 245 22.0  215 1.9 MK2 Bromwich (1999) 
Acetone Neoprene 223 6.0  219 7.9 RMC Garcia et al. (1984) 

Hexane 
Neoprene 
(0.4 mm) 217 9.2 

 
155 5.2 RMC Patton et al. (1988) 

Hexane 
Neoprene  
(0.8 mm) 124 9.1 

 
99 7.7 RMC Patton et al. (1988) 

EDC = 1,2-dichloroethane 
TCE = Tetrachloroethylene 
a Estimated from Permeability Coefficient Data 

 

To more appropriately gauge the impact of cell orientation had on precision, pooled CV 

values (CVp) were calculated and are shown in Table 6.  Based on CVp, cell designs incorporating 

a horizontally positioned specimen demonstrated approximately 40% lower inter-replicate 

variability in resultant SSPR values. 
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Table 6.  Comparison of pooled CV between orientations. 

 Orientation 

 Vertical Horizontal 

Metric CVp CVp 
Steady State Permeation Rate 15.3 8.5 

 

These results echo the findings of Chao et al., who explained the significant difference in 

permeability observed between the F739 and ISO cells as: “the gravity of permeant could have 

an effect on the permeation process for a vertical permeation cell used in the ISO 6529 method.”   

 

3.4.2. Test Cell Geometry 

A smaller 1” (25 mm) F739 cell was developed to reduce volume of potentially hazardous 

challenge chemical necessary for complete exposure during testing.   Several performance 

comparison studies concluded the smaller cell to be generally equivalent despite its propensity 

toward providing longer BT and lower SSPR results.    Additionally, Vahdat et al. and Billing and 

Bentz described an increase in precision associated with the smaller cell’s use.    The resultant 

BTs and SSPRs of these studies are included in Table 7 and Table 8, respectively.  Again, SSPR 

values were converted to a common unit where necessary.  (Note: Billing and Bentz did not report 

SSPR values.)  Approximately 60% of the reported BT values were longer than the 2” (51 mm) 

design and approximately 90% of the reported SSPR were lower.    
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Table 7. Comparison of BT between 2" and 1" F739 cells. 

Breakthrough Time (min) 51 mm  25 mm  

Chemical Material 
Mea

n 
CV 
(%) 

 Mea
n 

CV 
(%) Reference 

Toluene 
Neopren
e 10 8.6 

 
10 8.6 Vahdat (1988) 

Methylene 
Chloride PVC 9 18.0 

 
11 10.0 Vahdat (1988) 

Trichloroethane 
Neopren
e 22 9.0 

 
25 8.8 Vahdat (1988) 

Perchloroethylene PVC 37 5.4  41 4.6 Vahdat (1988) 
Trichloroethane Nitrile 108 6.7  116 7.8 Vahdat (1988) 
Trichloroethane Butyl 104 0.8  105 1.0 Vahdat (1988) 

Tetrahydrofuran Viton 18 15.1 
 

18 41.3 
Billing and Bentz 

(1988) 
Methylene 
Chloride Viton 18 37.1 

 
24 8.4 

Billing and Bentz 
(1988) 

Ethyl Acetate Viton 11 82.1 
 

25 1.6 
Billing and Bentz 

(1988) 

Acetone 
Neopren
e 17 17.1 

 
14 22.1 Henry (1988)a 

Acetone 
Neopren
e 18 20.6 

 
17 9.4 Henry (1988)b 

        
aOpen Loop        
bClosed Loop        
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Table 8.  Comparison of SSPR between 2" and 1" F739 Cells. 

Permeation Rate (µg/cm2/min) 51 mm  25 mm  
Chemical Material Mean CV (%)  Mean CV (%) Reference 
Toluene Neoprene 2388 9.7  2100 3.8 Vahdat (1988) 
Methylene Chloride PVC 7927 2.7  6587 7.9 Vahdat (1988) 
Trichloroethane Neoprene 2530 5.9  2240 4.8 Vahdat (1988) 
Perchloroethylene PVC 727 6.9  656 15.0 Vahdat (1988) 
Trichloroethane Nitrile 550 9.3  507 4.3 Vahdat (1988) 
Trichloroethane Butyl 138 8.2  128 9.2 Vahdat (1988) 
Acetone Neoprene 239 6.5  253 20.0 Henry (1988)a 
Acetone Neoprene 270 19.6  223 17.4 Henry (1988)b 

        
aOpen Loop        
bClosed Loop        

 

Pooled CV values for BT and SSPR are shown in Table 9.  Overall, the 1” F739 

demonstrated significantly less variability for the BT metric while slightly greater in SSPR.   

 

Table 9. Comparison of Pooled CV between F739 cell sizes. 

 F739 Cell Size 

 51 mm 25 mm 

Metric CVp (%) CVp (%) 
Breakthrough Time 30.9 12.6 
Steady State Permeation Rate 10.7 13.2 

 

To further investigate the influence of exposed surface area on precision, a larger data 

set was created from published permeation data.  The expanded data set included resultant data 
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from open-loop permeation testing, using gaseous collection media, conducted at 21-25°C, and 

in accordance to ASTM F739 standard practice.  Relevant data collected in Table 5 and Table 8 

were combined with the results of Davis et al. along with an extensive study by Anna which 

evaluated four elastomeric materials against over 40 challenge chemicals; all using the 2” (51 

mm) F739 cell.  CVp values for the expanded data set indicate a slight increase in precision when 

a smaller cell was used, as shown in Table 10.  

 

Table 10. Comparison of pooled CV between permeation cell sizes. 

 Cell Size 

 51 mm ≤ 25 mm 

Metric CVp (%) CVp (%) 
Steady State Permeation Rate 11.9 9.8 

 

3.4.3. Cell Diameter as a Function of Swatch Thickness 

The influence of test cell size extends beyond data quality and practicality.  The 

fundamental transport models governing chemical permeation evaluations generally assumes 

the diffusion of permeant molecules through the CPC matrix is in one direction; away from the 

exposed face and toward the face nearest the collection media.  The assumption of 1-

dimensional diffusion becomes less accurate as the thickness of the sample increases.  So-called, 

“edge effects” result from diffusive flux normal to that of typical 1-D transport, toward the 

circumferential edges of the cylindrical CPC swatch.  Consequently, as the thickness of a material 

increases, the measured permeation rate appears to decrease as permeant is no longer entirely 
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located at the face directed toward the collection media.  Crank described the limit: l/a ≤ 0.2, 

where l  is the sample thickness and a is the radius of a circular specimen.  The error associated 

with edge effects remains negligible pending a test cell radius greater than five times the 

thickness of the material being evaluated.  Bromwich incorporated this parameter into the design 

of a smaller variant of the Griffith cell intended for evaluating samples taken from glove 

fingertips.  Rivin et al. theorized edge effects may have contributed up to 15% error in aspects of 

their measurements.   

 

3.4.4. Collection Media Flow Path 

 

 

Figure 10. Mixed gas permeation cell. 
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Figure 10 depicts a permeation cell used to conduct permeability testing employing 

mixed-gas measurement technique, as described by Czichos et al., in the Handbook of 

Measurements of Materials.  The cell utilizes a radial flow path, similar to the Griffith MK2 cell 

(Figure 11), to eliminate “any trapped gas or dead zones”, which contribute to concentration 

variations across the film which result in measurement errors.  While, this type of device was 

intended for evaluating gas permeability though thin film membranes for separation or 

pervaporative processes and not chemical permeation through CPC materials, the design 

highlights the importance of the collection media flow path (CMFP) on efficient permeant 

removal. 

 

Figure 11. Collection media flow path of griffith MK2 cell. 

 

A critical analysis of the ASTM F739 test methodology and test cell were performed by 

Anna et al.; where a lack of “ideal mixing” within the collection chamber was cited as a possible 
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reason for the cell’s proclivity to under estimate SSPR values.  The authors conducted flow 

visualization experiments by introducing smoke into the collection media, up-stream from the 

cell’s inlet, and measured the time needed until smoke was no longer visible exiting the cell.  The 

flow rate was then increased, leading to additional smoke clearing the cell, apparently trapped 

in stagnant regions within the chamber.  Additionally, experimentally determined clearance 

times were approximately double of times calculated for ideal mixing. 

 

 

Figure 12. Regions of stagnant flow in F739 cell. 

 

Bromwich expanded upon the work of Anna et al. through an injection of dye into water 

circulating through the collection chamber of the F739 as depicted in Figure 12.  The experiment 

was extended to observe the CMFP associated with the Griffith cell designs (Figure 25).  As in the 

work of Anna et al., an additional bolus of dye was seen exiting the collection chamber as flow 
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rate was increased, suggesting the reintroduction of dye trapped in stagnant regions.   These 

observations were quantitatively confirmed, by increasing the collection media flow rate and 

measuring the subsequent increase in permeation rate, as shown in Figure 13. 

 

 

Figure 13. Quantitative measurement of stagnant region in F739 cell. 

 

The above findings concur with the recommendation of Verwolf et al. that sub-optimal 

flow may inhibit efficient permeant collection and “test cell design should optimize both flow 

rate and the geometry of the swept collection zone”.   
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The concentration gradient of challenge chemical across the material is the main driving 

force behind the permeation process.  Any permeant not removed from the collection surface of 

the test specimen decreases the magnitude of the gradient and may result in an overall reduction 

of permeation, thus an inaccurate depiction of protection.  Additionally, any permeant that is not 

removed from the collection chamber is not made available analysis.  Therefore, the loss of 

permeant into regions of stagnation combined with its delayed reintroduction into the collection 

medium stream may artificially influence the rate of permeation measured post-cell while 

simultaneously contributing to an increase in inter-replicate variability.   

 

3.4.5. Test Apparatus Influence 

The performance demonstrated through permeation testing indicates the level of 

protection afforded to the CPE end user.  Therefore, any biases introduced into permeation 

testing methods result in an inaccurate description of the CPE’s actual protection.  The design of 

a permeation test cell may have a significant impact on the quality of the results obtained with 

its use. 

 

3.5. Conclusion 

It is duly proposed that any work demonstrating a marked improvement in the quality of 

chemical permeation data directly contributes to appropriately defining the degree of protection 

afforded against exposure to chemical hazards.   Furthermore, research efforts specifically aimed 
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at reducing sources of error and biases present within testing methodologies, apparatus, and 

permeant analysis techniques offer significant advancement in the extrapolation of anticipated 

real-world performance from bench-level assessments.   
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Chapter 4. The Design of Chemical Permeation Test Apparatus 

 

4.1. Traditional Designs 

4.1.1. Early Test Cells 

 

Figure 14. Sansone (a) and Weeks (b) permeation test cells. 

 

The design of the contemporary permeation test cell is rooted in the works of early 

researchers looking to quantify the protection afforded by glove materials against chemicals 

known to be hazardous to the wearer.  The basic construct, seen in Figure 14, consisted of two 

opposing glass chambers separated by a swatch of CPC material which acted as a “membrane 

between the two cells”.  As the hazardous chemical of interest permeated through the CPC 

material, it would be collected for analysis in the opposite chamber.  Both designs were only 
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suitable for closed-loop test methods.  The vertically oriented, glass design has evolved slightly 

into the standard test cell design today.   

 

4.1.2. ASTM F739 

 

 

Figure 15. Side (a) and top (b) views of F739 test cell. 

 

A single design described by Henry and Schlatter in 1981, has become the internationally 

recognized standard with its inclusion in the ASTM F739-12e1 Standard Test Method for 

Permeation of Liquids and Gases through Protective Clothing Materials under Conditions of 

Continuous Contact and, more recently, ISO 6529:2013(E) Determination of Resistance of 

Protective Clothing Materials to Permeation by Liquids and Gases test methods. Henry and 
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Schlatter’s design, henceforth, the “F739 cell,” remains fundamentally unchanged from its 

original inception.   

 

   

Figure 16. Stainless steel F739 variant. 

 

Several researchers have reported difficulties working with the fragile glass construction 

of the F739 cell, including Patton et al., who estimated the service life as approximately six 

months.  A stainless steel variant (Figure 16) was published by Davis et al., out of necessity to 

overcome the challenges of sealing and working with the glass original.  A smaller, 1” F739 cell 
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was created to reduce the 50mL volume of challenge chemical required when using the original 

2” version.   Henry found the 1” cell produced BT and SSPR values that were not significant 

different than those associated with the 2” design, despite a four-fold increase in exposed surface 

area.  Vahdat also determined equivalency in the smaller cell as the percent difference in 

permeation metrics were less than 12.5% for most permeant-material pairs tested.  Additionally, 

Billing and Bentz found the smaller cell easier to seal.  Berardinelli et al. determined a similar 1” 

glass cell (Figure 17), manufactured by AMK Glass Company, compared favorably to the  2” F739 

cell, giving analogous BT and SSPR results.  The AMK design has also been utilized in multiple 

studies out of the National Institute of Occupational Safety and Health (NIOSH). 

 

 

Figure 17. AMK permeation cell. 
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Regardless of the specific incarnation of the basic F739 design, its legacy is undeniable.  

While discussing the history of permeation cell designs, Henry stated: “Perhaps no one will be 

able to show how many injuries, illnesses and deaths that have been prevented because of the 

data generated by the test cell and method, but it certainly has given valuable information to 

protect workers from dermal contact and exposure.” 

 

4.1.3. ISO and EN Standard Designs 

 

Figure 18. Original ISO 6529 test cell. 

 

The initial publication of ISO 6529 specified the use of the device shown in Figure 18, 

henceforth, the “ISO cell”.  A significant deviation from the F739 design, the ISO cell was 

constructed of stainless steel with the test material oriented horizontally between vertically-
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opposed challenge and collection chambers.   Subsequently, the volume of challenge chemical 

required to ensure complete coverage of the surface area of a CPC swatch was limited to less 

than 10mL.  Mellström complimented the ease of use of the ISO design thanks to this limited 

challenge volume and its sturdy construction.  The ISO cell was found to be equivalent to the 1” 

F739 cell though shown to provide significantly different results to that of the 2” F739.   

 

 

Figure 19. EN 16523 test cell. 

 

Chęsy and Irzmańska concluded the difference in construction between the ISO cell and 

the design specified in EN 16523-1:2015, Figure 19, did not significantly affect permeation 

results.  An update to ISO 6529 in 2001 changed the preferred test apparatus to one similar to 

that of F739, while the original design was kept as an alternative. 
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4.2. Military Test Cells 

Military CPC testing programs have historically differed from their civilian counter parts 

whose focus was primarily on protecting industrial workers against chronic hazardous exposure.  

A greater variety of potential hazards combined with a wide array of specialized equipment 

demanded unique test methods and apparatuses capable of high throughput testing 

environment.   

 

4.2.1. Penetration Cup 

 

Figure 20. US Military penetration cup. 
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Figure 20 depicts one of the earliest forms of military-specific permeation test cells.  

Constructed of stainless steel, the “penetration cup” evaluated 9.8cm sample discs and was 

described as, “…simple, easy to operate and was sufficiently flexible to accommodate the wide 

assortment of different chemicals”.  The penetration cup would eventually give way to the 

contemporary standard design for military and CWA testing, the liquid challenge/vapor 

penetration (LCVP) cell.  

 

4.2.2. Liquid Challenge/Vapor Permeation Apparatus 

 

Figure 21. Liquid Challenge/Vapor Permeation cell. 
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A 1984 report from the Chemical Research and Development Center, describes the 

earliest found reference to the LCVP cell.  Aspects of the CRDC procedure were incorporated into 

the modern test operations procedure, TOP 8-2-501.  The current LCVP cell (Figure 21) and test 

methodologies allow for its use in assessing the protection afforded by air-permeable and 

impermeable materials alike, through various changes in test cell configuration and swatch 

exposure techniques.  A large threated cap was incorporated into the challenge chamber.  With 

the cap removed, the entire exposed surface area of the swatch is accessible, allowing for easy 

application of challenge chemical droplets.   

In addition to military test programs, the LCVP design has been specified for use in 

applicable NFPA HAZMAT testing and certification programs.  Despite this growing acceptance, 

several researchers have criticized the LCVP as underestimating permeation results.  Additionally, 

Verwolf et al. found issue with the large thermal mass of the LCVP stating that it required greater 

than two hours to reach test temperature after removal from the environmental chamber in 

order to load test swatches. 

 

4.3. Performance-based Designs 

The following section will review a select number of testing apparatuses which were 

specifically developed for improved performance.  Building upon existing designs of the time, 

these test cells incorporated distinctive features aimed at providing permeation results with 

greater accuracy and increase precision.  Consequently, their significance is not a function of 
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specified use or acceptance, but rather the noteworthy technologies and techniques used in their 

development and evaluation.   

 

4.3.1. Radian Microcell 

 

Figure 22. Radian Microcell. 

 

The Radian Microcell (RMC), Figure 22, developed by Radian Corporation of Austin, TX, 

was one of a limited number of chemical permeation test cells to receive a US patent.  The 

inventors described the design as compact, less expensive to manufacture, and—due to the 1-

2mL challenge chemical capacity—reduced the cost of analysis and possibility of operator 

exposure.  The differentiating feature of the RMC was the unorthodox, conical shape of the 

collection chamber, which was said to provide a “cyclone effect” and determined to improve 

sensitivity and precision.  
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In an 1985 EPA report, the RMC exhibited a significant reduction in inter-replicate 

variability, in comparison to the F739 cell.  The US Army Research Laboratory found the design 

sufficient for evaluating elastomeric materials against DMSO.  Interestingly, while the patent 

claims equivalency to the F739 cell, Patton et al. published a number of difficulties in comparing 

the two designs.  As in the EPA report, the Microcell demonstrated a propensity for increased 

precision, but the authors concluded that variation in permeation metrics were shown to be 

dependent with response to its mean and therefore the ASTM procedure could not be used to 

determine equivalency.  

 

4.3.2. Griffith Test Cell 

 

Figure 23. Griffith MK1 (a) and MK2 (b) test cells. 
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The Griffith permeation cells (Figure 23) were developed by Bromwich at Griffith 

University. The original Griffith cell design (Figure 23a) set out to improve upon the F739 cell 

through increased durability, functionality, and ease of use.  The second generation (Figure 23b) 

incorporated a novel, radial collection media flow path (CMFP).   Additionally, both iterations 

were capable of testing intact CPC materials, as seen in Figure 24.  Both Griffith cells were found 

to be equivalent to the F739 2” cell and demonstrated a significant increase in precision. 

 

 

Figure 24. Griffith MK2 with intact CPC. 
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When developing the MK2, particular attention was given to the CMFP in an effort to 

eliminate areas of stagnation and ensure the efficacy of permeant collection.  Dye flow 

visualization experiments (Figure 25) identified areas of stagnant flow in the F739 and MK1 

collection chambers and provided visual indication of the improvements associated the MK2 

design. 

 

 

Figure 25. Visualization of the collection media flow path in F739(a), Griffith MK1(b), and 

MK2(c) cells. 

 



55 
 

Bromwich’s work is unequaled in the depth of its investigation into permeation test cell 

performance.  Consequently, various aspects of the Griffith cell designs and evaluation 

techniques will be covered in more detail in following sections.   

 

4.3.3. EMCC Test Cell 

 

Figure 26. Diagram of EMCC test cell. 

 

The EMCC design was developed by the Evergreen Measurement and Certification Center 

(EMCC) to improve the functionality and performance of the LCVP cell used in military testing 

programs.  Verwolf et al. highlighted its reduced mechanical complexity and improved sealing 

integrity over the existing LCVP cell.  Like the Griffith MK2, a focus on CMFP lead to a decrease in 
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the thickness of boundary layer at the surface of the test swatch.  Computational fluid dynamics 

(CFD) simulations were used to compare the CMFPs of the F739, LCVP, and EMCC prototype 

designs.  The authors’ CFD simulations (Figure 27), depict the contours of velocity magnitude for 

each cell type.  The publication describing the EMCC cell was the only work found to utilize CFD 

analysis for improving permeation cell design and performance.   

 

Figure 27. CFD simulations of F739, LCVP, and EMCC collection chambers. 

 

With an improved CMFP, indicated by the CFD analysis, the performance of the EMCC cell 

was significantly improved.  The EMCC cell demonstrated shorter LT and higher SSPR, when 

compared with the LCVP.  More importantly, the inter-replicate variability was reduced to < 2%.  

As reference for expected performance, the inter-laboratory study in ASTM F739:12 indicated a 

CV for repeatability of 10 % and suggested within-laboratory replicates may vary up to 

approximately 30 %.  
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Chapter 5. Assessing the Precision of Chemical Permeation Test Data 

 

5.1. Introduction 

Inter-laboratory studies (ILS) are performed to demonstrate levels of performance and 

precision indicative of a standardized test method.   The information gained through an ILS may 

be used to dictate the available precision afforded to product specifications when specifying 

minimal expectations of performance. Contemporary chemical permeation resistance standard 

test methods used in the evaluation of chemical protective clothing (CPC) methods suffer from 

significant inter-laboratory variability, as indicated by their ILS data.  It is imperative that these 

methodologies provide high quality data to allow for the protection of CPC materials to be 

accurately defined. 

Direct comparisons of permeation data are often made difficult by a multitude of unreported 

variables with the potential to substantially impact published results.  Additionally, assessing 

individual laboratory performance is further complicated by the lack of a true reference standard.  

The following chapter will statistically analyze historical permeation datasets to evaluate the 

precision of constant contact permeation test methods allowing for the identification of 

substantial sources of error which may contribute to an overall reduction in the quality of 

resultant data.   
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5.2. Statistical Evaluation of Data Quality 

An analytical study; the practice of using collected data to predict future performance, 

relies upon statistics to describe the characteristics of a large population through the evaluation 

of a limited sample set.   Standardized permeation testing produces specific indices which may 

be used as metrics for determining minimum performance requirements of the materials tested.  

Uncertainty in permeation test results detracts from the accuracy of expected levels of afford 

protection.   

 

5.2.1. Precision and Bias 

Repeated, independent measurements of any phenomena or characteristic are unlikely 

to produce identical results due to inherent sources of error within the system.  Variable 

deviation from previous and future values creates the breadth of the population distribution 

discussed below.  In most systems, the complete absence of variability is improbable, 

necessitating methods of defining and evaluating its impact on decisions made using the chosen 

data set.  Precision describes the extent of variability, or the “closeness of agreement between 

independent test results obtained under stipulated conditions.”  Precision may be expressed as 

standard deviation (σ), variance (σ2), or as relative standard deviation (RSD), also referred to as 

the coefficient of variation (CV); a ratio of a population’s σ to its mean (x).   
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5.2.2. Population Distribution 

 

 

Figure 28. Probability of normally distributed population. 

 

A statistical population is said to be normal when it follows a Gaussian distribution as 

demonstrated in Figure 28.  While Crank treats the mechanics of ideal permeation as normally 

distributed, little effort has been expended on properly characterizing the actual distribution 

among replicant permeation tests. 
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Figure 29. SSPR population distribution. 

 

Patton et al. suggested treating permeation results as parametrically distributed, based 

upon 490 observations (Figure 29).   Contrary to this suggestion, nearly all publications on the 

topic of chemical permeation testing assume a normal population; based upon statistical and 

mathematical techniques employed.  As an example, relative ASTM, ISO, and CEN standardized 

test methods incorporate precision specifications, calculated with the assumption of a normally 

distributed population.   As a consequence—and for simplicity—the following section will 

conform with the popularity of this assumption. 

 

5.2.3. Number of Replicate Measurements 

The precision of any statistical inference is dependent upon the size of the sampled 

population.  According to the central limit theorem, the probability distribution of a random 
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sample mean (�̅�), consisting of n observations, will be approximately normal with the population 

mean (𝜇) and variance (σ2) of σ2/n, if n is large.   In other words, as the size of n approaches the 

true size of the population (N), the distribution of sample means begins to replicate the true 

distribution of the population mean, making  �̅� an estimator of 𝜇 with a bias of �̅� – 𝜇.  This 

relationship allows for the standard error of the sampling distribution, 𝜎 ̅ , to be determined from 

the standard deviation of the population, 𝜎,  using Equation 3.   

 

Equation 3. 

𝜎 ̅ =
𝜎

√𝑛
 

 

As 𝜎 is often unknown, the sample standard deviation, s, may be substituted into 

Equation 3.    Using the probability distribution shown in Figure 1, there is reason confidence that 

𝜇 lies within two standard errors of the estimate; 𝜇 = �̅� ± 2𝜎 ̅ .  When σ2 is unknown, the 

confidence interval estimate (CI) may be calculated with a known confidence level using Equation 

4..  The length of CI is a measure of the precision of �̅�. 

 

Equation 4. 

𝐶𝐼 = 𝑡
,

𝑠

√𝑛
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The central limit theory relies upon the assumption that n is appropriately large.  It is 

generally accepted that a sample size of 30-40 observations provides an adequate estimate of 

the true population.  Alternatively, the requisite sample size may be calculated using Equation 

5., where the sought-for uncertainty, e, is equal to �̅� – 𝜇. 

 

Equation 5. 

𝑛 =
𝑡𝑠

𝑒
 

 

The complexity of permeation testing makes 30 replicates for each challenge chemical 

time consuming and prohibitively expensive.  Consequently, permeation testing is typically 

performed in triplicate per permeant-material pair.  Multiple researchers have suggested a more 

appropriate number of replicates to be 6-10, depending upon the permeation index used in 

comparisons.    
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Table 11. CP uncertainty as a function of number of replicates. 

n eCP (µg/cm2) 
2 9.0 
3 1.8 
5 1.2 

10 0.7 
30 0.4 
50 0.3 

 

The precision of the CP measurements effectively limits the precision of performance 

expectations.  Consider a hypothetical CPC material with a mean CP of 5.0 µg/cm2.  Using the 

accepted precision of permeation results, CV = 20%, Table 11 displays CP uncertainty (ecp) at the 

95% confidence level, as a function of the number of replicates.  The uncertainty associated with 

three CP observations was calculated as 1.8 µg/cm2.  Therefore, it would not possible to 

confidently predict future performance of this CPC would meet the specified criteria for 60-

minute CP in NFPA 1994:18 of 6.0 µg/cm2. 
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5.2.4. Impact of Precision 

 

Figure 30.  Impact of precision on population distribution. 

 

Figure 30 demonstrates the effect of precision on the width of a normally distributed 

population with x = 4.  As CV increases, the width of the distribution increases proportionally.  

Typically, the precision of repeated measurements or repeatability (r), is considered to be 

adequate when CV ≤ 20%.  Additionally, the precision of a data set effectively limits the ability to 

differentiate between populations with similar means due to an overlap in their probability 

distributions.  Precision limits may be calculated as 2.77σ.  According to ASTM E177-14, 

approximately 95% of successive measurements can be expected to differ by less than 𝑡 ∙ √2σ, 

where t = 1.96 for the 95% confidence interval.  Subsequently, two populations: A and B, with 

means: xa and xb, would require a difference of 2.77(σa+ σb) to ensure a <5% chance of an overlap 

in successive measurements. 
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5.3. Evaluating the Demonstrated Precision in Permeation Testing 

5.3.1. Reported Precision of Standardized Test Methods 

Contemporary standardized test methods for chemical permeation: ASTM F739, ISO 6529 

and EN 16523-1, include precision and bias statements based off demonstrated precision 

between laboratories, commonly referred to as inter-laboratory studies.  For harmonization 

between international standards and due to similarities between testing methodologies, the data 

from these studies is often shared between standard organizations.  The demonstrated within-

laboratory precision between (σr) for SSPR and BT measurements are shown in Table 12 and 

Table 13, respectively.  For comparison purposes precision limits PLr were calculated from 

published data as 2.77σ.  Note:  σr and PLr values have the same units as their respective 

permeation index; μg/cm2/min for SSPR and minutes for BT. 

 

Table 12. Demonstrated precision for SSPR measurements. 

Chemical Material x σr PLr  Reference 
Acetone FEP 0.06 0.013 0.04 ASTM F739:1999 
Acetone Butyl 0.38 0.17 0.47 ASTM F739:1999 
Acetone Neoprene 245 54 150 ASTM F739:1999 
Acetone Neoprene 81 9.2 25.5 ASTM F739:2012 
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Table 13. Demonstrated precision for BT measurements. 

Chemical Material Average σr PLr Reference 
Acetone Butyl 198 56 155 ASTM F739:1999 
Acetone Neoprene 7.2 0.83 2.3 ASTM F739:1999 
Acetone Neoprene 8.7 0.8 2.2 ASTM F739:2012 
Acetone Neoprene 6 3 8 ISO 6529:2001 
Toluene Hypalon 161 10 28 EN 16523-1:2015a 
Sulfuric Acid Polychloroprene 197 33 91 EN 16523-1:2015 a 
Methanol Nitrile 51 9 25 EN 16523-1:2015 a 
aShared with ISO 6529:2013     

 

Analysis of the above data clarifies the effect of inter-replicate variability.  Based upon 

the most precise data set, transcribed from ISO 6529:01, 95% of replicate SSPR measurements 

may be expected to fall between 1886-2290 μg/cm2/min or differ by less than 27%; in relative 

terms.  In comparison, based upon the data included in ASTM F739:99a, replicate SSPR 

measurements of acetone through neoprene would be expected to fall between 191-299 

μg/cm2/min, or differ by less than 62%.  In total, SSPR measurements demonstrated relative 

precisions (CVr) between 10-45% and 6-50% for the BT metric.  Five of seven BT data sets 

obtained adequate precision, CVr ≤ 20%, in contrast to only two sets of SSPR data.  Inter-

laboratory studies are performed to provide users with an example of expected performance 

associated with the method.  Varying levels of precision associated with contemporary 

methodologies inevitably reduce the accuracy of future performance predicted from permeation 

results. 
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5.3.2. Data Collection 

In order to assemble to the largest data possible data set, published or reported 

permeation data generated via constant contact test methods was collected.  The largest sources 

of inherently related data came from inter-laboratory studies (ILS) and test cell equivalency 

studies (TCES).   

 

5.3.2.1. Inter-laboratory Studies 

Inter-laboratory studies are performed in order to report the precision and bias or 

expected performance of standardized test methodologies.  ILS data was collected from available 

ASTM, ISO, and CEN constant contact permeation methods.   Table 14 contains the ILS source, 

tested material, challenge chemical, and the reported metric. 

Table 14. Summary of inter-laboratory results 

Source Challenge Material Metric 
ASTM F1407:1999 Acetone Neoprene SSPR, BT, CP 
ASTM F739:1999 Acetone Butyl SSPR & BT 
ASTM F739:1999 Acetone FEP SSPR 
ASTM F739:1999 Acetone Neoprene SSPR & BT 
ASTM F739:20071 Acetone Neoprene SSPR & BT 
ISO 6529:2001 Acetone Neoprene SSPR & BT 
CEN 16523-1:2015/ISO 6529:2013 Methanol Nitrile BT 
CEN 16523-1:2015/ISO 6529:2013 Sulfuric Acid Polychloroprene BT 
CEN 16523-1:2015/ISO 6529:2013 Toluene Hypalon BT 

5.3.2.2. Test Cell Equivalency Studies 

 
1 The 2012 revision of ASTM F739 included the same ILS data from the 2007 edition 
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A variety of comparison studies have been performed to demonstrate the equivalency 

between different test cell designs.   Table 15 includes TCES sources along with the material 

tested, challenge chemical, reported permeation metric and cell design comparison performed.    

 

Table 15. Summary of test cell equivalency studies. 

Source Chemical Material Metric Comparison 
Berardinelli et al. (1983) Acetone Neoprene SSPR & BT AMK vs 2" F739 

Garcia et al. (1984) Acetone Neoprene SSPR & BT RMC vs 2" F739 

Billing and Bentz (1988) Ethyl Acetate Viton BT 1" F739 vs 2" F739 

Billing and Bentz (1988) Methylene Chloride Viton BT 1" F739 vs 2" F739 

Billing and Bentz (1988) Tetrahydrofuran Viton BT 1" F739 vs 2" F739 

Henry (1988) Acetone Neoprene SSPR & BT 1" F739 vs 2" F739 

Patton et al. (1988) Hexane Neoprene SSPR & BT RMC vs 2" F739 

Vahdat (1988) Methylene Chloride PVC SSPR & BT 1" F739 vs 2" F739 

Vahdat (1988) Perchloroethylene PVC SSPR & BT 1" F739 vs 2" F739 

Vahdat (1988) Toluene Neoprene SSPR & BT 1" F739 vs 2" F739 

Vahdat (1988) Trichloroethane Butyl SSPR & BT 1" F739 vs 2" F739 

Vahdat (1988) Trichloroethane Neoprene SSPR & BT 1" F739 vs 2" F739 

Vahdat (1988) Trichloroethane Nitrile SSPR & BT 1" F739 vs 2" F739 

Melström (1991) Tetrachloroethylene Dermapren SSPR & BT ISO vs F739 

Melström (1991) Tetrachloroethylene Neoprene SSPR & BT ISO vs F739 

Melström (1991) Toluene Dermapren SSPR & BT ISO vs F739 

Melström (1991) Toluene Neoprene SSPR & BT ISO vs F739 

Bromwich (1999) Acetone Neoprene SSPR & BT MK1 vs MK2 

Chao et al. (2007) EDC Neoprene Permeability ISO vs F739 

Mekeel and Gao (2016) Acrylonitrile EMS MB CP MK3 vs LCVP 

Mekeel and Gao (2016) Dimethyl Sulfate EMS MB CP MK3 vs LCVP 

Mekeel and Gao (2016) Toluene FEP SSPR, BT, CP MK3 vs 1" F739 

Chęsy and Irzmańska (2018) Isopropanol Nitrile SSPR & BT ISO vs EN 
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5.3.3. Down-selection of Data 

5.3.3.1. Permeant-Material Combination 

Data selection was limited to those of a single material-challenge chemical pairing.  The 

largest collection of data came from studies which evaluated the permeation resistance of 

neoprene against liquid acetone.  

Data comparisons generated via ASTM F739, or similar methodologies, have historically 

been performed using a standard reference neoprene manufactured by Fairprene Industrial 

Products Co., Inc. 2 (Fairfield, CT) as stock number: 55503.  The initial data set was reduced to 

those which reported using the reference neoprene.  It should be noted however, that the source 

of the material used in the F739:07 ILS was not explicitly stated; described solely as neoprene, 

cut from roll stock, with an average thickness of 0.44 mm (+ 3 mm / - 2 mm). 

 

5.3.3.2. Permeation Metric 

Traditional metrics of permeation resistance; normalized breakthrough time (nBT) and 

steady state permeation rate (SSPR) are directly dependent upon material thickness.  As an 

example, the use of such metrics would not allow for a comparison between ILS data in ASTM 

F739:99a and ISO 6529:01.  While both standards identified the use of the same stock 5550 

 
2 Fairprene Industrial Products was acquired by Alpha Engineered Composites, LLC (Lakewood, NJ) 
3 Stock number 5550 is no longer produced. The manufacturer has identified product code: WFP-N2R as a 
substitute 
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neoprene, the thickness of the material in the ISO method was approximately 1/10th that of its 

ASTM counterpart.  Consequently, their nBT and SSPR values were substantially different.   

For an accurate comparison, it was necessary to use an intrinsic property of the permeant-

material combination; unaffected by material thickness.  The combined velocity and magnitude 

of chemical migration through a membrane is known as permeability (P).  As P is a fundamental 

property of the permeant within the matrix of the barrier membrane, it was used as a 

quantitative comparison across multiple thicknesses of the same barrier.   Measurements of 

permeability are uncommon in CPC, despite having been shown to be less variable than other 

indices.   

After the permeation rate has reached a steady state condition, P, with units of 

µg/cm/min, may be calculated as the product of SSPR and material thickness in cm.  The precision 

of P is therefore dependent upon the quality of material thickness measurements.  The use of P 

required all selected sources to have reported SSPR and material thickness. 

 

5.3.4. Results 

5.3.4.1. ILS Results 

The results of the selected ILS are depicted in Table 16; including the average steady state 

permeation rate (SSPR), within-laboratory standard coefficient of variation (CVr), and between-

laboratory coefficient of variation (CVR).  The relative reproducibility (2.8·CVR) represents the 

percent that 95 % of replicate measurements from different laboratories may be expected to 
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differ, and was calculated as the product of CVR and 2.8.  The relative repeatability (2.8·CVr) was 

also calculated to compare within-laboratory precision.  All statistical operations were calculated 

as described in ASTM E177:14 and ASTM E691:18.   Therefore,  the values presented below may 

differ from those published within their source material. 

 

Table 16. Inter-laboratory studies data. 

n Mean 
Thickness, cm 

SSPR, 
µg/cm2/min CVr , % CVR , % 2.8·CVr , % 2.8·CVR , % Source 

18 0.038 ± 0.004 245 22 22 62 62 
ASTM 

F739:99a 

30 0.040 ± 0.002 250 9 13 24 37 ASTM 
F1407:99a 

18 0.044 ± 0.003 101 12 52 34 145 
ASTM 

F739:07a 
23 0.0042 ± 0.0001 2088 12 36 34 101 ISO 6529:01 

a Reduced Data set   
 

  

 

5.3.4.2. TCES Results 

The results of the selected test cell comparison studies are shown in Table 17 including 

the within-laboratory coefficient of variation (CVr) and relative repeatability (2.8·CVr).  As these 

comparisons were performed within a single laboratory, reproducibility statistics were not 

calculated.  The precision of thickness measurements was not available. 
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Table 17. Comparison studies data. 

n 
Mean 

Thickness, cm 
SSPR, 

µg/cm2/min 
CVr , % 2.8*CVr , % Source 

12 0.043 275 4 11 Berardinelli et al. (1983) 
20 0.046 221 7 19 Garcia et al. (1984) 
28 0.041 247 21 58 Henry (1988) 

112 0.041 212 3 8 Bromwich (1999) 
 

5.3.4.3. Pooled Results 

SSPR results from all studies were converted to permeability as shown in Table 18.  The 

weighted average permeability, pooled standard deviation, and relative reproducibility were 

calculated. The theoretical SSPR was determined for a reference neoprene swatch with a nominal 

thickness of 0.004 mm.  Finally, the SSPR reproducibility (RSSPR) was calculated as the product of 

2.8·CVR and the theoretical SSPR.  RSSPR represents the absolute difference expected between 95 

% of replicate measurements determined under repeatable conditions. 

 
Table 18. Pooled permeability results. 

P, µg/cm/min SR Source 

9.21 2.0 ASTM F739: 99a 
10.1 1.3 ASTM F1407: 99 
4.44 2.3 ASTM F739: 07 
8.36 3.2 ISO 6529:01 
11.8 0.5 Berardinelli et al. (1983) 
10.1 0.7 Garcia et al. (1984) 
10.1 2.1 Henry (1988) 

8.60 0.2 Bromwich (1999) 

Weighted Average P 9.02  
Pooled SR 1.5  

CVR , % 17  
2.8*CVR , % 46  

Theoretical SSPR (µg/cm2/min) 226  
RSSPR 105  
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5.3.5. Discussion 

5.3.5.1. Demonstrated Precision 

The following evaluation of precision is specific to the single material-permeant 

combination selected for analysis. A larger study, incorporating multiple materials challenged 

with multiple chemicals, would be required to fully characterize the precision of the test method, 

as a whole.  Precision is often a function of the magnitude of the measurand.  Therefore, the 

performance of a test method should be evaluated using a measurement with similar magnitude 

to its intended use. 

 

5.3.5.1.1. Initial Data Sources 

When comparing average SSPR values obtained using a similar material thickness, ASTM 

F739:07 was the sole outlier, with all other values differing by less than 26 %.  As previously 

mentioned, the source of the material was not stated.  Regardless of the specific material 

supplier, the ILS data was highly variable, even after the elimination of suspect data. [7] 

The precision of  between-laboratory measurements is typically considered to be 

adequate when CVR ≤ 20 %.  Within-laboratory precision may be estimated as 50 % to 70 % of 

CVR.   Of the inter-laboratory studies selected, only ASTM F1407:99a achieved adequate 

reproducibility.  In general, all data sources demonstrated acceptable repeatability, suggesting 

that a substantial source of ILS error may have been due to differences in laboratory-specific 

procedures and techniques.  
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5.3.5.1.2. Pooled Data Set 

Pooling the data from all sources increased the sample size allowing for a more accurate 

depiction of the true population’s characteristics.  The pooled data demonstrated an adequate 

CVR of 17 % and relative reproducibility of 46 %.   Therefore, the absolute difference in average 

SSPR results reported by two different laboratories may be expected to be less than 

approximately 105 µg/cm2/min, when evaluating a 0.004 mm swatch of neoprene challenged 

with acetone.  In comparison, the same testing performed within a single laboratory would 

expect replicate measurements to differ by less than 34 % or approximately 76 µg/cm2/min.  

 

5.3.5.2. Population Distribution 

Nearly all publications on the topic of chemical permeation testing assume a normal 

population; based upon statistical and mathematical techniques employed.  As an example, 

relative ASTM, ISO, and CEN methods incorporate precision specifications calculated with the 

assumption of a normally distributed population.    Contrary to this assumption, SSPR values 

appeared to be parametrically distributed (Figure 31a), conforming with previous findings.  A 

normal distribution based upon mean, CVR, and n = 114 is represented as an overlaid line. 
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Figure 31. Study population distribution as a function of SSPR (a) and permeability (b) 

 

Pooling results from similar comparison studies was possible after SSPR values were 

converted to P using the reported material thickness measurements.  Most studies reported an 

average thickness for all replicates, which inevitably reduced the precision of the P values.  

Despite the lack of accurate thickness measurements, the use of P as a permeation metric 

resulted in a more normally distributed population (Figure 31b).  These findings suggest material 

thickness to be a major parameter associated with the population distribution of permeation test 

results.  Consequently, the assumption of a normal distribution in statistical analyses of 

permeation data may be inappropriate unless normalized for material thickness. 
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5.3.5.3. Temperature-Induced Error 

The effect of temperature on permeation results has been thoroughly investigated.   To 

illustrate its importance, ASTM F739:99a stated that permeation data may be “significantly 

affected by temperature fluctuations over a small (± 5° C) range which is typical of inter-

laboratory results since the test temperature is controlled (± 1° C) but not stated in this test 

method.”  The ILS data from ASTM F1407:99a may be used as an example of the impact of 

temperature on permeation results as unique thickness and temperature measurements were 

reported for each replicate.  The relationship between SSPR and test temperature is depicted in 

Figure 32.    

 

 

Figure 32. ASTM F1407:99a ILS SSPRs as a function of temperature. 
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On average, a difference of 29 % was observed between SSPR values obtained at the 

lowest temperature, 19 °C, and those tested at the highest recorded temperature, 25 °C.  The 

average shift in SSPR corresponding to a change of 1 °C was approximately 11 µg/cm2/min or 4 

% of the mean.  Based on these findings, the accuracy of permeation result comparisons will 

decrease proportionally with an increase in the absolute difference between the temperatures 

at which the tests were performed. 

 

5.4. Conclusion 

The inter-laboratory comparison studies included in constant contact permeation test 

methods were found to produce CVr values ranging from 12 % to 22 %. However, between-

laboratory CVR values were as great as 52 %.  Adequate repeatability accompanied with poor 

reproducibility suggest differences in laboratory-specific techniques may be a major source of 

error.  Pooling data from ILS and TCES sources allowed for a more accurate depiction of 

permeation test method performance. The pooled data set demonstrated CVr and CVR values of 

12 % and 17 %, respectfully.   

Accurate material thickness and temperature measurements combined with the use of 

appropriate metrics may help to improve the overall precision of reported permeation test 

results.  Normalizing for material thickness by converting SSPR to P resulted in a more normally 

distributed population.  Subtle discrepancies in temperature compounding with other sources of 

error may lead to substantial differences between replicate measurements.  The direct effect of 

temperature on reported results necessitates the use of strict test temperature requirements. 
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Chapter 6. Development and Validation of an Alternative Chemical Permeation Test Cell 

 

The work in this chapter was published in the following reference: 

Mekeel, C. J. and Gao, P., “Development and Validation of an Alternative Chemical Permeation 
Test Cell,” Performance of Protective Clothing and Equipment: 10th Volume, Risk Reduction 
Through Research and Testing, ASTM STP1593, B. Shiels and K. Lehtonen, Eds., ASTM 
International, West Conshohocken, PA, 2016, pp. 250–271, doi:10.1520/STP1593201600163 

 

6.1. Introduction 

At the most basic level, permeation testing evaluates the resistance to molecular transport of a 

challenge chemical through the matrix of the CPE material.  The material is then characterized by 

two attributes: the magnitude of the transport and the rate at which it occurs.  Assessment of 

these attributes provides the relevant information to identify afforded levels of protection.  

Consequently, the test cell assembly used for measuring chemical permeation has a pivotal role 

in the evaluation of CPE’s performance. 

Many permeation cells have emerged since the late 1970’s.  A single design described by 

Henry and Schlatter in 1981, has become the internationally recognized standard with its 

inclusion in the ASTM F739-12e1 Standard Test Method for Permeation of Liquids and Gases 

through Protective Clothing Materials under Conditions of Continuous Contact and, more 

recently, ISO 6529:2013(E) Determination of Resistance of Protective Clothing Materials to 

Permeation by Liquids and Gases test methods. Henry and Schlatter’s design, henceforth, the 

“F739 cell,” is smaller but remains fundamentally unchanged from its original inception. 
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The F739 cell is the most commonly used design for evaluating CPE against an infinite 

chemical exposure scenario.  These testing methods require the material to be fully exposed and 

in constant contact with the challenge chemical, regardless of whether the challenge chemical is 

in a gaseous or liquid state.  Although the volume of challenge is limited to that allowed by the 

cell design, a seemingly “infinite” mass of chemical is available for transport.  Continuous 

exposure in this manner for extended periods of time is considered to be a worst case scenario 

for the CPE end user. 

When CPE is intended to be utilized within an environment where constant contact with 

an undiluted chemical has been determined to not be a potential hazard, permeation testing is 

performed using an appropriate degree of chemical challenge.  Contrary to the aforementioned 

infinite exposure, the transport properties of materials evaluated in this manner are dependent 

upon the “finite” amount of challenge chemical available.  Contemporary tests for reduced levels 

of exposure typically base their methodology on testing procedures originally intended for 

evaluating the protection of military CPE against chemical warfare agents (CWA).  For example, 

NFPA 1994:12 Standard on Protective Ensembles for First Responders to CBRN Terrorism 

Incidents, 2012, a U.S. CBRN ensemble certification standard adopted a modified version of the 

“static diffusion” test method described by the U.S. military testing operating procedure (TOP) 8-

2-501.  

To simulate a finite exposure scenario, these methods rely on the use of a challenge 

density or a mass of chemical per unit of surface area.  Liquid chemicals are applied as discrete 

droplets in a uniform pattern across the material surface.  To facilitate the application of 
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challenge droplets, the permeation apparatus described in TOP 8-2-501A, or the liquid 

challenge/vapor permeation4 (LCVP) cell,” henceforth, the “LCVP cell,” incorporated a large 

threaded cap into the challenge chamber.   With the cap removed, the entire exposed surface 

area of the swatch is accessible.  When testing against a gaseous and vapor-producing chemical, 

a concentration commensurate with the exposure situation is specified.  A 1984 Chemical 

Research and Development Center report described the use of LCVP cells in evaluating new air 

permeable and semi-permeable CPE technologies of the time.  As with the F739 cell, the LCVP 

cell remained similar to the earliest found description.  

The evolution of CPE technologies over the past 30 years has outpaced the advancement 

of the testing apparatus used to evaluate their protection.  Additionally, the requirement of 

certifying CPE technologies to expected performance criteria has placed increased emphasis on 

permeation testing and the accuracy of the results obtained.   

In an effort to augment permeation methods by increasing accuracy and reducing 

variability, a new chemical permeation test cell assembly has been developed.  The new cell 

features a design with a focus on the collection medium flow path, inspired by the Griffith Mk2 

permeation cell described by Bromwich.  Validation experiments were performed that compared 

the new assembly against the F739 and LCVP cells within the environment of their respective 

testing methodologies. Materials which represent current CPE technologies and construction 

 
4 The LCVP cell is also referred to as the AVLAG cell due to its inclusion in the Aerosol Liquid Vapor Assessment 
Group test system found at the US Army’s Edgewood Chemical Biological Center.   
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techniques were utilized in the validation experiments.  A description of the new cell design along 

with the validation results are presented in the remainder of this paper.  

 

6.2. New Permeation Cell 

The new cell design incorporates the same collection medium flow path as Bromwich’s 

Mk2 cell.  Due to the shared similarities with the Griffith cell family and for labeling simplicity, 

the new cell will be referred to by the moniker “MK3.”  It should be noted, however, that this 

work is independent of Bromwich’s research.  

 

6.2.1. Design and Assembly 

The MK3 test cell assembly is shown in Figure 33.  The cell consists of three distinct cell 

bodies; depicted as “A,” “B,” and “C” in the figure.  The material specimen is placed between 

bodies “B” and “C”; sandwiched between O-ring #2 and O-ring #3. Liquid challenge chemicals can 

be applied via removal of the screw cap.  Vapor or gaseous chemicals enter and exit the cell 

through the two opposing ports in cell body “C.” The entire cell assembly is fastened with hex 

nuts on the four lug posts threaded into body “A.”   
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Figure 33. New chemical permeation test cell assembly. 

  

The cell body may be constructed using a variety of chemically resistant materials.  

Aluminum or stainless steel construction would typically be preferred for durability but another 

material may be used if, for example, the challenge chemical is reactive with metal.  In such 

situations, other materials, such as fluoropolymers, would be considered.   When using polymer 

construction materials, lug posts should be threaded into an external metal flange placed 

anterior to cell body “A” rather than the soft polymer body in order to avoid deformation.   



83 
 

The design uses four O-rings for sealing within the cell.  O-ring materials should be chosen 

based on chemical compatibility and the ability to seal around the test specimen.  Since O-ring 

#1 does not come in contact with the challenge chemical, materials which provide the best seal 

between cell bodies should be used.  Consequently, the choice of O-ring material would be 

dependent upon the material used in cell body construction. 

Dimensional drawings for the MK3 cell design are shown in Figure 34.  All dimensions are 

shown in millimeters.  Ordinate dimensions originate from the datum on their respective axis; 

labeled as “.00.”  Threads in cell body and lug posts are not described as they are locality and end 

use specific.  However, in order to maintain functionality with existing LCVP cell components, the 

screw top threads must be: “1 ½ in. square thread, 45° chamfer on leading and trailing thread, 

0.5 in. deep” as detailed in NFPA 1994:12.  Additional mechanical drawings can be requested by 

contacting the corresponding author.  
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Figure 34. Dimensional drawings of MK3 permeation cell in mm. 
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6.2.2. Collection Chamber Flow Path Comparison 

6.2.2.1. New Cell Design 

The collection medium enters the cell through the inlet located in cell body “B” and 

revolves around the central spindle created by the elevated portion of body “A.”  The collection 

medium is then forced up through a 0.1 mm annular slit depicted in Figure 35.  This creates a 

radial collection flow across the surface of the specimen that culminates in the large outlet in the 

middle of the central spindle.  The collection medium along with any collected permeant exits 

through cell body “A.”  According to Bromwich, “the flow accelerates as it moves inwards towards 

the center of the cell.  This ensures better scrubbing of permeant from the entire surface of the 

sample and increasing turbulence, reducing the possibility of stagnation at the center of the test 

sample”. 
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Figure 35. Cross-sectional view of MK3 permeation cell. 

 

6.2.2.2. LCVP Cell Design 

A cross-sectional view of the LCVP test cell, Figure 36, provides insight into its collection 

medium flow path.  Following the assembly procedure described in NFPA 1994:12, the design of 

the sample support plate creates a cavity beneath the specimen approximately 5 mm deep.   The 

collection medium must turn 90 º in order to make contact with the surface of the test material, 

before returning to the main collection stream.  With the assumption that the collection flow will 

follow a path of least resistance, it is likely that contact between the collection medium and 

specimen’s surface is limited.   
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Figure 36. Cross-sectional view of the LCVP cell collection chamber 

 

6.2.2.3. F739 Cell Design 

A cross sectional view of the F739 cell collection chamber as viewed from the top is shown 

in Figure 37.  Collection medium entering the cell is directed toward the face of the material being 

tested. In order to exit the chamber, the collection medium must flow toward a single outlet 

depicted on the right side of the figure.   Due to the design, the areas within the collection 

chamber opposite of the outlet and near the top stir port (not shown) represent possible regions 

of stagnant flow.   
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Figure 37. Cross-sectional view of F739 cell collection chamber. 

 

6.2.3. Flow Path Visualization 

To visualize the collection chamber flow, computational fluid dynamics (CFD) analysis was 

performed on exact models of all three cell designs.  An in depth discussion of CFD analysis is 

beyond the scope of this work.  As such, the findings presented are meant to provide a general 

comparison between cell designs.  The CFD analysis was performed using turbulent air at 1.0 

L/min for the MK3 and LCVP cells and 160 mL/min for the F739 cell.  The trace paths predicted 

by the analysis are depicted in Figure 38.  The design of the MK3 cell (Fig 6a), resulted in all 

collection flow traces contacting the material (not shown) prior to exiting the cell body.  The 

cavity found beneath the material surface on the LCVP model (Fig 6b) was completely devoid of 

trace paths, highlighting a potential region of stagnation.  Trace paths seen within the F739 

collection chamber (Fig 6c) depicted a similar lack of flow in the chamber opposite of the outlet 

as reported previously.    
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Figure 38. CFD model of flow within the collection chambers of the MK3 (a), LCVP (b), and 

F739 (c) cell designs. 

 

6.2.4. Important Features 

The new hybrid design incorporates the essential elements found in previous test cells 

along with additional improvements: 

 A radial collection flow path ensures permeant is efficiently removed from the surface of 

the test material and discharged from the cell by reducing the potential for stagnant flow. 
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 The rugged cell assembly can be manufactured utilizing a variety of chemically resistant 

materials by a basic machine shop.5 This eliminates the need to use a specialty glass 

company for fabrication. 

 A large threaded cap allows for the easy and safe introduction of liquid challenge 

chemicals. 

 The vertical assembly holds test specimens horizontally, allowing for the use of minimal 

challenge chemical.  Less than 2 mL is sufficient for full material coverage. 

 The exposure surface area and challenge free volume remain identical to the LCVP Cell.  

These characteristics were incorporated to ensure the new cell design retains 

functionality in test methods which specify the use of the LCVP cell.  

 

6.3. Experimental Design 

To test for differences between the new cell and existing designs, validation experiments 

were performed utilizing materials which were representative of current CPE technologies and 

construction techniques.  Comparisons of cell designs were conducted using statistical methods 

to assess whether the results between cell types were significantly different.  Equivalency 

between permeation cells has historically been evaluated by comparing results obtained from a 

standard reference permeant-material pair to the results published in the inter-laboratory study 

section of ASTM F739.  This method of validation was not chosen as previous research found it 

 
5 The MK3 cell assemblies utilized for the validation experiments were manufactured by the in-house machine 
shop at the Morgantown, WV campus of the National Personal Protective Technology Laboratory (NPPTL). 
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be an ineffective means of determining equivalency. Additionally, the permeation resistance 

exhibited by the ASTM F739 neoprene reference material did not accurately represent the 

performance expected of CPE as specified by contemporary ensemble certification standards.  

The F739 and LCVP cell types are intended for use in permeation test methods which 

represent fundamentally different chemical permeation scenarios.   Therefore, two separate 

experiments were performed to compare the performance of the new cell design to those of the 

F739 and LCVP cells independently within the confines of their respective methodologies. 

To minimize potential temperature fluctuations, an environmental chamber was 

constructed to house permeation cells throughout the test duration.  The chamber was 

constructed out of polycarbonate.  A thermostatically controlled heater maintained the required 

testing temperature.  Multiple fans ensured a uniform temperature throughout the chamber.  

Collection flow rate was controlled using four mass flow controllers.  Upon entering the 

environmental chamber, a coil of stainless steel tubing brought the collection medium up to 

testing temperature prior to entering the permeation cell. 

 

 

 

 

6.3.1. F739 Comparison Experiment 
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To compare the new cell design to the F739 cell, the permeation resistance of fluorinated 

ethylene propylene (FEP) film against toluene was evaluated as per ASTM F739-12.  Testing was 

performed in an open-loop configuration. 

 

6.3.1.1. Materials and Setup 

Glass, 2.54 cm (1.0 inch) F739 permeation cells were purchased (Pesce Lab Sales, Inc, 

Kennett Square, PA).  Reagent grade toluene (99.8 % purity) and n-hexane (95 % purity) were 

used (Fisher Scientific L.L.C, Pittsburgh, PA).  FEP film with a thickness of 0.00254 cm (1 mil) was 

chosen to represent a thin chemical barrier film common in laminated CPE technologies.  

Individual specimens were randomly cut from the roll of sample material. 

Where contact with the challenge chemical was possible, FEP encapsulated Viton6 O-rings 

were used in the MK3 cell assembly.  Additionally, both MK3 and F739 cells required 

supplemental sealing.   All test cells were sealed using an ethylene vinyl acetate (EVA) based 

adhesive (LM-44, Power Adhesives, Charlotte, NC).  The additional adhesive was placed around 

the outside of the O-rings on the MK3 assembly to ensure a precise surface area was maintained.  

Care was taken when applying additional sealing to the F739 cell assemblies to maintain expected 

surface area. 

 
6 Viton® is a registered trademarks or trademarks of E.I. du Pont de Nemours and Company. 
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6.3.1.2. Permeant Analysis 

OI Analytical (Pelham, AL) series 3500 MINICAMS7 and a companion Continuous Sampling 

System (CSS) were used for analysis.  A portion of the collection medium stream was sampled at 

100 mL/min for six minutes.  The cumulative mass of permeant was then determined for each 

sampling period.  The CSS module collected the sampled permeant on one of two sorbent tubes.  

At the end of the designated sampling period, the CSS module switched the collection stream to 

the second tube.  Simultaneously, the collected permeant on the first tube was thermally 

desorbed and transferred to the MINICAMS system for analysis by a flame ionization detector 

(FID).  The use of the CSS module ensured all changes in the permeation rate were captured, 

which limited analyses to one cell at a time. 

The instrument was calibrated daily.  Toluene calibration standards of a known mass were 

prepared in hexane.  Standards were injected into the CSS at the start of the sampling period.  

The instrument manufacturer listed the limit of detection (LOD) for toluene as 19 ng.  The LOD 

was assessed experimentally by measurement of the average background response for the 

toluene peak for 78 minutes or 13 sampling periods.  According to Harris, the LOD is equal to 

three times the standard deviation (SD) plus the blank response.  The calculation resulted in an 

LOD of 25.7 ng.  The minimum detectable permeant for the F739 and MK3 cells were calculated 

as 0.005 µg/cm2 and 0.003 µg/cm2
, respectfully.   

 

 
7 MINICAMS® is a registered trademark of O.I. Corporation dba OI Analytical, CMS Field Products. 
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6.3.1.3. Procedure 

Six individual tests were performed with each of the two test cell assemblies.  All F739 

validation testing was performed at 27 °C for 480 minutes.  The collection medium was filtered, 

dry air with a total flow rate of 160 mL/min.  The surface area of each specimen was saturated 

with challenge chemical throughout the duration of the test. 

 

6.3.1.4. Permeation Indices 

A number of indices exist for use in evaluating chemical permeation resistance including 

breakthrough time (BT), permeation rate (PR), steady state permeation rate (SSPR), and 

cumulative permeation (CP)..  Excluding BT, all applicable indices were utilized during the F739 

comparison.  The CP, total mass of permeant per surface area unit, between time i-1 and i was 

calculated using Equation 6: 

 

Equation 6. 

𝐶𝑃 =
𝑚

𝐴
+ 𝐶𝑃  

where: 

𝐶𝑃  = cumulative permeation per sample period i, µg/cm2, 

𝑚 = mass of permeant per sample period i, µg, 

𝐴 = exposed surface area, cm2. 
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The average permeation rate (PR) was calculated for each CSS sampling period using Equation 7: 

 

Equation 7. 

𝑃 =
(𝐶𝑃 − 𝐶𝑃 )𝐹

𝑡 𝐹
 

where: 

𝑃 = average permeation rate per sample period, µg/cm2/min, 

𝐶𝑃  = cumulative permeation per sample period i, µg/cm2, 

𝑡  = duration of sample period, min, 

𝐹  = total flow rate of collection medium, L/min, 

𝐹  = flow rate of sampling stream, L/min. 

 

ASTM F2815:10 Standard Practice for Chemical Permeation through Protective Clothing 

Materials: Testing Data Analysis by Use of a Computer Program described the calculation of 

steady state permeation rate (SSPR) by averaging the three data points with of highest permeant 

concentration located within the steady state region of the PR curve. SSPR was similarly 

measured for this work with the number of data points increased from three to ten.   

The steady state region was characterized by use of lag time (LT).  According to Crank, 

permeation reaches steady state after a period three lag times.   For this study, the steady state 

region was designated after a period of four LTs to ensure SSPR was achieved.  LT is equal to the 

intercept of the linear portion of the CP curve with the time axis as depicted in Figure 39.  The 



96 
 

linear region of the CP curve was established by a simple linear regression in the form of the 

square of the Pearson product moment correlation coefficient (r2).  Linearity was defined as r2 ≥ 

99.999 % for eleven data points centered on CPi.  

 

 

Figure 39. Determination of lag time from cumulative permeation graph. 
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6.3.2. LCVP Comparison Experiment 

To compare the new cell design to the LCVP cell, permeation testing was performed as 

per NFPA 1994:12.  Acrylonitrile and dimethyl sulfate, were chosen as challenge chemicals.    

 

6.3.2.1. Materials and Setup 

Aluminum LCVP cells were manufactured from the technical drawings included in NFPA 

1994:12.  Viton O-rings were used in both MK3 and LCVP cell assemblies.  Supplemental sealing 

was not used.  Acetone, acrylonitrile (VCN), carbon disulfide (CS2), and dimethyl sulfate (DMS) 

were purchased through Fisher Scientific (Pittsburgh, PA).  HPLC grade acetone (99.99 % purity) 

was used.  All other chemicals had a purity of 99 % or greater.   

A moisture barrier (MB) intended for use in emergency medical service (EMS) products 

was chosen to compare the MK3 and LCVP cells.  The EMS MB was constructed of a two layer 

laminate with a poly(tetrafluoroethylene) (PTFE) membrane.  The thickness of the material was 

approximately 0.2 cm.  The MB material was not originally intended to provide permeation 

resistance.  Its use was due in part to the significant CP demonstrated under the limited challenge 

density and time specified in the test method.  Furthermore, the EMS MB was representative of 

a type of material utilized in the construction of NFPA 1994 Class 2 ensembles.   

Permeation testing in NFPA 1994:12 specified a collection medium of filtered air at 32 °C 

± 2 °C and 80 %RH ± 5 %RH.  The collection medium was conditioned to the required relative 

humidity by the use of a humidifier tube by PermaPure, LLC (MH-070-24, Lakewood, NJ).  The 
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collection medium flowed through the tube prior to entering the environmental chamber.  

Relative humidity of the collection medium was controlled by adjusting the water temperature 

inside of the humidifier. 

 

6.3.2.2. Cumulative Sampling 

The collection medium stream was cumulatively sampled throughout the test duration.  

Upon exiting the permeation cell the collection medium flowed through a sampling tube which 

contained an appropriate sorbent bed for the permeant being collected.  Solvent extraction 

removed the permeant from the sorbent. Sorbent tubes were purchased from SKC Inc. (Eighty 

Four, PA) All samples were filtered with 0.22 µm poly(vinylidene fluoride) (PVDF) syringe filters 

prior to analysis.  Chemical sampling and analysis methods published by the National Institute of 

Occupational Safety and Health (NIOSH) and the Occupational Safety and Health Administration 

(OSHA) were used to determine appropriate sampling and extraction techniques for each 

challenge chemical.   

The VCN sampling and analysis was based on NIOSH Manual of Analytical Methods 

(NMAM) Method 1604.  Permeant was collected on 200 mg/400 mg coconut shell charcoal (CSC) 

sorbent tubes.  Each sorption tube was extracted with 4 mL of 2 % (volume/volume) acetone in 

CS2.  Extraction vials were left to stand for 30 minutes.  An extraction of 10 µg of VCN spiked onto 

a CSC tube resulted in 94% recovery.   
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DMS permeant was collected on 75 mg/150 mg Porapak-Q8 sorbent tubes.  Each tube was 

extracted with 4 mL of acetone and allowed to desorb for 30 minutes.  Collection and extraction 

procedures were modified from an OSHA Sampling and Analytical Method for DMS.  An 

extraction of 10 µg of DMS spiked onto a Porapak-Q tube resulted in 92% recovery.   

 

6.3.2.2. Permeant Analysis 

Quantitative analysis for both VCN and DMS was performed using an Agilent Technologies 

(Santa Clara, CA) 7890N/5975 gas chromatograph/mass spectrometer (GC/MS). Calibration 

standards containing known concentrations of each analyte were prepared in their respective 

extractant solutions.  Calibration was performed daily prior to analysis.  

 

6.3.2.3. Procedure 

All testing was performed as per the specified permeation test procedure described in 

section 8.7 of NFPA 1994:12.  The new cell design was compared to the LCVP cell at four distinct 

flow rates, 0.125, 0.5, 1.0, and 1.5 L/min.  Challenge chemicals were evaluated separately.  A 

series of two sorbent tubes were used when testing at a flow rate of 1.5 L/min in order to retain 

permeant completely.  

 
8 Porapak® is a registered trademark of Waters Associates, INC. 
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The environmental chamber allowed for four cells to be used simultaneously during the 

testing period.  Two cells from each type were included in each run.  A total of eight evaluations 

were competed for each cell type per challenge chemical at each of the specified flow rates.   All 

testing was performed at 32 °C for 60 minutes.  At the start of the test the challenge chemical 

was applied as seven individual 1 µL droplets.  The CP after 60 minutes was measured for each 

test. 

 

6.4. Results 

6.4.1. F739 Comparison 

Toluene PR curves for all tests are shown in Figure 40.  The figure indicates a reduction in 

variability for the new cell design when compared to results obtained using the F739 cell.  CP 

curves for all tests are shown in Figure 41. 
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Figure 40. Permeation rate of toluene through FEP film. 
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Figure 41. Cumulative permeation of toluene though FEP film. 

 

A summary of results for the F739 validation experiment are shown in Table 19.  Average 

values consist of all runs (n=6) for a cell type.  Standard deviation (SD) and coefficient of variation 

(CV) of each permeation index are also included.  Similar results were obtained from both cell 

types for all indices.   
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Table 19.  Summary of permeation results from F739 comparison experiment. 

 Steady State Permeation Rate, 
µg/cm2/min 

 Lag Time, 

min 

 
Cumulative Permeation, µg/cm2 

Cell Type 
  

Avg SD CV, %  Avg SD CV, %  Time Avg SD CV, % 

F739 0.0891 0.064 6.40  88.9 0.2 17.61  60 0.66 0.27 41.02 

         120 3.97 0.83 20.93 

         240 13.34 1.56 11.73 

         480 34.04 2.65 7.77 

MK3 0.0836 0.040 3.95  85.6 0.1 10.49  60 0.68 0.14 20.16 

         120 3.93 0.44 11.26 

         240 12.89 0.86 6.70 

         480 32.43 1.49 4.60 

 

  

A two-tailed Studentized t-test was used to assess whether the average CP from the two 

cell types were significantly different from each other at four measurement points (seeTable 20).  

The results indicate that at a 95 % confidence level, the new cell design results were not 

statistically significant different from those of the F739 cell..  The absolute difference between 

the two cell designs is included in Table 20. 
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Table 20. Statistical comparison of permeation results from F739 comparison experiment. 

Index Time, min 
Absolute 
Difference t-Stata 

CP, µg/cm2 60 0.02 0.15 

 120 0.04 0.08 

 240 0.44 0.56 

 480 1.61 1.19 

LT, min  3.3 0.41 
SSPR, µg/cm2/min  0.0054 1.84 
α = 0.05    
t Critical two-tail: 2.23   
aIf t-Stat < t Critical two-tail, population means not significantly different 

 

6.4.2. LCVP Comparison 

A summary of the results for the LCVP validation experiments is shown in Table 21.  

Average CP values for both challenge chemicals were calculated for the two cell types at each 

individual flow rate (n=8).  SD and CV values were measured for these population sets.   
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Table 21. Summary of cumulative permeation results from LCVP comparison experiments. 

Challenge 
Chemical 

Cell 
Type 

Flow Rate, 
L/min 

Avg CP, 
µg/cm2 

SD 
CV, 
% 

Acrylonitrile LCVP 0.125 284.94 23.53 8.26 
  0.5 228.92 18.58 8.12 
  1.0 228.21 22.20 9.73 
  1.5 206.76 22.81 11.03       
 MK3 0.125 286.98 21.11 7.35 
  0.5 276.23 25.14 9.10 
  1.0 308.98 24.99 8.09 
  1.5 279.63 23.43 8.38 

Dimethyl Sulfate LCVP 0.125 240.62 10.34 4.30 
  0.5 239.69 19.65 8.20 
  1.0 254.47 23.36 9.18 
  1.5 241.63 18.16 7.51       
 MK3 0.125 300.34 24.78 8.25 
  0.5 291.54 27.38 9.39 
  1.0 301.18 24.85 8.25 
  1.5 268.64 10.37 3.86 

 

Quartile box plots of the LCVP comparison results are shown in Figure 42.  The population 

of each data set is depicted as a rectangle where the top and bottom lines define the 75th and 

25th quartiles respectively.  The median sample value is displayed by a horizontal line within each 

rectangle.  The range of the population is represented by capped vertical lines.  Outliers are 

shown as filled circles.   
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Figure 42. Box plots of cumulative permeation results from LCVP comparison experiments. 

 

Again, a two-tailed Studentized t-test was used to assess whether the average CP from 

the two cell types were significantly different from each other at each measurement point (see 

Table 22).  With the exception of VCN at 0.125 L/min, the results indicate that, at a 95 % 

confidence level, the average CP measured using the new cell design is larger than that of the 

LCVP cell .  The absolute difference between data sets is shown in Table 22. 
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Table 22. Statistical comparison of LCVP experiment results. 

Challenge 
Chemical 

Flow Rate, 
L/min 

Absolute 
Difference,  

µg/cm2 t-Stata 
Acrylonitrile 0.125 2.04 0.17 

 0.5 47.31 4.00 

 1.0 80.77 6.39 

 1.5 72.87 5.90 
Dimethyl 
Sulfate 0.125 59.72 5.89b 

 0.5 51.86 4.07 

 1.0 46.71 3.62 

 1.5 27.00 3.42 
α = 0.05    
t Critical two-tail: 2.14   
aIf t-Stat > t Critical two-tail, population means are considered statistically different 
bt Critical two-tail: 2.26 (df=9)   

 

6.5. Discussion 

6.5.1. F739 Validation  

Several researchers have experimentally shown the F739 cell design to underrepresent 

SSPR values.  Anna et al. suggested this effect may have been caused by “less than ideal” mixing 

in the collection chamber resulting in stagnant regions.  The concentration gradient of challenge 

chemical across the material is the main driving force behind the permeation process.  Any 

permeant not removed from the collection surface of the test specimen decreases the magnitude 

of the gradient and may result in an overall reduction of permeation.  Additionally, any permeant 

that is not removed from the collection chamber is not made available analysis. 
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The permeability of the material-permeant pairs explored by Anna et al. were significantly 

larger than those measured in the F739 comparison experiment.  Permeants with greater 

mobility require removal from the material at an increased rate to avoid a reduction in 

concentration gradient.  Due to the relatively low permeability of toluene through FEP, it is 

unlikely that the SSPR values in this study were affected by inefficient mixing within the F739 cell.  

While the F739 cell design may not have affected SSPR values, the lack of a defined collection 

medium flow path may have contributed to the increased variability between replicates.   

Permeant lost into regions of stagnation combined with its delayed reintroduction into 

the collection medium stream may have artificially influenced the rate of permeation measured 

post-cell.  Although similar results were observed for all permeation indices, the new cell design 

demonstrated lower variability over all data sets.  This decrease in variability may be due to the 

elimination of stagnant flow within the MK3 collection chamber. 

For all permeation indices measured, the difference between the MK3 design and the 

standard 2.54 cm F739 cell was not statistically different at the 95 % confidence level.  Within the 

confines of this work, the MK3 cell demonstrated the ability to provide results equal to those of 

the F739 cell design, while reducing inter-replicate variability.  Subsequently, the new cell design 

is a viable alternative to the F739 cell for CPE permeation testing.   
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6.5.2. LCVP Validation 

The F739 and LCVP cells were introduced in the early 1980’s.  Until its recent specification 

in NFPA 1994:12, the use of the LCVP cell was largely limited to military applications.  

Consequently, studies of potential LCVP alternates are not common.  In a recent study, Rivin et 

al. described the use of an alternative “simple, screw top metal cell” alongside the LCVP cell.  The 

authors reported “satisfactory” correlations between simulants evaluated with the alternative 

design and CWA tested with the LCVP cell.   It should be noted however; the study did not report 

a direct comparison of cell designs.  No publications describing a validation study between LCVP 

and F739 cell designs were identified.  

For both chemicals evaluated, the MK3 cell exhibited larger CP results after 60 minutes 

across all flow rates.  The difference between the CP values observed utilizing the MK3 cell and 

the LCVP cell design were significantly different at the 95 % confidence level.  Much like the F739 

comparison, the differences highlight the potential impact a test cell assembly may have on 

permeation testing results.  

Due to the construction of the LCVP cell, the majority of the collection medium may not 

contact the test material’s surface.  Similar to the decrease in SSPR reported by Anna et al., the 

lack of proper permeant removal may have resulted in the reduced CP values measured with the 

LCVP cell.  D’Onofrio reported when testing with low volatility permeants, the LCVP cell resulted 

in values 0.5 % of those measured by a direct contact method.  While the reduction in CP was 

attributed to the physical properties of challenge chemical, the results may have also been 

influenced by a failure to consistently remove permeant from the material surface.   
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Table 23. Demonstrated variability within pooled data sets. 

  CV, % 

Pooled Data 
Flow Rate, 

L/min 
Acrylonitrile 

Dimethyl 
Sulfate 

Per Flow Rate 0.125 8.08 13.51 

 0.5 13.24 13.69 

 1.0 17.99 12.48 
 1.5 18.33 8.10 

Total  15.66 12.26 

 

The variation between replicates was similar for both the LCVP and MK3 cells across all 

data sets.  The similarity suggests cell design and collection flow rate were not the main source 

of variability.  The acceptance criteria published in the ASTM F739-12 inter-laboratory study 

allows for variations of up to 30 % within a laboratory.  Comparatively, ISO 6529:2013 states 

inter-specimen variation may be as high as 20 %.  The individual cell types displayed a level of 

variability between replicates below these accepted limits.  To examine variability between cell 

designs, the LCVP and MK3 results were combined as shown in Table 5.  Pooled data consisting 

of both cell types at each of the collection flow rates exhibited levels of variability less than 20%.  

Further pooling the data to include values obtained from both cell types at all four flow rates 

resulted in CV values for VCN and DMS of 16 % and 12 %, respectively.  Therefore, the significant 

difference in CP seen between cell designs fell within the accepted limits of variability associated 

with chemical permeation testing. 
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6.6. Conclusion 

This work described the development and characterization of a new chemical permeation 

test cell.  The new design, the MK3 cell, incorporates important features from previous designs 

allowing for its use with both infinite and finite permeation testing methodologies.  

Computational fluid dynamic modeling of the collection chambers found in standard permeation 

cell designs provided insight into potential regions of stagnant flow.  CFD analysis may allow for 

predicting the performance of permeation cell designs.   

Comparison experiments concluded that the MK3 cell permeation results were not 

statistically different from the results using the test cell described in ASTM F739-12.   The MK3 

cell produced test results with less variability than those from the F739 cell.  The new cell 

exhibited larger cumulative permeation results when compared to the liquid challenge/vapor 

permeation apparatus specified in NFPA 1994-12 and TOP 8-2-501.  The increase in CP was 

statistically different at the 95 % confidence level.  The defined flow path of the collection 

chamber incorporated into the new design may have contributed to these differences.  The 

variation observed in the results among replicates and within pooled data sets was within 

accepted limits.   

Permeation test results may be influenced by the design of the testing apparatus.  An 

increase in variability effectively limits the level of precision allowed for use in performance 

criteria.  A reduction in permeation induced by the design of a test cell results in an inaccurate 

depiction of the tested material’s performance.  The new cell combines the functionality of both 
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the F739 and LCVP designs resulting in an alternative that has the potential to reduce variability 

and improve the accuracy of chemical permeation testing results. 
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Chapter 7. Development of a Chemical Sensor Array for Dedicated Permeant Analysis 

 

7.1. Introduction 

 Toxic industrial chemicals (TICs) are materials that pose a biological or physical hazard and 

whose production and use often necessitate transportation and storage in large quantities.  

Chemical protective equipment (CPE) is often evaluated for its performance in protecting against 

these materials because of their combined danger and pervasiveness.    Due to the diverse 

chemical and physical properties of TICs, an assortment of specialized instrumentation is 

required for detection and analysis.   

Contemporary standardized test methods for evaluating the resistance of CPE against 

permeating TICs require the simultaneous analysis of four replicate test assemblies.  As the use 

of a dedicated detector for each test cell is prohibitively expensive, individual permeant vapor 

concentrations are typically sampled sequentially by a single instrument.   This configuration 

requires sufficient flushing of detector components prior to subsequent analyses.  Therefore, the 

accuracy of resultant data may be negatively impacted if pertinent permeation activity is missed 

between discrete sampling points.   

The objective of this work was to develop a low maintenance and inexpensive chemical 

detector capable of the quantitative analysis of single component mixtures of TICs in air.  

Embedding the detector within the testing apparatus would allow for dedicated, near real-time 

analysis of permeant vapor concentration.  The detector must be capable of providing accurate 
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low-level concentration data to qualify for use with current standardized test methodologies.  

The prototype TICs detector used commercially available metal oxide semiconductor (MOS) 

chemical sensors.  A combination of MOS chemical sensors, possessing unique selectivities, were 

incorporated into an array to allow for analyzing a range of chemical species.  The sensitivity and 

accuracy of the detector were evaluated to determine its suitability in permeant analysis.   

 

7.2. Sensor Array Design 

7.2.1. Component Selection 

 

Figure 43. TO-39 MOS sensor package. 
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Thin-film, planar MOS chemical sensors were purchased from Synkera Technologies, Inc.9  

A description of individual array elements is shown in Table 24.  Elements S5 and S6 were 

duplicates of S1 and S3, respectively.   

 

Table 24. Description of individual array elements. 

Element ID Manufacturer Part Number Selectivity 
S1 SGAS707 Volatile Organic Chemicals 
S2 SGAS701 Trace Hydrogen 
S3 SGAS711 Flammable Gases 
S4 SYN714 Hydrogen Sulfide 
S5 SGAS707 Volatile Organic Chemicals 
S6 SGAS711 Flammable Gases 

 

7.2.2. Circuit Design 

Heating elements were powered by a constant-voltage driver at sensor-specific voltages 

recommended by the manufacturer.   The output from each sensor was linearized using a non-

inverting amplifier as seen in Figure 44.  The resistance of n-type MOS chemical sensors decreases 

with increasing chemical concentration.  Maximum signal is achieved when sensor resistance is 

equal to the gain resistor value.  Subsequently, redundant sensors were amplified with lower gain 

to allow for a continuous, useable response through higher vapor concentrations.  Actual gain 

resistor values were sensor specific and selected empirically.   

 
9 Synkera Technologies, Inc was acquired by Integrated Device Technology, Inc in 2016.  
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Figure 44. Linearization of sensor voltage divider output. 

 

7.2.3. Signal Conversion 

 

Figure 45. Sensor transient response to chemical exposure. 
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Figure 45 displays the typical transient sensor response after exposure.  The conductance 

of array element 𝑆, 𝐺 , was calculated using Equation 8, in which Vbias, is the bias voltage (set to 

2.5V), Rgain is gain resistor value in ohms, and Vsignal, is the resultant amplified sensor output in 

volts.    

 

Equation 8. 

𝐺 =
𝑉

2 ∙ 𝑉 ∙ 𝑅
 

 

The fractional response was calculated from instantaneous conductance to compensate 

for drift and to normalize signals between array elements.  The baseline (reference) conductance 

was determined immediately prior to each exposure period. The normalized fractional response, 

𝑦 , is equal to the ratio of the reference conductance, 𝐺 𝑟𝑒𝑓, to the maximum 

conductance,  𝐺 𝑚𝑎𝑥, minus 1 as shown in Equation 9.   

 

Equation 9. 

𝑦 =  
𝐺 𝑚𝑎𝑥

𝐺 𝑟𝑒𝑓
− 1.0 
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The combined array response, 𝑌 , is equal to the sum of normalized response values from 

all elements (Equation 10.) and provided the basis for developing calibration models. 

 

Equation 10. 

𝑌 = 𝑦  

 

7.2.4. Data Acquisition Software 

The resulting signal was measured by a National Instruments data acquisition device 

(USB-6341, Austin, TX).  Figure 46 depicts the LabVIEW® VI that was created to log the array 

response and vapor concentration data. 
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Figure 46. LabVIEW® GUI VI. 

 

7.2.5. Exposure Cell 

7.2.5.1. Initial Design 

Initial Design—A flow cell for exposing the sensor array was designed as seen in Figure 47 and 

machined out of polytetrafluoroethylene (PTFE).  The flow cell allowed for the simultaneous 

exposure of the entire array.  An internal volume of approximately 3 mL ensured fast clearing 

time between exposure periods.  The flow cell is closed with a fluorinated ethylene propylene 

(FEP) cap placed over the flow cell opposite to face of the sensors in the array.  An aluminum 

plate was bolted to the PTFE body to seal cap to the body. 
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Figure 47. Initial exposure cell design. 

 

 The initial designed proved difficult to seal leading to erroneous data due to unrepeatable 

exposure conditions.  A unibody-cell was designed to eliminate leaking thought to have 

contributed to the poor repeatability observed with the initial design. 

 

7.2.5.2. Final Design 

Array elements were inserted into an exposure cell that was fabricated from PTFE as 

depicted in Figure 48.   
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Figure 48. Final exposure cell assembly. 

 

The internal volume of the cell was limited to approximately 1 mL to enable quick clearing 

of the residual chemical after each exposure period.   Fittings for attaching 1/8 inch PTFE tubing 

were threaded into the inlet and outlet of the cell body.  The final assembled exposure cell may 

be seen in Figure 49. 

 



122 
 

 

Figure 49. Assembled exposure cell. 

 

7.3. Calibration and Sensitivity Determination 

7.3.1. Methods and Materials 

7.3.1.1. Calibrants 

The sensor array was independently calibrated against the 10 TICs listed in Table 25.  

Calibrants were selected to include a range of organic classes and functional groups associated 

with TICs commonly used to evaluate CPE.   
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Table 25. Description of chosen calibrants. 

Chemical Structure Class Group Substituent

Acetone Ketone Carbonyl Oxygen

Diethylamine Amine Secondary Amine Nitrogen

Dimethyl Sulfoxide Sulfoxide Sulfinyl Sulfur

Dimethylformamide Amide Carboxamide Nitrogen

Ethyl Acetate Ester Ester Oxygen

Heptane Alkane Alkyl Hydrocarbon

Hexane Alkane Alkyl Hydrocarbon

Isopropanol Alcohol Hydroxyl Oxygen

Nitrobenzene Benzene Derivative Nitro Nitrogen

Toluene Benzene Derivative Methyl Hydrocarbon

 

 

7.3.1.2. Organic Vapor Generation 

A flow diagram of the exposure setup is shown in Figure 50a.  Calibration vapors were 

dynamically generated using a simple saturator (Figure 50b) constructed by passing 1/16 inch 

PEEK tubing through the cap of a 60 mL glass sample vial containing a wick and approximately 20 

mL of chemical. 
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Figure 50. Exposure flow diagram (a) and vapor saturator (b). 

 

A temperature-controlled water bath was used to control saturator temperature to adjust 

the vapor concentration within its headspace.  The water bath was heated or cooled for low or 

high vapor pressure chemicals, respectfully.  Real-time vapor concentration was measured via an 

in-line photoionization detector (PID) from AMETEK MOCON.   The PID was calibrated daily using 

10 ppmV and 100 ppmV mixtures of isobutylene in air.  As depicted in Figure 50a, mass flow 

controllers (MFC) maintained precise vapor concentration through the ratio of flow between 

dilution and saturator lines.  To ensure consistency between repeated exposures, flow meters 

(FM) were used control flow rates through the PID and array exposure cell.  Timing for exposure 

and purge intervals was controlled using a 3-way electronic solenoid valve, operated by the data 

acquisition software.  Vapor generation components and exposure cell were maintained at 22 °C. 
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7.3.1.3. Calibration Method 

For each chemical, the array was calibrated against five vapor concentration levels; each 

consisting of a set of ten exposure sequences.   An exposure sequence was defined as a one 

second exposure interval followed by 25 seconds of a zero-air purge.  The duration of exposure 

was intentionally limited to increase the lifespan of array components by reducing the potential 

for sensor poisoning.  For each calibration level, detector response was equal to the average 

combined array response of the ten exposure sequences.  The method of least squares was used 

to fit a linear model to the log-log relationship between normalized response and exposure 

concentration, in µg/L.  

 

7.3.1.4. Sensitivity Determination 

The theoretical detection limit, ydl, was calculated according to Equation 11, where b, is 

the average normalized response associated with seven quiescent exposures, and sy, is the 

standard error of the slope of the line of fit. 

 

Equation 11. 

𝑦 = 𝑏 + 3𝑠  
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The limit of detection (LOD), as a function of vapor concentration (µg/L), was calculated 

using the calibration model.  The minimum detectable permeation rate (MDPR) may be 

approximated using Equation 12, as the product of the LOD and the theoretical permeant 

collection media flow rate (L/min), F, divided by the exposed surface area of the test apparatus 

(cm2), A.   

 

Equation 12. 

𝑀𝐷𝑃𝑅 =
𝐿𝑂𝐷 × 𝐹

𝐴
 

  

For an open-loop test setup, the required MDPRs for ASTM739:12 and ISO 6529:13 are 

0.1 µg/cm2/min and “<0.05 µg/cm2/min”, respectfully.  Theoretical MDPRs were calculated using 

the minimum flow rate of 0.1 L/min specified in ASTMF739:12 for a 1 inch test cell.   

7.3.2. Results and Discussion 

7.3.2.1. Calibration 

 

Plots of the logarithmically transformed calibration data for each chemical are shown in 

Figure 51.   
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Figure 51. Logarithmically transformed calibration data. 

 

Linear models were fitted to the calibration data resulting in coefficients of 

determination, R2, of 0.99 or greater for all calibrants, excluding dimethyl sulfoxide at 0.96.  

Substantial deviations from fitted models may reduce the accuracy of predicted results.   

Calibrations of toluene, and dimethyl sulfoxide may require more complex regression functions. 
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7.3.2.2. Sensitivity 

The calculated LODs and MDPRs are shown in Table 26.  The detector demonstrated LODs 

for vapor concentrations between 1-3 µg/L.   

 

Table 26. Array sensitivity in terms of LOD and MDPR, per calibrant. 

Calibrant LOD, µg/L MDPR, µg/cm2/min 

Acetone 1.12 0.02 

Diethylamine 1.46 0.03 

Dimethylformamide 1.10 0.02 

Dimethyl Sulfoxide 2.48 0.05 

Ethyl Acetate 1.23 0.02 

Heptane 1.35 0.03 

Hexane 1.26 0.02 

Isopropanol 1.39 0.03 

Nitrobenzene 1.15 0.02 

Toluene 1.46 0.03 

 

 

LOD is a function of both quiescent noise and calibration accuracy.  Subsequently, 

chemicals with calibration models with lower R2 values exhibited the highest detection limits.  

MDPRs were equal to or less than 0.05 µg/cm2/min for all calibrants, meeting the sensitivity 

expectations of modern permeation testing methodologies.  It is important to note the 
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theoretical nature of MDPR values, as they were calculated using conditions which may not be 

representative of those utilized in actual testing. 

 

7.3.2.3. Performance 

 

Figure 52. Comparison of predicted and actual vapor concentrations. 

 

The post-calibration performance of the array was evaluated by measuring the average 

concentration of a vapor-air mixture.  Results predicted by the calibration models were compared 

to the actual concentration measured by the PID.  The mean of seven concentration 

measurements for each chemical are shown in Figure 52, with error bars representing their 

standard deviation.   
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The percent difference between predicted and actual concentration values was equal to 

or less 10 % for all but three chemicals. The average predicted heptane vapor concentration 

differed by 57 %.  The percent difference between predicted and actual values for diethylamine 

and hexane were 25 % and 28 %, respectfully.  Improvements to calibration models may allow 

for more accurate predictions.   

Significant variability was observed between replicate measurements of both 

diethylamine and DMSO.  For each chemical, the response from a single array element comprised 

at least 50 % of the normalized array response value.  In the case of diethylamine, element S4 

contributed over 90 % of the combined array response.  As a result, the variability in the response 

of the dominant element contributes to the majority of the observed variability in the combined 

array response. 

 

7.4. Permeant Analysis 

7.4.1. Methods and Materials 

The CSA’s potential for use in permeant analysis was investigated through a series of 

open-loop permeation tests following ASTM F739:12, using a newly developed test cell. 

Fluorinated ethylene propylene (FEP) film with a thickness of 0.0127 mm (0.5 mil), was 

purchased from American Durafilm Co., Inc. (Norton Type FG, Holliston, MA).  Swatches, 

approximately 50 mm in diameter, were punched from the roll of FEP film.  The permeation 
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resistance of the film was evaluated against acetone and toluene liquid challenges for 20 and 45 

minutes, respectively.   The purity of both challenge chemicals was instrument grade or higher.  

For each challenge, testing was performed in triplicate at 32 °C within a thermostatically-

controlled environmental chamber.   Permeant was collected in a stream of dry, filtered air with 

a flow rate of 0.150 L/min.  Throughout the test duration, the concentration of challenge within 

the collection media stream was measured and a permeation rate was calculated.  Permeant 

analysis was performed with the CSA in tandem with a dedicated photoionization detector (PID) 

located downstream from the cell (Figure 53).   

 

 

Figure 53. Permeant analysis flow diagram. 

 

An electronic solenoid valve, operated by the LabVIEW VI, controlled exposure timing. A 

sample flow rate through the CSA was set to approximately 20 mL/min by adjusting the level of 

vacuum pulled on the waste line connected to its outlet.  A matching purge flow rate ensured 

consistent flow during purge and exposure periods.   
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Both the PID and CSA were calibrated prior to each test.  The outlet of the organic vapor 

generation system passed through the environmental chamber wall and connected to the inlet 

of the PID.  Incoming vapor was conditioned to the chamber temperature through the use of a 

coil of additional tubing placed within the air-bath. The CSA was calibrated using the method 

described above.  The PID was calibrated using standard calibration gas mixtures of 10 ppmV and 

100 ppmV isobutylene in air.  Instrument calibration results for the PID and CSA may be found in 

Figure 54 & Figure 55. 

 

 

Figure 54. PID isobutylene mixture calibration. 

  

R² = 1.0000.0E+0

5.0E+2

1.0E+3

1.5E+3

2.0E+3

0 20 40 60 80 100 120

Re
sp

on
se

, m
V

Concentration, ppmV

PID Response

Linear (PID Response)



133 
 

 

Figure 55. Calibration of CSA for acetone and toluene vapors. 

 

Vapor concentration was constantly monitored by the PID.  The CSA determined vapor 

concentration through a measurement sequence comprised of two, one second exposures, 

separated by a 28 second purge. Throughout the test duration, CSA measurements were 

obtained at 60 second and 120 second intervals for acetone and toluene, respectfully.    

For each replicate, SSPR was calculated as the average PR over the last six minutes of the 

test duration.  The cumulative amount of permeation (CPt) through time t, may be estimated 

from discrete PR measurements through the integration of the resulting PR curve.   
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7.4.1.1. Permeant Sampling Comparison 

In comparison to the direct permeation rate measurements provided by the PID and CSA, 

cumulative sampling techniques (CST) measure CP through the accumulation of permeant within 

a solid sorbent or liquid solvent.  The mass of challenge chemical found within the sorbent or 

solvent is then used to calculate CP for the sampling duration.   

NIOSH air quality sampling methods for acetone and toluene were modified for permeant 

collection as previously described.  For both challenges, permeant vapors were cumulatively 

collected on coconut shell charcoal (CSC) solid sorbent tube located at the outlet of the test cell.  

At the conclusion of a sampling period, sorbed permeant was extracted from the CSC with 4 mL 

of cold carbon disulfide.  The concentration of challenge chemical within the extractant solution 

was determined by GC-FID (Agilent 6890A, Santa Clara, CA).   Instrument calibration was 

performed prior to analysis and may be seen in Figure 56 & Figure 57. 
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Figure 56. GC-FID acetone calibration. 

 

 

Figure 57. GC-FID toluene calibration. 

 

R² = 0.9994
0.0E+00

5.0E+05

1.0E+06

1.5E+06

2.0E+06

2.5E+06

0.00 20.00 40.00 60.00 80.00 100.00

Re
sp

on
se

Concentration, µg/mL

FID Response

Linear (FID Response)

R² = 0.9995
0.0E+0

5.0E+5

1.0E+6

1.5E+6

2.0E+6

2.5E+6

3.0E+6

3.5E+6

0.00 5.00 10.00 15.00 20.00 25.00

Re
sp

on
se

Concentration, µg/mL

FID Response

Linear (FID Response)



136 
 

The 20 minute acetone permeation test duration was divided into two 10 minute 

sampling periods with a single tube was used for each.   The 45 minute duration of the toluene 

permeation test was divided into two 20 minute sampling periods followed by a final 5 minute 

period, with a single tube was used for each.   The final CPt was determined as the combined 

mass extracted from all sorbent tubes. 

Previous investigations revealed permeation through the FEP film reached a steady state 

after approximately 9 minutes for acetone and 40 minutes for toluene.   Consequently, SSPR 

values for both challenges were estimated from the CP associated with the final sampling period. 

 

7.4.2. Results 

7.4.2.1. Discrete Sampling Comparison 

 For each replicate, SSPR was calculated as the average PR over the last six minutes of 

the test duration.  Table 27 & Table 28 contain SSPR and CPt measurements for test replicates 

as determined by the dedicated PID and CSA.  Mean SSPR and CPt values for the CSA and PID 

are also included.   
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Table 27. Acetone discrete sampling comparison results. 

  CSA PID 
Challenge Replicate SSPR, µg/cm2/min CP20, µg/cm2 SSPR, µg/cm2/min CP20, µg/cm2 

Acetone 
1 0.735 13.04 0.721 12.81 
2 0.767 14.50 0.746 13.45 
3 0.748 13.17 0.740 13.04 

 Mean 0.750 13.57 0.736 13.10 

 CV, % 2.1 5.9 1.7 2.5 

 

Table 28. Toluene discrete sampling comparison results. 

  CSA PID 
Challenge Replicate SSPR, µg/cm2/min CP45, µg/cm2 SSPR, µg/cm2/min CP45, µg/cm2 

Toluene 
1 0.186 7.12 0.206 7.16 
2 0.201 6.31 0.203 6.98 
3 0.182 7.60 0.206 7.58 

 Mean 0.194 7.01 0.205 7.24 
 CV, % 5.4 9.3 0.8 4.2 

 

Transient permeation rates observed for the acetone and toluene through the FEP film 

are shown in Figure 58 & Figure 59.  Replicate PR measurements were averaged to represent the 

mean PR as determined by PID and CSA.  Individual replicate PRs are also included to illustrate 

CSA repeatability.  The percent difference in permeation results obtained using the PID and the 

CSA was calculated and is included in Table 29.   
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Figure 58. Rate of acetone permeation through FEP. 

 

 

Figure 59. Rate of toluene permeation through FEP film. 
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Table 29. Difference in SSPR and CP results observed between CSA and PID. 

 Difference, % 
Challenge SSPR CP 
Acetone 1.9 3.5 
Toluene 7.7 3.2 

 

7.4.2.2. Cumulative Sampling Comparison 

Estimated SSPR and CPt values as determined by cumulative sampling may be seen in 

Table 30.  The percent difference observed between cumulative and discrete sampling methods 

was calculated for both challenge chemicals and is included in Table 31. 

 

Table 30. Cumulative sampling technique permeation results. 

 CST Results 

 Acetone Toluene 

Replicate SSPRa, µg/cm2/min CP20, µg/cm2 SSPRb, µg/cm2/min CP45, µg/cm2 
1 0.802 15.03 0.239 6.70 
2 0.747 13.41 0.197 8.45 
3 0.738 12.24 0.235 7.26 
4 0.841 15.80 0.248 8.18 
5 0.700 13.07 0.236 8.96 
6 0.712 13.27 0.216 7.28 

Mean 0.757 13.80 0.229 7.80 
CV, % 7.2 9.7 8.2 11.0 

aEstimated from CP10-20 
bEstimated from CP40-45 

  

 

 



140 
 

Table 31. Comparison of permeant sampling and analysis techniques. 

 Difference from CST, % 

 Acetone Toluene 
Technique SSPR CP20 SSPR CP45 

PID 2.8 5.2 10.9 7.5 
CSA 0.9 1.7 18.6 10.7 

 

7.4.3. Discussion 

7.4.3.1. Acetone Permeant Analysis 

Repeatability—The CSA demonstrated acceptable repeatability in measurements of SSPR and 

CP20, with CV values less than 6 % for both metrics.  The repeatability of the transient permeation 

response was adequate with similar inter-replicate variability to those observed with PID 

measurements. 

 

Accuracy—The CSA demonstrated acceptable accuracy, as characterized by the closeness of its 

resultant data to those determined by PID and CST.  SSPR and CP20 values determined by the CSA 

were less than 2 % different to those provided by other measurements.  All three measurements 

provided similar values.   
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7.4.3.2. Toluene Permeant Analysis 

Repeatability—The CSA provided poor repeatability when analyzing toluene with high inter-

replicate variability observed in PR response curves.  Inter-replicate variability for measurements 

of SSPR and CP45 were approximately double of those seen in acetone.  

 

Accuracy—Individual PR responses did not mimic the transient response detected by the PID, 

though the mean PR response was similar.  Comparing PID and CST to CSA produced much larger 

differences in SSPR and CP45 than those observed with acetone.  The simplistic linear regression-

based calibration model may have been inadequate to describe the CSA response to toluene over 

the measured concentration range.  The poor calibration model may have contributed to the 

inaccuracy of the toluene analysis. 

 

7.5. Conclusion 

A chemical detector suitable for permeant analysis was successfully created using an 

array of commercially available MOS sensors.  The prototype CSA was calibrated against a battery 

of toxic industrial chemicals commonly used for evaluating the permeation resistance of chemical 

protective clothing.  Calibration models based on linear regression analysis of the log-log 

relationship between organic vapor concentration and normalized response provided R2 values 

greater than 0.99 for 9 out of 10 TICs.  The CSA demonstrated adequate sensitivity with 



142 
 

theoretical minimum detectable permeation rates less than those required by ASTM and ISO 

permeation test methods. 

The calibrated CSA was used to measure the permeation characteristics of acetone and 

toluene through FEP film.  The CSA demonstrated greater accuracy and precision when analyzing 

acetone permeation than with toluene.  High inter-replicate variability observed in toluene 

measurements may have been due to improper calibration model.  Improvements in analog 

circuitry along with calibration may increase the accuracy and practicality of the CSA for use as a 

dedicated permeation analyzer.   
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Chapter 8. Impact of Temperature Variability on the Quality of Resultant Data 

 

8.1. Introduction 

The effect of temperature on permeation results has been thoroughly investigated.     In 

an effort to reduce the impact of temperature discrepancies and fluctuations on final results, test 

cells were modified to consistently measure and directly control temperature throughout the 

test duration.  The follow work will investigate the impact of temperature control techniques on 

the permeation test result precision.   

 

8.2. Temperature Control and Measurement 

8.2.1. Environmental Chamber 

 

Figure 60. Acrylic environmental chamber used for air-bath. 
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An air-bath was created within an acrylic desiccator box, Figure 60, purchased from 

Cleatech, LLC (1500-1-P, Orange, CA).  An Omega Engineering, Inc. 120 V enclosure heater 

(HGL409000, Norwalk, CT) controlled by a Watlow SD series proportional-integral-derivative 

(PID) controller (Watlow SD, F.N. Cuthbert, Inc Toledo, OH) was used to precisely maintain 

temperature within the environmental chamber.  A stainless steel jacketed, type-J thermocouple 

was positioned in the approximate center of the chamber.  The air-bath was circulated by two 12 

V blower-fans located on either side of the chamber.  Four MKS Instruments, Inc. mass flow 

controllers (1179A, Andover, MA), located within the chamber, were used to individually set and 

maintain the collection media flow rate for each test cell.  Without disturbance, the chamber was 

capable of maintaining 31.91 ± 0.05 °C, over 120 minutes. 

 

8.2.2. Measurement and Recording 

 Temperature measurements were recorded every two seconds.  Figure 61 depicts the 

LabVIEW® VI, that was created to interface with a Keysight data acquisition module (34972A LXI, 

TRS-RenTelco, DFW, TX) used to measure nine type-T thermocouples.  Chamber temperature was 

measured in three locations, corresponding to the two interior walls and its middle.  The 

remaining thermocouples were used to monitor the top and bottom sections of three test cells.   

As temperature measurements across a cell were nearly identical, their mean value was used as 

the instantaneous cell temperature for comparison purposes.   
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Figure 61. LabVIEW VI for temperature measurement recording. 

 

8.3. Method of Challenge Chemical Introduction 

A definitive procedure for the introduction of liquid challenge chemicals into the test cells 

at the start of the test period was not specified in ASTM F739:12.  Directly applying liquid 

challenge by opening the door to the environmental chamber produced an unacceptable drop in 

air-bath temperature.  Upon opening of the door to introduce the challenge chemical, the 

chamber temperature dropped outside of the target tolerance of 32 °C ± 1 °C.  The minimal 

thermal mass of the thermocouple may have exaggerated the effect.  Chamber temperature 

returned to within tolerance after approximately 70 seconds.  Subtle temperature oscillations 

resulted from the error introduced into the feedback loop of the PID algorithm controlling the 
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chamber heater.  Optimization of PID parameters helped to reduce the magnitude of both the 

initial correction and subsequent oscillations, but the effect was still present. 

To introduce challenge chemical without opening the chamber door, a length of 1/8 inch 

PTFE tubing was run through a bulkhead tube fitting installed through the environmental 

chamber side wall.  A 4-way T-fitting was used to split the incoming challenge to each test cell.  A 

60 mL glass syringe containing approximately 20 mL of liquid chemical used to introduce the 

challenge.  Additional tubing was connected opposite the incoming challenge to vent air 

displaced during challenge loading.   

 

 

Figure 62. Effect of challenge chemical introduction on average air-bath temperature. 
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introduction methods.  For both methods of introduction, the initial temperature of the 

environmental chamber was 32 °C. 

 

Table 32. Air-bath temperature tolerance based on challenge introduction method. 

 Challenge Introduction 
Temperature, °C Chamber Door Through-Wall 

Minimum 29.2 31.4 
Maximum 31.9 32.1 
Average 31.5 31.6 

CV, % 1.2 0.7 
 

 

8.4. Permeation Cell Temperature Control 

8.4.1. Indirect 

Indirect temperature control through the use of a thermostatically controlled air-bath did 

not adequately maintain actual cell temperatures within the expected tolerance.  Despite 

maintaining precise control of the air-bath temperature, the average cell body temperature 

continued to vary greatly.  The variability in cell body temperature was exaggerated when 

challenge chemical introduction required opening the door of the environmental chamber. 
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8.4.2. Direct 

The permeation test cells described previously, were modified to allow for controlling of 

their temperatures directly.  The middle section of each cell was wrapped with a 24 V silicone 

band heating element.  An Omega Engineering, Inc. PID controller (CN79000, Norwalk, CT) 

measured the internal temperature of the cell body via a type-J thermocouple inserted into hole 

drilled into the heated body segment.  The placement of the band heater, PID thermocouple (TC-

1), and those used for recording top and bottom temperatures (TC-2 and TC-3), may be seen in 

Figure 63.   

 

 

Figure 63. Permeation cell modified for direct temperature control. 
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Cell body temperatures were monitored and controlled independently.  The use of an 

externally attached heater while monitoring internal temperatures required careful tuning of the 

PID controller to prevent oscillations.  

 

8.5. Temperature Control Comparison Study 

8.5.1. Methods and Materials 

 The effect of cell temperature control techniques was investigated through a 

series of open-loop permeation tests following ASTM F739:12.  Fluorinated ethylene propylene 

(FEP) film with a thickness of 0.0127 mm (0.5 mil), was purchased from American Durafilm Co., 

Inc. (Norton Type FG, Holliston, MA).  According to the distributor, FG FEP film was extruded using 

Neoflon® FEP NP-20 resin (Daikin America, Inc. Orangeburg, NY).  Material swatches, 50 mm in 

diameter, were punched from the roll of FEP film and challenged with neat acetone.  Challenge 

chemical was introduced using the through-wall method described above.   

Testing was performed in triplicate with a duration of 20 minutes using dry, filtered air as 

the collection media.  The flow rate of the collection media was set to 0.150 L/min.  The 

temperature of the air-bath and directly heated test cells, where applicable, were set to 32 °C.  

All cells were allowed to equilibrate within the environmental chamber for 60 minutes prior to 

the start of the test.  Throughout the test duration, the concentration of acetone within the 

collection media stream was measured and a permeation rate was calculated.  Permeant analysis 

was performed using dedicated photoionization detectors downstream from each cell.   
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8.5.2. Results 

8.5.2.1. Cell Body Temperature 

Figure 64 depicts the temperature fluctuations of three cell bodies during the test period 

for both temperature control methods.  Plots of the target temperature along with upper and 

lower tolerance limits are also included.   

 

 

Figure 64. Temperature of cell bodies under indirect (a) and direct (b) control. 
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The average cell temperature with standard deviation, steady state permeation rate 

(SSPR), and the cumulative mass permeated over 20 minutes (CP20) are included for each 

replicate in Table 33. Additionally, mean test temperature, SSPR, and CP values along with their 

coefficients of variation (CV) were calculated for both control techniques.   

 

Table 33. Temperature control comparison results. 

 Cell Temperature, °C 
SSPR, 

µg/cm2/min CP20, µg/cm2 
Replicat

e Indirect Direct Indirect Direct Indirect Direct 
1 32.1 ± 1.6 31.6 ± 0.1 0.773 0.787 13.9 14.0 
2 29.4 ± 1.2 31.8 ± 0.1 0.693 0.786 11.4 14.4 
3 29.5 ± 0.9 32.1 ± 0.1 0.751 0.807 12.8 14.5 

Average 30.3 31.8 0.739 0.793 12.7 14.3 
CV, % 5.2 0.7 5.6 1.5 10.0 1.9 

 

8.5.3. Discussion 

8.5.3.1. Test Cell Temperature 

The body temperature of the indirectly controlled cells fluctuated significantly 

throughout the duration of the test.  As seen in Figure 64, none of the cells remained within the 

specified temperature range of 32 °C ± 1 °C.  An initial drop in temperature was observed after 

the test cells were loaded with room-temperature challenge chemical.  Without individual cell 

body temperature measurements, this effect would have gone unnoticed.   
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Directly heating test cells greatly reduced single-cell body temperature fluctuations and 

ensured their temperature remained within the target range.  Direct control decreased inter-

replicate temperature variability by approximately 85 %.  Furthermore, cell body cooling after 

challenge introduction was substantially reduced when its temperature was controlled directly. 

 

8.5.3.2. Impact on Permeation Data Precision 

The magnitude of SSPR and CP measurements have been shown to correlate with test 

temperature.  Therefore, temperature variability would directly impact the precision of these 

permeation metrics.  Accordingly, the improved temperature uniformity provided through direct 

control produced a notable increase in precision for both metrics, when compared with indirect 

control.   

Interestingly, CP20 inter-replicate variability with cells reliant upon the air-bath for 

temperature control was approximately double that observed in SSPR measurements.  By 

comparison, SSPR and CP20 variability was similar with direct control.  These findings suggest the 

precision of CP measurements may be dependent upon the combination of single-replicate 

temperature fluctuations and inter-replicate temperature differences.  
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8.6. Conclusion 

Control of the environmental chamber’s internal temperature was adversely affected by 

the need to open its door while loading test cells with liquid challenge chemical.   A method for 

introducing challenge chemical through the environmental chamber wall eliminated consequent 

temperature fluctuations.   

 The use of a thermostatically controlled air-bath did not provide adequate control of cell 

body temperature.  Modifying test cells for direct temperature control greatly reduced single-

cell and inter-replicate variability.  Improvements in temperature uniformity increased the 

precision of resultant SSPR and CP metrics. 
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Chapter 9. Characterizing the Effect of Temperature on Chemical Permeation 

 

9.1. Introduction 

Previous investigations have found the error associated with comparisons of permeation 

data to increase with the absolute difference in temperatures at which the testing was 

performed.  Analysis of pooled data collected from inter-laboratory and test cell design 

comparison studies showed that a 1 °C difference in temperature correlated to a shift in 

permeation of approximate 4 % of the mean SSPR. 

ASTM F739:12 allows for testing to be performed at any temperature with a specified 

tolerance of ± 1 °C over the course of a test.  Therefore, using the previous example, a comparison 

of results produced at the tolerance limits of the reported temperature would include significant 

error (8 %) which may be attributed solely with the temperature difference.  The temperature-

induced error would be in addition to any other sources of experimental error. 

The following work was performed in order to characterize the relationship between test 

temperature and the permeation of liquid acetone through FEP film.  The established relationship 

was then used to model the impact of specified test temperature tolerances on the precision of 

resultant data. 
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9.2. Arrhenius Relationship   

The effect of temperature on migration of challenge chemical through CPC has been 

demonstrated to follow an Arrhenius relationship as seen in Equation 13.   Permeability, P, may 

be calculated as the product of the steady state permeation rate (SSPR) and material thickness 

(l). 

 

Equation 13. 

𝑃 = 𝑃 𝑒  

 

Where: 

P = Permeability (ug/cm/min) 

P0 = Pre-exponential factor  

Ep = Activation energy of permeation (kJ/mol) 

R = Universal gas constant (0.008314 kJ/K·mol) 

T = Temperature (K) 

 

In order to use the Arrhenius relationship to predict P as a function of temperature, the 

parameters, Ep and P0, must be experimentally derived through a series of steady state 

permeation tests performed at various temperatures.  The Arrhenius parameters are then 

determined by plotting the natural log of P against the reciprocal of temperature in Kelvin (1/K); 
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yielding a straight line described by Equation 14, with a slope equal to -Ep/R and an ordinate 

intercept of ln(P0).   

 

Equation 14. 

ln 𝑃 =  −
𝐸

𝑅
∙

1

𝑇
+ ln 𝑃  

 

An example of an Arrhenius plot based on the work of Zellers and Sulewski, which 

investigated the effect of test temperature on the permeation of n-methylpyrrolidone (NMP) 

through CP glove materials, may be seen in Figure 65.  As a demonstration of the inherent nature 

of P—and subsequently Ep—two gloves from different manufacturers; both constructed of 

natural rubber (NR), exhibited similar P values as opposed to the NR-neoprene-nitrile blend found 

in the third.   
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Figure 65. Arrhenius plot of NMP permeation through CP gloves. 

 

9.2.1. Arrhenius Limitations 

It is important to note an Arrhenius-type relationship is typically only applicable within a 

limited temperature range.  At temperatures approaching the glass transition temperature of the 

polymer, this relationship is no longer valid.   The work of Ashworth and Wickham assessed 

effects of temperature on the permeability of nitroethane (NE), dichloromethane (DCM), and 

tetrachloroethylene (TCE) through 0.0254 mm FEP film.  A distinct change in Ep was observed at 

73.5 °C, as shown in Figure 66.  The magnitude of the Ep shift was found to increase with 

permeant size.  The authors noted the Tg of FEP, which decreases with increasing HFP content, 

was reportedly 75 °C when the mole percentage of HFP was 14 %.   
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Figure 66. Arrhenius plots of TCE (○), NE (□), and DCM (∆) permeability (source units: 

cm3(STP)·cm/cm2·cmHg·sec) through 2 mil FEP film. 

 

The following work assumes the applicability of the Arrhenius relationship as the highest 

temperature permeation measurements were performed at 36 °C; 40 °C less than the reported 

Tg of FEP.   

 

 

 



159 
 

9.3. Methods and Materials 

Permeation testing was performed on the previously described 0.0127 mm FEP film as 

per ASTM F739:12 in an open-loop configuration at five nominal temperature levels (Tnominal), 

between 28 °C and 36 °C.  Testing was run in triplicate with a duration of 20 minutes.  The 

collection media was dry, filtered air with a flow rate of 0.15 L/min.  The test cells used were 

modified for direct temperature control.  More information on test cell design and modification 

may be found in the previous sections. 

Permeant concentration within the collection media was determined with the use of 

dedicated photoionization detectors placed downstream from each test cell.  Each detector was 

calibrated prior to the start of each test with calibration gas mixtures of 10 ppm and 100 ppm 

isobutylene in air. 

 

9.4. Results 

9.4.1. Acetone Permeation Results 

The average cell body temperature (Tcell), steady state permeation rate (SSPR), 20-minute 

cumulative permeation (CP20), and lag time (LT) for each replicate are included in Table 34.  Mean 

values and their coefficient of variation (CV) are also included for each Tnominal.  
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Table 34. Acetone Permeation results measured at 28 °C – 36 °C. 

Tnominal, °C Replicate Tcell, °C SSPR, µg/cm2/min CP20, µg/cm2 LT, min 

28 
1 27.6 0.565 10.78 2.3 
2 28.0 0.557 9.13 2.7 
3 27.8 0.559 9.67 2.6 

 Mean 27.8 0.560 9.86 2.6 
 CV, % 0.6 0.8 8.5 7.9 

            

30 
1 29.8 0.650 11.41 2.4 
2 30.3 0.670 11.88 2.2 
3 30.0 0.670 12.03 2.0 

 Mean 30.0 0.663 11.77 2.2 
 CV, % 0.9 1.7 2.7 8.1 

            

32 
1 31.6 0.787 13.99 2.2 
2 32.1 0.836 15.22 1.6 
3 31.8 0.807 14.46 2.1 

 Mean 31.8 0.810 14.56 2.0 
 CV, % 0.7 3.0 4.3 16.4 

            

34 
1 33.7 0.946 17.39 1.6 
2 34.1 0.955 17.38 1.8 
3 33.9 0.955 17.43 1.7 

 Mean 33.9 0.952 17.40 1.7 
 CV, % 0.5 0.5 0.2 4.7 

            

36 
1 36.3 1.152 21.37 1.4 
2 36.6 1.156 21.16 1.6 
3 36.0 1.098 20.36 1.4 

 Mean 36.3 1.136 20.96 1.5 
 CV, % 0.7 2.9 2.5 9.6 

 

 

 



161 
 

9.4.2. Acetone Arrhenius Plots 

Arrhenius plots illustrating the relationship between average cell body temperature and 

the natural log of P, SSPR, CP20, and LT may be seen in Figure 67, with error bars representing 

standard deviation.  The linearity of all metrics was excellent, with R2 ≥ 0.996.  

 

 

Figure 67. Arrhenius Plots of P (a), SSPR (b), CP20 (c), and LT (d). 

 

9.5. Discussion 

9.5.1. Acetone Arrhenius Relationship 

P values determined through this work compared favorably with previously reported 

values.  Permeability coefficients for acetone in FEP are included in Table 35.  Test temperature 
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was not available for the acetone SSPR data included in ASTM F739:99.   With an unspecified test 

temperature, it is plausible participating labs conducted ILS testing at or near room temperature.  

The average temperature was estimated at approximately 20 °C using the Arrhenius parameters 

established above.   

 

Table 35. Permeability coefficients for acetone in FEP. 

P, µg/cm2/min T, °C Source 
1.8 · 10-4 23 McKeen (2017)a 
3.2 · 10-4  - ASTM F739:99b 
7.1 · 10-4 28 This Work 
1.0 · 10-3 32 This Work 
1.3 · 10-3 35 McKeen (2017)a 
1.4 · 10-3 36 This Work 
4.5 · 10-3 35 McKeen (2017)a 

aConverted from source units 
bTemperature Not Reported 

 

Published Ep values for acetone permeation through FEP were not available.  Instead, 

activation energies were derived from reported permeation rate data collected at multiple 

temperatures and may be seen in Table 36.  
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Table 36. Activation energy of acetone permeation. 

Polymer Ep, kJ/mol Range, °C Source 
Neoprene 35.0 19-25 ASTM F1407:99a 

PTFE 50.1 21-45 Britoa 
FEP 65.5 28-36 This Work 
FEP 94.7 23-50 McKeen (2017)a 

aCalculated from reported data   

 

The temperature dependence of the ILS data from ASTM F1407:99 was evaluated in the 

previous chapter.  An Arrhenius plot estimated Ep to be approximately 35 kJ/mol.  The F1407 ILS 

was not intended to characterize an Arrhenius relationship and therefore this value is included 

for comparison purposes only. 

Vapor permeation rates described by McKeen were obtained using ASTM E96; a method 

for the determination of water vapor transmission rate (MVTR).  This modified MVTR method 

determines permeation gravimetrically using an exposure scenario where the material is in 

contact with the saturated vapor concentration within the headspace of the test apparatus.  The 

exposure challenge concentrations would be much lower than those associated with the neat 

liquid challenge used within this work.  The difference in Ep may be explained by the significantly 

different exposed surface concentration.   

 Brito and Zahn characterized the permeability of acetone through a 0.40mm PTFE 

membrane.  Molecular transport through PTFE differs from FEP due to the presence of micro-

voids within the PTFE microstructure.  As such, transport through PTFE has typically been 
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described using a combination of solution-diffusion and pore-flow models.  Regardless of 

transport mechanism, Ep was similar to those determined for acetone through FEP.   

 

9.5.2. Effect of Temperature Tolerance on Permeation Measurement Precision 

To illustrate the impact of temperature tolerance on the precision of permeation 

measurements, 1000 temperature points were randomly generated within five tolerance ranges, 

representing theoretical average test temperatures.  Corresponding SSPR and CP values were 

then calculated from each point using the Arrhenius parameters established above.  The values 

of resultant permeation metrics were representative of an ideal permeation scenario without the 

presence of additional experimental error.  Consequently, their precision was solely dependent 

upon the range of possible temperature values.  Table 37 compares the precision (CV) of 

temperature (T), SSPR, and CP for tolerances ranges of ± 0.10 °C, ± 0.50 °C, ± 1.00 °C, ± 1.50 °C, 

and ± 2.00 °C.   SSPR population distribution as a function of temperature tolerance is depicted 

in Figure 68. 
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Table 37. Precision of permeation metrics associated with various temperature tolerances. 

 CV, % 
Tolerance T SSPR CP 
± 0.10°C 0.2 0.5 0.6 
± 0.50°C 0.9 2.5 2.7 
± 1.00°C 1.8 4.9 5.2 
± 1.50°C 2.7 7.3 7.8 
± 2.00°C 3.6 9.8 10.4 

 

 

Figure 68. SSPR population distribution as a function of test temperature tolerance. 

 

Permeation results derived from theoretical temperatures within the tolerance of ± 1.00 

°C varied by approximately 5 %.  Increasing the tolerance range resulted in a more widely 

distributed population.  A tolerance of ± 0.10 °C was necessary to reduce permeation variability 
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to less than 1 % as a result of temperature variability.  Such a tight tolerance is likely impractical 

for inclusion in standardized permeation test methods.   

 

9.6. Conclusion 

It is important to emphasize the compounding nature of temperature induced error.  

Various sources of additional experimental error would further reduce the precision of resultant 

data beyond that depicted in Table 37.  This effect would be exacerbated when comparing results 

between different laboratories.  The direct influence of temperature on the permeation test data 

requires a more active approach towards its mitigation.  
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Chapter 10. Compensating for Temperature-Induced Error in Permeation Data 

 

10.1 Introduction 

Earlier chapters have described, in detail, the substantial effect temperature variability 

has upon the precision of permeation measurements.  Building upon the permeation-

temperature relationship characterized in Chapter 9, a novel method for temperature-induced 

error compensation was developed.   

The compensation technique utilizes established Arrhenius parameters to proportionally 

adjust resultant permeation data toward a standard nominal temperature (SNT), eliminating 

error caused by subtle differences in the temperature between replicate measurements.  The 

following will describe the implementation of this compensation method on measurements of 

acetone permeation through FEP film along with a subsequent analysis of its impact on the 

quality of resultant data. 

 

10.1.1. Illustrating the Significance of Temperature on Permeation Measurements 

 To illustrate the significant impact test temperature has upon permeation measurements 

consider an aluminum ruler, with a nominal length of 1000 mm.  The linear expansion coefficient 

(α) of aluminum is approximately, 23 x 10-6 mm/°C.   Subsequently, due to thermal expansion, 

the total length of the ruler would be expected to differ by 0.0023% for every 1.0 °C change in its 
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temperature.  Therefore, the change in total length associated with a temperature shift of 2.0 °C, 

would equal 0.046 mm—small enough to be considered negligible under most use cases.  

Assuming the precision of the ruler is unlikely to exceed 0.5 mm, the error imparted into replicate 

measurements, as a function of the difference in temperature at which they were performed, 

would not impact the precision of resultant data.   

 In comparison, the work in Chapter 9, determined the average steady state rate of 

acetone permeation through FEP film increased by 22.2% between measurements made at 30 °C 

and 32 °C.  If the previously described ruler demonstrated an equivalent linear expansion (Figure 

69), its total length would increase by approximately 220 mm over the same temperature 

differential.  In this scenario, replicate measurements performed at minor temperature 

differences would yield substantially different values.   

 

 

Figure 69. Metal ruler after thermal expansion equivalent to the influence of temperature 

on acetone permeation through FEP film.   
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  The example above demonstrates that, unless obtained at identical temperatures, each 

measurement must be considered as representative of a unique statistical population.  While 

these populations may be uniquely different in mean and distribution, they are inherently related 

by a function which correlates measurement magnitude and the temperature at which they were 

obtained.  If the relationship is accurately characterized, the resulting function may be used to 

compensate for disparities in measurement temperature. 

 Unlike the simplified, linear interpretation of thermal expansion in metals, molecular 

transport through polymeric systems follows an Arrhenius relationship, as described within the 

introduction of the previous chapter.  The following section will demonstrate a method for 

temperature compensation utilizing the established Arrhenius relationship.   

  

10.2. Temperature-induced Error Compensation Technique 

As discussed in Chapter 5, subtle differences in test temperature may contribute 

significant error when comparing replicate permeation measurements.   Furthermore, the work 

described in Chapter 8 demonstrated a significant difference in mean test cell temperature may 

exist among replicates, even when run concurrently.  Due to the substantial influence 

temperature has on permeation data, a method was created to reduce the error imparted upon 

comparisons of replicate measurements.  
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10.2.1. Compensation Vector Calculation 

The previous characterization of the Arrhenius relationship between test temperature 

and P, SSPR and CP provided the activation energies and pre-exponential factors seen in Table 

38.  The correlation between lnP, lnSSPR, and lnCP with 1/K was highly linear with R2 ≥ 99.6 %.   

 

Table 38. Arrhenius parameters for acetone permeation through FEP. 

Metric Ep, kJ/mol P0
a 

P, ug/cm/min 
65.5 

1.69E+08 
SSPR, ug/cm2/min 1.33E+11 
CP, ug/cm2 69.6 1.21E+13 
aSame units as metric  

 

Using the parameters in Table 38, initial permeation results (SSPRi and CPi) were  

compensated for temperature induced error through the use of cell body temperature 

measurements (Tcell) averaged over the duration of the testing period.  Compensated permeation 

results (SSPRc and CPc) were determined using Equation 15 & Equation 16, derived from 

Equation 14 (Chapter 9).  In all instances, the units of SNT and Tcell are in Kelvin. 

 

Equation 15. 

𝑆𝑆𝑃𝑅 = 𝑆𝑆𝑃𝑅 𝑒  
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Equation 16. 

𝐶𝑃 = 𝐶𝑃 𝑒  

 

The compensation calculation required a standard nominal temperature (SNT) value to 

serve as the ordinate for its resulting compensation vector.  The use of a SNT provided a 

unanimous origin for comparisons between replicate measurements which were not run 

concurrently.  The compensation vector was always directed toward SNT with its magnitude 

dependent upon the absolute difference between Tcell and SNT.   Figure 70 depicts vectors 

resulting from the compensation of a theoretical SSPR obtained at 31 °C, directed toward SNT 

values of 30 °C and 32 °C.   

 

 

Figure 70. Example compensation vectors directed toward 30 °C and 32 °C. 
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10.2.2. Test Parameters and Initial Results 

An additional set of seven replicate measurements of acetone permeation through  FEP 

film (0.0127 mm) were performed at a temperature of 32 °C ± 0.5 °C, following the procedures 

outlined in the Chapter 9.  The initial, uncompensated results: SSPRi and CPi, are included in Table 

39.   The direct temperature control method described in Chapter 8 limited inter-replicate 

temperature variability to 31.7 °C ± 0.2 °C.  

  

Table 39. Initial acetone permeation results. 

Replicate Tcell, °C SSPRi, µg/cm2/min CPi, µg/cm2 
1 31.57 0.779 13.69 
2 31.95 0.838 15.32 
3 31.62 0.788 13.89 
4 31.67 0.796 13.93 
5 31.97 0.835 14.94 
6 31.73 0.800 13.86 
7 31.58 0.775 13.67 

Mean 31.73 0.801 14.19 
CV, % 0.5 3.2 4.7 

 

 

10.2.3. Compensation Results 

Acetone permeation results compensated for temperature discrepancies (SSPRc and CPc), 

with SNT = 32.0 °C, are included in Table 40.  The percent compensation for each replicate as a 

function of absolute difference between SNT and Tcell may be seen in Table 41.   
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Table 40. Acetone permeation results compensated for actual test temperature. 

Replicate SSPRc, µg/cm2/min CPc, µg/cm2 
1 0.808 14.24 
2 0.841 15.39 
3 0.814 14.37 
4 0.819 14.35 
5 0.837 14.97 
6 0.818 14.20 
7 0.803 14.20 

Mean 0.820 14.53 
CV, % 1.7 3.2 

 

Table 41. Percent compensation as a function of the absolute difference between Tcell and 

SNT. 

  Compensation, % 
Replicate |SNT-Tcell|, °C SSPR CP 

1 0.43 3.6 3.9 
2 0.05 0.4 0.4 
3 0.38 3.2 3.4 
4 0.33 2.8 3.0 
5 0.03 0.2 0.2 
6 0.27 2.3 2.4 
7 0.42 3.6 3.8 

 

10.3. Implementation using Historical Dataset 

To further investigate its use and applicability, the error compensation technique was 

applied to the inter-laboratory study (ILS) data reported in the precision and bias section of the 

ASTM F1407:99 chemical permeation resistance test method.   The F1407 data was chosen as 



174 
 

test temperature, material thickness, SSPR, and CP measurements were provided for all reported 

replicates. 

 

10.3.1. Characterizing the Temperature-Permeation Relationship 

Figure 71 depicts Arrhenius plots created using the ASTM F1407 ILS data, with error bars 

representing standard deviation.  Arrhenius parameters describing the permeation of acetone 

through neoprene, Table 42, were subsequently determined.  Both permeation metrics 

correlated well with temperature with R2 values of 0.874 and 0.929 for ln(SSPR) and ln(CP), 

respectively. 
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Figure 71. Arrhenius plots created from ASTM F1407 ILS data. 

 

Table 42. Arrhenius parameters for acetone permeation through neoprene. 

Metric Ep, kJ/mol P0
a 

SSPR, µg/cm2/min 34.2 2.66E+08 
CP, µg/cm2 52.8 2.38E+13 
aSame units as metric  
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10.3.2. Effect of Temperature Compensation 

The initial permeation metrics were compensated for differences in the temperatures at 

which the testing was reportedly performed following the method described above.  SNT was set 

at 22 °C, as the mean test temperature for the data set was determined to be 22 °C ± 3 °C.  

Table 43 compares mean SSPR and CP values of the reported data with their compensated 

results.  Table 44 depicts the effect temperature compensation had on the precision of the 

resulting data.  Percent increase in precision, or reduction in variability, was calculated as the 

percent decrease in CV. 

 

Table 43. ASTM F1407 ILS data compensated for test temperature. 

 Reported Compensated 
Metric Mean CV, % Mean CV, % 
SSPR, µg/cm2/min 250 12.6 241 7.6 
CP, µg/cm2 11575 18.3 10900 11.3 

 

Table 44. Effect of temperature compensation on precision of resultant data 

Metric Increase in Precision, % 

SSPR, µg/cm2/min 40 

CP, µg/cm2 38 
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10.4. Discussion 

10.4.1. Acetone-FEP Permeation 

 The relatively limited magnitude of temperature discrepancies amongst replicates 

resulted in minimal compensation.  The replicate with the largest absolute difference between 

SNT and Tcell, approximately 0.4 °C, compensated its permeation results by approximately 4 %.  

All mean permeation values were compensated positively, relative to their initial values, as Tcell 

was less than SNT for all replicates.  Temperature compensation increased the precision of SSPRc 

and CPc among replicate measurements by approximately 47 % and 32 %, respectively. 

 

10.4.2. Historical Permeation Data 

The ILS data in ASTM F1407 reported test temperatures with precision limited to whole 

numbers.  The lack of further precision may have contributed to the reduced linearity observed 

in the corresponding Arrhenius plots.  Using the established Arrhenius parameters, ideal 

permeation values at SNT (SSPRSNT and CPSNT) were calculated as 238 µg/cm2/min and 10809 

µg/cm2, respectively.  SSPRi and CPi differed from SSPRSNT and CPSNT values by approximately 5 % 

and 7 %.  In comparison, the compensation technique reduced the percent difference in mean 

permeation values to approximately 1 % of those associated with SNT. 

 The compensation method was effective at reducing temperature-induced error by 

approximately 40 %, despite the lack of a specific characterization experiment.  This would 

suggest that, given a sufficiently large sample set, a similar technique may be applied to any 
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dataset which includes accurate temperature data.  Furthermore, the accuracy of the 

compensated results is dependent upon the quality of their corresponding temperature 

measurement data.  

 

10.5. Conclusion 

 Chapter 8 discussed the permeation measurement error resulting from inaccurately 

comparing data obtained at distinctly different test temperatures.  The compensation technique 

demonstrated above improved the precision of resultant data by adjusting initial permeation 

measurements associated with Tcell toward those representative of SNT.  The described 

technique compensated for known differences in test cell temperature while preserving other 

sources of experimental error inherent to the initial results.   

 The test temperature tolerances necessary to reduce discrepancies in test cell 

temperature may not be practically feasible.  Subsequently, the proper use of a well-

characterized active error compensation method for mitigating temperature-induced error 

between like measurements may allow for a more accurate comparison of permeation data.   
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Chapter 11. Research Summary and Conclusions 

 

11.1 Summary 

11.1.1. Demonstrated Precision in Permeation Testing 

A statistical analysis was performed on a pooled data set constructed of permeation 

results originating from inter-laboratory studies (ILS) and test cell equivalency studies (TCES).  The 

largest possible dataset of a single material-challenge chemical pairing came from studies which 

evaluated the permeation resistance of a standard reference neoprene against neat, liquid 

acetone.  ILS comparisons were found to produce CVr values ranging from 12 % to 22 % with 

between-laboratory CVR values as great as 52 %.  Adequate repeatability accompanied with poor 

reproducibility suggest differences in laboratory-specific techniques may be a major source of 

error.  The pooled dataset demonstrated CVr and CVR values of 12 % and 17 %, respectfully.  

Permeability, SSPR normalized for swatch thickness, produced a more normally-distributed 

statistical population. 

 

11.1.2. Alternative Permeation Test Cell Development and Validation 

A new permeation test cell, the MK3, was developed which incorporated important 

features and functionalities from previous designs, allowing for its use in both infinite and finite 

exposure testing scenarios.  Computational fluid dynamic (CFD) modeling was used to identify 
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inefficiencies in contemporary test cells designs and illustrate the efficiency of the MK3’s adopted 

radial collection flow path.  Comparisons studies were performed to demonstrate equivalency 

between the MK3 cell and the F739 and LCVP test cell designs. The MK3 cell produced statistically 

similar results with less variability than those from the F739 cell.  The new cell exhibited larger 

cumulative permeation results when compared to the LCVP design.  The improvements in 

accuracy and precision of the MK3’s resultant data were attributed to an increase in effective 

permeant removal due to the radial collection media flow path.    

 

11.1.3. Permeant Analysis via Chemical Sensor Array 

A dedicated permeant analysis system was created using an array of commercially 

available metal oxide semiconductor (MOS) chemical sensors.  Calibration models were 

successfully developed to relate chemical sensor array (CSA) response to exposure concentration 

for 10 toxic industrial chemicals (TICs).  The CSA demonstrated adequate sensitivity for use with 

ASTM and ISO permeation test methods. To demonstrate usefulness in permeant analysis, the 

calibrated CSA was used to measure the permeation of acetone and toluene challenges through 

FEP film and produced results similar to those generated through discrete and cumulative 

sampling techniques. 

 

 

 



181 
 

11.1.4. The Effect of Temperature on Permeation 

11.1.4.1. Temperature Variability Impacted on the Precision of Resultant Data  

 Test cell body temperatures were found to be substantially impacted by subtle 

disruptions to the test chamber’s thermostatically controlled air-bath.  A method was developed 

to introduce challenge chemical to the permeation cells during infinite exposure testing without 

opening the door to the environmental chamber.  Directly monitoring and controlling individual 

test cell temperatures reduced inter-replicate temperature variability by approximately 85 %.  

Precision control over test cell body temperature produced a noticeable increase in the precision 

of resulting SSPR and CP measurements.  Temperature variability was found to influence the 

precision of CP data to a greater degree than SSPR.   

 

11.1.4.2. Temperature-Permeation Relationship Characterized 

 The parameters describing the Arrhenius-type relationship between temperature and 

permeation were determined for FEP challenge with liquid acetone and found to compare 

favorably with previously reported values.   A specified temperature tolerance of ± 1.0 °C was 

found to artificially reduce precision in resultant data through the introduction of a supplemental 

CVr of 5 %, attributed solely to cell body temperature variability.  Temperature-induced error was 

suggested to compound upon additional, pre-existing sources of experimental error.  
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11.1.4.3. Permeation Results may be Compensated for Disparities in Temperature 

The established Arrhenius relationship was subsequently used to develop a compensation 

technique capable of reducing temperature-induced error in permeation data.  Individual 

replicate SSPR and CP values—determined to be specific to their corresponding body 

temperatures—were directed toward a standard nominal temperature (SNT).  The described 

technique successfully compensated for known differences in test cell temperature in 

measurements of acetone permeation through FEP film, increasing the precision of replicate 

SSPR and CP data by approximately 47 % and 32 %, respectfully.  Lastly, a compensation model 

was developed from the ILS data reported in ASTM F1407:99a.  The compensation method was 

effective at reducing temperature-related error within the historical dataset by approximately 40 

%, despite the temperature-permeation relationship not having been experimentally pre-

determined.   

 

11.2 Research Conclusions   

11.2.1. The Influence of Temperature on Measurements of Permeation Resistance 

11.2.1.1. Temperature Variability Reduced Permeation Data Precision 

 Initial investigation into temperature related error identified the use of an air-bath to 

passively control cell body temperature as being ineffective at maintaining method-specified 

temperature tolerances.  Directly monitoring and controlling cell body temperature nearly 

eliminated temperature fluctuations; resulting in a substantial improvement in the precision of 
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resultant data.  These findings support the conclusion that the precision available to an individual 

permeation measurement is dependent upon the precision at which cell temperature is 

controlled. 

 

11.2.1.2. Temperature Dictated the Magnitude of Permeation Measurements 

 The study described in Chapter 9 confirmed an Arrhenius-type relationship between test 

temperature and the magnitude of permeation metrics.  As a consequence of permeation’s 

extreme temperature-dependence, even subtle discrepancies in test temperature represented a 

major source of error when comparing replicate data.  As previously reported, by characterizing 

acetone permeation through FEP film, as a function of cell temperature, it was determined that 

that a temperature tolerance of ± 1 °C would result in measurement variability of approximately 

5 % due to temperature variability alone.   Analyzing the inter-laboratory study data from ASTM 

F1407:99a found an approximate 4 % change in mean SSPR for every 1 °C change in test 

temperature.   

 It is subsequently concluded that seemingly minor differences in replicate test 

temperatures impart significant error into future permeation data comparisons.  Accordingly, 

unless measurements are obtained at identical temperatures, it is inappropriate to consider 

replicate data as belonging to a common statistical population.  Datasets of pooled permeation 

results will always include a level of temperature-induced bias when prepared under the 

assumption of exact temperature uniformity.  Furthermore, a temperature tolerance of ± 1 °C, 
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commonly specified by contemporary test methodologies, has been shown to be inadequate at 

sufficiently reducing temperature-induced error within measurements of permeation resistance. 

   

11.2.1.3. Compensating Permeation Measurements for Temperature-Induced Error 

Improved Precision of Resultant Data 

 The compensated technique described in Chapter 10 was successful at normalizing 

acetone-FEP permeation data, respective to individual cell body temperatures.  By directing 

replicate values toward a uniform nominal temperature, the precision of compensated data was 

improved over the initial, uncompensated results.  Additional sources of error were preserved as 

indicated by a sustained difference observed between the compensated results and 

corresponding theoretical values as determined by the Arrhenius function.  The compensation 

method was also found to increase the precision of a historical permeation dataset, without prior 

characterization of the temperature-permeation relationship indicative of its permeant-barrier 

pairing.  Compensating permeation data for temperature bias effectively eliminated artificial 

error imparted upon future data comparisons caused by treating results obtained at different 

temperatures as belonging to the same statistical population. 

 As explained above, strict temperature tolerances were found to be insufficient at 

combating temperature-induced biases.  Moreover, Chapter 9 determined a tolerance of ± 0.10 

°C was necessary to reduce permeation variability to less than 1 % as a result of temperature 

variability.  Such strict temperature specifications may not be feasible for practical use.  The 
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described temperature compensation technique may be used to supplement temperature 

specifications within standardized test methods in order to reduce the dependence of 

permeation results on the magnitude and precision of their respective environmental conditions.    

 

11.2.2.  Impact of Test Cell Design on Resultant Data 

11.2.2.1. Effective Permeant Collection Increased Permeation Data Quality  

 Computational fluid dynamics (CFD) analysis was used to identify inefficiencies in the 

collection media flow patterns associated with F739 and LCVP test cell designs.  Both cell designs 

demonstrated reduced precision and accuracy when compared with the newly developed MK3 

design, concluding that a test cell’s collection efficiency has an impact on the quality of its 

resultant data.  The MK3’s radial collection flow pattern reduced inter-replicate variability by 

eliminating areas of stagnant flow and ensuring proper permeant collection and analysis. The use 

of CFD modeling represents an important tool for investigating the unique flow pattern found 

within a permeation cell’s collection chamber. 

 

11.2.2.2. Permeation Cell Design Directly Influenced the Accuracy and Precision of its 

Resultant Data 

A major outcome of the work surrounding permeation test cell design was an improved 

understanding regarding the influence the design and construction of a permeation cell has on 
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data obtained with its use.  Extending the discussion beyond the efficiency of its collection media 

flow path, nearly all aspects of a permeation cell’s physical design individually contribute to 

overall test cell bias.  The chemical compatibility, swatch orientation, exposed surface area, and 

thermal characteristics of a permeation cell have all been identified as potential sources of error 

in resultant data.  Data collected during the test cell equivalency studies explained in Chapter 6, 

provided credence to the conclusion that permeation results may be influenced by the design of 

the testing apparatus.  

The performance demonstrated through permeation testing is indicative to the level of 

protection provided by chemical protective clothing or equipment.  Therefore, any biases 

introduced into permeation data result in an inaccurate description of anticipated protection.  

More specifically, a test cell which artificially increases replicate variability effectively limits the 

level of precision allowed for use in performance criteria.  A reduction in permeation induced by 

the design of a test cell results in an inaccurate depiction of the tested material’s true 

performance.  Consequently, it is theorized that a lack of uniformity in permeation cell design 

represents a major source of error within measurements of permeation resistance.   

 

11.2.2.3. Newly Developed Permeation Cell Applicable for Use in Multiple Exposure Testing 

Scenarios 

The MK3 cell was designed from its inception to incorporate the functionalities found in 

characteristic of both the F739 and LCVP permeation cells.  Its use throughout the course of this 
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research successfully demonstrated performance in both finite and infinite exposure.  Building 

upon the initial design from Chapter 6, several areas for improvements in functionality were 

identified and incorporated into the updated design show in Figure 72. 

 

 

Figure 72. New permeation cell in gas and vapor (a), and liquid challenge (b) arrangements. 

 

The all metal construction of the MK3 precluded its use with corrosive or reactive 

challenge chemicals.  Consequently, the new design removed any metal in areas were chemical 
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contact is possible.  Instead, internal fluoropolymer challenge and collection chambers are 

housed in opposing metal flanges.  This assembly allows for the collection or challenge chambers 

to be substituted in accordance with a test methodology’s exposure scenario or collection 

technique, as illustrated by Figure 73.   

 

Figure 73. Three possible configurations of the newly developed test cell. 

 

The updated cell assembly includes a bottom flange design intended to allow the use of 

a thermostatically controlled cell mounting plate.  The temperature of the mounting plate would 

be continuously measured and controlled.  Contact between the bottom metal flange and the 

plates allows for heating the body of the test cell directly; supplemental to a temperature 

controlled air bath.  The large thermal mass of the mounting plate aims to reduce the severity of 

cell body temperature fluctuations as a result of the challenge introduction method associated 

with finite exposure testing scenarios. 
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The new design maintains the original horizontal swatch orientation which was 

determined to improve the precision of resultant data.  Additional features include a three hole 

bolt pattern, significant weight reduction, and improved swatch sealing.   

 The MK3 was found to be a viable alternative for both cell types to which it was compared.  

Its design represented an evolution in permeation cell design not only by combining the 

functionality found in multiple cell types but also through the improved quality of chemical 

permeation test results.  The finalized cell design, described above, was built upon the successes 

of the MK3’s design while improving its overall functionality, thermal characteristics, and 

reducing the chance of negative chemical interactions leading to permeant loss.   

 

11.2.3. Use of a Chemical Sensor Array for Permeant Analysis 

11.2.3.1. The Sensitivity of Commercially Available MOS Sensors Exceeded Test Method 

Expectations 

The MOS-based CSA demonstrated LODs between 1-3 µg/L. A minimum detectable 

permeation rate (MDPR) was calculated from each TIC’s established LOD.  MDPRs were found to 

be less than or equal to 0.05 µg/cm2/min for all calibrants, theoretically meeting the sensitivity 

expectations specified in contemporary permeation testing methodologies.  

When expressed in terms of concentration, the LOD of an analytical technique is a 

function of both quiescent noise and calibration accuracy.  Consequently, the appropriateness of 

fitted calibration models had a direct impact on the sensitivity demonstrated by the CSA.  



190 
 

Chemicals with poorly fitted calibration models exhibited the highest detection limits and, thus, 

the lowest sensitivities. 

A continued loss of sensitivity was noted for all array elements, thought to be the result 

of poisoning of sensor substrates; a common critique of MOS chemical sensors.  All array 

elements exhibited some degree of signal loss following exposure to vapor concentrations 

greater than approximately 15 µg/L.  The extent of signal loss was observed to be related to each 

element’s manufacturer-intended use-case.  Sensors designed with high response specificity to 

trace hydrogen and hydrogen sulfide gases, for example, were found to be particularly 

susceptible to signal degradation following ethyl acetate, diethylamine, and dimethyl sulfoxide 

exposures, regardless of vapor concentration.  Therefore, it is recommended that MOS array 

elements be selected on the basis of robustness, rather than analyte specificity, in order to 

preserve the repeatability of the CSA response. 

 

11.2.3.2. Accuracy of CSA Predictions Dependent upon Calibration Model Fit 

Simplistic Linear models were fitted to the calibration data resulting in R2 of 0.99 or 

greater for all calibrants except one. The post-calibration performance of the CSA through a 

comparison of its predicted vapor concentration with the actual exposure concentration 

measured by an in-line photoionization detector.  Differences observed in concentration 

predictions of diethylamine, heptane, and hexane vapors were thought to be the result of 

substantial deviations from fitted calibration models; necessitating more sophisticated 

regression functions.   
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The method by which the CSA was calibrated may have contributed to inaccuracies in 

resulting models.  Calibration was performed starting with the lowest concentration level 

followed by continuously higher exposure concentrations.  As mentioned above, the detector 

demonstrated notable signal loss following high vapor concentration exposures at the extent of 

the calibrated range—the magnitude of which was not established prior to determining the 

calibration function.  This unaccounted for change in the concentration-response relationship 

was likely detrimental to the accuracy of the final calibration model’s fit.  Therefore, the accuracy 

of vapor concentrations predicted by the CSA was found to be dependent upon the 

appropriateness and sophistication of the selected calibration function.   

 

11.2.3.1. CSA Viable for use as Dedicated Permeant Analysis System 

The CSA was employed as a dedicated permeant analysis system for measurements of 

acetone and toluene permeation through FEP film.  For each challenge, repeatability final SSPR 

and CP results was adequate with CV < 6 %.  Conversely, individual PR responses were not always 

representative of the transient response detected by the PID, though the mean PR response was 

similar.  Inter-replicate variability observed in toluene SSPR and CP metrics was approximately 

double that of acetone. 

Accuracy in permeant analysis was found to be analyte dependent.  In measurements of 

acetone permeation, the CSA demonstrated acceptable accuracy, as characterized by the 

closeness of its resultant data to those determined by PID and cumulative sampling followed by 
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post-test analysis.  SSPR and CP values determined by the CSA were less than 2 % different to 

those provided by other measurements.  Toluene permeation measurements, on the other hand, 

resulted in differences upwards of 18%, when compared with other measurement techniques.  

Again, the poor calibration model may have contributed to the inaccuracy of the toluene analysis. 

The largest obstacle limiting the usefulness of the CSA in routine permeant analysis was 

its propensity for drastic changes in response caused by subtle changes in environmental 

conditions.  Calibration models were only valid when the conditions of the array’s exposure were 

nearly identical to those present during initial calibration.  Minor differences in temperature, 

pressure, or collection/purge gas composition would alter the concentration-response 

relationship to the extent of requiring re-calibration.  Additionally, minor fluctuations in the 

temperature or pressure of the collection media or purge gas were observed to significantly 

impact the CSA’s post-calibration performance. 

In conclusion, the prototype CSA was capable of producing accurate and repeatable 

permeation measurements though necessary refinements in component selection, circuit design, 

and calibration methods ultimately limit its potential for practical use. 
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11.2.4. Overall Conclusions 

11.2.4.1. The Evolution of Chemical Protective Materials Outpaced Permeation Test 

Methodologies 

The materials and construct of early chemical protective materials dictated the 

experimental design of the methods used to evaluate their performance.  Assessing the 

protection of elastomeric chemical protective gloves—known to have limited chemical 

compatibility and of special interest at the time—placed heavy emphasis on characterizing 

material degradation and solvation effects. 

Chain entanglement within the matrix of the barrier polymer acts as the main impediment 

to permeation by limiting chain segment mobility, thus reducing free volume available to 

migrating permeant molecules.  Swelling within rubbery polymers substantially reduces chain-

chain interactions leading to a characteristic deluge of permeation shortly after initial permeant 

breakthrough.  As consequence, early permeation resistance test methodologies were designed 

to simulate complete submergence while measuring the duration of time prior to challenge 

breakthrough—a theoretical worst-case-scenario for elastomeric polymers. 

The materials and the construction of modern chemical protection clothing and 

equipment demonstrate fundamentally different transport characteristics when compared with 

their thick elastomeric predecessors. Furthermore, minimum performance specifications, 

including NFPA’s CBRN ensemble standards, place significant value on accurate measurements 
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of cumulatively permeated mass over the test duration in an effort to relate molecular transport 

to a toxicologically significant dosage following exposure to a chemical hazard.   

The continued evolution of chemical protective clothing and equipment requires 

coevolving test methodologies.  In order to provide data capable of contributing to the proper 

definition of a material’s afforded protection, permeation resistance test methods must change 

to suit the characteristics of the materials associated with their use.   

 

11.2.4.2. The Precision of Measurements of Permeation Resistance 

Statistical analysis of ILS data revealed comparisons of permeation data typically suffer 

from poor reproducibility while maintaining adequate repeatability.  These findings suggest 

differences laboratory-specific conditions and practices largely contributed to a loss of data 

precision.  Additionally, the experimental efforts associated with this body of work individually 

quantified the impact of test cell design, temperature, and permeant analysis technique have on 

the quality of resultant data. 

The underlying transport mechanisms describing the permeation process are a product 

uniquely characteristic of their environmental conditions, driven by the presence of a 

concentration gradient maintained across the CPC material and ultimately defined by the 

formulative and morphological properties of the barrier polymer.   

Consequently, the true precision available to permeation measurements is likely 

dependent upon extent to which replicate measurement conditions differ.  Measurements 
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obtained under extremely different conditions are at increased risk for reductions in data quality 

stemming from conditionally-dependent sources of error and bias.   

This research provided innovative solutions for mitigating these error sources in order to 

ensure unified measurement conditions.  However—it should be noted—any lack in specificity 

surrounding measurement conditions within a standardized permeation test method will 

inevitably result in an empirically identifiable reduction to the overall accuracy and precision of 

data collected through its use.  

In conclusion: the identification, quantitation, and mitigation of error and bias described 

by this work combine to lay the scientific foundation for changes in contemporary testing 

methodologies; aimed at increasing the accuracy of experimentally defined chemical protection 

through improvements to the quality of permeation measurement data. 

 

11.3 Recommendations for Future Research 

11.3.1. Positive Control Use in Permeation Measurements 

Contemporary permeation resistance test methods could be improved by incorporating 

the use positive control samples.  Without a positive control, the chance of a false negative, 

where permeation occurred but was not measured, is increased as there is no indication of the 

permeant analysis system’s suitability for measurement. Within the experimental design of 

evaluations of permeation resistance, an appropriate positive control would consist of a swatch 

of material with known permeation characteristics that is exposed under the same conditions as 
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the sample swatches.  Ideally, the material would provide a repeatable permeation response 

similar in magnitude to conventional performance criteria.  Therefore, the positive control may 

be used to identify a situation where the test apparatus or analytical system was incapable of 

accurately quantitating permeation.   

 

11.3.2. Standardization of Permeation Test Apparatus and Analytical Techniques 

 In light of the multitude of factors with potential to influence permeation results, 

standardization of the test apparatus may help to reduce or eliminate the introduction of 

apparatus-specific biases into data comparisons. A single standardized test apparatus (test cell, 

chamber, environmental controls, etc.) would likely improve the reproducibility of permeation 

data, as apparatus-specific sources of error are common to all sources generating permeation 

data.  Additionally, a uniform permeant analysis technique, used by all laboratories, would 

increase available precision of results used to determine minimum performance by reducing 

sources of laboratory-specific error, or error emanating from differences in practices or 

procedures followed while quantifying permeation resistance.   

 Sources of error and bias inherent to the specified apparatus or analysis scenario are 

inevitable, though that error would be shared amongst the laboratories contributing data.  

Therefore, any known sources of error may be compensated for uniformly.  Consequently, the 

overall accuracy of a permeation test method may be improved, overtime, through shared 

innovations in apparatus or analytical techniques.  Furthermore, confidence in determinations of 
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minimum performance would benefit from improvements to the precision of decision-making 

data corresponding to a reduction in inter-laboratory variability.  

 

11.3.3. Expanded Error Compensation Study 

Additional research efforts are required demonstrate the applicability of temperature-

induce error compensation beyond the single permeant-material pairing performed during the 

course of this work.  While molecular transport through polymeric systems has been historically 

described as following the Arrhenius relationship, it is possible that certain materials or 

construction techniques may influence transport to such a degree as to invalidate this 

relationship.  
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