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Abstract

The wide usage and availability of hazardous substances in many facets of todays life necessitate
people must be in close proximity to, and risk contact with, hazardous chemicals during the
conduct of their work. One layer of risk mitigation for exposure to hazardous substances is the use
of protective equipment. In the case of hazardous chemicals, this is often a polymer layer worn to
balance protection with mobility. However, modelling of the diffusion of chemicals through
rubbery polymers is difficult and common test methods may contain sources of error inherent in
the experimental design. Through numerical simulations, this thesis examines the accuracy of
current standard test methods, seeks to determine which factors have the most impact on errors
and suggests mitigations. Experiments were conducted to examine the permeation and determine
transfer properties using the time-lag method. This work suggests that some common testing
protocols have sources of error inherent to the design and experimental conditions must be

carefully considered when selecting test protocols.
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Chapter 1 - Introduction

This thesis is written as a thesis by articles. The main body consists of two chapters prepared as
papers for publication on the topic of the permeation of liquids through rubbery polymer
membranes. The thesis examines current experimental protocols for testing diffusion through non-
porous polymer membranes such as those commonly used as protective materials. This thesis
examines possible experimental error through the simulation of experiments and the conduct of
actual experiments to better understand how liquids move through polymer membranes and how
experimental conditions impact the results of the experiments, and how those experimental results
should be interpreted. In this thesis, we have chosen the context of dermal hazards posed by
persistent classes of nerve agents. This generally represents a liquid contact hazard and can remain
present in the environment for long periods, and emphasis will be placed on topics specifically

relevant to these hazards.

1.1 Background

1.1.1 Definition and types of Chemical Weapons

The Chemical Weapons Convention (CWC) defines Chemical Weapons (CW) as “(a) Toxic
chemicals and their precursors, except where intended for purposes not prohibited under this
Convention, as long as the types and quantities are consistent with such purposes; (b) Munitions
and devices, specifically designed to cause death or other harm through the toxic properties of
those toxic chemicals specified in subparagraph (a), which would be released as a result of the
employment of such munitions and devices; and (c) Any equipment specifically designed for use
directly in connection with the employment of munitions and devices specified in subparagraph
(b).”! With toxic chemicals defined as “Any chemical which through its chemical action on life
processes can cause death, temporary incapacitation or permanent harm to humans or animals.
This includes all such chemicals, regardless of their origin or methods of production, and
regardless of whether they are produced in facilities, in munitions or elsewhere.”* A broad
definition which can cover a large amount of the chemicals used for legitimate purposes today.

However, in human history, and continuing to the current day, compounds have been developed



for the explicit purpose of causing death and harm to human beings for the purpose of killing on
an industrial scale as nation states sought more powerful and deadlier weapons. Figure 1.1 shows
the chemical structures of some of the most common CWA agents. These agents have been
selected to provide examples that are relevant to this work as well as to show the different classes
of CW.
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Figure 1.1: Chemical Structures of selected CWA (a) Sulphur Mustard (Bis(2-chloroethyl)
sulfide)? (b) VX (O-Ethyl S-(2-diisopropylaminoethyl) methylphosphonothioate) (c) Zyklon-B
(hydrogen cyanide)®, (d) Tear Gas (2-Chloroacetophenone)?, (¢) CS Gas (2-
Chlorobenzylidenemalononitrile)®, (f) Sarin (2-[fluoro(methyl)phosphoryl]Joxypropane)® (g)
Novichok A-2307, (h) A-2328 and (i) A-234°.

The Organisation for the Prohibition of Chemical Weapons (OPCW) recognizes 5 types of
Chemical Agents: Choking Agents (such as chlorine gas), Blister Agents (such as sulphur
mustard), Blood Agents (such as Zyklon-B), Nerve Agents (such as VX, Sarin and the Novichok

series) and Riot Control Agents (such as Tear Gas and CS Gas)*°.
1.1.2 Toxic Mechanisms of Chemical Weapons

Chemical Weapons and any hazardous chemical can have a wide variety of effects on the human
body. The exact effect and mechanisms of the effect tend to vary by the individual chemical. The
CWC has divided CW into 5 distinct classes based on the broader mechanisms of action®. Choking

Agents, such as chlorine gas and phosgene, are chemicals whose effects damage lung or respiratory



tissue when inhaled. When sufficient amounts of choking agent are inhaled, they inhibit gas
exchange within the lungs preventing sufficient oxygen from entering the bloodstream?!. Blister
Agents, such as Sulphur Mustard, cause direct damage to any surfaces they come into contact with.
The chemical mechanisms of damage vary by chemical and are described in more detail by
Schwenk!®. In general, blister agents are corrosive to tissue and cause inflammation, blisters,
cellular damage and DNA damage to the exposed tissue?'''2. When they are lethal, it is typically
through damage to the airways or organ failure. Blood Agents are agents which inhibit cellular
respiration, either through preventing the transport of oxygen in the blood or inhibiting the transfer
of oxygen from the bloodstream to the cells*13, Riot Control Agents are generally non-lethal and
cause irritation, pain and inflammation in the eyes, mouth, throat, skin, and lungs on contact. They
are intended to temporarily incapacitate affected persons, unlike other classes of agents described

and are far more prolific around the world*>11,

Nerve Agents are a class of CWA that target the nervous system. They represent the most toxic
and lethal class of CWA (see Table 1.1). When an organophosphate nerve agent infiltrates the
human body, it inhibits the cholinesterase enzymes, obstructing the breakdown of acetylcholine.
As a result, this neurotransmitter accumulates excessively, leading to disruptive effects on the
nervous system!*1>, This has a wide variety of effects on the human body which can be broadly
categorized in three ways: muscarinic effects, nicotinic effects and Central Nervous System (CNS)
effects. While varied, it leads to death when exposure to enough nerve agent occurs. Death is
caused by respiratory failure due to muscular weakness'*®. As toxic doses of nerve agents are
frequently very low (see Table 1.1 which shows the Lethal Dose for 50% of the population (LDso)
and the Lethal Concentration for 50% of the population (LCtso) of selected Chemical Agents
through different exposure methods), the hazard posed by contact with even minute amounts of
nerve agent is often extreme. Exact lethal doses are difficult to predict as human experiments
would be extremely unethical and impossible to conduct safely. Simulation or animal modelling
is typically used to predict doses. Further, even at sub-toxic doses of such agents, it is suggested
that chronic issues may plague survivors of chemical agent poisoning past the immediate recovery
period. Further, casualties caused by a chemical agent can pose a hazard to anyone trying to help
affected individuals without the appropriate protective equipment. The nerve agent may remain on

the outside of the body or clothing, posing a vapour and liquid contact hazard as well as



contaminated tissue, vapour contamination in a casualty's breath or contaminated bodily fluids all

posing a potential hazard?®.

Table 1.1. Lethal doses for various CWA in humans

Agent LDso (Oral) LDso (Dermal, liquid) L Ctso (Inhalation)
[mg/kg] [mg/kg] [mg-min/m?3]
GA (Tabun) 14 - 214 135-150%
GB (Sarin) 2414 286 701
VX 0.10 0.04 —0.14% 301
A-232 0.57%
A-234 0.71Y
Sulphur
Mustard 0.7 100% 15008
HCN 2032 - 2063218
Chlorine 135008
Phosgene 15008

1.1.3 Personal Protective Equipment (PPE)

The risk of toxic chemical absorption through the skin necessitated the development of protective
measures to safeguard against chemical weapons, complementing existing respiratory protection®®.
Materials science has been able to provide better protective materials to personnel who may be
exposed to CWA the need to balance protection from the hazardous chemical with the risk caused
by burdensome protective equipment, such as overheating or loss of dexterity preventing the
completion of necessary work?®. This means that PPE must be carefully selected based on the
agent, possible routes of exposure, the amount of time that personnel may be exposed, and the
nature of work in the hot zone they are required to undertake. Depending on the level of protection
required, a PPE ensemble will likely consist of respiratory protection, a protective suit, protective
gloves, and protective boots?®. Normally, gloves and boots will be made from a flexible, but

permeation-resistant polymer such as butyl rubber, while suits can be multi-layered with an outer



liquid-resistant layer and an inner activated carbon layer for vapour protection®°. However, the
correct choice of PPE requires an understanding of how the chemical in question interacts with the

material.
1.1.4 History of Chemical Weapons and Recent Uses

On 22 April 1915, to begin the second battle of Ypres, the German Army released chlorine gas as
a weapon against French and Canadian positions. This use marked the first major use of toxic
chemicals as a weapon in human history??2 and was followed by continued use and development
of Chemical Weapons (CW), which would eventually cause around a million casualties during the
First World War?2. In July of 1917, the German Army employed sulphur mustard (bis (2-
chloroethyl) sulfide) as a weapon, which could be absorbed through the skin as well as the lungs,
necessitating the development of skin protection in addition to respiratory protection®® to protect
people against these threats. In the 1930’s, German scientists developed the first organophosphate
pesticides, compounds which act on the nervous system by inhibiting Acetylcholinesterase
(AChE) receptors?, in parallel Germany developed the first nerve agents, tabun and sarin®®2,
After the Second World War, many of the victorious countries used the information captured from
the Germans to establish their own chemical warfare programs and continued to develop
Organophosphate nerve agents. Most notably, Venomous Agent X (VX) was developed in the
1950s by the British and entered industrial production in the 1960s°. VX has a lower vapour
pressure than other commonly used Chemical Warfare Agents (CWA) and thus is an example of
the class of persistent agents®. Persistent agents can remain as liquids in the environment for
significant periods of time either on surfaces or absorbed into materials?®. Due to their ability to
permeate skin, extremely low lethal dose (see Table 1.1) and low vapour pressure pose a liquid

contact hazard to any person who is around an area contaminated by them®,

While the usage of CW became much less common after the First World War, governments have
continued to employ them as weapons of war or against their own populations as well as
widespread use of less acutely toxic, but still dangerous, compounds in huge amounts as
insecticides, particularly dangerous as many of the most effective insecticides were not selective
about inhibiting insect AChE or that of the human agriculture workers using them?*. Historical

examples of CW usage include the use of tear and mustard gas by Italy in Ethiopia in the 1930s,



the use of Zyklon B in concentration camps by Germany during the Holocaust, the use of mustard
gas by Egypt in Yemen in the 1960s, the use of CS gas (2-Chlorobenzylidenemalononitrile) by
American and South Vietnamese forces in the Vietnam War, the use of sulphur mustard and nerve
agents by Iraqg in the Iran-Iraq war of the 1980’s and on the Iraqgi Kurdish population in the late
1980s*°. The non-state use of CW has been limited, however Aum Shinrikyo used sarin several
times in Japan in 1996'° and Islamic State used CW in both Syria and Iraq between 2015 and
2017%"% demonstrating that the capability to create and employ CW is not limited to state
governments and parties to the Chemical Weapons Convention (CWC).

Due to their horrific nature and potential for causing mass death, treaties or agreements trying to
limit the use of chemical or poisonous weapons have a long history. The Strasbourg Agreement of
1675, between France and Germany to limit the use of poison bullets, is the first international
agreement of this type. In 1874, the Brussels Convention on the Law and Customs of War proposed
limits on the use of poison and poisoned weapons. In 1899, the Hague Peace Conference (and the
second one in 1907) sought to place similar limits on the worlds militaries®?. The evidence of
WW1 shows these treaties had little to no impact. In 1925 the international community tried again
by implementing the Geneva Protocol, which once again, seems to not have stopped very many
nations from employing them when they wanted to'°. The current international treaty banning the
use of chemical weapons is called the Chemical Weapons Convention (CWC), negotiations began
in the 1970s but a treaty would not enter into effect until 1997. With the entry into effect of the
CWC, the Organisation for the Prohibition of Chemical Weapons (OPCW) was created?. To date,
the Chemical Weapons Convention has 193 States Parties, along with one signatory state and three
states that have not signed the agreement. The OPCW claims 100% of the world’s declared
stockpiles of chemical weapons have been destroyed, and the OPCW continues to conduct regular
inspections of state stockpiles and industrial facilities which produce precursors or could be
repurposed to produce chemical weapons®®. However, recent uses of chemical weapons continue
despite the widespread adoption of the CWC. This necessitates the maintenance of capabilities that
can manage and respond to incidents involving CW release and continued research into the

detection of and protection against such hazardous chemicals.

In recent years, contemporary use of chemical warfare agents has been seen in Syria, Great Britain,

Malaysia, Russia, and Irag by various agents of state governments and non-state organisations.



Several examples of their use by authoritarian regimes have taken place in the last ten years, either
as a method of assassinating dissidents or other persons who displeased the regime or as a weapon
intended to inflict terror on a population. These uses have been described in further detail in the
news and by the OPCW’s fact-finding missions and technical assistance visits. These incidents
include the murder of Kim Jong-Nam at Kuala Lumpur International Airport in Malaysia using
VX313 attacks on Syrian citizens by the Syrian Arab Army in the Syrian Civil War?/:343535-39,
the use of chemical weapons by Islamic State in both Iraq and Syria?”28; the attempted murder of
Sergei Skripal by Russian Agents in Salisbury, UK in 2016, which resulted in the death of an
unconnected woman and several injuries**°; and the attempted murder of Russian opposition
politician Alexei Navalny®*->2, Of particular interest were the use of novel, previously little-known,
chemical warfare agents known as “Novichoks” in the attempts on Mr. Skripal and Mr. Navalny’s
lives. These chemicals were a class of persistent Nerve Agent developed by the Soviet Union
towards the end of the cold war and were relatively unknown*’535° Due to the limited amount of
knowledge of these chemicals, the cleanup attempts and initial response to the Salisbury incident
were quite challenging as the agents were difficult to detect and it was unknown how they

interacted with protective equipment*344,
1.1.5 Permeation Testing Methods, Standards, and Relevant Theory

Typical permeation testing methods for protection against liquid hazards are described in a
summary paper by Banaee and Que Hee®® and in US Army TOP 08-2-501A%, with the differences
between the two (complete coverage of the membrane vs droplets used to achieve a specific dose)
being important to this work. Previous work done by Rivin et al.>® has compared test methods and
shown that the method using individual droplets may not provide accurate steady state
permeability or diffusivity values, thereby leading to errors if those test results are used to predict
the transport properties of a system. Both of these test methods use the time lag method®*% to
calculate the effective diffusivity by extrapolating the steady state slope of the plot of the total
accumulated quantity having permeated through the membrane as a function of time to the time-

axis using Equation (1.1).

L (1.1)

0 =
6Deff




Once the time lag is determined, we can use the slope of that same plot of the accumulated quantity
to calculate the permeability P of the system using the Equation (1.2)%, adapted from equations
used for gas permeability by using the liquid concentration instead of the feed gas pressure,
substituted as in liquid or incompressible systems where the driving force is not a pressure gradient
but a concentration gradient. Similarly, the total mass of the studied chemical permeated through
the protective material is used instead of the change in the gas pressure on the downstream side of

the membrane.

Cdm L (1.2)
dt AAC

In this case, P is measured in m?/s. The change in mass or moles over time should be in the same

units as the concentration — mass or moles per unit volume.

The solution diffusion theory describes the diffusion of molecules through non-porous polymer
membranes®. As non-crystalline polymers do not have a uniform or “still” molecular structure,
the molecules within the polymer matrix undergo Brownian motion. As these molecules move,
void spaces are created within the matrix of the polymer which molecules of the permeating
chemical can occupy and move through. Given sufficient time within the matrix, a molecule
trapped in one of the void spaces within the polymer structure is highly likely to traverse the entire
membrane thickness. This can occur either by the void space linking with another, enabling the
molecule to shift, or through the void space itself randomly migrating within the polymer matrix.
Eventually, the void may open to the opposite side of the membrane, allowing the permeate
molecule to diffuse outward after successfully penetrating the material®. In this way, it is possible
for substances to diffuse through a material even though there is no complete porous path from
one side of the material to the other. Materials with rigid crystalline structures have much lower
permeabilities, as there is little to no random motion of molecules forming the crystalline
structure®?. In solution diffusion theory, we can use Equation (1.3) to describe the permeability (P)

of a substance through a membrane as the product of diffusivity and solubility.
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P=DS (1.3)

While there are pores in “non-porous” membranes, formed by the spaces between polymer chains
and branches, they are sufficiently small to not allow the majority of molecules to diffuse through
them, with the gaps being less than 5 — 10 A®3, This means that the permeability of molecules in
the membrane is not described by pore flow and is only governed by the solubility of the permeate
in the membrane itself and molecular diffusion. Further, the driving force of diffusion of this type
is limited to that driven by concentration gradients (or partial pressure of gases) and not by other
factors. Fick’s law of diffusion describes this diffusion (with some limitations around swollen
membranes and multi-component systems)®4. The second form of Equation (1.4) is defined using

the external concentration of permeate at the surfaces of the membrane.

Ji=-D; (%) or J; = —=D;S; (%) (1.4)

This equation becomes much more complicated to solve in three-dimensional cases requiring
partial differential equations to solve to examine diffusion in all directions. When these equations
are combined with the time-lag theory, it is possible to determine the transport properties of a
system using experimental or simulated data and calculate a mass balance across the membrane

allowing its characterization.
1.1.6 Focus of this investigation

In this thesis, the focus has been placed on liquids with low vapour pressure, representative of the
persistent class of CWA. The interactions of vapours with protective equipment are much better
understood, and the hazards associated with agents that evaporate, and thus dissipate, more quickly
can be mitigated in different ways. However, agents with low vapour pressures can persist in the
environment much longer and are thus more likely to have the route of exposure be through direct
contact with a liquid. The interaction between chemical vapours and filter materials, either those
used in air purifying respirators or suits lined with a filter media, is better understood than the
interactions between liquid contaminants and barrier materials and is simpler to test. Due to the
complexities of molecular diffusion, it is more difficult to predict or model the interactions
between a liquid and a rubbery polymer membrane intended to protect someone from contact with

that liquid. As the selection of appropriate PPE and the correct management of risk is dependent
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on the system of hazard and protective material and understanding the interactions between the
two, it presents an interesting challenge trying to better understand how the tests and the systems
themselves may work and how we can reduce or simplify the requirements for physical testing by
better understanding the systems and their interactions.

1.2 Thesis Subject

This thesis discusses the simulation of diffusion properties of liquid-polymer membrane systems
to gain a deeper understanding in the evaluation of the experimental errors in common diffusion

testing protocol specific to protective equipment for CBRN applications.
1.2.1 First Article: Simulating the Permeation of Toxic Chemicals through Barrier Materials

The first article of this thesis describes a series of numerical simulations of the permeation of
liquids through rubbery polymer membranes. The simulations examined the variability of the
results, and possible errors for a wide range of factors: (1) properties of the membrane such as the
thickness, type of material (represented by diffusivity of the permeant in the material), and (2) the
properties of the permeant, including the diffusivity of the permeant, the fraction of surface area
of the membrane covered by permeant and the pattern or geometry of that surface area coverage.
The simulations were used to examine the impact of these variables on the values of the transport
properties calculated using the time-lag method and to suggest a possible method for correcting

them, as well as the magnitude of values causing the significant effect.

1.2.2 Second Article: Experimental Examination of the Permeation of Chemicals Through

Common Protective Materials.

The second article uses the results of solubility and permeation experiments conducted at DRDC
to examine the relationships between surface area coverage and experimental error proposed in the
first paper as well as to suggest methods of curve fitting to predict transport properties of the
experimental system by comparing multiple methods, namely the time-lag method and non-linear
regression methods using either two variables or a single variable to fit a curve to the experimental

data points available.

12



1.3 Thesis Structure

This thesis is presented in four chapters. An introduction chapter that discusses the context of the
work and provides a brief overview of the concepts examined in the next two chapters. The main
body of the work consists of a paper that has been published in a scientific journal and a shorter
chapter discussing experimental results, which will form the basis for a future paper. The final
chapter is a more general discussion of the conclusions of the two main chapters and their possible

implications.
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Chapter 2 - Simulating the Permeation of Toxic Chemicals through

Barrier Materials

Alex Bicket!, Vivian Lau® and Jules Thibault!

!Department of Chemical and Biological Engineering, University of Ottawa, Ottawa, ON K1IN
6N5, Canada; Jules.Thibault@uottawa.ca

2Defence Research and Development Canada, Ralston, AB T1A 8K6, Canada; vivian.lau@drdc-

rddc.gc.ca

Abstract: Chemical warfare agents that are liquids with low vapor pressure pose a contact hazard
to anyone who encounters them. Personal protective equipment (PPE) is utilized to ensure safe
interaction with these agents. A commonly used method to characterize the permeability of PPE
towards chemical weapons is to apply droplets of the liquid agent to the surface of the material
and measure for chemical breakthrough. However, this method could produce errors in the
estimated values of the transport properties. In this paper, we solved numerically the three-
dimensional cylindrical Fick’s second law of diffusion for a liquid permeating through a non-
porous rubbery membrane to determine the time the permeating species will emerge on the other
side of the polymer membrane. Simulations of different amounts of surface area coverage and the
geometries of permeate on the membrane surface indicated that incomplete surface area coverage
affects the estimation of the transport properties, making the experimentally determined transport
properties unsuitable for predictive use. We simulated different permeation values to determine
the factors that most influenced the estimation error and if the error was consistent over different
permeate—-membrane combinations. Finally, a method to correct the experimentally determined

permeability is suggested.

Keywords: personal protective equipment; Fickian diffusion; numerical simulation; liquid

coverage pattern; material properties
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2.1. Introduction

When a hazardous chemical is released, it often requires people to access the area and put
themselves at risk of exposure to the hazard to rescue injured people, investigate the event and its
impact, or conduct a clean-up of the hazardous contamination. Elastomeric membranes are used
as barrier materials in personal protective equipment (PPE) to protect against skin contact with
toxic chemicals, including chemical warfare agents®. Non-porous rubbery polymers such as nitrile
rubber, silicone rubber, and butyl rubber are common PPE materials, especially for gloves®® where
their flexibility gives the wearer dexterity while still being afforded a good degree of protection.
In addition to functional properties, such as flexibility and weight, barrier materials are selected
based on their chemical resistance, which is evaluated by measuring breakthrough, permeation,
and degradation of the material when exposed to chemicals of interest®. Breakthrough time is one
measure of how well a given barrier will protect against a chemical hazard, measuring the time it
takes a chemical to completely permeate through the material®’, and is used to rate how long a

piece of protective equipment will protect the wearer against that chemical.

However, transport properties are difficult to predict and are reliant on the individual system
(permeate, membrane, and temperature), requiring physical experiments to derive the protective
properties of the materials. In the case of diffusion through non-porous polymer membranes, the
solution diffusion model is used to describe the motion of molecules of the permeate into and
through the membrane®253%8 Experimental procedures such as those described by ASTM F739,
ASTM D6978, EN 374, EN 16523, ISO 6529, or US Army TOP 08-2-501A%° are used to
characterize the permeation of liquids through protective materials and determine transport
properties in combination with the time-lag method of determining diffusivity using the steady-

state flux of permeate through a membrane, as described by Dalton, Frisch and others®’:>960:63,

Test methods used to evaluate PPE materials for chemical warfare defense applications involve
placing individual droplets of a chemical agent on a circular sample of the test fabric and sampling
the clean side of the membrane to detect the breakthrough of the chemical®”8, These tests can be
resource-intensive and difficult to perform with highly toxic chemical permeates. However,
simulation of the diffusion of molecules through dense polymer membranes is computationally

intensive and difficult to use to predict transport properties®®°.
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An alternative approach is to apply experimentally obtained transport properties to computational
models of membrane permeation. However, the experimentally obtained transport properties
measured in standardized tests may not be appropriate. Rivin et al.*® suggested that test methods
using droplets of chemical permeant produce errors in the estimation of the transport properties
derived through such testing suspected to be caused by the system not reaching steady-state
diffusion or leading to transport properties different from those that would be obtained in the case
of flooded permeation cells. Indeed, in this work, it is shown that transport properties obtained
from experiments with partial coverage of the test membrane may be inaccurate. As a result,
transport properties obtained from such experiments need to be interpreted with caution when used

for PPE selection to protect against hazardous chemicals.

The objective of this study is to perform a series of numerical experiments to assess the impact of
a partially covered membrane surface on the estimation of the membrane transport properties
determined using the time-lag method. The impacts of partial coverage were assessed in
conjunction with changing membrane thickness, changing the diffusivity of the permeate in the
membrane, and changing the coverage geometry of the permeate on the surface of the membrane.
The maotivation for using partial membrane coverage is to minimize the amount of toxic liquid
used in a permeation experiment. It is anticipated that the series of numerical simulations will
allow us to find a correction factor that could be used to recover the actual membrane transport
properties from those obtained experimentally. With a good estimate of the transport properties,

the numerical model could then be used to examine various permeation scenarios.

2.2. Materials and Methods

2.2.1. Experimental Permeation System

The numerical experiments performed in this investigation are designed to model a typical
diffusion cell for testing the permeation of hazardous chemicals®®-%37. A circular membrane
swatch of the test membrane material is used and permeate is applied to one side of the membrane.
As the permeate diffuses through the membrane, the amount of permeate found on the receptor
side is quantified as a function of time to determine the transport properties of the membrane. The
numerical experiments conducted were used to simulate the permeation of liquids through non-

porous polymer membranes. Figure 4 shows a representative diffusion cell which is used to
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determine experimentally the transport properties of the liquid moving across a membrane®®-
58,70,71

polymer permeant
membrane droplet

L
diffusion receptor (sampling)
compartment

i
¥

liquid
permeant polymer
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L % gifeicion ¥

+ Tdiffusion © 4 receptor (sampling)
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Figure 2.1. Simplified diffusion cell diagram depicting chemical permeant placed as droplets (top)
or as flooded cell (bottom).

2.2.2. Numerical Simulations

In this investigation, the three-dimensional Fick’s second law of diffusion Equation (2.1) was
solved by finite differences using a program, written in Fortran programming language, developed
by the authors for this application to determine the rate of permeation through a cylindrical dense

membrane (Figure 2.2a), as typically incorporated within a permeation cell.

oc o’c &% léc 1 &% (2.1)
=D —+ —+ -—+ ———
ot &z> ot ror 1oy

Equation (2.1) may be reduced to a one-dimensional partial differential equation in the permeation
direction z when the feed side of the membrane is completely flooded. When the feed side of the
membrane is partially covered, the three-dimensional diffusion equation must usually be solved.
In this investigation, the finite difference in the three-directional mass transfer equation will always

be solved to determine the temporal variation in the concentration within the membrane.
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Figure 2.2. Discretized three-dimensional cylindrical membrane: (a) schematic diagram of a
discretized membrane, and (b) central mesh point with its six neighboring mesh points used in
Equation (2).

Equation (2.1) was discretized into a sufficiently large number of mesh points to generate small
three-dimensional elements as shown in Figure 2.2b to achieve mesh independence. The

discretized equation for a central mesh point is given in Equation (2.2) in its explicit form.

t
Cie 1 ,jk 2C1 s k z+1,j,k "
AZ2 (2.2)
t+AL t t t t
Cijk ~Cijk _ D 1] 1k - 2¢; gk TGk N 1 Gk =Gk
At Ar? (j—-1)Ar 2Ar
t
N 1 1]k1 2Cz]k z]k+1
((j-DAr)® Af? ]

The indices (i,j,k) refer to (z,r,#) directions divided into (NI,NJ,NK) meshes. This equation
calculates the internal concentration cijx at mesh point (i,j,k) at the next time step At, i.e., at time t
+ At, based on the concentration at mesh point (i,j,k) and its six neighboring mesh points (Figure
2.2b) at time t. Equation (2.2) is valid for all internal mesh points describing the membrane. It is
assumed that the dense membrane is isotropic, implying the membrane has a uniform composition
structure throughout with constant diffusivity D and solubility S. In addition, it is assumed that the
diffusivity and solubility are not functions of concentration and the system is isothermal.
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To completely define the problem, it is necessary to provide the initial condition and six boundary
conditions, two for each dimension. It is assumed that initially, the concentration of the migrating
species throughout the membrane is zero (Equation ((2.3)).
Att=0, ¢ =0 Vi, j,k (2.3)

At time zero, the liquid permeating species is added to the top surface of the membrane where it
progressively dissolves into the dense membrane and migrates to the permeate side. The boundary
conditions for the z-direction are given in Equations (2.4) and (2.5). Equation (2.4) simply states
that the species concentration (c) at the top surface within the membrane is in instantaneous
equilibrium with the concentration (C) of the liquid coverage outside the membrane. S is the
membrane solubility of the migrating species. Equation (2.5) assumes that the concentration of
permeate at the surface of the membrane on the receptor side is zero or close to zero. While this
will not be strictly the case, we can assume that in a permeation cell where a liquid receptor
solution is used instead of a sweep gas, the solvent has a high enough affinity for the permeate that
the concentration at the membrane surface is equivalent to the concentration of permeate in the
bulk solvent. In a diffusion cell where the permeant is sampled on the receptor side as a vapor, a
constant gas flow is used to carry the permeant vapor to the detector®. As the rates of diffusion in
the modeled system are generally very low and the levels of permeate that indicate breakthrough
are generally very small, then the assumption is still valid.

Atz=0, ¢y, =SCiy Vi, k (2.4)

Atz=1L, cszI,jlk =0 Vi, k (2.5)

The boundary conditions for the radial direction are given in Equations (2.6) and (2.7). Equation
(2.6) states that symmetry prevails at the center (r = 0) of the membrane. The second term in the
r-direction of Equation (2.1) is undetermined at the center since both the partial derivative and the
radius are both equal to zero. However, using L’Hopital’s rule, this term is easily equated to the
second partial derivative concerning r and the radial term can be easily discretized. It is important
to note that for the symmetry condition at the center of the membrane to prevail, the liquid must
be distributed symmetrically on the surface of the membrane, especially when a multiple-drop
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pattern is used. Equation (2.7) simply states that at the outside circumference of the membrane, an

impermeability condition prevails.

605 1k (2.6)
Atr=0, #=0 Vi, k
s
oct (2.7)
Atr=R, BN”‘ =0 Vi k
s

The boundary conditions for the angular direction (¢) are given in Equations (2.8) and (2.9). Both
boundary conditions assumed symmetry at ¢ equal to zero and some other angle where symmetry
prevails. This angle could be 2z if symmetry does not prevail at a smaller angle. In this
investigation, #/2 and 2z were used depending on the case study. One particular aspect of the
angular term of Equation (2.1) is the singularity at the center point of the membrane. Few
techniques have been proposed to deal with this singularity’®. In this investigation, at the center

point (j = 1), the zero radius was replaced with 0.1% of the first radial mesh point Ar.

At 6= Cf,j,k:l _ . (2.8)
t ¢ = O, a—¢ =0 Vl,]
oct. (2.9)
At g =4, C"é'—;NK=o Vi, j

The average upstream and downstream fluxes were obtained from the concentration gradients at
the upstream and downstream fluid—membrane interfaces using Equations (2.10) and (2.11).
Convergence to the steady permeation rate was assumed to be reached when the average fluxes (J)
at the upstream and downstream surfaces were the same, within 0.01%. The downstream average
flux allows calculation of the rate of accumulation of the migrating species on the permeate side.
Under steady state, the rate of accumulation becomes constant and the extrapolation to the time
axis of the constant accumulation curve as a function of time provides the time lag (¢) from which
the effective diffusivity can be determined, see Equation (2.12).

R2z _ Oc (2.10)
J.—0= [ -Da— rdr dg (Upstream)
00
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R 27 2.11

J, .= 1 [ -D2 rdrd¢ (Downstream) (211)
R0 0 0z _,

I? (2.12)

where R is the radius of the membrane, De is the effective diffusivity of the migrating species in
the membrane, and L is the membrane thickness. Note that an apparent or effective diffusivity
(Deff) has been used, Equation (2.12), instead of the intrinsic diffusivity (D) because the measured
diffusivity via the time-lag method may not be equal to the intrinsic diffusivity in the case of an
incomplete liquid coverage on the upstream surface of the membrane. It is important to stress that
the intrinsic diffusivity of the membrane remains constant and is independent of the fraction of the
liquid coverage. For complete liquid coverage, the measured diffusivity should be equal to the

intrinsic diffusivity.
2.2.3. Different Liquid Patterns and Surface Area Coverage

In this paper, several cases are examined to determine which variables influenced the values of the
transport properties calculated for partial coverage scenarios. The fraction of coverage of the feed
surface area of the membrane was varied to examine and quantify previous work carried out by
Rivin et al.>® which suggested that incomplete coverage leads to errors in the determined transport
properties. The simulation also examined if different patterns of permeate added to the membrane
surface would impact these measurements. Several patterns with different drop sizes and
geometries were simulated and labelled 1 to 4 as illustrated in Figure 2.3. The droplet patterns
were adapted from the test patterns described in US Army TOP 08-2-501A°’ to a droplet pattern
with radial symmetry. Other drop patterns were also investigated.
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Pattern 1: Flooded cell Pattern 2: Single centered drop

Pattern 3: Liquid ring Pattern 4: Number of droplets

Figure 2.3. Examples of liquid patterns of the migrating species (in red) used at the membrane feed
surface as boundary conditions for numerical experiments.

2.3. Results and Discussion

This section presents the simulation results for various case studies to examine the impact of
various variables on the estimation of the membrane properties, namely the liquid coverage
pattern, fraction surface coverage, membrane intrinsic properties, and membrane thickness. The
results show that the membrane properties are estimated accurately, as expected, in the case of a
flooded cell and these results will serve as a basis of comparison for the other case studies.

2.3.1. Validation of the Numerical Simulations

Before presenting the results of various numerical simulations, it is important to examine the
accuracy of the numerical model with a known benchmark solution. Figure 2.4 shows the
comparison between the analytical and numerical solutions for the case where the feed side of the
membrane is completely flooded at time t = 0. It is the only benchmark solution that is available
for this problem, which is reduced in this case to a one-dimensional solution. Equation (2.13) gives
the analytical solution of the concentration profile c(z,t) throughout the membrane as a function of

time (t) and relative membrane thickness (z/L) for this case study. This analytical solution was
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obtained by the method of separation of variables’®. The results of performed. Figure clearly show
that the numerical solution for the concentration profile as a function of time corresponds exactly
to the analytical concentration profile. An overall mass balance evaluated the accuracy of the
simulations in the case of the partial liquid coverage of the membrane. In all cases, the overall

mass balance was shown to be very accurate.
Dn*n’t
z 2CS\ 2|1 . (nxz —(72 ]}
H=CS5|1-—= |-| — — —_— L
«(z1) ( Lj ( T jgl{nsm( L je (2.13)

— Analytical
® Numerical

D=10m?/s
L=0.001 m

Relative Concentration - C(z)/C(0)

. ' '.'..T,.'.'.'.’.' :: .
0 0.2 0.4 0.6 0.8 1
Relative thickness - z/L

Figure 2.4. Comparison of analytical and numerical solutions in the case of one-dimensional
diffusion occurring when flooded cell experiments are performed.

2.3.2. The Impact of the Membrane Diffusivity

To examine the impact of the membrane diffusivity (D) on the estimated effective diffusivity (Deff)
for different membrane thicknesses, a series of numerical experiments were conducted over a wide
range of membrane diffusivity values and for a constant liquid fraction coverage. The estimated
diffusivity was obtained with the time-lag method. The results of these numerical experiments are
presented in Figure 2.5 and show that, for a constant membrane thickness, the estimated effective
diffusivity is directly proportional to the actual membrane diffusivity as the ratio Des/D remains
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constant over the whole range of diffusivity. On the other hand, the thickness of the membrane has
a major impact on the diffusivity ratio. For thin membranes, the diffusivity ratio is close to unity
and the estimated diffusivity is relatively well estimated, where it approaches the value that is
obtained with a flooded cell. It is important to state that the actual diffusivity (D) of the membrane
is independent of the coverage pattern, and it is the value that we are attempting to recover.
However, because of the fractional liquid coverage, the three-dimensional species permeation
leads to an estimated value, termed effective diffusivity (Deff), that is different from the intrinsic

membrane diffusivity.
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Figure 2.5. The ratio of the effective diffusivity and the actual diffusivity (Des/D) as a function of
the membrane diffusivity for four different membrane thicknesses with constant fraction coverage
(Pattern 4).

2.3.3. The Impact of Membrane Thickness

Figure 2.6 presents the results of a series of simulations to examine the impact of the membrane
thickness on the estimation of the membrane diffusivity for a single drop of liquid centrally located
on the membrane and covering 18% of the membrane surface. The results show that, as the
thickness of the membrane increases, the difference between the effective diffusivity and the actual
diffusivity increases over a wide range of thicknesses. The diffusivity ratio (Defi/D) reaches a

minimum at a thickness of approximately 6 mm with a relative diffusivity of approximately equal
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to 0.55. At higher membrane thicknesses, the effective diffusivity starts to increase. It is
hypothesized that the diffusivity ratio will asymptotically increase back to unity for a much larger,
albeit unrealistic, membrane thickness. Similar trends were observed for all the partial coverage
patterns tested and the local minimum was in the same order of magnitude. This minimum occurs
at smaller thicknesses for smaller coverage areas. These numerical simulations demonstrate that a
significant estimation error of the intrinsic diffusivity should be expected for some common

protective equipment?®4-76 given the typical thickness of these protective garments. These errors
typically lead to an underestimation of the actual diffusivity for a given system.
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Figure 2.6. The diffusivity ratio (De#t/D) as a function of the membrane thickness for a central
liquid drop (pattern 2) covering 18% of the membrane surface.

To explore the reason for the observed minimum in the diffusivity ratio and its subsequent increase
as the thickness increases, the radial concentration profiles under steady state were obtained at five
different relative depths (z/L) within the membrane and are presented in Figure 2.7. These results
were obtained for a centered droplet covering 30% of the membrane surface area. Figure 2.7a
presents the concentration profiles for a very thin membrane, L = 100 um, showing very negligible
radial diffusion such that the inlet and exit permeation areas are nearly identical with a flat
concentration profile. The membrane diffusivity is very well estimated, with a ratio of Des/D of
0.984. In Figure 2.7b, a larger radial diffusion was observed for a membrane having a thickness

ten times larger (1.0 mm), which delayed the attainment of the steady state and the time lag. As a
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result, the estimated diffusion coefficient is smaller than the actual diffusion coefficient with a

diffusivity ratio Der/D of 0.809. When the membrane thickness is yet ten times larger (10 mm)

and equal to the radius of the membrane, the migrating species have a significantly larger radial

diffusion as shown in Figure 2.7c. The thickness is sufficiently large for the migrating species to

diffuse to the impermeable diffusion cell boundary. As a result, a nearly flat concentration profile

is observed close to the permeate side of the membrane. The estimated diffusion coefficient is

smaller than the actual diffusion coefficient with a diffusivity ratio Des/D of 0.643. This data point

for this relatively thick membrane is in the increasing portion of the Des/D versus L plot and further

increasing the membrane thickness, although unrealistic, would lead to a relative diffusivity even

closer to the actual diffusivity as a larger relative portion of the membrane reaches a flat

concentration profile.

1.0

09 |

~os
o.
£

=
507}

50.6

| =]
QSos}
b

Eoa

g
Yo3}

S
o 0.2

0.1f

0.0

’ z/L=0.2  \
z/L=0.4

z/L=0 S = 1.0 mol/mol
C, = 1.0 mol/m?
L=0.001m
R,=0.01 m

Coverage = 30%

T T T T T T T T
0 01 0.2 03 04 05 06 07 08 09 1

r/R,

1.0
z/L=0 S = 1.0 mol/mol
C, = 1.0 mol/m? 0.9
L=0.0001 m 508
z/L=0.2 1 R,=0.01m ._E,_
Coverage = 30% 507
E
0.6
z/L=0.4 ) p
Los
®
= 0.4
2/L=0.6 W 2
Yo3
8 0.2
z/L=0.8 } e
0.1
(a)
T T T T T T T T T T 0-0
0 01 0.2 03 04 05 0.6 0.7 0.8 0.9 1
r/R,
1.0
z/L=0
09|
~os}
E £
29%7fz/L=0.2
Eosl

3
%3l . i-06

c
Qo.2}f

C

c

OSosF

B z/L=0.4
504l

$ =1.0 mol/mol
C, = 1.0 mol/m?
L=0.01m

Ry =0.01m
Coverage = 30%

0.1} z/L=0.8

0.0 |

(c)

T T T

T T T T T

0 0102 03 04 05 06 0.7 08 09 1

r/R,

Figure 2.7. Concentration vs. r/Ro at different values of z/L for a single-centered droplet for three
membrane thicknesses: (a) 100 um, (b) 1.0 mm, and (c) 10 mm.
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2.3.4. The Impact of Permeate Geometry

Figure 2.8 presents the results of the series of simulations performed to examine the variation in
the relative diffusivity as a function of the thickness for two different drop patterns covering 12%
of the surface membrane area. The droplet diameter, the diffusivity, and the number of droplets
were held constant while, as shown in the two insets of Figure 2.8, the location of the outer layer
of droplets was changed. The results show that, for thin membranes, the relative diffusivity ratio
is approaching unity. However, as the thickness of the membrane increases, the relative diffusivity
decreases rapidly to reach a minimum at a thickness between 1 and 2 mm. For both drop patterns,
the minimum value of the relative diffusivity is nearly the same with a value of approximately 0.51
and 0.49 for the droplet pattern with the outer ring, shown in red, closer to the center and for the
droplet pattern with the outer ring, shown in blue, further from the center, respectively. Beyond
the minimum value, the relative diffusivity increases more smoothly with an increase in thickness.
Even though the relative diffusivity is affected by the distribution of droplets on the surface of the
membrane, the main factors affecting the diffusivity estimated by the time-lag method remain the

thickness of the membrane and the liquid fraction coverage.
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Figure 2.8. Diffusivity ratio Des/D as a function of the membrane thickness for two different drop
patterns for a liquid surface coverage of 12%.
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2.3.5. The Impact of Membrane Surface Area Covered by the Permeate

Figure 2.9 presents the results of a series of simulations performed to assess the variation in the
relative diffusivity for two different liquid patterns, namely patterns 2 and 3, as a function of the
surface coverage fraction. The results show that, as the fraction of the membrane surface covered
by the liquid permeate increases, the relative diffusivity ratio approaches unity. Indeed, the
intrinsic diffusivity of the membrane is obtained when the membrane surface is flooded by the
liquid permeate. Results clearly show the effect of the liquid fraction coverage on the relative
diffusivity as determined by the time-lag method. Both liquid patterns compared in this series of
simulations are in close agreement with each other, suggesting that the effects of coverage are
much less impacted by the geometry of the permeate on the membrane surface than the effects of
thickness and the coverage fraction. Practically, in this case, as the fraction of the membrane
covered by permeate increases, the patterns tested become increasingly similar.
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Figure 2.9. The ratio of the effective diffusivity over the actual diffusivity as a function of the
liquid fraction coverage for Patterns 2 and 3.

Figure 2.10 shows a comparison of the relative diffusivity varying with the fractional coverage of
the membrane surface for pattern 3 and four different membrane thicknesses. The results of Figure
2.10 clearly show the effects of both the coverage fraction and the membrane thickness for a

constant coverage pattern. The value of the relative diffusivity Desi/D asymptotically tends to unity
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in all cases when the fraction coverage of the membrane surface area approaches unity, which is a
flooded cell (pattern 1). These results corroborate the work of Rivin et al.®® who state that the
“flooded cell” scenario is the ideal method to estimate the intrinsic diffusivity of the membrane,

as it corresponds to the case of one-dimensional diffusion.
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Figure 2.10. The ratio of the effective diffusivity over the actual diffusivity as a function of the
coverage fraction for Pattern 3, for four different membrane thicknesses.

2.3.6. Receding Liquid Coverage

Previous results clearly show that with flooded cell experiments, the membrane diffusivity is
estimated accurately, whereas, for partial liquid surface coverage, its estimation needs special
attention. In addition, with partial coverage, the liquid coverage area may recede as a function of
time because of permeant sorption and evaporation, thereby affecting the dynamic permeation rate.
Indeed, the rate of recession of the liquid typically depends on the thickness of the liquid cover,
the liquid surface tension, the rate of evaporation, and its diffusivity and solubility in the
membrane. Figure 2.11 presents the comparison of the dynamic permeation results for an initial
central circular liquid pattern for a 2 mm thick membrane. A series of simulations were performed
with different exponential decays of the liquid coverage radius as expressed by Equation (2.14),
with the radius R of the liquid cover decreasing from the initial liquid radius Ro as a function of a

receding factor a, time t, and time lag 6. The results shown in Figure 2.11 were obtained with an
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initial radius of approximately 0.007 m and a receding factor of 0.05 chosen to examine a slowly

receding liquid.
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Figure 2.11. Comparison of the dynamic permeation results with (a. = 0.05) and without (o = 0.0)
receding liquid pattern: (a) upstream and downstream molar fluxes, (b) total amount permeated,
(c) effective diffusivity estimated by the time-lag method, and (d) variation in the radius of the
liquid coverage for the two receding factors.

Figure 2.11a presents the inlet and outlet average fluxes of the migrating species as a function of

time through the membrane. For a constant liquid cover (a = 0), the two average fluxes
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progressively become equal as they approach the steady state. When the liquid cover recedes as a
function of time, as expected, the average fluxes become smaller than fluxes under constant
coverage. For a longer permeation time, the liquid will completely disappear, and the two fluxes
will eventually approach zero. For higher values of the receding factor, simulating higher
diffusivities or lower vapor pressures, the average fluxes will decrease even faster. The
corresponding amount of the migrating species that has permeated through the membrane is plotted
in Figure 2.11b for the two values of the receding factor. For constant coverage, the rate of
accumulation becomes relatively constant, and the time lag can be determined, while for receding
coverage, the rate initially increases before progressively decreasing. For the latter case, it is more
difficult to determine the time lag as the slope of the accumulation curve is never constant and
does not entirely satisfy the underlying assumptions of the time-lag method. Figure 2.11c presents
the estimation of the effective diffusivity determined from the instantaneous time lag as a function
of time that was calculated from the slope of the plots of the accumulated amount that had
permeated through the membrane (Figure 2.11b). In the case of constant liquid coverage, the
instantaneous time lag progressively assumes a nearly constant value. A small decrease is still
observed in Figure 2.11c because of the slow lateral diffusion that is required to reach a perfect
steady state. For a receding liquid coverage, the instantaneous effective diffusivity initially
decreases, then passes through a minimum before increasing again as a function of time. It is
interesting to note that the minimum value of the effective diffusivity is very close to the actual
value of the membrane diffusivity. In practice, a permeation experiment will probably last only for
the first part of the curve when the concentration curve of the accumulated permeate would attain
an almost linear trend, corresponding to an experimental time of between 1 and 2 x 108 s (Figure
2.11b) for this relatively thick membrane. Finally, Figure 2.11d presents the variation in the radius
of the central liquid coverage as a function of time for both cases considered in this section.

In practice, in the case of a receding liquid coverage to use the synergy between the experimental
and numerical determinations of the effective diffusivity, it would be necessary to take images of
the feed surface pattern as a function of time. It will then be possible to estimate the intrinsic
diffusivity of the migrating species within the tested membrane.
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2.3.7. Predictive Model for the Estimation of the Diffusivity Ratio

The results of the previous sections have clearly shown that a partial liquid coverage on the surface
of the membrane may lead to an incorrect estimation of the diffusion coefficient of the liquid being
tested. Ideally, a complete surface coverage should be used whenever possible. However, in the
case of a very toxic liquid, it is advisable to use a drop pattern distribution to minimize the quantity
of liquid used. The results obtained in this investigation provide the necessary data to develop a
model that could predict the diffusion coefficient ratio Dest/D. The correction factor depends on
numerous factors. Nevertheless, it is desired to find the simplest model that could provide an
acceptable estimation of Des/D. Having determined the effective diffusion coefficient Det

experimentally, the actual diffusion coefficient D can therefore be estimated.

In this investigation, an artificial neural network was used to estimate the diffusion coefficient
ratio as a function of the two most important contributing factors: the thickness of the membrane
and the coverage fraction. Artificial neural networks are now commonly used successfully for a
myriad of engineering applications. The high degree of plasticity in its structure is the main reason
for its ability to efficiently represent the underlying causal relationship between input and output
data. In this investigation, a three-layer feedforward neural network (FFNN) was used to predict
Deft/D as a function of some input process variables. The FFNN is comprised of an input layer, a
hidden layer, and an output layer, as shown in Figure 2.12. The input layer contains three neurons
corresponding to the two independent variables plus the bias neuron. The two independent
variables of Figure 2.12 are the scaled values of the logarithmic value of the membrane thickness
and the liquid coverage fraction. The input information is simply transferred to the neurons of the
hidden layer and the output layer. Appendix A provides the detailed development of the FFNN
used to predict Des/D. The results of 797 numerical simulations were used to determine the weights
of the FFNN by minimizing the sum of squares of the differences between the diffusivity ratio
Deri/D obtained numerically and the one predicted by the neural network. The 797 data points are
comprised of 226 records for pattern 2, 254 for pattern 3, and 317 for pattern 4. Figure 2.13 presents
the parity plot of the prediction of the diffusion coefficient ratio Des/D for three different liquid
coverage patterns. The coefficient of regression R? is provided in Figure 2.13 for each liquid
coverage pattern. The fit is not perfect since only the two main factors were considered as inputs

to the model. The average relative error is 2.44% + 2.36 and the maximum relative error is 15.4%.
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It is believed that the prediction error of this model is acceptable and allows us to estimate with

good accuracy the diffusion coefficient ratio De/D.

Figure 2.12. Feedforward neural network used for the estimation of the diffusion coefficient ratio
Deff/D.
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Figure 2.13. Parity plot of the prediction of the diffusion coefficient ratio Des/D for three different
liquid coverage patterns and the FFNN of Figure 15.
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2.4. Conclusions

This paper illustrates that the distribution of permeate on a membrane surface, which includes both
the coverage of the surface area, and the pattern of species migration applied to the membrane,
significantly influences the transport properties derived from permeation experiments. The
effective diffusivity of the system varies with the fraction of the surface area of the membrane
covered by the migrating species, the thickness of the membrane, and the geometry of the permeate
applied to the membrane surface. For a flooded permeation cell, the intrinsic diffusivity is perfectly
estimated. For membranes with partial liquid coverage, the effective diffusivity, as measured by
the time-lag method, is lower than the intrinsic diffusivity of the membrane due to the multi-
directional nature of the diffusion process. The experimental test methods used to evaluate PPE
materials for protection against chemical warfare agents use partial liquid coverage. As a result, it
may not be appropriate to use directly the transport properties obtained from these experimental
methods to compare or generalize the protective performance of materials tested under different

parameters such as material thickness, liquid coverage, and droplet pattern.

In instances where conducting experiments with flooded cells is either not feasible or impractical,
applying a correction factor to the experimentally obtained transport properties can yield a more
precise estimate of the intrinsic diffusivity. Subsequent experiments may be simulated using these
intrinsic transport properties to investigate the impact of alterations in geometry and membrane
thickness. Future research will involve conducting experiments to both assess and enhance the
precision of our model, as well as to compare it against empirical data. Moreover, it would be
interesting to investigate experimentally and numerically mixed-matrix or hybrid membranes to
determine the estimation errors in their transport properties when characterized with the time-lag
method. These newer membranes incorporate a reactive filler capable of neutralizing toxic

chemicals as a means of detoxification’”"°.
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Chapter 2: Appendix A

When you want to find an accurate model quickly that could be used for predicting a dependent
variable, such as the diffusion coefficient ratio (Def/D), an artificial neural network can be easily
used. Artificial neural networks are now commonly used for a large number of engineering
applications, making use of the high degree of plasticity in their structure to encapsulate the
underlying causal relationship between input and output data. In this investigation, a three-layer
feedforward neural network (FFNN) was used to predict the diffusion coefficient ratio (Des/D) as
a function of two input process variables. It is believed that a three-layer neural network is more
than adequate to model the current problem. Cybenko®® showed that a three-layer FFNN was
sufficient to encapsulate any input—output relationship if a sufficient number of neurons were used.
This appendix provides all the details to develop and use the final FFNN for the prediction of
(Dett/D).

The first step is to choose the set of independent variables that have a high probability of accurately
inferring the dependent variable. In this case, two variables with the most impact, namely the
thickness of the membrane and the liquid coverage fraction, were chosen to predict (Des/D) as the
output of the FFNN. These choices fix the number of neurons in the input and output layers: three
neurons in the input layer including the bias and one neuron in the output layer as shown in Figure
2.12. The number of neurons in the hidden layer is typically determined by trial and error to ensure
a good prediction while avoiding overtraining. The selected neural network of Figure 2.12 has
seven neurons in the hidden layer, including the bias neuron. The input and the output variables
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were scaled in the range of [0,1] using the minimum and maximum of each variable as shown in
Equations (2.15) and (2.16). Because the thickness (L) varied from 0.0001 to 0.02 m, the
logarithmic function was scaled instead of the actual thickness. The coverage fraction (CF) did not
need scaling because it already varies between zero and one, but the minimum and maximum were
still retained in Equation (2.15) for completeness. For the output value, the minimum and

maximum values were chosen as 0.35 and 1.15, respectively.

log,,(L)+4 CF -0 (2.15)
17+4 1-0 |

‘Xl XZ‘ =

Put a5 (2.16)
_ D
1.15-0.35

The scaled inputs of the first layer are fanned out to all functional neurons in the hidden layer.
Each functional neuron in the hidden layer simply transforms the weighted sum of the inputs of
the first layer through a nonlinear function to calculate its output. In this investigation, a sigmoid
function was used as the nonlinear function Equation (2.17). The weights between the neurons of
the two adjacent layers are the parameters of the model. Each output H; of the functional layer of
the hidden layer is given by Equation (2.18).

1 (2.17)
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The outputs of the hidden layer, including the bias neuron of the hidden layer, are then sent to the
output neuron. The output neuron performs the same task as the neurons of the second layer to
generate the final output of the FFNN. A sigmoid function was also used as the transfer function

of the output neuron. The output v of the last layer is given by Equation (2.19).

v 1 _ 1 (2.19)
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The fitting or training of a neural network boils down to minimizing the sum of squared errors
between the actual values and predicted values by modifying the weights of the connections
between the neurons of two adjacent layers. Typically, the data set is divided into three data
subsets: training, validation, and testing. The neural model is initially fitted using the training data
set whereas the validation data are used in parallel with the training data set to provide an unbiased
evaluation of the model fit, a necessary step to avoid overtraining. The testing data set provides a
further unbiased evaluation of the final model with data that the model has never seen. The FFNN
structure of Figure 15 was chosen as the final model and can be represented mathematically in
matrix form with Equations (2.20) and (2.21).

W, (2.20)
H, 8.126  34.272 -10.038
H, 4847 15057  -1522| |
H| _ ||-2454 16699 —4.180.)(1
H, ~4192 —1.247 3.337 12
H, 3.884 0764  —2.669
H, -6.086 49.982  —4.629
W), (2.21)
Hl
HZ
H3
Y =f|[1.703 4.008 -3.263 -23.176 -24.287 -1.097 23.972|e[H,
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The only hyperparameter that was changed in the development of the neural network was the
number of neurons in the hidden layer. The model could be simplified with a loss of accuracy in
the predictions. The relative percentage prediction errors were 5.33% + 5.04, 3.58% + 3.18 and
2.44% = 2.36 for three, five, and seven hidden neurons (including the bias), respectively. The
maximum values of the relative percentage errors were 24.9%, 16.5%, and 15.4%, respectively.
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Abstract

Previous work by the same authors used numerical methods to simulate the permeation of liquids
through rubbery polymer membranes, identifying that certain testing methods would introduce
errors in the estimated transport properties. In this study, a series of physical permeation
experiments were performed to replicate the simulation results and provide experimental data for
simulating identical experiments. This approach aims to compare and validate the synergy between
simulations and experiments. Validation is crucial to ensure that numerical simulations accurately
predict experimental results, minimizing the need for experiments with highly hazardous and toxic
chemicals. The results presented show a promising correlation between experimental and
simulation outcomes. Additionally, experimental data are necessary to determine the transport

properties of polymeric membranes, enabling accurate simulations.
3.1 Background Information

Personal Protective Equipment (PPE) is essential for limiting exposure and reducing the risk of
injury from chemical hazards. When personnel face potential exposure to hazardous chemicals, it
is crucial to select appropriate PPE to ensure adequate protection. The equipment must be
thoroughly characterized and tested to understand its protective capabilities, allowing for effective

management of exposure and risk. To properly characterize PPE, rigorous physical testing is
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conducted against various standards or challenges®®>"® to determine its effectiveness against
specific threats. For liquid hazards that can permeate or damage the skin, PPE must prevent any
contact with the skin. This often involves selecting materials that are both impermeable to the
hazardous liquid and flexible, such as rubbery polymers, which are ideal for manufacturing gloves
and boots where dexterity is vital. Some of the most hazardous classes of chemicals are Chemical
Weapons (CW) or Chemical Warfare Agents (CWA), regulated by the Chemical Weapons
Convention (CWC)!. Military personnel and first responders attending chemical incidents
involving CW often face contamination risks, necessitating the design and testing of PPE to meet
these challenges. One common test method is described in the US Army TOP 08-2-501A
operational procedure®’, which involves permeation testing of materials with chemical agents or
simulants. Known as swatch testing, this method uses three permeation cell configurations:
convective flow, dual flow, and static diffusion. The procedure provides test parameters for liquid
or vapor penetration swatch testing. For example, when testing nerve agents like GD (military
designation of Soman) and VX (Venomous Agent X), it is recommended to apply ten 1-pL drops
on the material swatch. If the aim is to determine the material’s transport properties, using drops
instead of full surface coverage can introduce significant errors in estimating these properties.
These errors may lead to an optimistic assessment of PPE performance, which must be considered

when interpreting test results.

To properly characterize a membrane—permeate system, it is essential to understand how the
permeate moves through the membrane and the time it takes to break through. For rubbery polymer
membranes, we use solution-diffusion theory, which applies to non-porous materials with non-
crystalline structures. This theory accounts for the sorption at the liquid-membrane surface and the
diffusion of permeate through the material based on the Brownian movement of molecules within
the membrane matrix®2. Physical permeation experiments allow us to estimate the transport
properties of the permeant through the membrane using the time-lag method®®L. In a single time-
lag experiment, it is possible to directly estimate the permeability (P) and diffusivity (D) of the
membrane. While the solubility of the permeate in the membrane is typically determined using
solubility experiments, it can also be estimated using the time-lag method. The relationship
between permeability (P), solubility (S), and diffusivity (D) is described by Equation (3.1).
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P=DS (3.1)

The time-lag () is determined when the steady-state permeation rate is achieved using the plot of
the amount of permeate accumulated as a function of time. The value of 6 is found at the
intersection of the extrapolated line of constant slope from the permeate accumulation curve with
the time axis when steady-state permeation is achieved. The membrane diffusivity is then
estimated from the time lag and membrane thickness using Eq. (3.2). The membrane permeability
is calculated from the constant rate of permeation and as a result, the membrane solubility can then

be estimated using Eqg. (3.1).

s (3.2)

0=—
6D

Where L is the membrane thickness. Under steady state, we can use the permeation rate to calculate
the membrane permeability using Eq. (3.3).

_dm L (3.3)
~dt AAC

In Equation (3.3), dm/dt is the rate of change of the amount of permeant having diffused through
the membrane into the sampling chamber measured by mass. This rate of change can be evaluated
from the slope of the plot of the amount accumulated as a function of time. AC is the
transmembrane mass concentration difference and A is the surface area of the membrane available
for diffusion. With the estimated values of the permeability and diffusivity, the solubility can be
calculated using Eq. (3.1). These intrinsic parameters of the membrane for a given permeant are
required to assess the effectiveness the material against a given hazard.

In simpler systems where one-dimensional diffusion is dominant, we can calculate an analytical
solution to the diffusion of the permeate through the membrane. These scenarios occur when the
entire membrane surface is covered with a homogeneous layer of permeate, which diffuses
downward at equal rates, creating a concentration profile across the membrane. In this case, Fick’s
first law of diffusion (Equation (3.4)) can be applied®, where Ja is the flux of substance A
permeating through the membrane, Dag is the diffusivity of substance A in substance B (the

membrane) and ca is the concentration of A within the membrane. This equation applies at all
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points within the membrane, and the flux varies as a function of time until steady-state permeation

is achieved.

_ dCA (34)
]A - DAB dx

At steady-state permeation, Equation (3.4) can be integrated to give Equation (3.5):

_ Dyp (a1 — caz) (3.5)
Ja=— "%
2 X1

In this case, x1 = 0 and x2 = L, respectively for the feed and permeate sides of the membrane. The
concentration of permeate applied to the membrane surface is known and it is assumed that the
concentration on the permeate side of the membrane is zero. Then, the flux can be multiplied by
the surface area of the membrane and the time to yield the total mass of permeate that has moved

through the membrane, as given in equation (3.6).

— Dyp(car — caz)At (3.6)
4 X2 — X7

Equation (3.6) applies only to the steady-state portion of the permeation experiment. However, the
time-lag method is a dynamic experiment, such that Equation (3.6) does not apply for the entire
experiment, but only when a steady state is achieved. In that case, it will be necessary to use a
graphical method, or a numerical method combined with a regression algorithm to simulate the

entire experiment and determine the transport parameters of the membrane.

3.2 Materials, Apparatus, and Methods

3.2.1 Materials

Dimethyl methylphosphate (DMMP, >97%) and methyl salicylate (MeS, >99%) were purchased
from Aldrich and used as received. LC-MS grade water was obtained from a Millipore Synergy
water purification system. LC-MS grade methanol and acetonitrile were obtained from Honeywell
Riedel-de Haen; LC-MS grade formic acid was obtained from Supelco. Glove material samples

were cut from commercially available nitrile gloves (Kimtech Purple Nitrile Xtra Powder Free,
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and Ansell Protective Products Sol-Vex), and military off-the-shelf butyl gloves (Airboss Defense
NBC Gloves, NSN 8415219212172).

3.2.2 Membrane solubility experiments

Square samples of materials were cut from gloves (3 cm x 3 cm) and measured in several locations
for thickness with an outside micrometer (Starrett). Each swatch was weighed dry and then placed
in an 80 mL beaker and covered with 15 mL of solvent (50% methanol in water (v/v), DMMP or
MeS). The swatches were removed at set time points, gently blotted dry with a lint-free tissue,
weighed, and re-submerged in the solvent. Experiments were carried out at room temperature (24-
27°C) in triplicates.

3.2.3 Membrane permeation experiments

Tests were performed using a static Franz diffusion cell (PermeGear Inc, part number 4G-02-00-
25-20) with a 20 mL receptor volume and 25-mm diameter effective diffusion area (4.91 cm?). A
swatch of polymer material was sandwiched between the receptor compartment and the donor
compartment. A magnetic stir bar was added to the receptor compartment, which was then filled
with 50% methanol in water (v/v) as the receptor solution. This solvent mix was chosen because
methanol does not degrade the nitrile or butyl rubber material samples and did not significantly
swell the material in solubility testing. The apparatus was stirred for 30 minutes to equilibrate the
polymer material, and then 600 uL of DMMP was added to the donor compartment to fully cover
the material surface. A glass slide was used to cover the donor compartment to prevent
evaporation. At pre-determined time points, 500 uL of the receptor solution was taken from the
side arm for LC-MS/MS analysis, and an equal volume of fresh receptor solution was added to the
receptor compartment. The samples were diluted as needed with 50% methanol in water (v/v) prior
to the analysis. Experiments were carried out at room temperature (24-27°C) and carried out in
duplicates. Figure 3.1 and Figure 3.2 show the experimental apparatus used to conduct permeation

experiments based on a Franz diffusion cell.
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Figure 3.1: A Franz diffusion cell used in the membrane diffusion experiments with a circular
sample of green nitrile clamped between the donor and receptor chambers. Photo by Dr Vivian
Lau.
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Figure 3.2: Diagram of a Franz Diffusion Cell. Drawn by Alex Bicket.

3.2.4 LC-MS/MS analysis

Quantitative analysis of permeation over time was carried out with a Waters Acquity 1-Class UPLC
coupled to a Xevo TQ-XS triple quadrupole mass spectrometer using an electrospray ionization
source (ESI) operating in positive mode with Argon as the collision gas. Chromatography was
carried out with an Acquity UPLC BEH C18 column (2.1 x 50 mm, 1.7 pum) maintained at 35°C,
with 0.1% formic acid in water as the agueous component and 0.1% formic acid in acetonitrile as

the organic component in the mobile phase. DMMP was analyzed in multiple reaction monitoring
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mode, using 125.0 - 111.0 (m/z) as the quantifier transition and 125.0-> 93.0 (m/z) as the
qualifier transition. The samples were quantified against a calibration curve prepared in 50%

methanol in water (v/v) and was linear from 3 pg/mL to 300 ng/mL.

All experiments were conducted at Defence Research and Development Canada (DRDC) Suffield
Research Center by trained personnel and in accordance with recognized safety procedures and

regulations concerning the use and safe handling of hazardous chemicals.
3.2.5 Mathematical Methods

After obtaining data from the experimental methods described above, the following mathematical
methods were used to determine the transport properties of the experimental systems. Three
separate methods were applied to the experimental data for comparison against each other and the

experimental data itself.
3.2.5.1 Method 1 — Using the slope and time-intercept of the dynamic accumulation curve.

Using the method described in the section titled “Membrane permeation experiments” to generate
permeation data, when the permeate accumulation is plotted against time, the resulting curve
becomes locally linear as it reaches steady state. The slope of this linear portion can be extrapolated
to the time axis, providing the value of the time lag (6), which is then used to calculate the diffusion
coefficient (D) using Eg. (2). The permeation rate in the steady-state portion of the curve allows
us to calculate the permeability (P) using Equation (3.3). With the known diffusivity and
permeability, we can calculate the solubility by applying Equation (3.1).

3.2.5.2 Method 2 — Using a nonlinear fit to estimate D and S

Fick’s second law of diffusion, analytically solved by the separation of variables, can be used to

determine the concentration of permeate throughout the membrane as a function of time (Equation

(3.7)).

z c &1 . (nrz Dn’z% (3.7)
c(z,t)=c,|1-—=|-2=2) Zsin| —= |exp| —
R G (Ljp( LZ)
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In this equation, co is the upstream or bulk liquid concentration of liquid on the feed side of the
membrane after the step change in concentration (in this case, the application of the liquid permeate
to the membrane) is applied. Combining Fick’s first law of diffusion with Equation (3.7) leads to
the determination of the flux at any position within the membrane (Equation (3.8)).

o 22 3.8
J(Z,t)=—D dC(Z’t)=CO|E)S+2CO|E)S ZCOS(nLLZjeXp[— Dn ﬂtj ( )

dz L2

When x=L, at the boundary of the membrane and the receptor fluid, Eq. (3.8) takes the following
form (Equation (3.9)).

J(Lt)==2

C,DS , , Gy DS i _ D’z (3.9)
L ~ L?

Integrating the flux equation with respect to time allows us to calculate the total mass of permeant
(m(t)) that has moved through the membrane into the receptor volume at any time t (Equation
(3.10)).

t 3.10
m(t) = [J(L.t)Adt 419

Using Equations (3.9) and (3.10), we can determine m(t) for any values of D and S. By applying
nonlinear regression analysis, we can identify the values of D and S that best fit the experimental
accumulation curves, The nonlinear least squares method described by Marquardt®? was used,

minimizing the objective function F in Equation (3.11).

. : (3.11)
F= '\éllsn Z(mi (t)Predicted —m; (t)Experimemal )

i=1
With D and S determined, we can use Equation (3.1) to calculate P.
3.2.5.3 Method 3 — Nonlinear fit to estimate D with known S.

The final method uses the results of the solubility experiments described in the section “Solubility

Testing” to provide a known, experimentally determined value of S. The same least squares
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regression from Method 2 is then applied to determine D, minimizing the objective function
described in Equation (3.11). However, in the case, only finding the optimal values of D to achieve
the best fit, rather than both D and S.

3.3 Results and Discussion

3.3.1 Solubility Testing

Solubility testing was done with both the permeate and the solvent to determine the solubility of

those chemicals in the glove material. The results are presented in Table 3.1.

Table 3.1. Results of the solubility tests.

) Solubility Experiment Time
Material Solute )
(g solvent/g material) (s)
o Water-Methanol
Nitrile Rubber 0.0750 1320
(9:1)
Water-Methanol
Butyl Rubber 0.0064 1418
(9:1)
Nitrile Rubber Methyl Salicylate 3.0165 1440
Butyl Rubber Methyl Salicylate 0.1277 1440
Nitrile Rubber DMMP 1.1881 1360
Butyl Rubber DMMP 0.0048 1360

As expected, the butyl rubber glove material absorbed significantly less liquid than the nitrile
rubber material. Previous work by various authors has shown that butyl rubber is more effective
as a protective material against chemical warfare agents, which is reflected in its much lower
solubility for simulants®>%58384 During experiments, the nitrile material exhibited much more
significant swelling and mass gain from the solute within the material. In all three cases examined,
the liquid uptake into nitrile rubber was at least an order of magnitude greater than that into butyl
rubber. Additionally, the uptake of the chosen solvent in the receptor chamber of the experimental
apparatus (water-methanol solution) was significantly lower in both rubber materials compared to

the uptake of the test permeates (Methyl Salicylate and DMMP). This large difference in affinities

47



between the liquids confirms that there will be minimal impact on permeation testing from the

membrane absorbing the chosen solvent from the receptor chamber.
3.3.2 Permeation Testing

Permeation testing was conducted using the methods described above. The resulting experimental
data were used to generate permeation curves, and the time-lag method was applied to determine
the membrane’s transport properties. The three methods described above were used to calculate
the transport properties of the systems tested and are compared below. Runs 1-3 were conducted
with Ansell green nitrile gloves, Runs 4—7 with Kimtech purple nitrile gloves, and Runs 8-9 with
Airboss butyl rubber gloves, as described in the materials section. Runs 6 and 7 were conducted
with 20% of the membrane surface area covered with drops of permeate, while the remainder of

the experiments had complete coverage. Other physical properties are given in Table 3.2.

Table 3.2. Physical properties of experimental systems for each run.

Run 1 | 2 | 3 4 | 5 6 | 7 8 9

Chemical DMMP DMMP DMMP DMMP DMMP DMMP DMMP DMMP DMMP

Material Nitrile Rubber Nitrile Rubber Nitrile Rubber | Nitrile Rubber Nitrile Rubber | Nitrile Rubber Nitrile Rubber | Butyl Rubber  Butyl Rubber

Coverage 1.000E+00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 2.000E-01 2.000E-01 1.000E+00 1.000E+00

L (m) 2.600E-04 2.600E-04 2.600E-04 1.200E-04 1.200E-04 2.600E-04 2.600E-04 1.700E-04 1.700E-04

D (m?/s) 2.270E-12 3.061E-12 2.774E-12 1.387E-12 6.097E-12 1.547E-12 2.172E-12 2.666E-13 2.333E-13

d(m) 2.500E-02 2.500E-02 2.500E-02 2.500E-02 2.500E-02 2.500E-02 2.500E-02 2.500E-02 2.500E-02

Rho (kg/m®) | 1.145E+03 1.145E+03 1.145E+03 1.145E+03 1.145E+03 1.145E+03 1.145E+03 1.145E+03 1.145E+03

P (m%/s) 1.149E-12 3.602E-12 3.214E-12 3.139E-12 2.288E-12 1.169E-12 5.341E-13 2.367E-17 4.956E-17

S (9/9) 5.020E-01 1.177E+00 1.159E+00 | 2.264E+00 3.753E-01 7.556E-01 2.459E-01 8.879E-05 2.124E-04

For each permeation experiment, the dynamic permeation data were used to estimate P, D, and S
by applying the three mathematical methods discussed above. The values of these transport
coefficients are given in Table 3.2 for the nine permeation experiments. For Method 1, D and P
were determined from the plot of the accumulated amount of the permeating species as a function
of time, using the time lag value and the steady-state slope, respectively. S was then determined
from the ratio of P and D (Eq. (1)). For Method 2, D and S were determined by regression analysis,
which allows us to estimate P. For Method 3, the experimental value of S, obtained from the

solubility tests, was used such that only D needed to be determined with the regression analysis; P
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was determined from the product of D and S. The estimated transport parameters with each of the

methods are presented in Table 3.3. In addition, the experimental data of the nine runs are plotted

in Figure 3.3 through Figure 3.11. On the same figures, the steady-state line, extrapolated to the

time axis to determine the time lag for each run, is shown in addition to the fitted curve for Methods

1 and 2. Typically, a permeation experiment should be conducted for a period corresponding to

three times the time lag. In most experiments, the permeation time was shorter, which may have

affected the accurate evaluation of the transport properties. Despite the relatively good fit of the

experimental data with the three methods, the variation of the transport parameters is relatively

large. It would be important to improve the accuracy and duration of these experiments to increase

trust in the data obtained.

Table 3.3. Results of each run of experiments when mathematical Methods 1-3 were applied.

Method 1 Method 2 Method 3
Run D (m?/s) S* (g/g) P (m?/s) D (m®/s) S (9/9) P* (m?/s) SQR D (m?/s) S* (g/g) P (m?/s) SQR
1 2270E-12  5.020E-01  1.149E-12 | 1.305E-12  2.825E+00  3.687E-12  6.000E+00 | 1.923E-12  1.188E+00  2.285E-12  1.677E+01
2 3.061E-12  1177E+00  3.602E-12 | 2.094E-12  2.217E+00  4.642E-12  2.677E+01 | 2.968E-12  1.188E+00  3.526E-12  5.907E+01
3 2774E-12  1159E+00  3.214E-12 | 1.995E-12  2.014E+00  4.018E-12  3.502E+01 | 2.653E-12  1.188E+00  3.152E-12  5.102E+01
4 1387E-12  2.264E+00  3.139E-12 | 5024E-12  4.330E-01 = 2.175E-12  5279E+02 | 2.035E-12  1.188E+00  2.417E-12  6.405E+02
5 6.097E-12  3.753E-01  2.288E-12 | 8.884E-12  2443E-01  2.170E-12  1.145E+02 | 2.083E-12  1.188E+00  2.474E-12  3.585E+02
6 1547E-12  7.556E-01  1.169E-12 | 6.068E-13  6.934E+00  4.208E-12  1.718E+00 | 1.152E-12  1.188E+00  1.368E-12  1.678E+01
7 2172E-12  2459E-01  5.341E-13 | 2.101E-12  2.159E-01  4.537E-13  3.151E+00 | 9.191E-13  1.188E+00  1.092E-12  1.083E+01
8 2.666E-13  8.879E-05  2.367E-17 | 6.933E-14  7.216E-03  5.003E-16  5.134E-09 | 7.481E-14  4.801E-03  3.592E-16  6.026E-09
9 2.333E-13  2124E-04  4.956E-17 | 4.213E-14  2.620E-01  1.104E-14  7.202E-09 | 7.760E-14  4.801E-03  3.725E-16  2.643E-08
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Figure 3.3: Downstream accumulation (mg) vs time (s) for Run 1.

60
Run 2

so |~~~ Method 1

—— Method 2

| — Method 3

Y
o

® Experimental

N
o
T

[
(=]
T

Downstream Accumulation (mg)
W
o

0 ((.l.'.'..'_'.l.'_.._' T : T , T
0 2000 4000 6000 8000 10000 12000

Time (s)

Figure 3.4: Downstream accumulation (mg) vs time (s) for Run 2.

50



a Run 3
45 | )
5 --- Method 1
g 40 F —— Method 2
'-g 35 | — Method 3
230 | @ Experimental
325t
<

20 |
£
o 15t
.
@
g 10 =
o 5}
(]

0 ¥..=.=.'l_.—' T T T T T
0 2000 4000 6000 8000 10000 12000

Time (s)

Figure 3.5: Downstream accumulation (mg) vs time (s) for Run 3.

120
Run 4
100 |-~ Method 1
—— Method 2 *
—— Method 3

®
o

® Experimental

Y
o
T

Downstream Accumulation (mg)
N (=)
o o

0 2000 4000 6000 8000 10000 12000
Time (s)

Figure 3.6: Downstream accumulation (mg) vs time (s) for Run 4.



120
Run 5

| --- Method 1
— Method 2
| — Method 3
® Experimental

[y
(=
o

(]
o

H
o
T

Downstream Accumulation (mg)
N (=2
o o

0 2000 4000 6000 8000 10000 12000
Time (s)

Figure 3.7: Downstream accumulation (mg) vs. time (s) for Run 5.

N
o

Run 6 !
[ --- Method 1
16 ' —— Method 2
14  — Method 3
12} ® Experimental

10

2 =
0 pm-o—o-o—-—'o/ ’

0 4000 8000 12000 16000
Time (s)

Downstream Accumulation (mg)

Figure 3.8: Downstream accumulation (mg) vs time (s) for Run 6.



Figure 3.9: Downstream accumulation (mg) vs. time (s) for Run 7.
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Table 3.4 presents the averages and standard deviations of the transport properties presented in
Table 3.3, as calculated with the three methods, grouped by experimental conditions including
material-permeate system and the coverage fractions described in Table 3.2. Table 3.4 shows that
the standard deviations for the estimation of D for Runs 1 to 5 (nitrile rubber, full coverage) are
57%, 82%, and 20% for Methods 1, 2, and 3, respectively. The standard deviations for Runs 6 and
7 (nitrile rubber, 20% coverage), are 34%, 78%, and 16%, respectively, whereas for Runs 8 and 9
(butyl rubber, full coverage) they are 10%, 35%, and 26%, respectively. In general, the variation
in the estimation of D is lower with Method 3, where the solubility was determined via solubility

tests and used as a constant in the regression analysis.

Results of Runs 1 to 5 and Runs 6 and 7 allow us to study the effect of the different liquid patterns
on the estimation of the transport properties. Using the experimental results and the model derived
in Chapter 2, it is estimated that D evaluated using the drop pattern should be approximately 78%
of D evaluated with full liquid coverage. Experimental results show that D with the drop pattern
is 59%, 35%, and 44% of the value of D with full coverage via Methods 1, 2, and 3. These results

point out once more that the accuracy of the experiments must be drastically increased to estimate
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transport properties more accurately. It can nevertheless be concluded that using a drop pattern on
the upstream surface of the membrane leads to smaller D values, which need to be corrected to

estimate the system’s intrinsic D.

Experiments were conducted with different brands, thicknesses, and colors of nitrile gloves. When
comparing the two brands/thicknesses of nitrile gloves, no significant differences in transport
properties were observed. The results of the butyl rubber experiments are largely similar and
generated a lower diffusivity value than the nitrile, which is to be expected based on the differences
in material and previous works showing that butyl rubber is a more effective barrier material than

nitrile for these types of chemicals®®®°,

Table 3.4. Average and Standard Deviation across the three different methods.

Method 1 Method 2 Method 3

Run
D (m?%s) S*(g/9) P (m?%s) D (m?%s) S (9/9) P* (m%s) D (m?%s) s* (g/g) P (m%s)

Average (1-5) | 3.118E-12 | 1.095E+00 | 2.678E-12 | 3.860E-12 | 1.547E+00 | 3.338E-12 | 2.332E-12 | 1.188E+00 | 2.771E-12

St Dev (1-5) | 1.783E-12 7.495E-01 9.802E-13 3.151E-12 | 1.144E+00 | 1.118E-12 | 4.542E-13 | 0.000E+00 | 5.396E-13

Average (6-7) | 1.860E-12 | 5.008E-01 | 8.517E-13 | 1.354E-12 | 3.575E+00 | 2.331E-12 | 1.035E-12 | 1.188E+00 | 1.230E-12

St Dev (6-7) | 4.415E-13 | 3.604E-01 | 4.491E-13 | 1.057E-12 | 4.751E+00 | 2.654E-12 | 1.644E-13 | 0.000E+00 | 1.953E-13

Average (8-9) | 2.500E-13 | 1.506E-04 | 3.662E-17 | 5.573E-14 | 1.346E-01 | 5.770E-15 | 7.620E-14 | 4.801E-03 | 3.659E-16

St Dev (8-9) | 2.355E-14 | 8.740E-05 | 1.830E-17 | 1.924E-14 | 1.802E-01 | 7.452E-15 ( 1.968E-15 | 0.000E+00 | 9.450E-18

3.4 Conclusion

This paper has presented the results of a series of permeation experiments conducted to evaluate
the transport properties of materials exposed to hazardous chemicals. In this investigation, samples
of nitrile rubber and butyl rubber PPE were used. These experiments are paramount to determine
the maximum time PPE can be used by first responders and military personnel to ensure adequate
protection. Given the nature of the experiments, the number of data points collected, and the
duration of the experiments are relatively low, which limits the accuracy to be expected from these
experiments. It would be important to find ways to improve the latter two limitations to estimate

more precisely and accurately the transport properties of PPE materials.

Three methods were used to estimate the material transport properties from the experimental data.

Method 1 uses the time-lag method, whereas Methods 2 and 3 resort to a nonlinear regression
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analysis. Method 1 is undoubtedly the easiest and most commonly used method to analyze the
experimental data. However, in this investigation, it only relied on a few experimental data points
to determine both the time lag and the steady-state slope of the plot of the accumulated amount of
permeant as a function of time. All methods provided an estimate, albeit with large standard
deviations, of the transport properties. The transport parameters can then be used to simulate
different scenarios to gain a better understanding of the permeation of a toxic substance through
PPE.

Results have shown clearly that the drop pattern of the toxic chemical on the upstream surface of
the membrane has a major effect on the estimation of the membrane’s transport properties. The
experimental data for the drop pattern (20% coverage) had a higher variability than for a membrane
with full coverage. Nevertheless, it is possible to correct the estimated transport properties based
on the model derived in Chapter 2.

Future work should expand on further examine the impact of experimental conditions on the
membrane’s transport properties. It would also be highly desirable to find ways to improve the
acquisition of the data in terms of quantity and duration of experiments. Unfortunately,
infrastructure issues at DRDC Suffield caused significant experimental delays which truncated the
scope of experiments able to be conducted. With the limited data available, the results for low
fractional coverage of the surface area suggest further experiments are worth conducting. Future
experiments should be conducted to provide more data points for comparison as well as examining
the effects of multiple different thicknesses of membrane, different droplet patterns and confirming
the magnitude of the error is system independent by analysis data using different permeates. Time
limitations where some of the materials take a significant amount of time to breakthrough also
posed issues and if possible future experiments should look to test longer time scales to generate
full breakthrough curves, providing more data points for both the steady-state portion of the curve

and the curve fitting overall.
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Chapter 4 - Conclusions and recommendations

In this work, we have shown that experimental design can have a significant impact on calculated

transport properties through numerical simulation of different experiments.

In the second chapter, the results of these simulations were examined to determine that the amount
of surface area of a membrane covered affects the diffusion of permeate through that membrane.
Where full coverage of the membrane is achieved, diffusion only occurs orthogonal to the surface
of the membrane. However, when the surface of the membrane is not completely covered by the
permeate, the diffusion occurs in three dimensions within the membrane due to concentration
profiles not being uniform in the z-direction. This causes error in measurements as the membrane
is not allowed to reach steady state before breakthrough occurs, leading to underestimation of Deft.
This effect is influenced by the pattern of permeate applied to the membrane, due to the interaction
between the discrete concentration profiles within the membrane, further complicating diffusion,
and the thickness of the membrane. Thinner membranes have little volume to saturate for
incomplete coverage, which minimizes error, but interestingly, as the thickness increases, the error
begins to go back down, specifically in the case of a finite sample of membrane with
impermeability boundary conditions at the edges. This is likely due to the thickness of the
membrane allowing diffusion to once again approach one-dimensional diffusion as the
concentration profile within the membrane evens out and becomes uniform again. Unfortunately,
the thicknesses of membranes that most amplify the error in diffusion are within the orders of
magnitude of those of commonly used protective equipment items such as gloves. In this work,
we were also able to demonstrate that the error in the experiment is independent of the
experimental system itself — the value of D provided to the simulation did not impact the error
when comparing D to the Des calculated from the simulation results. This suggests that the error
is entirely related to the way permeate diffuses into and accumulates within the membrane, and is
not dependant on the rate at which diffusion occurs, the temperature or the combination of
membrane and permeate chosen, with the caveat that all of the cases tested were tested using
solution diffusion theory which is valid for non porous rubbery polymer membranes and does not
cover the case where pore flow constitutes a significant element of diffusion through a membrane.

The largest single source of error in these experiments was determined to be the thickness of the
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membrane, with maximum error values predicted at around 6 mm of thickness. Thickness in the

mm order of magnitude is not uncommon in some protective equipment.

The third chapter analyzed data collected from physical experiments with the intention of
replicating the simulation results. Infrastructure and availability issues with the experimental
partner, DRDC Suffield, limited the scope of physical experiments, however the data that was
analyzed showed promising results in support of the simulation work conducted in chapter 2. In
testing done the variation of surface area coverage on the membrane did lead to variation in the
calculated transport properties of the system with an optimistic prediction being rendered by lower
coverage amounts. This is consistent with the results of the simulation experiments, however the
experiments conducted had some limitations around the time length of the experiments and the
limited number of experiments conducted limited the number of variables that could be tested. In
this chapter we also compared three methods of calculating transport properties from plotted data,
comparing the time lag method, and two non-linear regression methods. All produced acceptable
results however the non-linear regression method which used experimental validation of the
solubility proved more accurate that that which varied two variables. The regression methods
offered the advantage over the time lag method that they can use non-steady state data in their

curve fitting to contribute to predicting the diffusivity.

The conclusions of the two articles show that commonly used test patterns for challenging PPE
against CWA cause error in the values of transport properties calculated and could lead to
overestimation of breakthrough time, this error is maximized at thicknesses common in certain
protective equipment widely relied upon. While the experimental design is chosen to simulate
other desired outcomes better, without conducting experiments using flooded cell conditions or
applying a correction factor the resulting transport properties should be used with care and the
limitations of the experiments should be well understood. Experiments conducted to predict
breakthrough times will provide accurate results only for conditions closely matching the
experimental results (such as the geometry of contamination). The further actual contamination
deviates from the experimental conditions the more an actual breakthrough would deviate from
experimental breakthrough, particularly when the thickness of the membrane is in the magnitude
band of highest levels of error. This also leads to the conclusion that transport properties calculated

from these experiments are not accurate unless thin membrane samples are used and therefore
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should be corrected. However, the calculation of a correction factor is straightforward with

multiple possible methods:

1. Physical experiments with the same physical contamination pattern and thickness of
membrane could be conducted and compared to flooded cell experiments to determine a
correction factor.

2. Flooded cell experiments could generate accurate properties that could be used to simulate
partial coverage and predict a correction factor. This, and option 1, are simplified by the
irrelevance of the system chosen, correction factors could be determined with safer and
cheaper components and applied to any experiments with the same physical parameters.

3. Usea FFNN, such as the one proposed in the second chapter, to provide a correction factor
to the transport properties.

4. Use the experimental results to simulate the experiments and iterate on the value of
transport properties provided to the simulation until the experimental results were

reproduced.

Applying a correction factor to experimental transport properties determined using incomplete
coverage experiments would allow for the use of the derived properties to accurately simulate
other scenarios and expand the ability of researchers to conduct experiments safely and produce
accurate simulation results. More accurate experimental results will lead to better evaluation of
PPE effectiveness and allows anyone requiring that PPE to make better informed decisions about

PPE selection and how to manage exposure should the PPE be contaminated to prevent injury.

Future work in this vein should expand upon the experiments analyzed in the third chapter to
include increasing the run time to generate more full curves, running more experiments to confirm
the impact of membrane thickness and patterns on the experiment and using that data to predict
correction factors for commonly used experimental designs. As the test procedure described in US
Army TOP 08-2-501A°%" is commonly used to evaluate protective equipment against CWA
exposure, having accessible correction factors in literature should be a valuable tool for scientists
conducting PPE testing or anyone evaluating results of these experiments. The simulation and

experimental work could be easily done with common material thicknesses in most PPE and
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should be relatively straightforward to conduct flooded cell experiments and simulate to calculate

a correction factor to be applied.
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