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ABSTRACT 

Electroosmotic water vapor transport (WVT) across very thin, flexible, functionalized conducting polymer (CP) micro- 
porous (μP) membranes at a very high rate is reported. Both passive and active (6 VDC applied) WVT are reported, the 
latter for the first time ever. WVT occurs with concomitant, effective blocking of chemical warfare (CW) agents, again 
demonstrated for the first time ever. Initial active liquid||membrane||liquid interface studies demonstrated WVT rates of 
>1.7 × 10−5 g·mm−2·s−1, >3 × the highest prior reported values of 5 × 10−6 g·mm−2·s−1. Subsequent vapor||membrane|| 
vapor interface studies using industry-standard methods (including ASTM E96B Upright Cup (“WVT”), ASTM F2298 
(“Dynamic Moisture Permeation Cell”) and ASTM F1868 (“Sweating Guard Hotplate”) were done at independent, ex- 
ternal labs for independent corroboration. These yielded, e.g., WVT values of 2564.4 g·m2·d−1 (passive) and 3706.7 
g·m2·d−1 (active), to be compared with the highest (passive) value ever reported previously, 984.8 g·m2·d−1 for a 
μP-Nylon membrane. More than 15 different membrane configurations, porosities and types were studied, including 
membranes with CP + organophosphate hydrolase (OPH), an enzyme reactive to CW agents. Efficient blocking of the 
actual CW agents GB, HD, VX is also reported, using the TOP-8-2-501 standard. Membranes also passed all Industry- 
standard durability tests, e.g. ASTM D2261 (Tearing), ASTM D5034 (Breaking), ASTM D3886 (Abrasion), ASTM 
F392 (Gelbo Flex). Incorporation into smart soldiers’ garments was demonstrated; power consumption was <1 W·m−2. 
Mechanisms of enhanced WVT and CW agent blocking in the membranes are discussed. 
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1. Introduction 

1.1. Electrokinetic Effects and Passive and  
Active Electroosmosis 

The four electrokinetic effects-electrophoresis and the 
related sedimentation potential; and electroosmosis and 
the related streaming potential-emanate from the exis- 
tence of electrical charges on the surfaces of particles or 

walls of channels (such as capillaries or pores) [1-12] are 
introduced. Of these effects, electroosmosis refers to the 
movement of a liquid or condensed vapor relative to a 
stationary charged surface (such as that found in a capil- 
lary, membrane micropore, or microfluidic channel). The 
electroosmotic effect is proportional to the zeta potential, 
which in turn is directly related to the charge on the sur- 
face in question [5,6]. 

Electroosmosis may occur not only in a purely liquid *Corresponding author. 
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phase, but also in combined vapor/liquid phases. In the 
latter case, vapors may condense on walls of a capillary 
or membrane micropore, be transported, and then re- 
evaporate [1-9,13-19]. This in effect leads to the trans- 
portation of vapor across the capillary or micropore in 
question [13-19]. Electroosmosis is one of the two driv- 
ing forces behind the permeation of water vapor through 
“breathable” microporous membranes (such as the well 
known Gore-Tex® PTFE (poly(tetrafluoroethylene)) 
membranes used in recreational outerwear). The other 
driving force is the combined concentration and tem- 
perature gradients across the membranes when worn in 
garments; this is also believed to have an electrochemical 
basis [13-16]. These gradients assist in driving water 
vapor, e.g. as generated by sweating, from the inside of a 
garment (which is warmer and more humid) to the ex- 
ternal environment, while simultaneously keeping out 
liquid water, making the garment “breathable” [13-16]. 
Quite evidently, the electroosmotic effect in such mem- 
branes is passive, i.e. it emanates from the natural charge 
or potential difference present across the micropores, 
rather than due to active application of this potential or 
charge difference. Additionally, of course, such micro- 
porous garments do not block against noxious or poi- 
sonous vapors permeating from the environment into the 
interior of the garment. 

1.2. Prior Electroosmotic Studies 

Active (i.e. with voltage or current applied) electroosmo- 
tic studies on microporous membranes have been re- 
ported in the past [7-12,20-23], but exclusively on [liq- 
uid||membrane||liquid] interfaces; they use generally 
aqueous electrolyte solutions of identical composition. In 
these studies, a voltage or current is typically applied 
across two electrodes placed on either side of the mem- 
brane, and the resulting electroosmotic flow measured. 
For example, Bowen and Clark [7-10] and subsequently, 
Mullet et al. [12], described variations of a simple 
“dipped cell” apparatus in which the electroosmotic ef- 
fect was measured as liquid overflow registered by a 
capillary or micropipette, recorded by a sensitive balance. 
The microporous membranes they studied were of rigid 
alumina and titania. They calculated the electroosmotic 
flow based on the detailed mathematical treatments set 
forth by Bowen [7], and Kozak and Davis [11]; these in 
turn were based on earlier treatments of Smoluchowski 
[1-2], Henry [3], and Levine and Neale as elaborated by 
Saville [4] and corroborated later by Hernandez et al. [8] 
and Basu and Sharma [9]. Electroosmotic flow rates 
measured were extremely low. More recently, Vajandar 
et al. [20] reported electroosmotic “pumping” using sili- 
ca-coated alumina microporous membranes with pore- 
sizes of 0.02 to 0.3 μm, for possible applications in bio- 
medical lab-on-a-chip devices, and micropumps for mi- 

croelectronic cooling; the electroosmotic flow rates they 
achieved were only marginally better than those of Bo- 
wen and Clark and Mullet et al. [10,12]. Miller and Mar- 
tin [21] studied electroosmotic flow in very thin (60 μm) 
carbon nanotube membranes; once again, flow rates were 
very low, and there were other issues, such as stability of 
the membranes. Li et al. [22] reported results of elec- 
troosmosis and iontophoresis studies with polycarbonate 
microporous membranes and transdermal electroosmosis 
and iontophoresis in human epidermal membrane, at ap- 
plied voltages up to +/− 1.0 V; their results were consis- 
tent with a model in which the human epidermal mem- 
brane has net-negatively-charged pores. Lee and Hong 
[23] measured electroosmotic flow rates across micro- 
porous membranes, including polysulfone membranes, as 
a function of pH and ionic strength of the aqueous solu- 
tions used; once again, however, the flow rates they re- 
ported were extremely low. It may also be noted that all 
these prior experimental studies comprised, in effect, 
active, electroosmotic transport of liquid across mem- 
branes, not transport of vapor across membranes, as we 
report here. 

In other prior work more relevant to a [vapor||mem- 
brane||vapor] interface, McCullough et al. [17,18] car- 
ried out a very detailed and thorough comparative study 
of passive WVT (i.e. vapor transport) rates and evapora- 
tive resistance of a large number of commercially avail- 
able microporous membranes; they used a number of 
standardized tests such as the ASTM tests that we also 
utilized. Indeed, their work is still used as an “industry- 
standard” benchmark to compare performance of other 
membranes and materials, as it will be used in the present 
work. 

1.3. Work Presented in the Present Study 

In the present communication, we report passive as well 
as active electroosmotic water vapor transport (WVT) 
across very thin, flexible, functionalized microporous 
conducting polymer (CP) membranes, the latter for the 
first time ever, to the best of our knowledge. Both the 
active nature of the electroosmotic water vapor transport 
and its magnitude two to five times the highest (passive) 
water vapor transport (WVT) rates previously reported 
for any microporous membranes [17-19]—represent first, 
to the best of our knowledge. We show further that it is 
the CP that is postulated to be the element that imparts 
the critical, increased WVT rate, through the existence of 
an intrinsic potential difference across the CP membrane. 
Furthermore, our membrane assemblies are also shown 
to simultaneously block chemical warfare (CW) agents 
very effectively, and to be otherwise highly environment- 
tally durable.  

As a first segment of our present studies, in an effort to 
use the methodology of the prior electroosmotic studies 
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reported in the literature cited above [10-12,20-23] for 
comparative reasons, we studied a very large number of 
membranes in a [liquid||membrane||liquid] interface. Both 
galvanostatic (constant current) and potentiostatic (con- 
stant voltage) studies were carried out. Values for elec- 
troosmotic liquid transport up to 50 times than those of 
the prior studies were obtained in our work. Typical va- 
lues of liquid transport of 1.4 × 10−5 to 2.1 × 10−4 
g·mm2·s−1 (grams per square millimeter per second, an 
industry-standard unit of measure) were obtained in our 
studies, to be compared with values of 4.0 × 10−6 to 5.0 × 
10−6 g·mm2·s−1 reported in the best prior studies, those of 
Mullet et al. [12].  

As a second segment of our present studies, direct 
[vapor||membrane||vapor] interface studies of electroos- 
motic WVT were carried out, again in both potentiostatic 
and galvanostatic mode. Very large and rapid relative 
humidity (RH) changes were observed across the mem- 
brane interface in a very short time.  

As a third segment of our studies, a large number of 
“industry-standard” tests [24-26], carried out primarily 
at external testing labs for independent corroboration, 
were used to verify the WVT, evaporation resistance, 
environmental durability, and other relevant properties of 
our membrane assemblies. For WVT, these tests included, 
e.g., the ASTM E96 B (WVT), ASTM F2298 (Dynamic 
Moisture Permeation Cell, DMPC) and ASTM F1868 
(Sweating Guard Hotplate, SGHP) tests; these yield re- 
sults generally in units of g·m2·d−1, i.e. grams of water 
vapor permeating per square meter per day, another in- 
dustry-standard unit of measure. Tests were performed in 
large part on “final-form” fabrics, i.e. membranes incor- 
porated into fabrics. A very large number of membrane 
types, porosities and membrane assembly configurations 
were studied.  

As a fourth segment of our studies, CW-agent block- 
ing was clearly demonstrated with CW agents at a facil- 
ity qualified for performing such tests (Battelle Colum- 
bus Labs).  

As a fifth segment of our studies, a variety of stan- 
dardized environmental durability and related tests were 
performed. These ranged from ASTM D 2261 (“Tearing 
Strength of Fabrics”) to ASTM F392/F392M-11 (“Gelbo 
Flex Test”). Our materials passed all these tests without 
problems.  

A final segment of our studies encompassed miscella- 
neous studies related to practical application as a wear- 
able garment. They included, e.g., the use of “smart” 
controllers to limit the current densities in our active 
membranes to prevent burnout as well as possible fire 
hazards while simultaneously ensuring adequate WVT; 
they also included preliminary selection of Li ion batter- 
ies. The controllers were also designed to use inputs from 
humidity and temperature sensors inside and outside the 

garment, so as to stop application of the active applied 
potential when not needed. They thus contributed to a 
truly “smart” membrane material.  

Also presented in the current work is an analysis of the 
likely mechanisms of WVT (both passive and active) as 
well as of CW agent blocking in our unique membrane 
materials, in light of prior experimental studies as well as 
prior theoretical treatments.  

As a final introductory note, it is noted that although 
this work was initiated in 2003 and much of it completed 
several years ago, it could not be presented until now for 
various reasons. 

1.4. Objectives of the Present Work 

This work was initiated to address a specific need to cre- 
ate a fabric that is lighter, and could be used to create a 
more comfortable garment when worn in a hot environ- 
ment. 

2. Experimental 

2.1. Materials, Electrodes and Conducting  
Polymer (CP) Microporous Membrane  
Electrode Substrates 

Microporous membrane substrates, comprising poly 
(sulfone), poly(ether sulfone), PTFE (poly(tetrafluoro- 
ethylene)) and poly(ethylene terephthalate), of pore size 
from 0.05 to 2.0 μm, were procured from GE Osmonics, 
Pall Gelman Labs and other vendors. Au was deposited 
on both sides of these via e-beam thermal evaporative 
deposition, to a thickness of ca. 500 nm. This Au/mi- 
croporous membrane/Au (“Au|μP|Au”) comprised the 
electrode substrate, on which the CP was electropoly- 
merized, as described earlier in extensive detail [27-32, 
35-38]. Monomers (aniline, diphenyl amine), dopants (K 
salt of poly(anetholosulfonate) and its analogue with 
pendant sulfate groups), CW agent simulants (dimethyl 
methyl phosphonate (DMMP), diisopropyl methyl phos- 
phonate (DIMP), diethyl (methylthiolmethyl)phosphor- 
nate (DEMTMP), others) and all other chemicals and 
solvents, all of ACS reagent or higher grade, were pro- 
cured from Sigma-Aldrich and Alfa Aesar. The electro- 
chemical polymerization of the CP was carried out from 
a mixed monomer solution as described in extensive de- 
tail in our earlier communications [27-32,35-38]. The thick- 
ness of the CP/dopant layer, monitored coulometrically, 
lay between 0.4 and 1.6 μm. Although the microporous 
membrane was deposited on both sides with Au, in 
nearly all configurations used (see below), the CP was 
deposited only on one side of the membrane, the other 
side left as bare Au. The electrode having the CP was 
then generally designated as the “working” electrode and 
the other electrode as the “counter” electrode, although 
this terminology is primarily for convenience. The iden- 
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tity of the CP used did not change in our studies. The CP/ 
Au/membrane electrodes were checked for electrochemi- 
cal activity via standard cyclic voltammetry (see below); 
IR reflectance spectroscopy of the CP/Au/membrane sur- 
face, was also used, if deemed necessary, for further 
quality control of the CP electrode substrates (see be- 
low). 

The gel electrolyte (“GelEl”), which incorporated the 
dopant, comprised poly(vinyl alcohol), average Mw 
31,000 to 50,000, poly(ethylene glycol), average Mn ca. 
900, in 95%/5% weight ratio. In some cases, as noted in 
the Discussion, the GelEl incorporated a low, proprietary 
concentration of OPH (organophosphate hydrolase), an 
enzyme reactive to the phosphonate group and capable of 
effectively neutralizing CW agents and simulants while 
not affecting the vapor and ion transport properties of its 
host material. These components were dissolved in de- 
ionized water having the dopant at 0.6 M concentration, 
with nearly all the water evaporated off subsequently. 
This yielded a transparent, flexible, rubbery material. Its 
preparation has been described in great detail elsewhere 
[27-32,35-38].  

For the few tests carried out with OPH-impregnated 
electrode substrates, the procedure for impregnation of 
the OPH enzyme into the CP matrix, based in part on an 
adaptation of the most efficient procedure reported in 
earlier literature studies [41,42], was as follows: A satu- 
rated (>0.5 mg/mL) solution of OPH enzyme (Libradyne, 
Inc.) was prepared in deionized water. A previously de- 
posited CP/Au/microporous membrane substrate was 
then placed, CP-side up, in a petridish filled with this 
OPH solution, and left overnight in a refrigerator (5˚C). 
The membrane was then removed, rinsed copiously with 
deionized water, and air dried at room temperature. The 
activity and concentration of the OPH within the CP/ 
membrane was determined using Ellman’s reagent and 
Malathion (analyte) according to published procedures 
[41-42], with Ellman’s reagent absorbance monitored at 
412 nm and the characteristic OPH IR reflectance peak, 
monitored at 1650 cm−1 [41-42].  

Where appropriate, UV-Vis-NIR spectra were taken 
using a Perkin-Elmer (P-E) Model Lambda 12 spectro- 
meter controlled by P-E software on a PC; when reflec- 
tance rather than transmission spectra were required, 
these were measured using appropriate specular and dif- 
fuse reflectance accessories and standards provided by 
the vendor. Again where appropriate, FTIR spectroscopy, 
was carried out using a P-E Model Spectrum One FTIR 
spectrometer, again controlled by P-E software on a PC; 
these FTIR spectra were primarily reflectance spectra, 
carried out using specular and, rarely, diffuse, reflectance 
accessories and standards supplied by the vendor. 

Electrochemical measurements, e.g. cyclic voltam- 
metry for quality control of the CP electrode substrates, 

were carried out using an Ametek-Princeton Applied 
Research Model 263A potentiostat/galvanostat with 2 A 
option; potentiostatic electro polymerizations were also 
occasionally carried out using a Bioanalytical Systems 
Model PWR-3 potentiostat. 

2.2. Membrane Assembly (Fabric)  
Configurations 

The CP microporous membranes as prepared above were 
then incorporated into composite assemblies with differ- 
ent components or configurations, as represented in the 
schematics in Figure 1. For convenience and reference 
throughout our work, each type was given a designation 
(e.g. “Type IIa”), and a shorthand notation, e.g. [inside| 
Au|μP-PSulf|Au|GelEl|μP-PTFE|outside] for Type IIa, as 
described at length in Section 2.1 above. For application 
of the GelEl, prepared as described above, it was heated 
to ca. 80˚C to render it fluid, then applied, using a sy- 
ringe, as a mass on top of the center of the assembly,  
 

 

Figure 1. (Top, Bottom): Schematic representation of just 
two of the several membrane configurations studied in this 
work. (For the shorthand notation and abbreviations used, 
see text.) (Center): Schematic of the CP/Au/membrane 
structure (green = CP, yellow = Au, speckled white = mi- 
croporous membrane); shown here for one of the double- 
sided electrodes. It shows that the CP, Au, etc. layers are 
not solid layers, but rather, permeate well into the micro- 
pores. This “permeative” feature has an important bearing 
on the electroosmotic effect, as discussed in the text. 
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then spread to even thickness using a doctor blade tech- 
nique. The entire assembly was then clamped between 
glass plates and the GelEl left to cure overnight. What 
resulted was a flexible, fabric-like material.  

2.3. Fabrication of Complete, Active “Cloth” 

To arrive at complete, active fabrics usable to build a 
garment, additional components were added to the above 
membrane assemblies and complete fabrics assembled, 
as shown in Figure 2 (the photos therein show the as- 
sembly for a Type IIa configuration). As a first step, in- 
dividual “pixels”, of approximate size 10 cm × 10 cm, 
were prepared. Next, they were assembled into arrays, 
with like electrodes (counter, working) connected in par- 
allel, using very thin, flexible ribbon cable and electri- 
cally contacted with a urethane-base (i.e. flexible) Ag 
adhesive. The various layers of the assembly were 
bonded together and onto Nylon Ripstop camouflage 
cloth, available commercially from many vendors (e.g. 
Rockywoods, www.rockywoods.com), as shown in Fig- 
ure 2; this was done using environmentally durable, neu- 
tral, pressure-sensitive adhesive (PSA) of a type used 
commercially in extreme-weather clothing, e.g. Therm- 
O-Web # 3738 adhesive (www.thermowebonline.com), 
formed into a small-footprint, mesh-type matrix, again as 
shown in Figure 2. (Ripstop fabrics are fabrics woven 
using a special reinforcing interweave technique that 
makes them resistant to tearing and ripping.) 

The resulting material was a very lightweight, flexible, 
drapable “cloth”. This complete cloth was then used for 
all testing, such as the WVT testing, as described below. 
In actual, final use, the inner fabric layers will not consti- 
tute Nylon Ripstop cloth, but rather a much thinner, 
highly porous material. 

2.4. Liquid-Liquid Interface  
([liquid||Membrane||Liquid]) Tests 

As a first series of tests, liquid-liquid interface tests were 
carried out using the apparatus depicted schematically in 
Figure 3, emulating the apparatus and methodology used 
in the electro-osmotic measurements of Mullet et al. [12], 
Kozak et al. [11] and Bowen and Clark [10]. These tests 
thus comprised a first set of electro-osmotic studies pri- 
marily to serve as a comparison of the performance of 
our membranes with those of prior studies. Electro-os- 
motic transport was measured as a capillary overflow, as 
depicted in Figure 3, to be measured with a microgram 
balance; in practice, large milligram quantities of liquid 
overflow were observed. The membrane area tested was 
typically 17.4 cm2 (membrane diameter 4.7 cm) Electro- 
lytes tested included Na2SO4 and NaCl, typically of con- 
centration 0.01 to 0.001 M. Reference membranes tested 
included Whatman Anodisc 47 (poresize 0.2 μm), ex-  

 

 

Figure 2. Photos of the components of functional fabric in 
various stages of fabrication (cm scale, where shown): (Top 
row, L to R): 1) Microporous poly(sulfone) membrane only 
(white). 2) Same, coated with Au on both sides. 3) Same, 
now with CP (green) deposited on one side. (Middle row, L 
to R). 4) 9-pixel section of garment with “Type IIa” mem- 
brane, PTFE side. 5) Same, CP side. (Bottom row, L to R). 6) 
Further assembled garment, now with Ripstop Nylon fabric 
bonded on both sides. 7) Same with more refined, rib- 
bon-cable connectors, the final, wearable garment (indi- 
vidual pixel at top right; cm-scale shown for clarity). 
 

 

 

Figure 3. (Top): Schematic of apparatus used for [liquid|| 
membrane||liquid] studies. It emulated that used in prior 
studies [7-12], and so allowed for a direct comparison of our 
membranes’ performance with that in the prior work. 
(Bottom): Schematic of simple apparatus used in [vapor|| 
membrane||vapor] studies. Water vapor was driven from 
the LHS to the RHS chamber. The detector used gave a 
real-time reading and record of humidity and temperature 
every second. 
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Actly emulating that used by Mullet et al. [12] This 
yielded a very useful, direct comparison of our data with 
earlier, published data. The electro-osmotic flow rate, per 
unit area of membrane per second, was then expressed in 
g·mm−2·s−1. The studies were carried out both potentio- 
statically and galvanostatically. The voltages applied in 
the potentiostatic mode ranged from 0 V to (−)10 V. The 
currents applied in the galvanostatic mode were such that 
the current densities were very close to those reported in 
the studies of Mullet et al. [12], ca. 30 µA·cm−2; the cur- 
rent densities observed for the potentiostatic mode were 
also in this region. These studies served as a very useful 
benchmark for comparison of our membranes with those 
reported in the literature. 

2.5. Vapor-Vapor Interface  
([Vapor||Membrane||Vapor]) Tests 

As a second series of tests, [vapor||membrane||vapor] in- 
terface tests were carried out using the apparatus de- 
picted schematically in Figure 3. These were a step up 
from the liquid-liquid tests and, to our knowledge (and as 
noted above), have never been reported before. Here, the 
difference in RH in the RHS (right hand side) compart- 
ment, effected upon the application of the voltage (po- 
tentiostatic mode) or current (galvanostatic mode) as a 
function of time, was monitored. The humidity/tem- 
perature sensor modules used, placed as depicted in Fig- 
ure 3 in each compartment, were the “TAI-8540 mod- 
ule” manufactured by TAI Inc., and incorporating the 
Honeywell Model HIH-3610 humidity sensor. This mod- 
ule measured both humidity and temperature, with the 
following parameters: Humidity range 0% to 100% RH 
(relative humidity), accuracy +/-2% RH; temperature 
accuracy +/−1˚C. Digital output from the module could 
be directly read by a PC interfaced with USB or RJ11 
connectors. 

2.6. Industry-Standard Water Vapor Transport  
(WVT) Tests 

It is noted at the outset that these tests [24-26] also of 
course naturally comprised [vapor||membrane||vapor] 
interface tests. They were carried out at external labora- 
tories, primarily for purposes of independent corrobora- 
tion. They are listed and described in detail in Section 3.4 
below.  

2.7. GC/MS Studies of CW Agent Simulant  
Permeation through Membranes 

These studies were carried out at Ashwin-Ushas and M- 
Scan Laboratories (now SGS, West Chester, PA, USA) 
in order to continually screen the progressively improve- 
ing membrane assembly configurations for simulant per- 
meation, to supplement the actual, agent permeation tests. 

The latter could only be carried out in a limited manner 
at a qualified facility (Battelle Columbus labs, see below) 
An adaptation of TOP 8-2-501 procedure was used (US 
Army Test and Evaluation Command, Test Operations 
Procedure # 8-2-501, dated 17 January 2004, “Permea- 
tion and Penetration of Air-Permeable, Semipermeable, 
and Impermeable Materials with Chemical Agents or 
Simulants” [45]. DIMP was the primary simulant tested. 
The sample collection procedure was nearly identical to 
that used at Battelle Columbus Labs for the agent tests, 
and is now briefly described. 

A special permeation test cell (Part# PTC 600, 
www.astmpermeationtestcell.com) was used, with the 
membrane assembly under test (i.e. the sample) clamped 
therein and with air flow through the membrane con- 
trolled via an AirChek 2000 flow apparatus calibrated to 
0.3 lpm (liters/min) using a field rotameter (all SKC Inc., 
www.skcinc.com). To collect the DIMP vapors a solid 
sorbent tube (SST) from Camsco (www.camsco.com part 
# T13030) charged with Chromosorb 106 (60/80 mesh, 
235 mg, 15 mm bed length) was used. All connecting 
tubes and couplings were made of Teflon® (PTFE). 10 
mg of DIMP was added to the “challenge” (i.e. exposure) 
side of the sample using a micropipette. The “sampling” 
side of the membrane was first purged with dry N2. An 
SST was then placed in line and air was commenced to 
be drawn through the system. Over a 24 h period, new 
SSTs were inserted at 0, 2, 6 and 16 h, with permeation 
samples collected corresponding to 0 - 2, 2 - 6, 6 - 16 and 
16 - 24 h. Each SST was sealed in a separate enclosure 
after use, until the end of the experiment. The analyte 
(DIMP) was then extracted from the sorbent in the SSTs 
using chloroform containing 25 ppm DEMTMP (which 
was used as an internal standard). Each of the 4 extracts 
(0, 2, 6 and 16 h) of DIMP/chloroform were stored in 
sealed vials and sent for GC/MS analysis, as described 
below. The GC instrument used was a P-E Clarus 500 
GC with autosampler, split/splitless injector and FID 
detector. The mass spectrometer was a P-E Turbomass 
Quadrupole mass spec with heated electron ionization 
(EI) source. The GC parameters were as follows: Column 
Restek RTX-1701 (30 m length); temperature program- 
start @ 80˚C, hold 5 min, ramp at 20˚C/min to 250˚C, 
hold 2.5 min, total run time 16 min; carrier gas He, 1.0 
mL/min; injector temperature 270˚C; injector split flow- 
splitless for 0.5 min (FID), split 20 mL/min (MS), injec- 
tion volume 1.0 μL. The mass spectrometer parameters 
were as follows: Ion mode-EI+, full scan and single ion 
recording, full scan range m/z 10-250, SIR ion monitored 
m/z 97, SIR dwell time 0.1 s, total run time 16 min, sol- 
vent delay 4 min, MS source temperature 200˚C, transfer 
line temperature 200˚C, electron energy 70 V, calibration 
gas heptacosa. The FID parameters were as follows: H2 
flow 45 mL/min, air flow 450 mL/min, FID temperature 
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275˚C, time constant 200 ms. A Total Ion Current (TIC) 
chromatogram with a di-isopropyl methyl phosphonate 
(DIMP) standard yielded a main peak at 8.97 min, whose 
Electron Ionization (EI) mass spectrum matched NIST 
data for DIMP. Diethyl methylthiomethyl phosphonate 
(DEMTMP) was used as an internal standard, yielding a 
TIC peak at 11.51 min, confirmed through its EI mass 
spectrum as being DEMTMP. Using an enhancement of 
this method with Single Ion Recording and monitoring of 
the m/z 97 peak, the detection limit of the procedure was 
established to be 20 ppb DIMP.  

2.8. Agent Permeation Tests 

These were carried out at the Battelle Hazardous Materi- 
als Research Center (HMRC), part of Battelle Columbus 
Labs, Columbus, OH (USA), one of the few facilities in 
the US qualified to carry out such tests. The tests were 
carried out per the TOP 8-2-501 procedure [24-26] al- 
ready described above with the static flow (AVLAG, 
Aerosol Vapor Liquid Assessment Group) method, using 
standard AVLAG cells. Membrane materials were tested 
for 24 hours using four sampling intervals at 0 - 2, 2 - 6, 
6 - 16 and 16 - 24 hours (as for the simulants, described 
above). Bubblers filled with ethylene glycol diacetate 
(EGDA) were utilized to capture any HD and VX vapor 
permeation while Chromosorb 106 solid sorbent tubes 
(SSTs) were used to capture any GB vapor permeation. 
The SSTs were extracted with 10 mL of Chloroform. The 
chloroform extract and the EGDA were analyzed by gas 
chromatograph (GC) to quantify the agent permeation 
through the materials. Passive test samples were assem- 
bled into standard AVLAG test cells and loaded in the 
particular orientation desired (e.g. CP-coated side to- 
wards the “interior”). The membrane samples were tested 
using three repetitions for each agent GB, HD, and VX. 
All cells were leak checked prior to being agent chal- 
lenged.  

Two slightly differing procedures were used for the 
passive (no voltage applied) and active (voltage applied, 
+ 6 VDC) tests, as follows: 

Passive Tests Only: Prior to CW agent application, all 
samples were preconditioned at the required environ- 
mental conditions for twenty minutes. Upon completion 
of the preconditioning period, swatches were challenged 
with the required agents and reinstalled into the test fix- 
ture. After all cells were reinstalled, airflow was initiated 
and the trial started for the 24 hours. Values below the 
detection limit of 0.5 g/cm2 were reported as 0.25 g/cm2 
which were used for any subsequent calculations. (This is 
a standard practice for manipulation of swatch permea- 
tion data.) Spike controls were utilized during the spiking 
process for all agent challenges. While based on only 
three replicates, the data were consistent within each 
subset of material and agent combination. 

Active Tests Only: Active test samples were also as- 
sembled into standard AVLAG cells with the exception 
that Teflon® plates were used in place of the standard 
aluminum plates to isolate the voltage applied to the 
swatch. Each sample was oriented in the cell so that the 
leads attaching to the electrodes were directed toward the 
front of the cell. The membranes were tested using two 
repetitions for each agent GB, HD, and VX. All cells 
were leak checked prior to being agent challenged. After 
all cells were assembled and loaded into the test fixture, 
the sample leads were attached to their respective jumper 
cable and voltage was applied in 1 V increments, cycled 
through all samples until 6 V was reached. The voltage 
remained on for the remainder of the test. All samples 
were preconditioned at the required environmental con- 
ditions for twenty minutes. Upon completion of the pre- 
conditioning period, cells were challenged with the re- 
quired agents and reinstalled into the test fixture.  

The additional test parameters may be summarized as 
follows: Temperature 32˚C ± 1˚C; relative humidity (RH) 
80% ± 5%; CW agent challenge: 10 mg ± 1.0 mg per 
swatch; air flow: static flow, constant at 0.3 lpm ± 0.01 
lpm; sample area 10 cm2; solvent volume 10 mL.  

2.9. Industry-Standard Environmental  
Durability Tests 

The industry-standard tests [24-26] performed on the 
membranes under this category included:  

1) ASTM D 2261, “Tearing Strength of Fabrics”.  
2) ASTM D 5034 (Grab), “Breaking Strength of Tex- 

tile Fabrics”.  
3) ASTM D 3886, “Stoll Flat Abrasion Resistance”.  
4) ASTM F392/F392M-11, “Standard Test Method for 

Flex Durability of Flexible Barrier Materials”, also called 
the “Gelbo Flex Test”. 

The first three tests were carried out at Intertek Labs, 
Springfield, NJ (USA). The 4th was carried out at Ash- 
win-Ushas using a custom test setup, as shown in Figure 
4. Details of these tests are available in the open litera- 
ture [24-26].  

2.10. Other Miscellaneous Tests 

“Seaming” tests: Our final-form fabric, contains “pixels” 
of our membrane assemblies, of size approximately 10 
cm × 10 cm. Important issues in final use are therefore 
whether the seams between the pixels: 1) Are imperme- 
able to CW agents. 2) Impede WVT in any way. 3) Cre- 
ate any problems in flexibility and “drapability” of a full 
garment. Now the seams between these pixels are ca. 2 to 
4 mm in width. They are hermetically sealed using an 
environmentally benign, highly flexible, temperature- 
stable, translucent, rubber-like polyurethane adhesive 
(Cytec Conathane EN series, available from various  
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Figure 4. Custom Gelbo flex apparatus, in actual use. 
Various views are shown, including completely flexed with 
sample. 
 
vendors, e.g. Ellsworth, at http://www.ellsworth.com) 
specially formulated for textiles. In order to test these 
seams, a series of “seaming tests” were performed on the 
final-form garments. The tests included WVT (ASTM 
E96 B, Open Cup) and DIMP permeation through the 
seam part of garment. They also included a physical and 
visual test of the drapability of the garment. As noted in 
the Discussion, the garments passed all these tests suc- 
cessfully. 

3. Results and Discussions  

3.1. Membrane Assembly Construction and  
Configuration 

The fabrication of the membrane assemblies, including 
deposition of the conducting polymer (CP) onto the Au- 
coated microporous membranes, is described at length in 
the Experimental Section. As noted therein, these CP- 
functionalized microporous membrane assemblies are 
very similar to those used in our prior work for com- 
pletely unrelated applications, such as variable emittance 

skins for spacecraft thermal control, military IR camou- 
flage, and electrochemical voltammetric sensing [27-40].  

To very briefly describe membrane assembly here then, 
the base membrane was a microporous membrane, typi- 
cally a poly(sulfone) of poresize 0.1 to 0.4 μm, with Au 
deposited either on one side only or on both sides. In the 
latter case, this resulted in a single, 2-sided, 2-electrode 
membrane; CP could then be deposited (electrochemi- 
cally polymerized) on either side [27-32,34]. Gel electro- 
lyte (“GelEl”) [33-35], which permeated into the micro- 
pores, also served to function as a good adhesive, holding 
the various membrane layers well together. A large num- 
ber of membrane configurations (designated “Type IIa”, 
“Type IIe”, etc.) were tested. Two of these are shown in 
Figure 1. Shorthand notation could be used to distin- 
guish the various configurations. Thus, e.g., Type IIa 1)), 
shown in Figure 1, was, ii n shorthand notation, denoted 
as [inside|Au|μP-PSulf|Au|GelEl||μP-PTFE|outside], where 
μP = microporous, PSulf = poly(sulfone), GelEl = gel 
electrolyte, a double bar (||) ndicates an interface between 
phases, and “inside” and “outside” denote, respectively, 
the inside of a worn garment and the exterior environ- 
ment. The other membrane configurations studied in- 
cluded: 2) Type IIe: [inside|CP|Au|μP-PSulf|Au|GelEl|| 
μP-PTFE|GelEl|μP-PTFE|outside]. 3) Type IIf: [inside| 
CP-w-OPH|Au|μP-PSulf|Au|GelEl||μP-PTFE|Au|CP-w-O
PH|outside], where “w-OPH” signifies “impregnated wi- 
th organophosphate hydrolase”, OPH being an enzyme 
that hydrolyses organophosphates. 4) Type II: Type II 
([inside||CP|Au|μP-PSulf|Au|GelEl||outside]. Membrane 
porosities, from 0.05 μm to as high as 5.0 μm were stud- 
ied, with optimal porosities identified; e.g., for Type IIa, 
these were 0.01 μm (for poly(sulfone)) and 1.0 μm (for 
PTFE)). Additionally, a “+V”, “−V”, “+A” or “−A” at 
either end of the configuration indicated the application 
of a + or (−) voltage or current.  

As shown in the color figure in Figure 1 (center), the 
Au and CP were not solid layers, as represented in the 
schematic figures, but rather, permeated into the pores of 
the membrane. Additionally, the GelEl, while again 
shown as a single, solid layer in the schematics, actually 
also permeated throughout all the microporous mem- 
branes. This “permeative” feature of the CP/Au/mem- 
brane interface structure [27-40] has an important bear- 
ing in understanding the electroosmotic effect therein, as 
discussed further below. Figure 2 shows components of 
the final, wearable soldier garment, in various stages of 
fabrication, as described.  

The gel electrolyte (GelEl) [35-38] used in our mem- 
brane assemblies had a primary poly(vinyl alcohol) 
(PVA) base, with several other critical ingredients (see 
Experimental Section). The GelEl cured overnight to 
form a very thin, translucent, rubbery, highly flexible 
material [35-38]. Several features of this GelEl made it 
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unique and vital for membrane assembly function. Firstly, 
it allowed permeation of water vapor, at a very high rate. 
This was verified with independent [vapor||GelEl||vapor] 
studies, as described below. Secondly, it served as the 
primary mechanism of blocking, as shown in the results 
below. Thirdly, it provided an adhesive function, prior to 
cure, bonding the two membrane layers on either side of 
it very well.  

The CP used in our membrane assemblies was a co- 
polymer of aniline and diphenyl amine with a polymeric 
dopant also used, surprisingly, in our earlier, unrelated, 
IR electrochromics and spacecraft thermal control work 
[27-40]. The CP was always placed on the garment “in- 
side” or interior, (i.e. closest to the skin when worn as a 
garment); this ensured that the electroosmotic flow was 
in the correct direction (from the “inside” to the “out- 
side”). A typical membrane configuration such as Type 
IIa displayed an open circuit potential (OCP), between 
the “outside” facing and “inside” facing electrodes, of ca. 
+ 0.2 V to + 0.3 V (with the + polarity observed at the 
CP). The significance of this in relation to the mecha- 
nisms of electroosmotic WVT in our membranes is dis- 
cussed in more detail further below.  

Type IIa, Type IIe and Type IIf membrane assemblies 
(described above) comprised the primary, “workhorse” 
configurations used in nearly all our work and the further 
testing reported here. In Type IIf, the function of the 
layer of CP-OPH (organophosphate hydrolase) was to 
serve as an additional barrier to immediately intercept 
and neutralize or block CW agents: OPH has been estab- 
lished in much earlier work as capable of blocking, 
through binding or reaction, moieties with phosphonate 
groups, such as the agents targeted in the present work 
[41-42]. In the final analysis, Type IIa and Type IIe were 
found to be the best performing membranes in terms of 
WVT rates in combination with agent blocking. 

In the active, potentiostatic (constant voltage) mode of 
operation, typical voltages applied across the primary 
membrane (i.e. the one on the “inside” side of the assem- 
bly) were in the range of 1 to 6 V DC, with a maximum 
voltage of 10 V tested. The polarity of the potential ap- 
plied at the exterior electrode, in 2-electrode mode, was 
always negative (−). Now ordinarily, such extreme volt- 
ages applied on the aniline-diphenyl-amine copolymer 
CP used would cause irreversible degradation of the CP. 
This would, e.g., be the case in our variable emittance or 
IR electrochromic devices containing the same CP/Au/ 
microporous-membrane electrodes [27-40], which use 
ionic liquid electrolytes. However, in the case of the pre- 
sent electroosmotic membrane assemblies, the GelEl 
used had a very low conductivity, in the region of 0.005 
mS/cm (to be compared with ca. 12 to 18 mS/cm for the 
ionic liquid electrolytes used in our variable emittance 
devices and even higher for the electrolyte used in our IR 

electrochromic devices.) Due to this poor GelEl conduc- 
tivity, there was a large resistance barrier (i.e. conductiv- 
ity drop) between the working and counter electrodes of 
the electroosmotic membranes. Thus, even with large 
potential differences, of up to 10 V, applied across the 
electrodes in these membranes, the potential actually 
“sensed” by the CP was much smaller. This was con- 
firmed by a relatively simple experiment: In our IR elec- 
trochromic devices, with the use of an aqueous-based gel 
electrolyte with high conductivity, H2 evolution was ob- 
served at the CP electrode at about (−)1.5 V applied (in 
2-electrode mode). However, H2 evolution did not occur 
at the CP electrode in the electroosmotic membranes 
until (−)15.0 V was applied, a factor of 10.  

In the active, galvanostatic mode of operation, typical 
current densities applied across the primary membrane in 
our studies were in the region of ca. 8 mA·cm−2. Even for 
the highest currents densities applied, the observed po- 
tential difference never exceeded ca. 2.5 V (cf. Figure 
5(e)); consequently, again, no degradation of CP was 
observed. 

3.2. [Liquid||Membrane||Liquid] Interface  
Studies 

As noted briefly above, as a first segment of our studies, 
it was attempted to emulate the methodology of prior 
electroosmotic studies [7-12,20-23] on [liquid||membrane|| 
liquid] configurations, so as to directly compare our 
membranes’ performance with the prior, published work. 
For this purpose, an apparatus exactly emulating the 
work of Mullet et al. [12] and Bowen et al. [7-10] and 
Kozak and Davis [11] was used. This is depicted sche- 
matically in Figure 3. As electrolyte, an aqueous solu- 
tion of 0.01 M NaCl was used, approximating that of the 
earlier work. A constant voltage was applied across the 
two electrodes depicted therein, and the resulting elec- 
troosmotic flow, was collected using the microcapillary 
as shown and measured using a sensitive balance. The 
area of the membrane at the interface, subject to electro- 
osmotic flow, was 1215 mm2. The current densities used 
in our potentiostatic studies, ca. 33 to 42 μA·mm−2, were 
very close to those used in the work of Mullet et al. [12] 
and Bowen et al. [7-10] (ca. 41 μA·mm−2). 

Several different membrane assembly configurations 
were tested. For quite evident reasons, the GelEl was not 
used in these [liquid||membrane||liquid] interface studies 
(among other things, slow dissolution of this into the 
aqueous solution used would occur). A typical configura- 
tion tested, represented using the shorthand notation de- 
scribed above, was [(Pt Cathode, (−)V)||CP|Au|μP-Sulf| 
Au||Pt Anode(+)V], where the microporous poly(sulfone) 
membrane (μP-PSulf) had a porosity of 0.2 μm. Voltages 
applied at the cathode, in 2-electrode mode, ranged from 
(−)1.0 to (−)9.8 V.  
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The electroosmotic flow rate, V, in these studies could 
be calculated based on the detailed mathematical treat- 
ment of Bowen [7] and Kozak and Davis [11], Smolu- 
chowski [1-2], Henry [3] and Saville [4] as also used in 
the experimental studies of Bowen and Clark [10] and 
Mullet et al. [12], as follows:  

 ,
P

I
V f kr

 


              (1) 

where: V—electroosmotic flow rate in volume units; I— 
applied current; —electrolyte permittivity; —zeta po- 
tential; —electrolyte viscosity; p—electrolyte conduc- 
tivity in the pores; k—Debye radius; r—average pore 
radius; f(kr, )  1 for the conditions of all our experi- 
ments. 

Now in our experiments, a volume of liquid was col- 
lected after a particular period of time and its mass, m, 
was measured. Also measured was I(t), the current as a 
function of time, at constant potential (E):  

   ,
P P

I
Vdt f kr dt f kr Idt

   
 

    m , (2) 

where: m is the mass (measured in the experiment);  is 
the electrolyte density; t is the time. 

Introducing m/A (mass of electroosmotic flow per unit 
area of the membrane), and since we are primarily inter- 
ested in the relative flow rates for various, different 
membranes, we were able to compare different experi- 
ments: 

1
~ ~m A jdt Idt

A            (3) 

where: j is the current density. 
Table 1 summarizes representative results from these 

[liquid||membrane||liquid] studies; it also lists typical re- 
sults from the studies of Mullet et al. [12], at nearly iden- 
tical current densities and electrolyte concentrations, for 
comparison. It is observed that the electroosmotic liquid 
transport values for our membranes are more than an 
order of magnitude higher than the highest values re- 
ported previously, which are those of Mullet et al. [12]. 
We note again that the current densities used in Mullet et 
al.’s and others’ prior work [7-11,20-23] were nearly 
identical to those in our work, all being in the region of 
ca. 30 μA·mm−2, thus allowing for a truly direct com- 
parison. It is also to be noted that our tests with the same 
membranes used in the prior work, e.g. the microporous 
alumina membranes used by Mullet et al. [12], (see Ex- 
perimental Section) yielded results nearly identical to 
that of Mullet et al. [12] and the other prior work, fur- 
ther corroborating our methodology. 

3.3. [Vapor||Membrane||Vapor] Interface Studies 

As a further step up from prior studies, a second segment 
of our work studied electroosmotic WVT across [vapor|| 

membrane||vapor] interfaces, in both potentiostatic and 
galvanostatic mode. As noted above, to our knowledge 
this is the first such study of active (i.e. with voltage or 
current applied) WVT across such [vapor||membrane|| 
vapor] interfaces.  

Figure 3, above, has shown a schematic of the dual- 
chamber [vapor||membrane||vapor] apparatus used in our 
work (see Experimental Section for more detail). A res- 
ervoir of ca. 1 mL of aqueous 0.01 M NaCl was placed in 
the left hand side (LHS) chamber, to simulate a humid 
environment; this would be the type of warm, sweating, 
humid environment that would be expected inside cloth- 
ing. The LHS then corresponded to the “inside”. Water 
vapor was driven from the LHS to the RHS chamber. A 
constant, negative voltage or current was applied at the 
RHS of the membrane, i.e. the one facing the RHS 
chamber, as indicated, and the change in relative humid- 
ity (RH) as a function of time monitored using the hu- 
midity sensors. The detectors used gave a real-time read- 
ing and record of humidity and temperature every second. 
(The interval could be adjusted from 0.05 s onwards, but 
a 1 s interval was found adequate.) 

Typical potentiostatic results are summarized in the 
raw data in Figures 5(a)-(c). The different data therein 
correspond to two different membrane configurations 
tested, respectively: 1) [(+V)||CP|Au|μP-PSulf|Au||(−V)] 
(where μP-PSulf = microporous polysulfone membrane, 
poresize 0.2 μm); and 2) [(+V)||CP|Au|μP-PSulf|Au|CP|| 
(−V)]. It is to be noted that the second configuration has 
a layer of CP on both sides. As these data show, a very 
rapid increase in RH was observed in the RHS chamber, 
interfaced to the (−) polarity electrode, indicating a very 
rapid transfer of water vapor into this chamber from the 
LHS chamber. For example, typical changes in RH (i.e. 
ΔRH) for the (−) 3 V experiment (with a membrane area 
of ca. 12 cm2) were 28% in 240 s (i.e. 4 min), rising to 
40% at 600 s (10 min). Furthermore, it was observed that, 
as expected, the rate of change of RH was higher for 
higher applied voltages. Finally, it was observed that the 
rate of change of RH was slower when a layer of CP was 
present on the exterior face as well as on the interior face 
of the membrane assembly. Also depicted in Figure 5 
(part (c)) is a chronoamperogram, showing that the stea- 
dy-state current is very small. 

Importantly, it is to be noted that the 0 V data in Fig- 
ure 5 correspond of course to passive WVT, analogous 
to that observed, e.g., in commercial Gore-Tex® PTFE 
membranes as reported by McCullough et al. [17,18], but 
at a much higher rate. That is to say, as noted briefly 
above, our CP membrane materials possessed an inher- 
ent, passive WVT capability which itself was much higher 
than that of “conventional” microporous membranes. 

Typical galvanostatic results are shown in Figure 5(d), 
e), with current densities indicated in the figure legend.  ( 
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Table 1. Representative results from [liquid||membrane||liquid] studies. Also given, for comparison, are: results with alumina 
membranes, as used in prior work of Mullet et al. [12] and others, but using our apparatus; and the original, published re-
sults from this prior work. 

Membrane Configuration (μP-PSulf = poly(sulfone, 0.2 μm poresize; 
0.01 M NaCl electrolyte, current density ca. 35 μA/mm2; 39 μA/mm2for 

reference Mullet et al. study cited) 

Time
(Δt) [s]

m 
[g]


1

Δ
jdt

t
 

[A·mm−2]

Electro-osmotic flow, g per unit area 
per second 

Δ

m

A t
 [g·mm−2·s−1] 

[(+V)||CP|Au|μP-PSulf|Au||(−V)] 3745 4.263 4.145 × 10−4 1.434 × 10−5 

[(+V)||Au|μP-PSulf|Au|CP||(−V)] 2887 4.034 4.765 × 10−4 1.760 × 10−5 

[(+V)||CP|Au|μP-PSulf|Au|CP||(−V)] 5834 4.663 4.172 × 10−4 1.007 × 10−5  

Alumina membrane (Whatman Anodisc, 47 mm dia., 0.2 μm poresize), exactly 
emulating Mullet et al. study [12], but with our apparatus 

510 1.201 2.9 × 10−4 1.3 × 10−6 

Actual Mullet et al. study [12], [Alumina/titania/silica Membrane (64/27/9 
w/w%), 0.9 μm poresize), 0.01 M NaCl electrolyte, current density ca. 39 

μA/mm2] 
   4.0 × 10−6 

 
Also shown therein are chronopotentiograms, i.e. the 
behavior of the potential during the constant current ap- 
plication. It is seen here that after the initial spike, the 
potential quickly stabilizes to a relatively small value 
(magnitude <2.5 V) and within a very narrow range, 
thereafter showing little change. These data clearly show 
that there is no “potential overload” observed.  

In other [vapor||membrane||vapor] results which varied 
the concentration of the electrolyte used, it was observed 
that dilution of the electrolyte concentration caused pro- 
gressively higher WVT rates, in line with theory and 
prior experiment [1-12]. For example, in an experiment 
analogous to that represented in Figures 5 and 6 above, 
at a time duration of 1000 s, the values of ΔRH observed 
for 0.1 M, 0.01 M and 0.001 M aqueous NaCl, were, 
respectively, 20.1%, 23.3% and 29.3%. These data are 
not shown graphically for space reasons.  

The WVT rate of the GelEl alone was verified, for 
reference, by performing a [vapor||membrane||vapor] ex- 
periment as described above, but on a [vapor||Au|GelEl- 
impregnated-membrane|Au||vapor] configuration, i.e. wi- 
thout any CP. (The membrane used was microporous 
poly(sulfone), poresize 0.2 μm). In a passive mode, i.e. 
with no voltage or current applied across the interface, 
the ΔRH observed was ca. 20% higher than the 0 V re- 
sults shown Figure 5 above. These results confirmed that 
the rubbery GelEl actually acted as an efficient trans- 
porter of water vapor in the passive mode, with the driver 
in this case being the concentration gradient of the water 
vapor (and the resulting electrochemical potential differ- 
ence-see discussion below) on either side of it.  

3.4. [Vapor||Membrane||Vapor] Interface Studies,  
Cont.: Water Vapor Transport (WVT) and  
Related Studies Using Industry-Standard  
Tests  

Three industry-standard WVT tests [24-26] were carried 

out (see detail in Experimental Section) at external labo- 
ratories (for purposes of independent corroboration). 
They included:  

1) ASTM E96 B, Upright Cup (American Society for 
Testing and Materials, standard# ASTM E96, “Standard 
Test Methods for Water Vapor Transmission of Materi- 
als”).  

2) DMPC, ASTM F2298: Dynamic Moisture Permea- 
tion Cell test (“Standard Test Methods for Water Vapor 
Diffusion Resistance and Air Flow Resistance of Cloth- 
ing Materials Using the Dynamic Moisture Permeation 
Cell”). 

3) SGHP, ASTM F1868 (Sweating Guard Hotplate 
test). This is a “skin model” test which simulates heat 
and mass transfer processes occurring next to human skin 
and produces accurate, repeatable measurements of the 
thermal resistance and vapor permeability of textiles. 

It is important to note that the above three tests moni- 
tor different performance parameters that cannot be 
compared directly across the different tests, but can be 
compared within the tests between different materials 
and against certain “reference” or “standard” materials. It 
is thus customary in the industry to simultaneously test 
reference materials (standards), for which extensive pub- 
lished data exist [17,18]. Such reference or standard ma- 
terials include Gore-Tex® XCR microporous PTFE 
membranes or an eVent® microporous Nylon mem- 
branes (both of poresize 0.2 μm). The first two tests 
above yield results in units of g·m2·d−1, i.e. grams of wa- 
ter vapor transported (WVT) per square meter of area per 
24 h; however, again, since they are measuring different 
performance parameters, the range of numbers obtained 
from the two tests results is different [17-18].  

A recent publication of McCullough et al. [17-18] 
gives a most recent and very comprehensive evaluation 
of the WVT properties of a very wide variety of fabrics, 
using a variety of WVT tests, including all three tests 
used in our work; in many ways, this work is used as a  
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(a)                                                     (b) 

   
(c)                                    (d)                                    (e) 

Figure 5. (a-c): Typical potentiostatic results on [vapor||membrane||vapor] interfaces. (a) For configuration [(+V)||CP|Au|μP- 
PSulf|Au||(−V)] (where μP-PSulf = microporous polysulfone membrane, poresize 0.2 μm and “+V” indicates polarity of volt- 
age applied, etc.); and (b) For configuration [(+V)||CP|Au|μP-PSulf|Au|CP||(−V)], which has a layer of CP on both sides. (c) 
Typical current-time transient for (−)6V application on a single “pixel”, showing minimal steady-state current. (d, e): Typical 
galvanostatic results on [vapor||membrane||vapor] interfaces: (d) For the configuration [(+A)[Au||μP-PSulf||Au|CP](−A)], at 
different currents as indicated, corresponding to current densities of 0.8 mA·cm−2 (for 10 mA), 2.0 mA·cm−2 (for 25 mA) and 
8.0 mA·cm−2 (for 100 mA). (e): Chronopotentiograms corresponding to these three experiments, which clearly show that 
there is no “potential overload”. 
 
seminal reference work in the industry [13-18]. Thus, 
McCullough et al. [17-18] report a WVT value for the 
Gore-Tex® XCR microporous PTFE membrane is 864.4 
g·m2·d−1 for the ASTM E96 B Upright Cup test, but it is 
3193.3 g·m2·d−1 for the same membrane using the DMPC 
(ASTM F2298) test; these obviously quite different val- 
ues are both accepted as industry standards. It is to be 
noted that these values are passive values, i.e. with no 
voltage of any kind applied. It is also very important to 
note that Gore-Tex, Nylon and other microporous fabrics 
do not of course provide any protection against agents 
(in contrast to our membranes, which do). 

The third test (the SGHP test) yields parameters meas- 
uring the evaporative resistance, in units of m2PaW−1. 

One parameter, Ret, measures the total resistance to eva- 
porative heat transfer of the material, including the sur- 
face air layer and all barriers. A second parameter, Ref, 
measures the resistance to evaporative heat transfer of 
the material alone; it generally provides a better com- 
parison across materials of different types, and is the one 
used in our results presented here. A lower value of Ref 

indicates a higher WVT. The reference (standard) used in 
the industry is again that for Gore-Tex XCR®, 4.9 
m2PaW−1. Table 2 summarizes the results from these 
three tests, for both our membranes and the industry- 
standard membranes. 

A more extensive set of DMPC WVT measurements 
were carried out following the initial results (shown in  
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Table 2. Summary results from studies of WVT using the ASTM E96 B Upright Cup method and the Dynamic Moisture 
Permeation Cell (DMPC, ASTM F2298) method. ((Abbreviations: μP-PSulf = microporous poly(sulfone), poresize 0.2 μm; 
μP-PTFE = microporous PTFE, poresize 2.0 μm; GelEl = gel electrolyte; CP = conducting polymer). 

Membrane Configuration Method 
Voltage  
Applied 

WVT  
[g-m2d−1] 

% Increase with 
Voltage Applied

[inside||CP|Au|μP-PSulf|Au|GelEl||outside] ASTM E96 B None 2564.4  

[(+V)inside||CP|Au|μP-PSulf|Au|GelEl||outside(−V)] (Type II) ASTM E96 B (−)6 V 3706.7 44.5% 

[inside||CP|Au|μP-PSulf|Au|GelEl-μP-PTFE||outside] (Type IIa) ASTM E96 B None 2008.0  

[(+V)inside||CP|Au|μP-PSulf|Au|GelEl|μP-PTFE||outside(−V)] (Type IIa) ASTM E96 B (−)6 V 3154.8 57.1% 

Gore-Tex® XCR (PTFE, 0.2 μm poresize) [17-18] ASTM E96 B None 864.4  

eVent® (Nylon, 0.2 μm poresize) [17-18] [a] ASTM E96 B None 984.8  

[inside||CP|Au|μP-PSulf|Au|GelEl||outside] (Type II) DMPC ASTM F2298 None 7760.0  

[inside||CP|Au|μP-PSulf|Au|GelElμP-PTFE||outside] (Type IIa) DMPC ASTM F2298 None 4330.0  

Gore-Tex® XCR (PTFE, 0.2 μm poresize), our measurement DMPC ASTM F2298 None 2990.0  

Gore-Tex® XCR (PTFE, 0.2 μm poresize), literature[17-18] [a] DMPC ASTM F2298 None 3193.3  

[a] Fabric showing the highest WVT using this method in prior published data. 
 

 

Figure 6. More extensive WVT tests using the DMPC 
(ASTM F2298) method. All except the references/control 
materials were carried out on membrane assemblies incur- 
porated into a final, fabric material. (See text for detailed 
discussion of these results). 
 
Table 2). These were done on the Type IIa membrane 
configuration, but with OPH (the enzyme organophos- 
phate hydrolase [41-42], see above) incorporated into the 
CP; the resulting configuration was [inside||CP(OPH)|Au| 
μP-PSulf|Au|GelEl|μP-PTFE||outside]. Most importantly, 
these measurements (except for the ones on the reference 
materials) were performed with our membrane assembly 
incorporated into a final-form, wearable garment, includ- 
ing additional outside Nylon-Ripstop camouflage cloth 
and inside cloth liner (see Figure 2). These DMPC tests 
were done at the US Army Natick Soldier RD&E Center. 

The results from these are summarized in Figure 6. A 
set of five measurements were done, each maintaining a 

difference in relative humidity (ΔRH) of 50%. In the first 
set, the “inside” RH was maintained at 55% whilst the 
“outside” was maintained at 5%, corresponding to very 
dry, desert conditions. In each set, the RH was progres- 
sively increased by 10% on both ends, so that the fifth 
said had an “inside” RH of 95% and an “outside” RH of 
45%, corresponding to a sub-tropical environment. All 
experiments were thermostatted at 25˚C. Additionally, a 
number of reference materials were tested: 1) “REF M1”, 
an expanded microporous PTFE membrane somewhat 
similar to Gore-Tex® XCR. 2) “REF F2”, a 3-layer fab- 
ric with enhanced WVT. 3) “REF F1”, a microporous- 
PTFE-membrane-based 3-layer laminate fabric. 4) “REF 
F3”, an additional type of microporous-PTFE-membrane- 
based 3-layer laminate fabric. 

The DMPC results in Figure 6 show, quite dramati- 
cally, that while the reference fabrics (including multi- 
layer, multi-component fabrics with specially enhanced 
WVT, denoted REF F2, FEF F1 and REF F3) show a 
constant WVT rate with increased humidity inside the 
garment, our final-garment materials, incorporating our 
Type IIa membrane, show sharply increasing WVT with 
increased internal humidity; this is of course exactly 
what one would want to increase comfort. And of course, 
most importantly, in spite of expelling water vapor at a 
far higher rate than the reference fabrics, our materials 
also protect against agents, whereas the reference fabrics 
do not. 

With regard to the ASTM F1868 (Sweating Guard Hot 
Plate) test, just one set of measurements were carried out, 
for the Type IIa membrane configuration with no voltage 
applied. This gave a normalized Ref value of 1.01 
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m2PaW−1, with a sample of Gore-Tex XCR® measured 
in the same batch of tests yielding a normalized Ref value 
of 4.9 m2PaW−1, corresponding closely to the literature 
value [17-18]. This indicates a WVT capacity for our 
Type IIa membrane configuration in passive mode (no 
voltage applied) and under sweating human skin condi- 
tions, of 4.9/1.01 = 485% of that of the Gore-Tex® stan- 
dard, while our membrane also provides protection 
against CW agents which the Gore-Tex® membrane of 
course doesn’t. 

To briefly reiterate the salient findings from the above 
three types of tests at independent labs then, very high 
WVT rates were observed for our materials. For example, 
in a direct comparison, the best performing prior art 
membrane tested (in passive mode only) by McCullough 
et al. [17-18], a microporous Nylon, yielded a WVT rate, 
using the ASTM E96 B Upright Cup method, of 984.8 
g·m2·d−1. This may be compared with 2564.4 g·m2·d−1 
and 3706.7 g·m2·d−1 for one of our membrane assemblies 
(for passive and active WVT, respectively), using the 
same ASTM method. And most importantly, of course, 
none of the materials studied by McCullough et al. or 
others [7-23] are able to block CW agents. 

3.5. Permeation/Blocking Studies with Chemical  
Warfare (CW) Agent Simulants Using  
Industry-Standard Tests 

For a proper frame of reference in appreciating the re- 
sults on simulants, it is pertinent to comparatively view 
the structures of the simulants and the agents that they 
are models for. Figure 7 provides this, along with struc- 
tures of common pesticides. The simulants studied in- 
cluded D(M/I/E)MP = di(methyl/isopropyl/ethyl) methyl 
phosphonate; DEMTMP = diethyl(methylthiomethyl) 
phosphonate; Cl-Eth = bis(2-Cl-ethyl amine:HCl), all 
shown in Figure 7, and methyl salicylate (simulant for 
HD) and 3-hepten-2-one (simulant for G agents). The 
methodology used for these studies, based on the 
TOP-8-2-501 standard, has been described at length in 
the Experimental Section. DIMP was the primary simu- 
lant studied; other simulants were studied briefly to con- 
firm applicability of the methodology. GC-MS formed 
the primary method of detection and quantitation. Results 
for DIMP permeation are summarized in Table 3. 

These results show, firstly, that the values for total 
permeation (cumulative, i.e. over the 24 h period) for the 
simulant DIMP, as measured by GC/MS using our 
methodology, closely correspond with those for the live 
agent GB, as measured at Battelle; this is true for both 
the passive (no voltage applied) and active (−6 V applied) 
modes, thus validating our methodology. Secondly, they 
show that the introduction of an additional layer of GelEl, 
as in Type IIe vs. Type IIa, drastically reduces the DIMP  
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Figure 7. Structures of chemical warfare (CW) agents and 
simulants/models for these. Also shown, for info only, are 
structures of common pesticides; the stark similarity of 
their structures with those of the other categories is evident. 
(Abbreviations for simulants: D(M/I/E)MP = di(methyl/iso- 
propyl/ethyl) methyl phosphonate; DEMTMP = diethyl(me- 
thylthiomethyl) phosphonate; Cl-Eth= bis(2-Cl-ethyl amine: 
HCl); Mal = Malathion, a common commercial pesticide). 
 
permeation (total permeation drops from 236.23 μg/cm2 

to 54.04 μg/cm2). Thirdly, they show that, for Type IIf, 
i.e. membranes with the enzyme OPH impregnated into 
the CP, there is a very drastic reduction in the DIMP 
permeation when a voltage is applied (7.90 μg/cm2) as 
compared to when no voltage is applied (79.8 μg/cm2), 
indicating electrochemical activation of the OPH enzyme, 
as observed by others as well [41-42]. 

Results for permeation of other simulants were very 
similar to those for DIMP above and are not given in 
detail for space reasons. However, we mention that par- 
ticularly noteworthy was the nearly complete blockage of 
Malathion (a commercially available pesticide that is a 

odel for the CW agent GB), when present at any con-  m 
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Table 3. Representative results from studies of DIMP permeation, using the GC/MS method described above, for several 
membrane configurations, as indicated. 

Sample# Membrane Configuration 
Voltage 
Applied 

DIMP permeation, 
[μg·cm−2] 

Live agent (GB) 
permeation, 

total (Battelle),
[μg·cm−2] [a]

   2 - 6 hrs 6 - 24 hrs Total  

cc_143, 
cc_165 

[inside||CP|Au|μP-PSulf|Au|GelEl|μP-PTFE||-outside] 
(Type IIa) 

None  
(open circuit)

23.16 213.07 236.23 242.89 

cc_164 
[inside||CP|Au|μP-PSulf|Au|GelEl|μP-PTFE||-outside] 

(Type IIa) 
−6.0 V 14.86 115.99 130.85 117.25 

cc_158 
[inside||CP|Au|μP-PSulf|Au|GelEl|μP-PTFE|-GelEl|μP-PTFE-||outside] 

(Type IIe) 
None  

(open circuit)
5.02 49.02 54.04  

Q09_p13b 
[inside||CP+OPH|Au|μP-PSulf|Au|GelEl|μP-PTFE|Au|CP+OPH-||outside]

(Type IIf) 
None 

(open circuit)
  79.8  

Q09_p13c 
[inside||CP+OPH|Au|μP-PSulf|Au|GelEl|μP-PTFE|Au|CP+OPH-||outside]

(Type IIf) 
−6.0 V   7.90  

[a] As measured at Battelle. 
 
centration above 0.065 mg·cm−2, in Type IIf membranes; 
this concentration may be compared with the US Army 
AEGL-2 (Acute Exposure Guideline Level-2, “disab- 
ling”) criterion for GB of 1 mg·cm−2. (It may be re- 
called that in Type IIf, the CP is impregnated with the 
enzyme OPH [41-42]). 

It is also to be noted that, as per prior published data 
on gas permeation through microporous PTFE mem- 
branes [13-18] and as expected, unmodified microporous 
PTFE membranes (GoreTex®, poresize 0.45 μm), were 
found to be extremely permeable to DIMP in our studies, 
with permeability within the first 2 hours of tests being 
about 10× that of the membranes listed in the above table. 
That is to say, the “plain” microporous membranes wou- 
ld provide no protection whatsoever against agents, as 
expected. 

3.6. Permeation/Blocking Studies with Agents 

The methodology for these studies is described at length 
in the Experimental Section. The structures of the agents 
tested, known by their military appellations (GB, HD, 
VX), are shown in Figure 7, where they may also be 
compared with their corresponding simulants/models. 
Representative results are given in Table 4. This table 
also gives, for reference, values of the US Army guide- 
lines for exposure, known as the Acute Exposure Guide- 
line Levels (AEGL), of which AEGL-1, AEGL-2 and 
AEGL-3 represent, respectively, the “non-disabling”, 
“disabling” and “lethal” exposure limits. 

It is seen from these results (Table 4) that our mem- 
branes effectively block agents. GB is the most volatile 
of the three agents tested; for this agent only, some per- 
meation is seen in Type II membranes. In later work, this 
permeation was effectively blocked through modification 

of this membrane configuration, in the Type IIe and Type 
IIf configurations; these introduced an additional mem- 
brane/GelEl layer on the exterior that effectively blocked 
GB. This was seen in tests with the simulant DIMP (see 
above) with these modified membrane configurations; 
tests with live GB agent for these new configurations 
(Type IIe, Type IIf) are planned for early 2014. More 
interestingly, the membranes exhibited very slightly 
poorer blocking in active mode (i.e. with voltage applied) 
as compared to passive mode. It is proposed that the re- 
dox of the CP that occurs on application of voltage may 
cause a physical change in the conformation of the CP 
chain and thus a small expansion of the poresize, facili- 
tating increased CW agent permeation. This is also in 
line with the increased water vapor permeation seen in 
the active mode as compared to the passive mode (results 
above). (The structure of the CP/Au/membrane interface, 
as described above, is again noted in this respect: Rather 
than clearly defined, solid layers, the Au and the CP ac- 
tually permeate well into the fibers of the microporous 
membrane). 

3.7. Environmental Durability and Related  
Studies Using Industry-Standard Tests 

The industry-standard tests [24-26] performed on the 
membrane assemblies under this category included: 1) 
ASTM D 2261, “Tearing Strength of Fabrics”. 2) ASTM 
D 5034 (Grab), “Breaking Strength of Textile Fabrics”. 3) 
ASTM D 3886, “Stoll Flat Abrasion Resistance”. 4) 
ASTM F392/F392M-11, “Standard Test Method for Flex 
Durability of Flexible Barrier Materials”, also called the 
“Gelbo Flex Test”.  

Results of these tests are given here in summary form 
in Table 3 above. They may also be briefly summarized  
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Table 4. Agent permeation results, in passive (no voltage applied) and active (−6 VDC applied) modes. The membrane con- 
figurations tested were, as indicated, Type IIa ([inside||CP|Au|μP-PSulf|Au|GelEl|μP-PTFE||outside]) and Type II ([in- 
side||CP|Au|μP-PSulf|Au|GelEl||outside]. (ND = not detected; h = hours.) A value of 0.250 μg/cm2 essentially indicates ND, 
since that was the detection limit of the instrument. 

Agent Sample# 
Membrane 

Confign. 
Mode 

Permeation, 
([μg/cm2], except Controls g/m2) 

AEGL-2 (disabling)
Level, for reference

[μg/cm2] [a] 

    0 - 2 h 2 - 6 h 6 - 16 h 16 - 24 h Cum. (0 - 24 h)  

HD M1-P-S5 Type II passive 0.250 1.851 9.132 3.930 15.163 50.0 

HD M1-P-S6 Type II passive 0.250 1.871 8.670 4.728 15.519 50.0 

HD M2-P-S5 Type IIa passive 0.250 0.250 1.505 0.950 2.955 50.0 

HD M2-P-S6 Type IIa passive 0.250 0.250 1.717 0.831 3.040 50.0 

GB M2-P-S1 Type IIa passive 92.60 0.250 0.250 0.250 93.35 100.0 

GB M2-P-S2 Type IIa passive 43.50 0.250 0.250 0.250 44.25 100.0 

VX M1-P-S7 Type II passive 0.250 0.250 0.250 0.250 1.00 50.0 

VX M1-P-S9 Type II passive 0.250 0.250 0.708 0.250 1.458 50.0 

VX M2-P-S7 Type IIa passive 0.250 0.250 0.250 0.250 1.00 50.0 

VX M2-P-S8 Type IIa passive 0.250 0.250 0.250 0.250 1.00 50.0 

HD Spike Control Control, 10 ± 1.0 g/m2 passive     10.25 g/m2  

GB Spike Control Control, 10 ± 1.0 g/m2 passive     10.66 g/m2  

VX Spike Control Control, 10 ± 1.0 g/m2 passive     10.24 g/m2  

HD M1-A-S3 Type II active ND ND 47.44 18.91 66.35 100.0 

HD M1-A-S4 Type II active ND ND 50.38 32.0 82.98 100.0 

HD M2-A-S3 Type IIa active ND 0.76 8.63 5.49 14.88 100.0 

HD M2-A-S4 Type IIa active 0.25 ND ND 1.49 1.74 100.0 

VX M1-A-S5 Type II active 0.25 ND ND ND 0.25 50.0 

VX M1-A-S6 Type II active ND ND ND 0.25 0.25 50.0 

VX M2-A-S5 Type IIa active 0.25 0.25 0.25 3.015 3.765 50.0 

VX M2-A-S6 Type IIa active 0.25 0.25 0.25 0.566 1.316 50.0 

HD Spike Control Control, 10 ± 1.0 g/m2 active     10.09 g/m2  

GB Spike Control Control, 10 ± 1.0 g/m2 active     10.73 g/m2  

VX Spike Control Control, 10 ± 1.0 g/m2 active     9.82 g/m2  

[a] US army acute exposure guideline levels (AEGL). AEGL-1: Non-disabling; AEGL-2: Disabling; AEGL-3: Lethal. 
 
here: 1) Test: ASTM D 2261, “Tearing Strength of Fab- 
rics”. Result, Type IIa membrane: 0.067 lb-f/N. Refer- 
ence results: 1 to 2 lb-f/N for typical microporous fabrics 
such as GoreTex®. 2) Test: ASTM D 5034 (Grab), 
“Breaking Strength of Textile Fabrics”. Result, Type IIa 
membrane: 16.4 lb-f. Reference results: 10 to 15 lb-f for 
typical microporous fabrics such as GoreTex®. 3) Test: 
ASTM D 3886, “Stoll Flat Abrasion Resistance”. Result, 
Type IIa membrane: No noticeable wear at 1000 cycles. 
Reference results: Some wear is observed at about 500 
cycles for typical microporous fabrics such as GoreTex®. 
4) Test: ASTM F392/F392M-11, “Standard Test Method 

for Flex Durability of Flexible Barrier Materials”, also 
called the “Gelbo Flex Test”. For this test, the specimen 
fabric (15 cm × 9.5 cm) was subjected to flexing, which 
consisted of a twisting motion followed by a horizontal 
motion, undergoing a maximum of 180 degree of twist 
(see photos of apparatus and actual tests in Figure 4). 
The sample was flexed for 20 cycles at 15 cpm. WVT 
(ASTM E 96 B) and DIMP permeation were monitored 
(GC/MS method outlined above), before and after the 
flexing. The deterioration in WVT was observed to be 
12%. The increase in DIMP permeation was not observ- 
able (DIMP permeation of pre- and post-Gelbo flex test 
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samples were both below the detection limit of the 
method used). 

3.8. Practical Aspects of Field Use of Final  
Garment, Including Power Requirements  

From the data above, voltage and power requirements 
may be arrived at for garment use in the field. Our results 
indicate that a potentiostatic mode of operation (with 
(−)6 V as the standard voltage applied) is the preferred 
mode in practical field applications; among other things, 
it is much easier to apply a constant potential than a con- 
stant current from a power source such as a Li ion battery. 
In this respect, it is also noted that, as indicated by the 
chronoamperogram in Figure 5(c), after an initial current 
spike, the current plateaus to a steady state that is well 
below the initial spike value. In the field studies currently 
underway, a “current-limiting” function has been built 
into the smart Controller used to coordinate application 
of voltage to the garment. This cuts off the power (i.e. 
the membrane is brought to open circuit) if the current 
density exceeds a pre-designated maximum. Another fea- 
ture of the Controller is input from humidity and tem- 
perature sensors both on the inside and the outside of the 
garment. On the basis of these inputs, the Controller’s 
control algorithm decides whether to shut off the voltage 
being applied; the humidity on the internal side of the 
garment is the main determinant of this decision. The 
overall product is thus a “smart” garment requiring little 
user input. (The Controller is the subject of a separate 
patent application in preparation.) 

With a view to such practical field use, current-limit- 
ing studies were carried out in a laboratory setting. In a 
typical such study, a current-limiting DC power supply 
was used and set at a maximum current output of 50 mA 
@ (−)6.0 V applied, for a freshly fabricated membrane 
assembly test sample of dimension 10 cm × 10 cm; this 
yielded a maximum possible current density of 0.5 
mA·cm−2 or 5 A·m−2. The test sample was allowed to sit 
in the lab, in ambient air, for ca. 20 h. It was then hooked 
up to the current-limiting power supply and the (−)6.0 V 
applied to it. The chronoamperogram observed showed a 
maximum current (spike) of 1.6 mA at 1.0 s, which rap- 
idly decayed to <0.5 mA @ 120 s, subsequently main- 
taining this steady-state level over the 1 h tested. This 
steady-state current computes to a current density of 
0.005 mA·cm−2 or 0.05 A·m−2, and the power computes 
to 0.3 W·m−2 (6 V × 0.05 A·m−2). On repeat of this pro- 
cedure several times, it was observed that the “spike” in 
the initial current essentially disappeared, yielding only 
the steady state current, which in turn then fell to ca. half 
its original value, i.e. ca 0.25 mA. Several such experi- 
ments confirmed that freshly fabricated membrane as- 
semblies would need only an initial such “break-in”, on 
initial voltage application, and would then stabilize to a 

very low power consumption value, 0.15 W·m−2 or less.  
The above data combined with the extensive [vapor|| 

membrane||vapor] data presented earlier (including both 
the lab experiments and the industry-standard tests) allow 
for the estimation of power requirements (from the volt- 
ages applied and current densities measured). These lie in 
the region of 0.05 W·m−2 to 0.50 W·m−2 (i.e. per square 
meter). To start with, these are extremely low power 
consumption values. More significantly, these are for 
constant, continuous application of a voltage (or current) 
to the membrane garment. Now in actual use with the 
smart Controller described above, a voltage (or current) 
would not be continuously applied to the garment. Rather, 
the Controller would monitor the humidity on the inside 
of the garment with a sensor and turn the garment “ON” 
only when the threshold humidity is crossed. It is also 
noted that the field use garments comprise “pixels” of the 
membranes of dimension 10 cm × 10 cm each, electri- 
cally connected in parallel (cf. Figure 2). The seams 
between these pixels, of width ca. 2 to 4 mm, are sealed 
with a flexible, agent-blocking polyurethane adhesive. 
These seams were tested for agent simulant permeation 
and were found to be impermeable before and after sev- 
eral stress tests, including the Gelbo Flex test (see results 
in Supplementary Information).  

An issue of concern for field use, and eventual decon- 
tamination in the event of agent exposure, is the retention 
of residual CW agent within the fabric. To evaluate this, 
full garments incorporating Type IIe and Type IIa mem- 
branes were surface-saturated with agent simulant 
(DIMP). The evaporative loss of DIMP at 25˚C and at- 
mospheric pressure was monitored using weight-loss, 
GC/MS and other methods. It was found that ca. 33% of 
the original DIMP was linearly lost every hour, with 
complete loss of the DIMP within 3.25 h. This demon- 
strated the membranes would not retain any residual 
agent within just a few hours of exposure. Other issues of 
concern for use include the potential denaturing of the 
enzyme OPH in any membranes incorporating it, espe- 
cially if a prolonged shelf life is involved. For this reason, 
and because the membranes with OPH did not perform 
markedly better than membranes without it except with 
the agent simulant Malathion, it appears that membranes 
that incorporate OPH should not be used within the fab- 
ric. As of this writing, the fabric samples incorporating 
our best membrane configurations are being evaluated 
for consideration in a future garment.  

3.9. Potential Mechanism of Large WVT Rates  
Observed and of Agent Blocking 

3.9.1. WVT 
Our results, as presented above, and as confirmed with a 
multitude of tests at independent, external laboratories 
(also presented above), clearly establish: 1) That our 
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membranes clearly demonstrate passive WVT rates that 
are multiples of the best rates reported previously. 2) 
That they display active WVT, demonstrated for the first 
time ever, at rates which are further increased from the 
passive rates. 3) And that they simultaneously and effi- 
ciently block agents. These results are clearly established. 
What is not established however is a possible mechanism 
for the observed WVT in our unique membranes. We 
now briefly discuss some potential mechanisms that may 
be postulated, in light of prior, published theoretical and 
experimental studies [1-23].  

As noted above, the CP in our membrane assemblies 
was placed on the “inside” or interior, (i.e. closest to the 
skin when worn as a garment). Now a typical membrane 
configuration, such as Type IIa, displayed an open circuit 
potential (OCP, as measured with a potentiostat) between 
the “outside” facing and “inside” facing electrodes, of ca. 
+200 mV to +300 mV (with the + polarity observed at 
the CP, i.e. on the “inside” of the garment). These values 
may be compared with typical zeta potentials, observed 
in electroosmotic studies with capillaries, membranes 
and other naturally charged surfaces, of about +50 mV 
[1-10]. That is to say, as compared to all prior studies on 
microporous and other membrane and capillary materi- 
als, the intrinsic electroosmotic potential observed in our 
CP-functionalized membranes is ca. four to six times in 
magnitude. Now it is well established from prior studies 
[1-13] that this potential difference is the primary driver 
of the electroosmotic flow. Furthermore, an additional, 
externally applied voltage may be used to further supple- 
ment this intrinsic potential difference, as in the case of 
the active mode in our membranes.  

Thus, one potential, clear explanation for the very 
large WVT rates observed in the case of our functional- 
ized CP microporous membranes, even in a passive mode 
(i.e. with no voltage applied), is that the effective, intrin- 
sic electroosmotic potentials in our materials are much 
larger than those observed in conventional capillaries or 
microporous (or other) membranes. Now when a further 
voltage is applied across our membranes (e.g. the 6 V 
typically applied in our active-mode studies, with the 
polarity always (+) at the CP on the “inside”), the resul- 
tant electric field further enhances the intrinsic elec- 
troosmotic potential of our membranes. However, this 
enhancement may not be significant, due primarily to the 
large (electrical) resistance of the gel electrolyte; this 
causes the actual voltage sensed at the CP electrode sur- 
face to be significantly less than the 6 V applied; we have 
confirmed this in OCP (open circuit potential) measure- 
ments, as cited earlier. As a result, the observed en- 
hancement of WVT rates on application of a voltage is 
not large (ca. 44% was the maximum enhancement ob- 
served in our work).  

It may be argued that the theoretical treatment and ex- 

perimental observations of electroosmotic flow [1-12, 
20-23] intrinsically stipulate that flow occurs only in the 
presence of an electrical field, i.e. in active mode. How- 
ever, in this respect, it may be noted that electroosmotic 
flow is always “active”, because there is always a poten- 
tial difference, corresponding approximately to the zeta 
potential, across a membrane or between the ends of a 
capillary. Indeed, the observed potential difference be- 
tween the ends of the micropores of our membranes (ca. 
200 - 300 mV, see data above and below) can be consid- 
ered to be equivalent to an actively applied electrical 
field. Additionally, an analysis of the intrinsic elec- 
troosmotic potentials and their gradients present in cap- 
illaries and micropores, again based on prior theoretical 
and experimental work, shows that these inevitably vary 
significantly, by as much as 75 mV, from one end of any 
capillary or micropore to another [1-12]. Thus, it may be 
argued, the term “passive electroosmotic flow” is inher- 
ently incorrect, because the electroosmotic flow is in fact 
always active. Furthermore, when a species, e.g. water in 
vapor form, is introduced, that changes the electro- 
chemical potential of one end of the capillary or micro- 
pore as compared to the other end, the electrical field 
gradient is further increased. Thus, what one may ascribe 
as a water vapor concentration difference between one 
end of a micropore or capillary and the other end may 
also be considered as an electroosmotic potential differ- 
ence. During WVT then, the water vapor condenses on 
the walls of the capillary/micropore at one end and re- 
evaporates at the other end. In other studies in our lab, 
this intrinsic potential difference and resulting electrical 
field gradient have been documented, in measurements 
of potential difference (ΔV) across interfaces using a 
laboratory potentiostat. Some typical results are as fol- 
lows: 1) (RH = relative humidity, all measurements at 
25˚C) Interface#1 [45% RH||Au|μP-PSulf|Au||45% RH], 
ΔV across Au electrodes = below noise of potentiostat, 
i.e. ~0 mV. 2) Interface#2 [90% RH||Au|μP-PSulf|Au|| 
45% RH], ΔV across Au electrodes = 95 mV. 3) Inter- 
face#3 [90% RH||CP|Au|μP-PSulf|Au||45% RH], ΔV 
across Au electrodes = 295 mV. These measurements 
were highly reproducible and reversible. They clearly 
show that: 1) There is no observable ΔV when the RH at 
both ends of the membrane is the same. 2) When the RH 
at both ends is different (90%/45%), the presence of the 
CP layer causes a dramatic increase in the ΔV (from 95 
mV to 295 mV). Finally, it should also be noted that the 
applicability of electroosmotic flow to combined liquid 
/vapor phases was clearly demonstrated by our [va- 
por||μPmembrane||vapor] experiments cited above, which 
showed a very large WVT upon application of a voltage 
across the interface.  

The above discussion not with standing, regardless of 
the mechanism of WVT, which may properly be further 
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elucidated in more detailed studies, the fact of the very 
high rate WVT (in both passive and active modes), as 
corroborated by several very different methods and at 
several independent laboratories, is clearly established in 
our work, as is the fact that the WVT is greatly enhanced 
with the inclusion of the CP in the membrane.  

3.9.2. CW Agent Blocking 
With regard to the effective blocking of the CW agents 
(and simulants) by our membrane assemblies, this may 
be ascribed primarily to the GelEl. The unique, patented 
[35-38] composition of the GelEl allows for water vapor 
penetration and transport within it, while serving as an 
impermeable barrier to organic molecules (in our case, 
those possessing phosphonate and structurally related 
moieties). This is confirmed by the observation, reported 
above, that our membrane assemblies, when they do not 
have GelEl, are significantly permeable to agents and 
simulants.  

4. Conclusions  

In this communication, we have demonstrated passive as 
well as active electroosmotic WVT, across unique, func- 
tionalized CP microporous membranes, the latter for the 
first time to our knowledge. This occurs together with 
simultaneous blocking of CW agents and simulants, 
again for the first time to our knowledge. The membrane 
assemblies demonstrate typical passive WVT rates more 
than 2.5 times as high and active rates more than 3.5 
times as high as the highest previously reported (passive) 
WVT rates, for Nylon microporous membranes; these 
latter of course do not possess any agent blocking capa- 
bility as our membranes do. Agent blocking was demon- 
strated with agents. All WVT and other measurements 
were independently corroborated at external laboratories. 
The membrane assemblies passed all relevant environ- 
mental durability tests. They were incorporated into 
“smart” final-form fabrics. Likely mechanisms of the 
significantly enhanced electroosmotic transport as well 
as the CW agents blocking in these membranes were dis- 
cussed. Many issues relating to field use, such as power 
consumption and “smart” control were resolved. Gar- 
ments incorporating these unique membranes are cur- 
rently under test. The ultimate objective of this work is to 
create lightweight, comfortable protective garments. 
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