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Executive summary

The overall goal of this project was to develop reactive membrane barriers--a new and
flexible technique to contain and stabilize subsurface contaminants. Polymer membranes will
leak once a contaminant is able to diffuse through the membrane. By incorporating a reactive
material in the polymer, however, the contaminant is degraded or immobilized within the
membrane. These processes increase the time for contaminants to breakthrough the barrier (i.e.
the lag time) and can dramatically extend barrier lifetimes. In this work, reactive barrier
membranes containing zero-valent iron (Fe°) or crystalline silicotitanate (CST) were developed
to prevent the migration of chlorinated solvents and cesium-137, respectively. These studies
were complemented by the development of models quantifying the leakage/kill time of reactive
membranes and describing the behavior of products produced via the reactions within the
membranes.

First, poly(vinyl alcohol) (PVA) membranes containing Fe” and CST were prepared and
tested. Although PV A is not useful in practical applications, it allows experiments to be
performed rapidly and the results to be compared to theory. For copper ions (Cu®") and carbon
tetrachloride, the barrier was effective, increasing the time to breakthrough over 300 times. Even
better performance was expected, and the percentage of the iron used in the reaction with the
contaminants was determined. For cesium, the CST laden membranes increased lag times more
than 30 times, and performed better than theoretical predictions. A modified theory was
developed for ion exchangers in reactive membranes to explain this result. With the PVA
membranes, the effect of a groundwater matrix on barrier performance was tested. Using
Hanford groundwater, the performance of Fe’ barriers decreased compared to solutions
containing a pH buffer and high levels of chloride (both of which promote iron reactivity). For
the CST bearing membrane, performance improved by a factor of three when groundwater was
used in place of deionized water.

The performance of high density polyethylene (HDPE) membranes containing Fe’ was
then evaluating using carbon tetrachloride as the target contaminant. Only with a hydrophilic
additive (glycerol), was the iron able to extend lag times. Lag times were increased by a factor of
15, but only 2-3% of the iron was used, likely due to formation of oxide precipitates on the iron
surface, which slowed the reaction. With thicker membranes and lower carbon tetrachloride
concentrations, it is expected that performance will improve.

Previous models for reactive membranes were also extended. The lag time is a
measurement of when the barrier is breached, but contaminants do slowly leak through prior to
the lag time. Thus, two parameters, the leakage and the kill time, were developed to determine
when a certain amount of pollutant has escaped (the kill time) or when a given exposure
(concentration x time) occurs (the leakage). Finally, a model was developed to explain the
behavior of mobile reaction products in reactive barrier membranes. Although the goal of the
technology is to avoid such products, it is important to be able to predict how these products will
behave. Interestingly, calculations show that for any mobile reaction products, one half of the
mass will diffuse into the containment area and one half will escape, assuming that the volumes
of the containment area and the surrounding environment are much larger than the barrier
membrane. These parameters/models will aid in the effective design of barrier membranes.



Objectives

Contaminants of concern to the U.S. Department of Energy include radionuclides (e.g.,
cesium-137, strontium-90), metals (e.g., chromium VI, CrO,%), and chlorinated solvents (e.g.,
carbon tetrachloride (CT), tetrachloroethylene (PCE), trichloroethylene (TCE)), all of which are
present at a various sites across the DOE complex. The contaminants are found in both the
vadose and saturated zones. Chlorinated solvents may also be present above their aqueous
solubility, leading to the presence of dense non-aqueous phase liquids (DNAPLs). Thus, it is
desirable to have a containment or stabilization technology that can be used in a variety of
situations for a variety of contaminants.

In some, if not many situations, contaminated soils cannot be excavated, or economically
feasible remediation techniques do not exist because the contamination is too concentrated or
the contaminated zone is too large or deep. In these instances, containment and/or stabilization
may be the only option available. Moreover, temporary containment is often necessary even
when remediation of the contaminants is planned because time is needed to evaluate and design
the necessary treatment options. Finally, contaminant sources may localized (e.g, a DNAPL
pool) or diffuse, necessitating a versatile technology that is useful for both concentrated and
dilute contaminant sources. Even if meant to be temporary, it is advantageous for the system to
have a long expected lifetime, for design and installation of remediation plans may take longer
than expected or temporary containment strategies can become permanent ones because of
budgetary or emphasis shifts.

Reactive membrane barriers meet all of the above criteria. Any “impermeable”
membrane barrier (e.g., an HDPE geomembrane) used to contain or stabilize subsurface
contamination will eventually leak due to diffusion of the contaminants through the polymer.
Reactive membrane barriers, however, can degrade or immobilize contaminants within the
membrane. These processes increase the time for contaminants to breakthrough the barrier and
can dramatically extend barrier lifetimes. These barriers can be used to prevent vapor transport in
the vadose zone, contaminated water transport in the saturated zone, and have the potential to
contain DNAPLs as well.

The overall goal of this project was to develop reactive membrane barriers--a new and
flexible technique to contain and stabilize subsurface contaminants. Because
treatment/remediation at some sites is neither technically or economically feasible, containment
or stabilization may be the only viable alternative. For containment to be effective, the barrier
must prevent the transport/diffusion of the contaminant for as long as possible. Reactive
membrane barriers will prevent the migration/breakthrough of contaminants for 100-1000 times
longer than polymer membranes alone. These modified membranes have the potential to contain
subsurface sources of organic and inorganic contaminants in both vadose and saturated zones.
The transport of non-aqueous phase liquids (NAPLs) will also be prevented by these membranes.
Two reactive particles were incorporated into polymer membranes: iron metal (Fe(0)) and
crystalline silicotitanate (CST). The Fe(0)-containing membranes can be used to contain
chlorinated solvents or chromate (CrO4>) sources in the subsurface by serving as an electron
donor for their reductive transformation with in the membrane. CST is an ion exchange material
with high selectivity for cesium and strontium. The reactive membranes represent a significant
advance over current membrane-based containment techniques.



The specific objectives of the project were to manufacture, test, and model the
performance of the reactive membrane barriers described above. Specific tasks were to:

1. Manufacture and test polyvinyl alcohol (PVA) membranes containing reactive particles
(iron metal or CST).

2. Manufacture and test high density polyethylene (HDPE) membranes containing reactive
particles (iron metal).

3. Test the performance of the membranes with groundwater collected from one or more
DOE sites to determine whether interference by components in the groundwater matrix
occurs.

4. Use mathematical and/or numerical models to develop a set of analytical guidelines that
facilitate the development of reactive barrier films to allow their application at
contaminated DOE sites.

Theory

The expected increases in breakthrough or lag time for reactive membranes are based on
equations developed previously and are briefly reviewed here. The theory for diffusion through a
membrane without reaction predicts that the downstream concentration changes as (Crank, 1975;
Yang et al. 2001):
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and where Cg,n and C,, are the contaminant concentrations downstream and upstream of the
membrane, respectively; D is the diffusion coefficient for the selected contaminant in the
membrane; P is permeability of the membrane to the contaminant, equal to H-D; H is the
membrane-water partition coefficient for the contaminant into the membrane; L is the membrane
thickness; Vo 18 the volume of the downstream compartment; A is the cross-sectional area of
the membrane available for diffusion; and ¢ and #,,, are time and breakthrough lag time,
respectively. Equations 1 and 2 are derived assuming that C,, is constant and that the volume of
the upstream compartment is very large. Similar equations for other assumptions are easily
derived.

For a membrane containing a reactive material that consumes contaminants irreversibly,
the corresponding equation again has the form of eq 1 but with a different expression for the lag
time (Yang et al., 2001):

t LG, 3

=5 pe, 3)
where Cj is the initial concentration of the reactive material, and v is the stoichiometric
coefficient of the reaction. Equation 3 assumes an instantaneous reaction, i.e. the reaction is
much faster than diffusion through the membrane. Yang et al. demonstrated that the
breakthrough lag time for various acids through membranes containing ZnO obeyed eq 3.

Ideal breakthrough curves for membranes with and without a reactive material are
illustrated in Figure 1. In general, eqs 1 through 3 are approximations, valid at small times before



much contaminant penetration has occurred. These small times are important from an
environmental viewpoint, as they allow predictions of initial contaminant fluxes through the
barrier material. At longer times, the downstream concentration does not follow these relations,
but becomes non-linear, as shown in Figure 1. Equations 1 through 3 form the basis for
analyzing our experiments as described below. Extensions to this theory developed as part of this
project are described in later sections.

Methods

Poly(vinyl alcohol) Membrane Preparation

Iron containing PVA membranes were prepared in an anaerobic chamber to prevent
unwanted oxidation of Fe’. For membranes containing CST or zinc oxide (ZnO), this was not
required. Nanoparticles of Fe’ were synthesized by mixing 0.1 M aqueous solutions of

Non-reactive . _ _.
membrane _ - Reactive P
c 5 V2 membrane ,°
'8 lag - 6D Ve | — 0 ’/
© L’ ® ok C, s
4 /
// 4

Figure 1. Conceptual breakthrough curves for reactive and non-reactive membranes. Cyp,, =
downstream concentration of a contaminant, ¢ = time, #,, = breakthrough lag time, L =
membrane thickness, D = diffusion coefficient of the contaminant in the membrane, Cy =
concentration of a reactive material in the membrane at the beginning of a diffusion experiment,
C.p = upstream concentration of a contaminant, v= stoichiometric coefficient of the reaction,
and P = permeability of the membrane for the specific contaminant.

FeCls-:6H,0 and NaBHj as described previously (Wang and Zhang 1997). Minute, black
particles were produced. A study has shown that nanoparticles of Fe” synthesized in a similar
manner contained approximately 4 % boron by mass (Schrick et al., 2002), but we simply refer
to the nanoparticles synthesized here as nanoparticles of Fe’. After the reaction was complete,
the particles were rinsed with deoxygenated water to remove any residual BH; and BOs™ that
could disrupt cross-linking of the PVA.

A PVA solution was prepared by adding 2.5 g of PVA to 30 mL of water. The mixture
was heated to near boiling while stirring until a completely transparent solution was obtained.
After the solution was cooled and degassed under vacuum, nanoparticles of Feo, CST, or ZnO
were mixed into the solution. The mixture was cast on a smooth Teflon block, leveled with a
doctor blade, and allowed to dry. After drying, the membrane was heated at 150 °C in an oven
flushed with N, gas for 1 hour to lightly crosslink the polymer. The pure PVA membranes were
synthesized in a similar manner but without the addition of the immobilized reagent. Iron content



in each synthesized Fe’/PVA membrane was determined by the FerroZine method (Stookey,
1970) after dissolving the iron particles from the membrane with Aqua Regia (Sancar et al.,
2000). The surfaces of Fe"/PVA membranes observed by SEM (Figure 2) show clusters of Fe’
evenly scattered in the membrane. The clusters are 1-2 pm in diameter, and each cluster consists
of smaller Fe’ particles (100-200 nm in diameter). The membrane thickness was measured after
overnight hydration using a micrometer. Local variation of the membrane thickness was
typically = 10 %, and the average value of five measurements per membrane sample is reported.

These membranes are much thinner than typical landfill liners, which are more than 1.5 mm
thick (USEPA, 1994).

Figure 2. SEM images of (a) a dry PVA membrane surface and (b) a dry Fe"/PVA membrane
surface before the breakthrough experiment. Black spots are nanoparticles of Fe’. Surface
roughness is also observed as ridges. Images were inverted and adjusted for brightness and

contrast.

High Density Polyethylene Membrane Preparation

The Fe” nanoparticles described above were used. To blend the HDPE and Fe® particles, a
batch mixer was used. First, polymer (14-19 g) was transferred into the mixer and melted at 160
°C. Iron nanoparticles (1.0-3.5 g) were then mixed into the molten polymer and blended for 10
min. The mixture was taken out of the mixer and pressed by a hydraulic molding press for 8 min
at 150 °C and 275 kPa. The resulting membrane appeared uniformly black. Polymer membranes
without Fe® were produced by simply pressing polymer beads without the mixing process.
The Fe” was transferred into the mixer via two methods to limit oxidation of the particles. In one
method, the mixer and press were covered by a plastic bag and flushed with N, to prevent
oxidation. This method was used to prepare Fe’”’HDPE membranes with no additive. For the
second method, Fe' particles were coated with glycerol (approximately two parts glycerol to one
part iron by mass), making a black paste, before introduction to the mixer. The coating prevented
the oxidation of Fe’ during its brief exposure to air, and therefore, the flushing with N, was not
necessary. This method was adopted to prepare Fe’/HDPE membranes with glycerol as an
additive.

Breakthrough Experiments
Solute breakthrough across each membrane was tested with a diaphragm-cell diffusion
apparatus as shown in Figure 3. Both cells were filled with the desired (pH buffered) solution,



and each cell was stirred with a Teflon-coated magnetic stirbar. Tests with colored dye showed
complete mixing of solute in the cells within 15 seconds The target contaminant was introduced
into the upstream cell to begin an experiment. The upstream cell had a larger volume so that the
concentration in this cell changed minimally. The downstream concentrations were monitored by
collection of aqueous samples or monitoring with an electrode. Samples were also collected from
the upstream cell when desired. For PVA membranes, the membrane was held in place by
clamping the two cells together. For HDPE, the membrane was glued to each cell using epoxy
and the clamp was used for additional support.

) micropipette or pH meter
stirplate
l membrﬁ

stirbar

Figure 3. Schematic of a typical diaphragm cell used in this study. The larger cell is the
‘upstream’ cell initially spiked with the contaminant of interest.

Batch Experiments

The procedure for a typical sorption experiment was explained by Joo et al. (2004) in
detail. In our study, a 123-mL serum bottle was loaded with pieces of HDPE membrane and
filled with Milli-Q water leaving no headspace. CT was injected, and the bottle was capped with
a Teflon-faced septum. At each sampling, an 10-uL aqueous sample was withdrawn from the
bottle. The experiments were run for up to 30 days, and the isotherm was created using average
concentrations determined once solution concentrations were no longer changing (7 days or
longer).

Analytical Methods

Analytical methods depended on the particular solute. Carbon tetrachloride was analyzed
via gas chromatography with electron capture detection after extraction using pentane. The
degradation products in selected samples were quantified with a flame ionization detector.
Concentrations of Cu**, CrO,”, and Zn”>" were determined by the bathocuproine method, the
diphenylcarbazide method, and the Zincon method respectively, using a UV-visible
spectrophotometer (APHA, 1998). Nitrobenzene and 4-nitroacetophenone were measured via
HPLC. Cesium, chloride, and proton (pH) concentrations were measured using ion selective
electrodes. Dissolved iron was quantified using the FerroZine method (Stookey et al., 1970).



Results
A PVA Membrane Containing Fe® as a Contaminant Barrier

Pure PVA membranes

We first present diffusion of a solute through pure PVA membranes. Note that all “pure”
PVA membranes are hydrated and are 50% water by volume. Carbon tetrachloride, selected as a
model contaminant, shows typical breakthrough curves for two membranes of different thickness
in Figure 4. These curves are characterized by a slope and an intercept. The slopes equal

PA
L Vdown

, which is a measure of the steady-state flux of carbon tetrachloride. If these slopes are

normalized by 4 and V., the permeance, %, is calculated. The results in Figure 5 show that

this permeance is roughly proportional to the reciprocal of the membrane thickness, supporting
the analysis in eq 1. Possible reasons for the scatter of the data are stretching of the membrane,
local variation of membrane thickness, and undetected pinholes. The thickness of most of the
membranes ranges from 100-200 um. Within this span, it is easiest to synthesize intact
membranes. Although a wider range of thickness would be desirable for the regression, thin
membranes tend to have the problems mentioned above.
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Figure 4. Typical breakthrough curves for carbon tetrachloride with pure PVA membranes. The
downstream concentration (Cgows) 1s normalized by the initial upstream concentration (Cyp). Vaown
and A are the downstream cell volume and the membrane cross-sectional area available for
diffusion, respectively. The two experiments (e, L = 198 um, C,, = 146 uM, Vo, = 16.64 mL;
o,L =44 um, C,, = 131 pM, Vg = 13.11 mL) used membranes with different thicknesses. The
regressed, dashed lines are related to the steady-state flux.
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Figure 5. Variation of permeance with reciprocal membrane thickness. Error bars associated
with the data points (®) indicate the standard deviation based on replicates using the same
membrane. The data points without error bars (¥) were not replicated. The dashed line
represents a linear regression with zero intercept (R* = 0.93).

Thicker membranes are also difficult to prepare, and calculations suggest the strong
partitioning of carbon tetrachloride into the PVA (and the resulting loss of mass balance in the
closed cell apparatus) may bias determination of the apparent permeability. The x-intercepts in
Figure 4 are the lag times, expected from eq 1 to be proportional to the square of the membrane
thickness. Although the lag times show a systematic increase with increasing membrane
thickness, they are too small (< 2 min) to be precisely determined for most non-reactive
membranes used in this study.

Fe’/PVA membranes

Data for the experiments using Fe”/PVA membranes are again presented as breakthrough
curves, as shown in Figure 6 and summarized in Table 1. The data in Figures 6(a) through (e) for
the pure PVA membranes, shown as solid points, have been adjusted with respect to L and C,, so
that the two curves can be directly compared. The data given in Table 1 for the pure PVA
membranes are the uncorrected values. As before, each curve is characterized by its slope and
intercept. The slope of the dashed lines, obtained by regression of data near the beginning of the

C,,PA

L Vdown

Clear increases in the lag time are shown for carbon tetrachloride and Cu”" in Figures
6(a) and (b). The lag times shown for Fe’/PVA membranes against carbon tetrachloride and Cu**
are 353 min and 374 min, respectively, while the corresponding lag times for pure PVA
membranes are respectively 1.4 min and 1.0 min (after adjustments for L and C,,). The

breakthrough, should be equal to if the membrane is no longer reactive at this point.



Cdown (M)

Cdown (M)

600

/ | / / O
(a) / [ ] 1200 (b) / /
/ / / O
/ / /° o
400 o
/?/ J/ S a0 / /
/ / = /
/ /o0 g /e
200 1 /‘ p’o © 400 - ,‘
/ 0 o g
’/ : /
000000000000 0 Qurrra S, .
0 200 400 600 0 400 800 1200
t (mln) t (mm)
7 1500 - / el
10004 (c) ;/ o) (d) // /,o/
/50 /) o~
/// fol = /o o7
. Y E} 1000 /0 //
500 < ¢ ©® s Ob/ g
7® g il
/‘ // © 500 - % °
.0/ £
|
<ﬁ.—o il !
0 VAR . 0 : :
0 100 200 300 0 200 400
t (min) t (min)
400
yald
(e) /o
7
300 - 7 o7
/ 7
% / /Q //
e 1 /
% 200 . /6 6
& a4
[ 4
100 1 // ;{/
/
0 @000

t (min)

200 300

Figure 6. The breakthrough curves through PVA () and Fe"/PVA (o) membranes: (a) carbon
tetrachloride (C,, = 4562 uM, L =212 pm, V4o, = 16.64 mL), (b) Cu* (Cup=2995 uM, L =102
um, Vioun = 13.11 mL), (c) nitrobenzene (C,, = 2020 pM, L = 80 pm, Vgow, = 13.11 mL), (d) 4-
nitroacetophenone (C,, = 2424 pM, L = 89 pm, Vo, = 13.11 mL), and (e) CrO4” (Cyp=2512
uM, L =113 pum, Vjowy = 13.11 mL). The dashed lines are related to the steady-state flux. Note
the different concentration and time scales.



Table 1. Summary of the breakthrough experiments.

predicted 7,,,

. Cy C, V down L P observed #, predicted tj,,°
contaminant No. (M)’ (ul\jl) (mL) (um)  (x 10° m*/min) (min) 8 (min) g obsergfe)d tlag

1 0 5004 13.11 133 2.68¢ 1.749 - -
o 2 0.44 5343 13.11 157 2.15 178.2 374 2.10
3 0.44 1018 13.11 200 2.68 1352.4 3186 2.36
4 0.44 2002 13.11 195 1.28 837.6 1540 1.84
5 1.25 2995 13.11 102 2.45 373.8 809 2.17

carbon tetrachloride 1 0 146 16.64 198 2.65° 1.04¢ - -
2 1.24 4562 16.64 212 2.13 353 2305 6.53
3 1.24 3864 16.64 140 7.67 165 1187 7.19

Cro. 1 0 1598 13.11 295 1.79° 45.4¢ - -
2 0.44 5014 13.11 164 4.08 35.2 435 12.36
3 1.25 2512 13.11 113 2.26 86.9 1185 13.64

nitrobenzene 1 0 1669 13.11 88 431° 0.54¢ - -
2 1.25 3892 13.11 127 8.07 28.2 166 5.89
3 1.27 1877 13.11 80 5.30 52.6 155 2.95

1 0 1102 13.11 79 3.07° 0.51¢ - -
4-nitroacetophenone 2 0.41 2424 13.11 82 5.37 9.5 61.7 6.50
3 1.27 1997 13.11 89 6.27 45.9 272 5.92

“Iron concentration in the membrane is based on wet volume.

"These permeability values for the pure, hydrated PVA membranes were used to calculate the predicted #,, for the Fe’/PVA membranes using eq 3.

“The lag time was estimated using eq 3.

These values are not adjusted with respect to L or C,p (see Appendix A). Adjusted values are given in the text.
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breakthrough for nitrobenzene shows a smaller increase caused by the iron incorporation. The
breakthrough lag time for the Fe’/PVA membrane against nitrobenzene is 53 min, while it is 0.45
min for the pure PVA membrane (again after adjustments). There are two obvious reasons for the
smaller effect. First, nitrobenzene requires more Fe’ for reduction (v= 3) compared with carbon
tetrachloride and Cu®" (v= 1). Second, the permeability of the membrane to nitrobenzene is
higher than for the other two compounds, which also decreases the lag time (see eq 3).

The lag times in reactive membranes are predicted to be independent of reaction kinetics
(Siegel and Cussler, 2003). To test this prediction 4-nitroacetophenone was selected as a model
contaminant. 4-Nitroacetophenone reacts faster with Fe” than nitrobenzene does (Devlin et al,
1998). As shown in Figure 6(d), the breakthrough lag time for 4-nitroacetophenone diffusing
across the Fe’/PVA membrane is 46 min, close to that for nitrobenzene through a similar
Fe’/PVA membrane and thus consistent with the prediction. The lag time for 4-
nitroacetophenone is 0.65 min for the pure PVA membrane (after adjustments).

The breakthrough for CrO4” is affected less by the iron incorporation. The breakthrough
lag time for the pure PVA membrane is 7 min (after adjustments), while it is 87 min for the
Fe”/PVA membrane. Batch experiments show that CrO4> reacts very slowly when its
concentration is high (e.g., > 1000 uM), probably because of deposition of Cr,O3 on the iron
surface (Pratt et al., 1997; Melitas et al., 2001). The large lag time for the pure PVA membrane,
which is reproducible, may reflect reaction of CrO,> with the PVA itself to form an ester
(Duncalf and Dunn 1964; Van Nice and Farlee, 1977).

To investigate possible deposition of the heavy metals, we measured the chemical
composition on the Fe’/PVA membrane surface after exposure to the copper and chromate
solutions. The spectra showed the presence of Cu and Cr on the membranes after reaction with
Cu”" and CrO,”, respectively.

The permeability of the Fe’/PVA membranes to the selected contaminants ranged from
0.5 to 3 times that of the pure PVA. In general, the measured permeability of the reactive
membranes was higher than that of the unmodified ones (Table 1). Ideally, the permeability of
the membrane should not be affected by the incorporation of Fe’. Possible reasons for the
observed deviation are discussed below.

To assess the significance of the reaction between Fe’ and water as a competing reaction
during the contaminant breakthrough experiments, dissolved iron concentrations were measured
in two diaphragm-cell experiments, one with carbon tetrachloride and the other without carbon
tetrachloride. To complete an iron mass balance, the dissolution of iron during the hydration
process prior to the experiments was also measured. The duration of hydration was 23-27 hours
and the diaphragm-cell experiments were 9.75 hours. The iron mass balance is based on the
exposed area in the diffusion experiment.

The results showed that 40-47 % of the iron (based on the iron content in the dry
membrane prior to hydration) dissolved during the hydration process, while the dissolution of the
iron during the diffusion experiment was much smaller (only 5 % relative to the hydration-
related loss). No difference in iron dissolution was observed between the two diaphragm cell
experiments (with and without carbon tetrachloride).

Discussion
The results above show that the breakthrough lag time of polymer membranes used as
contaminant barriers can potentially be dramatically increased by incorporation of reactive

11



groups or materials within the polymer material. Although the choice of Fe"/PVA system was
designed to permit experiments to be conducted over short time scales, we expect that
improvements in the barrier properties of PVA can be easily secured for other polymers such as
polyethylene. This expectation has considerable experimental support from this work, and many
other reagent choices are possible.

The results with the Fe’/PVA membranes show substantial increases in the lag time
before there is significant permeation through the barriers. For copper, the lag is increased 100 to
400 fold; for carbon tetrachloride, it rises about 300 fold; for the nitroaromatics, 20 to 100 fold.
The lag time increased only 13 fold for chromate, a solute for which little reaction is expected.
These numbers are adjusted for L. Once the membrane is broached, the leak rate is regulated by a
permeability which typically changes by less than a factor of two, but up to a factor of three
(based on the slope of the breakthrough curve) from a non-reactive membrane.

The observed changes in permeability merit further discussion, as the permeability
influences further analysis of the lag time data. When hydrated, PVA is 50% water (pore space),
leading to its high permeability. For a membrane containing 1.25 M iron, calculations reveal that
the void volume would increase approximately 1% upon complete dissolution of the iron
nanoparticles. Thus, changes in permeability of the membrane due to Fe’ dissolution should be
minimal. The larger changes in permeability observed suggest that other changes in the
membrane chemistry and geometry are occurring. The dissolution of the iron could lead to a
shunt forming through the membrane by connecting pores that already exist in the PVA matrix.
As shown in Figure 2, the iron is not completely dispersed in the membrane and forms 1-2 pym
clusters of smaller nanoparticles. Their dissolution can be envisioned to provide a shortcut across
a 100-200 um barrier, which leads to the higher permeability. Such pore connectivity is much
less likely in polymers (i.e. HDPE or PVC) used for practical barriers. When developing these
practical membranes, however, observed changes in permeability for the reactive membranes
will be an important piece of information in determining optimum Fe’ loadings to prevent shunt
formation, and thus averting poor membrane performance after contaminant breakthrough.

Because permeability provides a reference value for lag time calculations (eq 3),
subsequent analyses assume that the appropriate values of P to use in the interpretation of the lag
time results are those measured for the pure PVA membranes. For each compound, multiple
experiments with pure PVA films were run. The selected P for each contaminant is the lowest,
reproducible value measured for the PVA membranes, which we deem to be from membranes
with the fewest possible number of defects. These values are those reported in Table 1.

Despite the variations in permeability, our results demonstrate that the performance (i.e.
lag time) of a contaminant barrier can be dramatically improved by chemical reaction. A raw
extrapolation of our results would predict that a polymer barrier membrane could ideally be
made effective more than 100 times longer with the inclusion of reactive material. This improved
effectiveness, however, is not guaranteed. First, it is necessary to identify a particular chemistry
which can consume the contaminant sufficiently rapidly. Second, the ratio of the reaction rate to
the diffusion rate must be large, i.e. the second Damkdhler number must be much greater than
one. Third, any reactive material must be accessible and must be completely consumed for the
lag time to increase by the largest possible extent.

These assumptions are tested using eq 3 to predict the diffusion lag time for the Fe"/PVA
membranes. The required parameters (L, Cy, Cyp, v, P) are all known from the experiments,
where P is obtained from a diffusion experiment using a pure PVA membrane for the reasons
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described above. Table 1 compares predicted lag times with experimental lag times. In all cases,
predicted lag times are larger. The ratio of the predicted to experimental values is smallest for
Cu®" (= 2), larger for carbon tetrachloride, nitrobenzene, and 4-nitroacetophenone (= 6), and
largest for CrO4> (= 13). This means that Cu®* obeys eq 3 much better than CrO,>",

This discrepancy is probably due to the fact that not all of the iron in the membrane was
consumed by reaction with contaminants by the time of breakthrough. To determine how much
of the iron is actually available for the reaction, Cy in eq 3 is replaced by an “effective iron

concentration”, C’ :
ey rc, ¢

lyw = = “4)
¢ 2vpPC, 2vPC, C,
L’c,
A plot of #;,; against W for each contaminant should give a straight line with the slope of
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Figure 7. Dependence of the breakthrough lag time on the aggregated parameter CoL*/(2 vPCyp)
for carbon tetrachloride (A) and Cu? (®). The dashed lines are linear regressions with their y-
intercept fixed at the lag time for the pure PVA membrane (R? = 0.996 for A and 0.977 for e).

such a plot applied to Cu”" and carbon tetrachloride. The slope of the line is 0.45 for Cu®” and
0.15 for carbon tetrachloride: only 45 % of the iron (based on the iron content in the dry
membrane prior to hydration) was consumed by reaction with Cu>" and 15 % by reaction with
carbon tetrachloride. The same analysis shows that 25 %, 17 %, and 6 % of the iron was
consumed by nitrobenzene, 4-nitroacetophenone, and CrO4>, respectively. When accounting for
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the 40-47% of the iron lost during hydration of the membrane prior to conducting the
breakthrough experiments, these percentages increase by approximately a factor of two.
Considering these numbers, most of the iron in the membrane (about 90 %) was “consumed”
before the breakthrough of Cu®" occurs. For the other compounds, 50-70 % of the iron was
“consumed” during the hydration and reaction periods.

A large portion of the iron (> 30 %), however, is still unaccounted. Other possibilities for
the difference between predicted and observed lag times include: oxidation of Fe’ by reaction
with water during the breakthrough experiment and formation of a surface reaction product film
which reduces the reaction rate.

The presence of carbon tetrachloride during the diffusion experiment did not significantly
increase the measured concentrations of dissolved iron. This implies that the iron oxidized by
contaminants is not released into the solution but remains in the membrane as a solid oxide
phase. This idea is supported by an SEM image of the Fe’/PVA membrane after the experiment
in which the nanoparticles can be still seen. Visual inspection of the membrane after exposure to
carbon tetrachloride suggests that at least a portion of the iron remains in the membrane as an
iron oxide, for the exposed area of the membrane is an orange/brown color common to iron
oxide solids. It is unlikely, however, that all of the “remaining iron” in the membrane is oxidized.
The formation of an oxide layer will slow the reaction of oxidized contaminants with Fe’,
(Scherer et al., 1997; Farrell et al., 2000) likely to a point where diffusion through the membrane
becomes faster than reaction (i.e. the Damkoéhler number becomes small), and contaminant
breakthrough occurs. Thus, we suspect that a large portion of the Fe’ is covered by iron oxide
and unavailable to the contaminants (carbon tetrachloride, nitrobenzene, and 4-
nitroacetophenone) diffusing through the membrane. In the case of CrO,”, the Fe’ surface is
likely covered by precipitated Cr,O3 as mentioned above, resulting in a similar effect.

One potential strategy to make a larger fraction of the iron accessible would be to use
smaller iron particles. This method, however, has two disadvantages. The larger specific surface
area could lead to faster reaction not only with contaminants but also with water. The difficulty
and potential cost associated with synthesis of smaller iron particles may be prohibitive as well.
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Permeable Membranes Containing Crystalline Silicotitanate As Model Barriers For
Cesium lon

This portion of the work tested a permeable barrier membrane for cesium ion. These
experiments serve as the first step towards impermeable membranes which could be used to
reduce the risk of leaks of radioactive cesium waste. The development has three parts: the
adsorption isotherms of the ion exchangers used, chloride breakthrough as a test system, and
cesium breakthrough using the permeable model system. In the paragraphs below, these three
parts are described sequentially, with the most detail for the cesium barrier.

In these experiments, the reaction chemistry is altered from that of an irreversible
transformation to an ion exchange process. This requires a modification of the theory presented
above. If the reaction is reversible with a linear isotherm,

2

L
tlag :6_D(1+K) (4)

where K is the equilibrium constant for the isotherm (Paul and Koros, 1976). If the reaction is
reversible with a saturated Langmuir isotherm, the result is known analytically but is
complicated (Paul and Koros, 1976). As shown below, however, our experiments are in the limit
where the isotherm is almost flat. In other words, the reagents in the membrane quickly become
saturated with cesium, and this adsorbed and immobilized cesium concentration is dramatically
larger than the concentration of non-adsorbed cesium. In this limit, the complicated analytical
expressions for #,,, simplify dramatically to give

L* ey
l’ = —=— 5
leg (21)}1)% )

where ¢,y is now the total number of adsorbing sites on species 2, the CST; and ¢,y is again the
upstream cesium concentration. This result is mathematically equivalent to that for an
irreversible reaction given in Equation 3, although its physical basis is different. We expect any
favorable isotherm will give the same result if the reaction is sufficiently rapid. These equations
are used in analyzing the experimental results that follow.

Isotherm

The adsorption isotherm for cesium ion is shown in Figure 8. The cesium/CST data show
strong adsorption reaching saturation at about 10 M solution concentration. Although a
saturation value exists, the data at low concentrations do not fit a Langmuir isotherm but the data
set do approximate a Freundlich isotherm, as illustrated in the inset of this figure. The
Freundlich isotherm also better approximates the observed shoulder than does a Langmuir
isotherm. The best fit of these data is

c, = 0.0018 ¢** (6)
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where c; is the cesium concentration in the CST in moles per gram, and c; is the molar
concentration of cesium in water at equilibrium. The apparent saturation value, gyuqy, for CST

was found to be 0.9 mmol for Cs". This value is larger than the value reported by Gu et al.
gram
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Figure 8: Isotherm for the cesium/CST system. (/nset) This system can be approximated by a
favorable Freundlich isotherm.

mmol

(1997) and Zheng et al. (1996) of 0.56 . One possible reason for this difference is that in

gram
these previous studies the measurement was made in a solution containing 5.1 M NaNOs, while
our measurement was made in aqueous cesium nitrate alone.

Breakthrough Experiments

For membranes containing CST, the effects of upstream Cs' concentration, barrier
thickness, and CST concentration were measured. The results for different upstream
concentrations at a constant CST loading are given in Figure 9(a). Decreasing the feed
concentration increases the lag as Equations 3 and 5 predict. (Because the isotherm is not linear,
Equation 4 is not applicable.) Note that these equations imply that the slopes after breakthrough
should be the same. Those for 0.1 and 0.001 M are, but that for 0.01 M is smaller.

The effect of different membrane thickness is shown in Figure 9(b). As expected, the lag
times increase sharply for thicker films. The slopes after breakthrough are smaller for the thicker
membranes as expected. The effect of differing CST concentrations is illustrated in Figure 9(c).
Increases are dramatic, with lag times increasing by a factor of six when the CST concentration
increases by a factor of four. This is more than the factor of four expected from Equations 3 and
5, which predict a linear variation with CST concentration. The slope of concentration versus
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time after breakthrough, expected to be constant, drops about four times over the loading range

studied.
We were concerned that the lags and the concentration variations showed effects different

than the theory. On the one hand, we are pleased that the lags are bigger than expected and that
the leaks occur more slowly than expected. Thus the barriers seem even better than anticipated.
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Figure 9. Effects of upstream concentration (top), membrane thickness (middle), and CST
loading on barrier performance.
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On the other hand, the theory summarized above has been widely verified, both by us and by
others (Yang et al., 2001; Bansleben et al., 2001; Schwank et al., 2004). Some uncertainty in our
measurements is suspected.

We have identified two sources of this uncertainty. First, it is assumed that the upstream
concentration is constant during the experiment, as implied by Equation 1. For nonreactive
membranes, it changes less than 3 percent. For some reactive membranes studied, this
concentration has dropped significantly. If a CST laden membrane is used, the breakthrough
curve shows a long lag and a small slope. The long lag is expected because of cesium adsorption
by the CST. If an additional breakthrough experiment is performed using the same, exhausted
membrane, the breakthrough curve shows almost no lag and a larger slope. The small lag is
expected because the CST is now largely saturated with cesium from the first run. The larger
slope is believed to result because the upstream concentration is not depleted as much by
reaction, and so the flux stays high. Thus a depleted upstream concentration may be part of the
reason for the smaller slopes at higher CST concentrations shown in Figure 9(c).

The second source of uncertainty comes from the location of the CST in the membrane.
Experiments and theories utilizing detailed numerical models which are more complete than
those summarized above show that where the reaction occurs matters (Nuxoll et al., 2005). If the
reaction occurs on the upstream membrane face, the lag is half that when the reaction occurs on
the downstream face. If the CST settles while the membrane is being made, the lag time will be
different depending on the orientation of the membrane.

To test whether membrane orientation was important, experiments were made in which
we deliberately changed membrane orientation. Normally, the experiments used membranes
with the top surface of the membrane during fabrication oriented towards the more concentrated,
“upstream” volume. This meant that the downward face, which was oriented towards the
“downstream” volume, may have a higher CST concentration than the membrane’s average
because of CST settling during fabrication. Changing the membrane’s orientation does change
the lag time about 30 percent, suggesting that the CST distribution within the membrane is not
completely uniform (see Supporting Information). This second uncertainty is still much less than
the increased lag of 3000 percent between the original membranes and those with added CST.

Discussion

As shown above, the results obtained here are roughly consistent with the theoretical
predictions. Adding CST to a barrier membrane, making the membrane thicker, and reducing
the upstream cesium concentration all delay the penetration of cesium across the barrier
membranes. This delayed penetration, summarized as a lag time, can be increased by more than
a factor of thirty. This large effect makes these membranes interesting.

The increases in lag times observed in our experiments roughly agree with those
predicted, as shown in Figure 10. In fact, the measured lags seem somewhat longer than those
predicted; i.e., our actual results are better than expected. As discussed above, we believe that
part of the reason for this discrepancy may be the nonuniform distribution of CST within the
membrane.

There is a second, more fundamental reason, however, why the membranes are behaving
better than expected. This is the result of the nonlinear isotherm operating in this
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Figure 10: Measured lag times correlate with theoretical predictions.

system and shown in Figure 8. To explore the effect of this nonlinear isotherm, we imagine first
that the reaction between cesium and CST is instantaneous and irreversible, and that it occurs at

some position ¢" within the membranes. The rate of this reaction is then diffusion controlled

5 = %(clo_o) (7)

where j; is the diffusive flux of cesium and /' is the reaction location. The reaction location
changes with time according to the mass balance

dar DH
czo; = 7(010 _0) (8)

Because the reaction starts at the upstream surface of the membrane, ¢’ is zero when ¢ is zero,
and Equation 8 is easily integrated to give

0" = \2DHe,, they, 9)

When the reaction location has crossed the membrane, ¢’ equals the membrane thickness L and
L2
tlag = Cﬂ (10)
2vDH )c,,

which is identical to Equation 2.

Now we imagine that the reaction is instantaneous but stops at some equilibrium
concentration c;., which is roughly the shoulder of the isotherm shown in Figure 8. This
shoulder is an approximation, most accurate for Freundlich isotherms with an exponent much

19




less than one. The exponent in Equation 6 is about 0.10. In this case, Equation 7 should be
replaced by

. DH
J1 = T(CIO_cie) (11)

which leads to
twe =L’y /2DH(c,y—c,,) (12)

This does predict that the lag times should be slightly longer than those expected, and hence is
consistent with the data in Figure 10. At this point, however, we are unsure if this argument is
more significant than a nonuniform distribution of CST in our experiments.
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Model membrane performance using Hanford Groundwater

In this section, we replace the Tris buffer solution (used in Fe(0)/PVA experiments) and
deionized water (used in CST/PV A experiments) with uncontaminated groundwater collected
from the Hanford site. The goal is to determine any matrix effects on membrane/reactive
material performance. Both breakthrough experiments described previously and batch
experiments in which the membrane was placed in a sealed serum bottle filled with the media of
interest were used.

Results

Breakthrough experiments with pure PVA membranes using Tris buffer and Hanford
water are compared in Table 2 and Figure 11. Using regressions of the linear portions of curves
shown in Figure 11 and those not pictured (for better visualization), the permeabilities of the
PVA membranes were (8.1+0.6)x 10" m?/s and (7+1)x10"" m?/s in Tris buffer and in Hanford
water, respectively, using carbon tetrachloride (CT) as a model contaminant.

Table 2. Summary of Breakthrough Experiments with Pure PVA and CT as the Contaminant

Cup L P tlag D H
(uM) (mm) | (x10"' m%s) | (min) | (x10™"" m%s)

Buffer 1 1000 0.066 8 0.3 5 2
Buffer 2 2196 0.080 10 0.05 38 0.3
Buffer 3 3960 0.120 11 0.7 6 2
Buffer 4 1229 0.25 7.1 0.3 58 0.1
Buffer 5 2245 0.250 7.2 0.7 26 0.3
Buffer 6 1739 0.491 6 0.8 85 0.1

Hanford Water 1826 0.42 7 9 5 1.4

Figure 12 is used to compare the ability of the reactive Fe’ to extend the lag time of the
membrane barrier. The basis for this comparison is outlined in Equations 13 and 14, which are a
mass balance of CT in the liquid media surrounding the membranes in a batch reactor and the
definition of the lag time for a reactive membrane. In Equation 13, the surface area 4 is defined
as the entire surface area of the membrane (i.e. both sides), because diffusion occurs equally into
both faces in the batch experiments. This is different than the way A4 is defined for breakthrough
experiments. In Equations 13 through 15, V is the volume of the aqueous media surrounding the
membrane in a batch reactor, C; is the concentration of CT in the aqueous media, Cyy is the
initial CT concentration, and Cj is the initial concentration of Fe’ in the hydrated PVA
membrane.

, 4G _4:-P-C,
dt L

(13)

L*-C,

fyy = = 14
“ o 2.v-P-C, (£
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Figure 11. Comparison of the flux of carbon tetrachloride through pure PVA membranes when
the liquid media surrounding the membranes is either a 50 mM Tris buffer solution or
groundwater from the DOE’s Hanford site. Data from all six Tris buffer experiments and the
Hanford water experiment are included in Table 1.

When combined, these equations yield an expression that describes the depletion of CT in
the aqueous phase as a function of time. This equation is valid during an initial period when the
assumption that HC; — Ceenter of membrane = HC}, or the lag time portion of a breakthrough-type
experiment. The initial portions of experiments displayed in Figure 12 follow this linear trend.

)}
P-Cype 1) 2
clr=cl _é[%j (15)

Table 3 contains data from both series of experiments. When P determined from the pure
PVA breakthrough experiments is applied, it is possible to determine an “effective”
concentration of Fe” in the membrane by solving Equation 15 for C; ¢fecrive. For experiments
where Tris buffer was maintained at a pH of 7.2, the iron usage, or C; ¢ecive divided by the actual
iron concentration in the hydrated membrane, was approximately 2 times higher in the buffered
reactors than in the Hanford water. When the Tris buffer pH was adjusted to match the pH of the
Hanford water (buffer pH = 8.8), the membranes performed even better, with an effective iron
usage nearly 2.7 times that of the Hanford water, though this latter difference was not
statistically significant.
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Figure 12. Comparison of the depletion of CT by PVA membranes containing Fe’ nanoparticles
in batch reactors with liquid media surrounding the membranes as either a 50 mM Tris buffer
solution (pH = 8.8) or groundwater from the DOE’s Hanford site. Lines represent regressions of
the initial linear period represented by Equation 3. For experimental variables, see Table 2.

Table 3. Summary of Batch Experiments with CT and PVA Membranes Containing Fe’

Tris Buffer Hanford Water
Cio | Co | Cogefective 0 Cio | Co | Coefrective 0
pH (M) | (M) (M) % Fe  usage | pH WM) | (M) (M) % Fe" usage
1 |72 210 | 1.2 0.015 1.3 8.8 1 340 | 1.2 0.006 0.5
2 | 73] 180 | 1.3 0.029 2.3 93| 170 | 1.3 0.017 1.3
3 | 88| 360 | 1.6 0.060 4 87| 320 | 1.6 0.026 1.6
4 (88| 190 | 1.0 0.020 2 871 180 | 1.0 0.006 0.6
5 1881 200 | 1.1 0.018 2 87 190 | 1.1 0.006 0.5

For membranes containing CST, an potentially important factor is the ionic strength of
the water compared to the distilled water. The Hanford water has an ionic strength of about 0.013
M, largely because of calcium and magnesium carbonates and sulfates, and a pH of 8.18. In
these experiments samples of Hanford water were spiked with 0.001 M CsNOj; and then placed
in the upstream compartment of our cell. Typical results, shown in Figure 13, show lag times
across membranes with five weight percent CST which are as much as 40 times larger than
across membranes without CST. Again, adding CST improves the membrane’s barrier
properties. In fact, the increase with the Hanford water is about 3 times larger than in distilled
water.

23



0.04 i
4 0.001 M cesiumin ¢
distilled water P
o W 0.001 M cesiumiin PR
3) Hanford water ¢
(&) . -
'S [ |
¢ [ |
'S [ |
L 2 ] u
ssasannt
0 :
0 30 60

Time (min)

Figure 13: Measurement of breakthrough for cesium added to groundwater from Hanford, WA
shows increased lag time when diffusing through a 5.0 wt% CST membrane. The lag time is
nearly three times longer for the Hanford water trial (197um; 28.3 min.) compared to that for
distilled water (195um; 9.6 min.).

Discussion

Although the permeabilities of the pure PVA membranes in the two different media were
not significantly different, the diffusivity, D, of CT in the membrane was lower when Hanford
water was used, with a proportionally higher membrane-water partition coefficient, H, as shown
in Table 2. Though the cause of this result is not known, it is the permeability, P, that influences
the lag time in a reactive membrane. Therefore, any differences observed in the ability of
reactive membranes to increase the lag time are not the result of differences in the physical
properties of the membranes themselves, but due instead to differences in the reactivity of the
Fe” nanoparticles when exposed to the different types of aqueous media.

Much of the difference observed between the effective iron concentrations in the Tris
buffer and the Hanford water is likely the result of the high chloride ion content and stable pH in
the buffer solution, compared to the Hanford water (6.43x10™* M CI', pH 8.18). Both factors
should destabilize oxide coatings on the iron particles and facilitates corrosion/reactivity of the
iron in the Tris buffer compared to the Hanford water sample.

Overall, the results on the effect of the groundwater matrix on membrane performance
are mixed. Based on the results presented, we would expect the iron containing membrane
performance (i.e. lag time) to be reduced by approximately a factor of two compared to the
performance using a Tris buffer solution. With Hanford water, the performance of the CST
containing membrane, improved by a factor of three. We are unsure about the cause of this
difference.
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High-Density Polyethylene Membrane Containing Fe’ as a Contaminant Barrier

The work above demonstrated that polyvinyl alcohol (PVA) membranes containing Fe’
nanoparticles substantially delayed the breakthrough of several oxidized contaminants, including
carbon tetrachloride (CT). While PVA is a good model system, it is not a practical material
because of its low mechanical strength, high water permeability, poor processability, and
biodegradability. In this portion of the research, HDPE and nano-scale Fe’ were used to
synthesize a new reactive membrane (Fe”/HDPE). The barrier properties of this membrane were
tested against CT in diaphragm cell diffusion experiments.

The results are divided into two sections: one for non-reactive membranes and the other
for reactive membranes. In the former, the diffusion coefficient and the partitioning coefficient
are calculated from breakthrough curves. This partitioning coefficient is compared with the
corresponding value from sorption experiments. In the latter, effects of Fe” and glycerol on the
breakthrough lag time are presented and discussed.

Diffusion and partition coefficients
Table 4 shows a summary of D and H for HDPE membranes. The breakthrough
experiments determined D = 1.3440.22 x10™"°> m*/s and H = 25.8+13.8 for CT.

Table 4. Diffusion and partition coefficients of CT and CF.

D H
(m’/s) )
13 °105.4+7.9
CT 1.34+0.22 x10 25.8413.8
CF 14.90+1.98 107" 118.89+8.26
3.00+0.35 x107" 6.0+0.2

*From the sorption experiments of Joo et al. (2004).
From sorption experiments in this study.

These values are based on averages over D-H pairs calculated from each breakthrough
curve. The corresponding breakthrough curves are normalized and plotted on Figure 14.
These data reveal reproducible determination of D (x-intercept) and large variability in P (slope).
Because H is calculated from P and D, this will lead to large errors in H using this method. There
is no trend in P variation with respect to either C,;, or L. The sorption experiments produced
larger and more consistent values for H (105.4+7.9). These experiments also gave H values
independent of membrane thickness as shown in Figure 15. This suggests that the adsorption of
CT on the membrane surface is small compared with partitioning into the membrane. No
decrease of CT concentration was observed in a control bottle to which no membrane was added.
These findings indicate that the H value from the sorption experiment is more accurate and
precise than that from the breakthrough experiment. Compared with CT, CF has larger D and
smaller H values. This is consistent with the molecular properties because a smaller molecule
(CF) diffuses faster, and the more hydrophobic molecule (CT) partitions more strongly into the
organic polymer. The H and D values obtained here are comparable to those for other small,
halogenated molecules in HDPE (Rowe et al., 1995; Joo et al., 2004).
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Figure 14. Normalized breakthrough curves for HDPE membranes. Each symbol represents one
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Figure 15. Membrane-water partitioning isotherm: Average thickness of the membrane pieces =
208 um (@), 106 um (o), and random thickness about 100-200 um (A). The inset shows an
extended concentration range. The dashed lines indicate C,e, = 105 Cy;
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Lag times for reactive membranes

Table 5 summarizes the conditions and results for the breakthrough experiments for
membranes containing Fe’. Two experiments without Fe’ (A, B) are also shown for comparison.
Fe”/HDPE membranes did not always give increased lag times.

Table 5. Summary of experimental conditions and results for breakthrough experiments.

experiment Cup 2 Fe’: HDPE  glycerol : HDPE® apparent P tiag
(um)  (uM) (mL) (g/g) (g/g) (m’/s) (min)
A 106 1274 12.76 0 0 57.1x 107" 261
B 127 1047 1212 0 0.044 98.7 x 107 226
C 111 1156 12.83  0.247 0 47.8 x 1013 151
D 135 1159 12.83  0.247 0 479 x 107 116
E 93 931 12.83  0.053 0.039 16.2x 10 293
F 106 874 12.83  0.053 0.039 222 x 10" 269
G 166 737 12.83  0.247 0.217 14.6 x 101 9420
H 269 798 12.83  0.247 0.217 13.5x 10" 18900
I(usedH) 269 1151 12.83 - - 111.9x 10" 0

* The amount of glycerol removable from the membrane using the method described in the text.

As shown in Figure 16, membranes with Fe” but without any additive (i.e. glycerol) are not
statistically different from a HDPE membrane. This suggests no effect of Fe” on the CT
breakthrough. Only traces of CF were detected at the end of experiments C and D. This suggests
that Fe’ is not reactive in a totally hydrophobic and water-free environment. Another important
finding here is no measurable effect of adsorption. Possible adsorption of CT on high surface
area nano-Fe’ particles, which might have a similar effect to reaction, is not enough to increase
the lag time.
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Figure 16. Breakthrough curves for an HDPE membrane (e; A in Table 2) and Fe’/HDPE
membranes (0; C, A; D) prepared without glycerol.
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Experiments using the membranes containing glycerol-coated Fe’ gave different results.
Figure 17 shows four breakthrough curves: an HDPE-glycerol membrane (B in Table 5), two
Fe"/HDPE-glycerol membranes (G, H), and a previously-used Fe"/HDPE-glycerol membrane (I).
The HDPE-glycerol membrane leaks at about the same time as the pure HDPE membrane (A in
Figure 16). The Fe"/HDPE-glycerol membranes successfully increased #,; by more than 13-16
fold compared to pure HDPE when adjusting for differences in L and C,,. The primary reaction
product CF was observed in both the upstream and downstream cells. The results indicate that
modification of polymer by a hydrophilic additive such as glycerol stimulates the reaction in the
hydrophobic polymer matrix.
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Figure 17. Breakthrough curves for HDPE (e: B in Table 2), Fe’’HDPE (o; G, A; H), and an
exhausted Fe”/HDPE membrane (o; I) prepared with glycerol. The dashed lines indicate the
regression used to determine the lag time.

Experiments with lower Fe” and glycerol loadings (E and F), on the other hand, did not
show a measurable effect on the lag time even though glycerol was used. This suggests there is a
minimum level of glycerol necessary to allow reaction. It is difficult to add a sufficient amount
of glycerol to the membrane when the Fe’ loading is small, resulting in insufficient modification
of the polymer. For this reason, making an effective reactive membrane with a small Fe” loading
is challenging for this polymer-additive combination.

Measured concentrations of CT in the upstream cell (C,,) for experiments G and H
decreased due to reaction and sorption even with a large upstream cell. The mass balance (sum
of the CT and CF masses in the both cells divided by V,,,) also decreased to a lesser extent (10-15
%). This 1s due to production of minor products such as methylene chloride and methane, and
potentially a small amount of leakage from the system. A time-averaged value of C,, was used
for analysis of the data, although C,, should ideally be constant to apply eq 2.

Figure 18 displays the CF concentration in the downstream cell for experiment G. The
concentration reached a peak of 750 uM when the CT breakthrough occurred (~9500 min) and
then decreased. While the reaction of CT and Fe’ proceeds in the membrane, there is a
concentration peak of CF within the membrane at the moving reaction front. Thus, there is a
driving force for CF diffusion in both directions, into both cells. Once the Fe’ in the membrane is
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Figure 18. Concentration of CF (A; G in Table 2) in the downstream cell. The corresponding
concentration of CT (o) is also shown. The dotted line indicates the breakthrough time.

exhausted, CF starts to migrate from the small-volume downstream cell to the large-volume
upstream cell where CF is diluted by the large volume. This is explored further in the final
section of the results reported below. Experiments using a mixture of CT and CF as solutes
suggested that these two species do not interfere with the diffusion of one another.

Although glycerol was expected to increase the permeability by introducing free volume,
the effects of Fe” and glycerol on the permeability of the membranes are not clear. For example,
the apparent steady-state slopes for the reactive membranes after breakthrough (Figure 17) imply
that the permeability of these membranes is about 1.4 x 107> m%/s, lower than that of HDPE.
This is not true: the smaller slope occurs because the steady-state slope has not yet been reached.
An additional experiment with an exhausted Fe’/HDPE-glycerol membrane (I in Table 2)
showed no lag time and a clear breakthrough. The apparent permeability obtained in this
experiment is about 1.1 x 10™"" m%/s, which is high compared to 1.4 x 10> m?%/s. This results
from CT accumulation in the membrane during the first run (experiment H), which is discharged
into the downstream cell in the unsteady state of experiment I. From this interpretation and
considering the large variability of P for HDPE membranes, accurate determination of the
apparent permeability for the reactive membranes is difficult. For the purpose of lag-time
analysis, the average permeability for HDPE, 3.5 x 10" m%/s, was adopted.

Cross-sections of an Fe”/HDPE membrane (G in Table 5) were analyzed using a
reflective microscope before and after the breakthrough experiment. The images show an
obvious uniform color change from black to yellow/orange, proving that at least the surface of
Fe’ in the membrane was oxidized upon reaction with CT. Dissolution of iron into the diaphragm
cells was measured, and it was small compared to the amount of CT degraded. This suggests that
a fraction of the iron near the surface of the membrane is dissolved into the solutions, while the
remaining oxidized iron is trapped and/or precipitated inside the membrane. Moreover, much of
the iron appears to not react, because the experimental lag times are almost 40 times smaller than
the lag times predicted based on the iron loading. The ratio of the experimental to estimated lag
times suggests that only 2.5-3.0 % of the iron was used. This implies passivation of iron in the
HDPE/glycerol matrix and the possibility of iron deactivation (e.g., oxidation) during the
membrane synthesis process.
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The Third Parameter in Reactive Barrier Films

The barrier quality of a conventional barrier membrane is typically measured with one
parameter—its permeability. We have shown that the addition of reactive groups can raise the
membrane’s lag time to equal or greater status—assuming that the reaction is fast relative to
diffusion. Two membranes with similar lag times, however, can allow different solute fluxes,
depending on their reaction rate. We need, then, a third parameter to quantify this amount of
solute. In this section, we introduce two candidates for this parameter, the Leakage and the Kill
Time. Here we use computer models to calculate breakthrough plots for different membranes,
quantify their curvature with our new parameters, and correlate them to the physical parameters
of these model membranes. Symbols in this section are slightly modified from those in other
sections of the report. Here, L is leakage (rather than membrane thickness), the thickness of the
membrane is ¢, Cy, is the upstream concentration, Cyp is the downstream concentration, Cy, is
the initial concentration of immobilized reagent, V> is the downstream volume, and #; is the lag
time.

Curvature Quantification

We can classify barrier membranes into two categories. In one category are packages
that react quickly with the target solute. In the second category are films that react slowly with
the target solute. The reaction rate in these latter systems is typically a function of the solute
concentration in the barrier film.

In the first case, we are interested simply in the total amount of solute Q which has
entered the package. Since Q grows without limit, we must define a time at which Q is measured.
More practically, we must define a maximum allowable O and measure the amount of time
required to reach this Oy,,. For instance, a given amount of pollutant that is deemed
unacceptable. This amount of pollutant is our Qy,,. The lifetime of our barrier is the time
required to reach this Oy,.. We call this time the “kill time”, #.

In the second case, we are interested not only in the amount of solute in the package, but
also how long it is there (i.e., concentration times exposure time). For example, 100ppm of
pollutant may do as much damage in ten days as 1000ppm of pollutant will do in one day. We
are interested, then, not in O, but rather in [Qdt. Of course, [Qdt also grows without limit.
However, we know that a given membrane will approach a predictable breakthrough asymptote
regardless of its reaction rate. At large times, then, O of any membrane is the same as that of an
otherwise identical film with an infinite reaction rate, Qjear.

ADHC,,
tQ =Qldeal =TXHV(t_tL) (16)
where Hv is the Heaviside function. That being true,
d d
(jQat)=2-([Quuct) (17)

tow
Thus at large times, | Odt will grow at the same rate as | QOlieaidt, a rate which we can calculate.
The difference between | Qdt and | Olieardt, then, is finite. We call this difference the ‘leakage’, L.
In physical terms, this is a measure of how much more damage will occur if our real membrane
1s used rather than an ideal one.
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Each parameter has advantages over the other, and we could philosophize over their
relative usefulness for far too long. In general, is it more useful to have a data point at a single
chosen instant, or an average of data points out to infinity (or at least out to the steady-state flux
regime)? The answer depends on the application. For our purposes, the leakage is the easier
parameter to use, since it requires one less parameter to correlate (the kill time depends also on
Oumax) and s less likely to be skewed by error (being an average over many points in a curve,
rather than just one).

Non-dimensionalization of Kill Time, Leakage

At first glance, calculation of the kill time and leakage should be straightforward. To
find #x, we set a O, and scan the breakthrough plot for the time at which Oy, is achieved.
This is tx. For the leakage, we regress the plot at large time to get our asymptote function. We
integrate this function over time to the large time of the regression analytically. We then
numerically integrate O out to the same large time and subtract off the analytic integration. The
result is L.

There are complications, however. First of all, none of our breakthrough plots are of O
vs. t. Our experimental plots are of Cxp vs ¢, and knowing V> we can calculate Q vs. . Our
computer-generated plots use the non-dimensional variables Wxp (= C,. /HC, )

andz (= Dt/ ¢?); they must first be re-dimensionalized (by HCy, and £%/D, respectively).
However, in our computer plots, we never specified HCy,, or £*/D, or even V,. We have no way
of getting a plot of O vs. t.

Nor should we want to. The purpose of non-dimensionalizing our equations is to
minimize the number of parameters we correlate to #x and L. But if those parameters are all
dimensionless, then the kill time and leakage must be dimensionless as well. We can non-
dimensionalize the kill time in the same manner as our other times—multiplying it by D/¢°.

Dt
Ty = fzK (18)

To determine tx, we also need a dimensionless Oy,¢, Which we’ll dub ®yax. This is more
arbitrary; we have no precedent for dealing with moles. When dealing with units of solute
concentration, we divide by HCy,, and can do the same here. That leaves us with units of
volume, though. Dividing by the downstream chamber volume seems obvious, since that is the
volume with which Oy, is concerned. We will discover, however, that dividing by the
membrane volume 4¢ will make the derivation/calculation easier in the long run. Thus,

Oy = (19)
HC,, Al

Non-dimensionalization of the leakage, L, is similarly tricky. It has units of moles-time.
We can again multiply by D/£’ to remove the time unit and, as with Oy, divide by HCyx, and A¢
to remove the moles unit, giving us non-dimensional leakage, A.

L DL

(A0)’/DYHC,,)  AFHC,,

(20)

Calculation of Kill Time
We use normalized versions of simulated breakthrough plots where we plot (V>Cxp /
ACHCx,4) vs. (7— 11). Now, we must divide our Oy by 4EHCx,4 (i.e. find Opax) and look for
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the corresponding (7— 7;) value, which is then (7x — 7). Knowing 7;, we know 7k, and if we
know ¢*/D, we can re-dimensionalize to tx, if we choose. We have to choose our Oyax directly,
rather than calculating it from a Qy,,. Once we have 7k, we cannot re-dimensionalize it back to
tx. We varied Oy, over 23 orders of magnitude, from 10%° to 10*3. We then scanned each
computer-generated breakthrough plot, recording the time at which each Oy Was surpassed.
We did not attempt to interpolate between data points, which are 0.01 time units apart; the first
time point with a ® larger than ®y,x was recorded as the corresponding zx.

Calculation of Leakage
To find the leakage of a breakthrough plot, we integrate both the plot, O, and the plot of a
similar, but ideal membrane, Qj,..;, and take their difference

L= Qdt— [ Qeqdt 1)

We recall that Oy, is simply the asymptote which Q approaches, and that this asymptote can be
analytically described by equation 16. We can also break down Q to V>Cxp.

t « ADHC
szOV2CXDdt—LLTX°(t—tL)dt (22)

We divide by (ADHC Yo / €) giving

« V,Cyp t
dt— [ (t—t )t 23
ADHC -[OADHCXO jn( % )

Now all we need to know to find L is the slope of the asymptote and the function (¢V>Cxp /
ADHCXO) VS. (t— lL).

L t VoCyo '
= dt—| (z—7 )t 24
A’HC,, Io A’HC,, LL( H @9
Since our independent variable is (7— 7z), it would be easiest to integrate over t than t:
Dt D
which leaves us with
X _dr—{ (-7 )dr 26
A€3HC IOAzHC LL( ) (20
Recalling the deﬁmtlon of our d1mens1onless leakage A,
Cyo _
jo AHC, dr— J-TL (-7 )z (27)
Converting equation 27 to a numeric summation over discrete data,
1 1
XD, 2
At——(r—7 ) =Az) TY T—7T 28
ZAKHCXO 2( L z XD, j 2( L) ( )
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Modeling Results: Leakage

We ran both particulate and non-particulate models with a variety of parameter values,
2

kC, 0 C
varying both ® (= ZY; , where k is the reaction rate constantj and y (= #] by orders of

Xo

V
magnitude (e.g., we would set each value equal to 101, 101'5, 102, etc.). I’ (= A—;j was setto 1.0

for all runs, since the effect of I' can be determined analytically. I' is essentially just a constant
by which the ordinate of our normalized plots is multiplied. It can be factored directly out of our
Omax (Omax = I'Pxp Mmax) and should have a linear effect on A.

Leakage should only depend on two parameters, then, giving it a much simpler analysis
than for the kill time, which also depends on Qu,. We present this analysis first. Figure 19
plots log(A) vs. log(y) at various values of log(®). The figure is striking not only because the
plots are so linear, but because they all appear equally spaced with the same slope. Regressions
of each plot give slopes ranging from 1.98 to 2.01, with an average of 1.99. We conclude, then,
that

log(A)=(1.99)log(y)+ Const, (29)

A= (10C0nst1 »/1.99 (30)
Const, is the intercept of each regression, of course, which progressed from 0.147 at log(y) = 0.0
to -4.26 when log(®) = 4.5. Regressing Const; vs. log(®), we find that

Const, = (—1.10)log(®)+ 0.804 (31)
with an R” value of 0.9985. Plugging this back into Equation 30,
A=637y""0"" =640 (32)

To check A’s dependence on @, Figure 20 plots log(A) vs log(®) at various values of
log(y). As expected, the plots are linear and equally spaced. Regressing them, we find slopes
ranging from -0.98 to -1.16, with an average of -1.10, consistent with our estimate above.

log(A)=(~1.10)log(®)+ Const, (33)

A= (1()Const2 )(D—l.l (34)

Const,, the intercept of each regression between log(A) and log(®), varies linearly with log(y),
and regressing it with log(y) we find:

Const, =(2.09)log(y)+0.665 (35)
with an R of 0.9999. Substituting equation 35 into 34,
A=4.62y""Dd"! (36)

While not identical, equations 32 and 36 are quite close, as they should be coming from the same
data sets. The meaning and exact value of the coefficient, presumably between 4.6 and 6.4, are
not well understood, but the dependence of A on ® and vy is clear. Comparing the two equations,
we conclude

A=570" (37)
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Modeling Results: Kill Time

Analysis of the kill time, #, is more complex. In addition to ® and vy, the kill time also
depends on the chosen kill concentration, Oy, Figure 21 plots Tk vs. log(®) at a variety of y
values. We see S-shaped curves with horizontal plateaus on each end.
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Figure 21. tx versus log(®) with log(Oyax = -1)

We should expect this to be the case, since our system has known limits. As @ approaches zero,
the membrane should behave as an unreactive film. For an unreactive membrane barrier,

1 2 < (-1)
Ty = ®Max +g+?zn:1 n2
As @ approaches infinity, the membrane should behave as an ideal reactive membrane, not
allowing any solute to pass until after the lag time, then transmitting solute at steady state.

Tk = Oy +é+% (39)

exp(-n’z’r, ) (38)

What intrigues us is the transition between the two limits. There, a small change in ®@ can
correspond to a huge change in 7x. Predicting the location and shape of this “Window of
Opportunity” is key to intelligent reactive barrier design.

In Figure 21, this window seems to be in the same location regardless of y. Making the
same plots at various ®y,x instead of various vy, Figure 22 shows that this window location does
depend on Oyx. It also shows more clearly that these curves have no inversion symmetry. The
departure from the unreactive limit is relatively sharp compared with the slow, gradual approach
to the ideal membrane limit. Among the myriad mathematical functions that could give such an
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asymmetric S-curve is the function y(x)=erfc(10**), where A is a negative constant and erfc is
the complimentary error function'

7k j expl(— (40)
Attempting to fit our curves to this function, we first write:
7, =Const, +(Const, )erfc(Constﬂ)c"”s“ + Consts) (41)

These are a lot of constants. In truth, they presumably vary with y and Oy, but since we are
currently treating @ as our only independent variable, we call them constants. The first two
determine the tx values for the two plateaus, which we discussed above. Const;, then, is simply
the right hand side of equation 38, and Const, is the difference between this and the right hand
side of equation 39.

Const, = - —Zn 1

Const, :%—%z:_l (_nlz) exp(— nznZConstl) (43)
7 L

An unreactive film (® = 0) should fall exactly on the unreactive limit, meaning that Consts must
be zero. That leaves Const; and Const, for us to determine from our modeling data. We know
that Const; must be positive to evaluate the function and Const, must be negative to make the
curve transition in the correct direction.

erfc(x) =

exp( z*Const, ) (42)
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Figure 23: Curve fits to determine Consty

Figure 23 plots zx vs log(®) for several sets of model data. For each set, we also plot
equation 40, varying Const, from -1/3 to -2 and using the Const; value which gives the best fit
for each. Const, determines the overall sharpness of the transition from one plateau to the other,
and we see from Figures 23 that for the best fit, Const, is always between -1/2 and -2/3. We
may also notice that at small values of ®y.x and large values of y, Const, is most appropriately
set to -1/2. Since this is the region of parameter space in which we would likely be most
interested in the kill time, and since the variation in Const, is so small anyway, we set Const,
equal to -1/2. Our equation, then, is

7, = Const, +(Const, Jerfc(Const,d*) (44)

where Const; and Const, are known (but not written out for brevity), leaving Const; still to be
determined.
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Figure 24 plots 1tk vs log(®) for a model membrane (log(y)=2.0) at different Opx. A
different Const; value is used to fit equation 44 to each curve with visible success. Finding the
best Const; value for each curve (as determined by a least-squares analysis) and plotting them
against log(®wx), Figure 25 shows us a linear relationship between Const; and log(®Owax). This
relationship breaks down as Const; approaches zero, since equation 44 cannot be evaluated with
a negative Const;. This corresponds to the regime of large Opx values, where we know our

curve-fit is not as accurate anyway.
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The trendline in Figure 25 regresses only the log(®wmax) points from -5 to -20. Repeating
this analysis for several model membrane sets at values of log(y) from 0.5 to 3.0, we see nearly
identical relationships between Const; and log(®wmax) each time. Table 6 shows the slope,
intercept, and R? values of each regression. We see that except for very small y values, where
little reaction occurs anyway, the relationship between Const; and log(®wa.x) has a constant slope
of -3.76 and an intercept which appears to grow steadily with y. In fact, plotting this intercept vs.
log(y), Figure 26 shows us that this intercept varies linearly with log(y), with a slope of 3.74.

Table 6. Correlations of Const; and log(®pax)
Const; = (slope)log(®wmax) + (intercept)
intercept

log(y)
0.50

1.00
1.50
2.00
2.25
2.50
2.75
3.00

slope
-4.46
-3.96
-3.81
-3.77
-3.76
-3.76
-3.76
-3.76

-5.29
-2.11
-0.03
1.84
2.75
3.65
4.53
5.42
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R2
0.9996
0.9998
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
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With these relations in mind, we can write
Const, =—(3.76)log(®,,,, )+ (3.74)log(y)-5.73 (45)

Or, accepting that 3.76 and 3.74 are essentially the same number,

Const3:(3.75{log[ 4 )—1.5} (46)
®Max

When log(y/Omax) is less than 1.5, then Const; is negative and equation 44 cannot be evaluated.
Looking at various versions of the plot in Figure 25, we suggest that log(y/®w.x) should be at
least 3 for equation 44 to work with reasonable accuracy. For log(y/®wmax) values less than 3, a
similar equation using a @ dependence might be derived. For practical reactive barriers,
log(y/Owmax) should always be at least 3.

Knowing all our constants, we can now conclude

1 2 % (=1)
T =0, +g+?Z:n:1 ( nz) exp(— n27Z'22'K)

2 (1) (47)
y_ AN o 2.2 4 3 05
+ 2 71_2 anl 2 eXp( n-rz Ty ):|erfc[375[log£ ] ISJCD J

n Max

Discussion

Our non-particulate model suggests that the leakage of a film varies inversely with ® and
directly with y*. Not only does this confirm our original hypothesis that the leakage is greater
when the reaction rate is smaller, but it also confirms our experimental observation that the
leakage depends strongly on the amount of scavenger in the membrane.
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In fact, equation 37 shows that the leakage actually increases linearly with the amount of
scavenger (since both y and @ vary linearly with the amount of scavenger). However, the time
before that leakage is realized also increases linearly with the amount of scavenger, so we can
improve a barrier (increasing its lag time) even as we increase its leakage. This diminishes the
usefulness of the parameter. A suitable alternative may be the quotient of the leakage and the
membrane loading, A/y. This parameter is independent of the amount of scavenger and hence of
the lag time. This independence allows the barrier designer to use it as a separate measure of
barrier quality without factoring it in with the lag time in some arcane formula.

Our kill time analysis suggests a “Window of Opportunity” where small changes in the
reaction rate correspond to large changes in barrier performance. We found that the location of
this window depends not only on the kill concentration ®y,x, which we might expect from
Figure 22, but also on the membrane loading y, which we might not expect when looking at
Figure 21. Equation 47 says that the higher Oy is (i.e. the more solute we can tolerate), the
lower @ can be without sacrificing the barrier’s usefulness. This makes sense since a larger Opax
would require a longer time to reach, and hence allow more time for reaction.

It is not as obvious why a larger y would require a larger @ to maintain effectiveness.
One might think that with more scavenger, the reaction is already going faster, and so the rate
constant would not need to be as large. In some sense, this is true. A membrane with three times
more scavenger will have a longer kill time even if its reaction rate is an order of magnitude
smaller (assuming it’s not in the unreactive plateau). This, however, is not the point. The
purpose of locating the “Window of Opportunity” is to determine if we are using what scavenger
we have to its full potential. Equation 47 tells us that the more scavenger we have, the harder it
is (1.e., where the faster it must react) to use all of it to its full potential.

In this light, it makes more sense. Imagine a membrane on the fast-reaction plateau (i.e.
an increase in reaction rate yields little change in tx). We now triple the amount of scavenger in
the membrane. If the reaction were truly instantaneous, this would nearly triple tx (at small
®max). This full increase will not be realized in our membrane, however, because the added
scavenger will require an added amount of time to react. While the membrane will still perform
much better than it did without the extra scavenger, there is now room for us to improve the
membrane even further by increasing the reaction rate and shortening this increased reaction
time. We are no longer on the fast-reaction plateau; there is still some room to climb. Figure 21
demonstrates this well. We see that the films with the most scavenger have by far the longest
kill times. They also, however, have the most increase in t¢ at large @.

These insights gleaned from equations 37 and 47 may be striking, but perhaps more
striking is the fact that an identical analysis using the particulate model gives us the same results.
The leakage still varies with y* and @', The kill time expression is exactly the same, save for
replacing the ‘3.75” with a ‘2.1°. The leakage prefactor also decreased, from 5 to 1.3. Both
changes are consistent with having a ® whose effect is 3 times greater than in the non-particulate
model. Recall that in equation 4.72, a factor of 3 appears in front of @ in the reaction term,
giving it that greater effect.

The fact that the exact same relationships appear for two different kinetic models gives us
hope that these relationships are independent of kinetics. If the kinetics, from which the non-
linear terms arise, are not important, there may be an analytical pathway to these relationships.

While our experimental results could not quantify the breakthrough curves precisely
enough to build mathematical correlations, our modeling surpassed our expectations. Now, like
with so many other models, we must wait for experimental ability to catch up.
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Diffusion of Mobile Products in Reactive Barrier Membranes

While the breakthrough of reactive solutes has been carefully investigated above, the fate
of any reaction products has not received attention. Such reaction products may be mobile or
immobile. The mobile products, which are of more interest, may or may not be desirable. For
example, dissolution of an immobilized chemical from within a polymer membrane could be
used for the controlled release of agricultural chemicals (Rudzinski et al., 2003; Mishra et al.,
2004; Zhao et al., 2005) or pharmaceuticals (Parejo et al., 1998; Petrato et al., 2002; Bravo et al.,
2002). In environmental applications relevant to this work, the destruction of one pollutant may
result in the production of another pollutant which must be monitored. The origin of the reaction
products may be the immobilized reactive material or the solute. That is, transformation of the
solute or dissolution of the reactive material can both produce products. Whether the product
originates from the solute or the reactive material, the diffusion behavior and concentration
profile development should be similar as long as the product is mobile in the membrane. This
study investigates the diffusion of mobile products in a reactive membrane system both
theoretically and experimentally. In the modeling studies, a diffusion-reaction equation is solved
analytically, and a novel equation to describe the concentration of the product is derived. The
equation is also solved numerically and compared with the analytical solution. Experimental
verification is performed in a diaphragm cell by challenging a zinc oxide (ZnO)-laden PVA
membrane with hydrochloric acid (HCI). Finally, the experimental data is compared to the
analytical solution.

Theory

To describe the diffusion of products formed by reaction within membranes, we assume
two volumes separated by the reactive membrane. One “upstream cell” volume (V) contains a
high concentration of a reactive solute (HCI), and the other “downstream cell” volume (V5,1)
initially contains no solute. The membrane, which is permeable to HCI, contains reagent particles
(ZnO) that will react with the penetrating HCI. These particles are small relative to the
membrane thickness. In this situation, HCI diffuses into the membrane and is consumed by the
reaction:

2HCI + ZnO - ZnCl, + H,0O (48)
Upon this reaction, soluble zinc chloride (ZnCl,) is released and starts to diffuse. The focus of
this work is the prediction of the concentration of this product in the two cells as a function of
time.

The Reactive Solute

To model the diffusion of the product, it is first necessary to model the penetration of
HCl into the membrane and the resulting dissolution of ZnO. For simplicity, we consider a
uniform distribution of ZnO in the membrane and a constant concentration of HCI in the
upstream cell. If the ZnO particle size is significantly smaller than the membrane thickness, we
can treat the ZnO-PV A composite as a homogeneous phase:

L
—>>1] (49)
dP
where L is the membrane thickness and d,, is the ZnO particle diameter. We also assume that the
reaction is irreversible and much faster than diffusion (i.e., large second Damkdhler number, D,,):
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LZ
D = >> ] (50)
Dt
where D; is the diffusion coefficient of HCI, and ¢, is a reaction time. In this limit, HCI and ZnO
can not coexist, and there is a clear boundary between the ZnO-depleted zone and the ZnO-laden
zone in the reactive membrane. This boundary where HCI meets ZnO is the “reaction front™. It is
also assumed that the reaction front moves slowly relative to the diffusion of HCI in the depleted
zone. The quantitative expression for this assumption is:
Diffusion rate of the reactive solute C,

r

~ >> ] (51)
Advancement rate of thereaction front vH,C,

where C5 is the initial concentration of ZnO, vis the stoichiometric coefficient of reaction (0.5
in this case), /; is the membrane-water partitioning coefficient of HCI, and Cj,, is the
concentration of HCl in the upstream cell. As a result, a mass balance on the volume where the

ZnO is depleted is simply:

P A

%(gAczo): JiAv :%
where 7 is time, ¢ is the thickness of the depleted zone and also the location of the reaction front,
A is the membrane cross-sectional area available to diffusion, j; is the flux of HCI into the ZnO-
laden zone, and P; is the permeability of the membrane for HCI (P; = H;xD). Equation 5 is
subject to the initial condition:

¢ =0att=0 (53)
Integrating Eq. 52, we find:

/ZPC vt
K — ICIup (54)
20

The depleted zone grows until it reaches all the way across the membrane (i.e., ¢ = L), and HCI
starts to diffuse into the downstream cell. The time when this occurs is known as the lag time
(tig)- Using Eq. 54, the lag time can be expressed as:

Tup

(52)

C, L’
fy =2 (55)
2vP,C I
which we have seen before as Eq. 3. To be more accurate, the lag time for a non-reactive
2
membrane ( L ) could be added to Eq. 55. Omitting this additional term simplifies the model

1
and is acceptable when the lag time for a reactive membrane is larger than that for a
corresponding non-reactive membrane by an order of magnitude or more, which is true for the
experiments conducted in this study.
The HCI concentration in the downstream cell (Cjaoun) 18 zero for ¢ < #,4, and it increases
according to the following equation when 7 > #,,:

IAC ) (56)

down

which was previously presented as equation 1.

ldown
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Diffusion of Reaction Products
The above equations, particularly Eq. 54, are the basis for modeling the concentration of
the mobile product within the membrane (Cs). We propose the following diffusion equation:

2
5C3 :D3 a C3 n P]CIup Vé‘(x—ﬁ)
ot ox’
where x is the distance into the membrane (x = 0 at the upstream end), Dj; is the diffusion
coefficient of the mobile product, and ¢ is the Dirac delta function. This equation describes the
transport of the mobile product away from a source located at the reaction front. The reaction
front moves as described by Eq. 54. Intuitively, the concentration of the product should be higher

near the moving front, forming a peak from which the product diffuses in both directions as
depicted in Fig. 27. Equation 10 is subject to the following initial and boundary conditions:

(57)

t=0 all x C3 = O) C3down = 03 C3up =0 (58)
t>0 x=0 C3:H3C3up (59)
t>0 x=L C3 = H3C3down (60)

where /3 1s the membrane-water partition coefficient of the product, and Csgw, and Cs,, are
concentration of the product in the downstream and upstream cells, respectively.

0 7 L
X-8XIS e
upstream downstream
HCI water
exhausted —p 4— ZnO-laden
layer * layer

<:| —> ZnCl, flux

Figure 27. Conceptual drawing of the reactive membrane (top) and concentration profile of the
mobile reaction product (bottom). The dashed line indicates the location of the concentration
peak which coincides with the location of the reaction front. The peak advances toward the
downstream cell with time.

After the reactive material is exhausted (i.e., # > #,¢), Eq. 57 is not valid because ZnCl, is
no longer produced. The equation now reduces to:

2
o ox
The same boundary conditions (Egs. 59 and 60) apply, but the initial condition corresponds to
the concentration profile determined from Eq. 57 at ¢ = #4,.
To derive an analytical solution to the differential equations, we made a pseudo-steady

state assumption that advancement of the reaction front is slow compared with diffusion of the
product. Quantitatively, this criterion is expressed by the following equation:

(61)
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Diffusion rate of the product C,,D;

Advancement rate of thereaction front vP,C

>> ] (62)
Tup

This assumption leads to the product concentration profiles shown in Fig. 28. These profiles are
straight and have a peak located at the reaction front.

(a.) | Cj’peak

C;= H3C3up
C3 = H3 C3a'own

(b)

Figure 28. Simplified, linear concentration profiles of the mobile product used to derive the
analytical solution: (a) before breakthrough when a reaction front exist and (b) after
breakthrough. Arrows indicate the direction the change in concentration or movement of the
reaction front.

The concentration of the product in the downstream cell increases as follows:

Cj’peak - H 3 Cj‘down d Cj‘down
3 L _ f A Vdown dt (63)
where Cspeqr 18 the peak height. The independent variable time is replaced by the peak location
(¢) using Eq. 54:
dt = idf (64)
])]CIup v
A mass balance on the product at the reaction front gives:

PI Clupv _ D3 C3peuk - H3 C3down + D3 C3peak - H3 C3up (65)
l L-7¢ 1
Finally, an overall mass balance of the product yields:
C +H,C C +H,C
C20A€ — Vdown C3duwn + Vup C3up + 3 peak 3™ 3up AE + 3 peak 3™~ 3down A(L _ g) (66)

When Eqs. 65 and 66 are used to replace Cspeq in Eq. 63as a function of Csgon and ¢, this
problem reduces to a first-order ordinary differential equation with respect to Cs4oun and 7.
Integration of this differential equation gives:
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Ciiom = ¢{1 - exp(— & t)} +7n exp(— & t) Lt " exp(a‘t)dt (67)

PC viL-/
CZ()E - ”u;l)() - ﬂC3down
C3up = : (68)
a
where, a, f, & ¢, and 7 are constants:
V., H.L
a=—24+ 3= (69)
A 2
Vv, H,L
= 4 70
B y 5 (70)
fo (ﬁ N lj AH,D, (71)
a VdownL
— Bclup VV;p (72)
(e + B)AH,D,

PC, v\ [2PC, v
s 1 ¢ P [RC at N
@ 2D3 C20 VdownL

This result is valid as long as there is ZnO in the membrane. In other words, it is valid until HCI
breaks through.

After the breakthrough of the penetrating solute, the concentration of the mobile product
in the upstream cell changes as follows:

Cipon -C dcC
3downL 3up A H3 D3 — I/up d;up (7 4)
Because there is no more production of the product, its total mass is constant:
C3down + C3up
C20 AL = Vdown C3down + I/up C3up + f AHSL (75)

When Eq. 75 is substituted into Eq. 74, a first-order ordinary differential equation with respect to
Csuyp and ¢ is obtained. Solving this equation results in:

C,L (CylL A e
_ 0 20~ Vil \B 76
Sup 3up| b, |€ ( )
a+p \a+p ¢
C,L-aC,,
C3down :% (77)

CoyL ~ ﬂ[fiﬁ{l ~expl-et,, )+ nepl-e,,) [ 1 exple t)dt} .
= 78
o

These results complete the approximate, analytical solution.

Experimental data are fit to these equations according to the following procedure. First, a
breakthrough curve for HCl is fit to Eqs. 55 and 56 to obtain P;. Using this P;, concentration-
time curves for ZnCl, in the downstream and upstream cells are simultaneously fit to Egs. 67 and
77 and Eqs. 68 and 76, respectively, which determines D; and H; as fitting parameters.

For a special case where Vg, and V,, are significantly large, Cs4oun and Cs,, can be
assumed to be almost zero. It follows that Eq. 65 reduces to:

3up
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C
3peak 3peak
+D 78
/ Lot 7 (78)

Transformation of Eq. 79 gives C3,car as a function of /:
_ PJCJup (L -l )V
3peak I D3
Equation 80 implies that the product peak will reduce to zero at the moment of the membrane
breakthrough. After the breakthrough, therefore, there is no flux of ZnCl, into the downstream or

upstream cells. The fluxes of ZnCl, into the downstream cell (j340ws) and upstream cell (j3,,) are:
PC, v

PC, v C
=D

lup

(80)

j3down = L]”p (8 1)
. PC,(L-ty
iy = T (82)

The cumulative mass of ZnCl, in the downstream cell (M34,w,) and upstream cell (M3,,) can be
obtained by the following integration:
PC, Av pPC, Av C,L CZOLA

lag . Iy,
Midown = J‘() J3downAdt Lp tlag L 2P C. v 2 (83)
]up
- v P,C, (L ‘ Av L P C,u L- E)Av C,/
M3”p =J.o J3“pAdt=J.0 . I : PC Vdg

lup

= ILMdg :M (84)
0 L 2

As a complement to the approximate, analytical solution, Eq. 57 was solved numerically
without any assumptions. The partial differential equation was converted to a difference equation
based on the finite difference method by dividing the membrane dimension L into at least 100
grids. The time increment was chosen to be Az = 0.001 s or smaller. The equation used is:

C,ln+ 1Lk]=C,[nk]+ D, Cilmk+1]-2¢, ['j K=Cilnk=1] Pl
Ax Ax
where Ax and At are distance and time increments, and » and & are indexes for # and x (i.e., x =
kAx and t = nAt), respectively. The moving source term Pr is:

(85)

PC
Pr[n] it ot ' (At x = / [n] and before breakthrough) or 0 (otherwise) (86)

([n]
Prin]
Ax

Note that the delta function term in Eq. 57 is expressed by . Equation 85 was solved using

the Explicit Euler method.

Parameters obtained from fitting of the experimental data to the analytical solution were
used for this numerical computation. The numerical solution is then compared with the analytical
solution for consistency.

Breakthrough Experiments

In this study, both the breakthrough of HCI across a barrier membrane containing ZnO
and the resulting ZnCl, concentrations in the upstream and downstream solutions were measured.
Fig. 29 shows a typical breakthrough curve. The concentration of acid is near zero until the
breakthrough and then rises linearly. The lag time was 83 min, while a typical lag time for PVA
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membrane of this thickness without ZnO is 1 min. This result demonstrates the large effect of
ZnO addition on extending the lag time and is consistent with past studies (Yang et al., 2001;
Nuxoll, 2003). No measurable decrease of pH in the upstream cell was observed.

Seven diffusion experiments were conducted, and their results are summarized in Table
1. The measurements of the product concentrations are exemplified by Fig. 30. This figure shows
concentration vs. time plots for ZnCl, in the downstream and upstream cells for the same

HCI conc. (mM)

N

0 1(IJo 260
t (min)
Figure 29. Breakthrough curve of ZnO/PVA membrane for HC1 (Cy,, = 0.01 M, L = 154 um,

Vaown = 12.8 mL). The solid line is a regression based on Egs. 8 and 9. The dotted line indicates
the lag time. For reference, a typical lag time for acid through a PVA membrane is 1 min.

ZnCl, conc. (mM)

0 100 200

t (min)

Figure 30. Concentrations of the mobile product in the downstream (@) and upstream cells (0).
The solid lines are the model fit based on the analytical solution. The numerical solution (%)
using the same parameters almost perfectly matches the analytical solution. The vertical dashed
line indicates the lag time from Fig. 4.
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experiment shown in Fig. 29. Note that C3,, was much smaller than Cz4,,, for most of the
experiment because of the larger volume of the upstream cell. C3,, increased rapidly at the
beginning, followed by a slow increase until the end. On the other hand, C34,.» increased,
reached a peak, and then decreased. The peak time coincides with the lag time in Fig. 29. This
phenomenon is explained as follows. As long as ZnO remains in the membrane, there is a
concentration peak of the product within the membrane, and Cj4,,,, keeps increasing. After the
breakthrough, ZnO in the membrane is exhausted, and hence no more product is generated. The
concentration peak within the membrane quickly vanishes, and the product diffusion is solely
due to the remaining concentration gradient. Because C34ou» 1s higher than Cs,, at the
breakthrough, the product naturally starts to diffuse toward the upstream cell (cf. Fig. 28).

The experimental data in Fig. 30 and in Table 7 show that the analytical solution can describe the
diffusion of the product accurately. The values for the three fitting parameters were determined:
P;=(6.61£1.58)x10"'" m?%/s, H; = 0.676+0.342, and D; = (5.48+1.04)x10™'* m?%/s, where the
mean values and the standard deviations over the seven experiments are shown. The R” value for
data fitting to a single experiment ranged from 0.92 to 0.99. Estimated parameters from
independent experiments, such as diffusion experiments using pure PVA membranes, could be
alternatively used. There is no guarantee, however, that the estimated and fitted values will
match because the added immobilized reagent may alter the membrane properties. The trends for
C3up and Csgoun are correctly predicted, and the lag time coincides with the time when Csgoyn
reaches a peak. After the breakthrough, however, the decrease in Cs4,,, tends to be
overestimated, while the increase in C3,, tends to be underestimated.

Table 7. Summary of the diffusion experiments.
Clup Vdown v, CZO ¢ L tlag Peak C3down

Experiment (M) ml)  ( n;’L) M) (um) (min)  (mM) Parameter change
A 0.01 12.8 254 1.00 154 83.4 2.76 Base experiment
B 0.01 12.2 251 0.64 183 60.6 1.78 Low Cy

C 0.01 12.2 251 2.38 163 169 6.49 High Cy

D 0.01 13.1 307 1.27 246 190 4.12 Large L

E 0.01 12.6 556 1.39 140 433 2.63 Large V,,

F 0.02 12.7 314 1.37 136 31.0 326 High C,,,,

G 0.005 13.5 250 1.09 193 179 2.82 Low Cjyp

 This concentration is based on the wet volume of the membrane and the mass balance of zinc after the
breakthrough.

As shown in Fig. 30, the numerical and analytical solutions are almost identical. This
suggests that the pseudo-steady state assumption made in the analytical solution was appropriate.
Note that the decrease in Ax or Af did not affect the result, which suggests that Ax = 0.01L and At
=0.001 s are small enough. Negligible, almost invisible deviations are evidence of the pseudo-
steady state approximation. For example, Eq. 68 gives a negative value for C3,, near ¢t =0,
although the value is close to zero. When ¢ is sufficiently larger than zero, however, the two
solutions match almost perfectly.

The development above is for the specific chemical system of ZnO/PVA and HCI, solved
analytically and numerically for the assumption of a high Damkdhler number. We could easily
extend our analysis to other reaction stoichiometries by changing the stoichiometric coefficient.
With additional effort, we could improve our numerical calculations to explore cases with a
small Damkohler number or reaction kinetics. In such cases, it would likely be impossible to
derive an analytical solution. A case with relatively small Damkdhler numbers for the same
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chemical system (ZnO/PVA and HCI) has been studied from the viewpoint of acid breakthrough
(Nuxoll, 2003). For the modeling of reaction products, however, we have no experimental results
by which we could judge the success of these extensions.

Limiting Cases

Peak Concentration of the Product. In this section, effects of changing four experimental
parameters (C», L, V., and Cy,) on the maximum value of Cs4p,, are investigated. The results
for the seven experiments under different conditions are summarized in Table 7. The change in
the maximum value of Cz4,,,, When these parameters are varied is easily predicted using the
model. Figure 31 shows the experimental data as filled circles and the model predictions as solid
lines. We tried to change only one parameter at a time, but other parameters also changed
slightly. For this reason, minor adjustments were made to all but the “base experiment” using Eq.
67, and the adjusted values are shown in Fig. 31. The vertical dashed lines indicate where a 20%
decrease in Cj,, 1s expected after the breakthrough. Due to the limited volume of the upstream
cell, the assumption of a constant Cj,, is violated at this point, which forbids use of the analytical
equations.

Generally, the peak value of Cs4,,, clearly increased with increasing C,y and L, which
makes sense because increasing these parameters increases the total mass of ZnO in the
membrane. On the other hand, the peak values are essentially independent of V,,, and C;,,,. Both
of these experimental findings were consistent with the model prediction. Again, the model was
able to predict the experimental trend accurately. A major cause of the errors is a deviation
between the experimental value of C,y determined by the mass balance and the corresponding
value of C,y expected from the experimental lag time.

Cumulative Mass of the Product. Another case of interest is an environmental barrier
such as landfill liners for contaminant containment. The destruction of contaminants may
produce toxic byproducts, which are undesirable. For example, our studies above with
membranes containing iron nanoparticles to prevent carbon tetrachloride breakthrough showed
chloroform as one of the reaction products. For this case, considering the large size of the
containment unit and its surrounding area, it is reasonable to assume that V., and V,,, are
infinitely large or to alternatively assume that Czo, and Cs,, are nearly zero. In this limit, a
cumulative mass of the byproduct which escaped from the containment unit becomes our
primary concern. A new set of analytical equations (Egs. 79-84) was derived to compute this
cumulative mass (M3g4,wn). Equations 83 and 84 clearly show that one half of the byproduct mass
will remain in the containment system and the other half will escape, assuming that all of the
immobilized chemical initially present in the membrane reacts. Although not shown here, it is
straightforward to also derive the corresponding equations for M34,,, and M3,, as a function of
time.
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Figure 31. Effects of the four experimental parameters on the peak concentration of Cszon: ()
ZnO concentration, (b) membrane thickness, (c) upstream cell volume, and (d) acid
concentration in the upstream cell. The solid lines represent the model prediction. Minor
adjustments to the experimental data were carried out as explained in the text. The vertical
dashed lines represent the points where a 20% decrease in Cj,, is expected.
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Relevance and Conclusions

The PVA membranes used in this work were valuable in that they allowed rapid
determination of the effects of Fe(0) and CST on lag times (i.e. experiments lasting hours to
days) as well as a well defined system to test expansions of the theory for reactive membranes.
PVA, however, is not a practical material. Hydrated PVA membrane is 50 % water by volume,
which makes PV A highly permeable to dissolved species. Thus, a material that is less permeable
(such as HDPE) is required in practical applications. PVA will also not stand the y-radiation
produced by Cs-137 decay. Because the CST concentrates the cesium, it will also concentrate
this radiation. This dramatically restricts the choice of polymers. We believe that one possible
polymer is polyparaphenyleneterephthalamide (Kevlar) (Lundquist and White, 1999). This
material is said to be stable under radiation, but we have not documented this behavior ourselves.

The methods developed developed in studying the PVA membranes, however, are
universal. Results can be extrapolated to Fe’/HDPE membranes by using appropriate values of P
and L and the fraction of iron used. Similar extrapolations may be performed with CST. For
example, if a polymer that can stand the radiation can be identified and the theory derived above
is valid for impermeable materials, its chances as a successful barrier are excellent. As an
example, we imagine that a polyethylene barrier membrane is 1 mm thick, which is typical for
geotextiles. Because transport parameters for cesium through polyethylene are unavailable,
those for chloride are used for calculation purposes. The reported diffusion coefficient for
chloride through polyethylene is of order 10™* m*/sec (Rowe et al., 1995), giving an approximate
permeability of 10" m%/sec. This latter value corresponds to a transmission rate of about 0.1 mg
mm/m’ day.

We can now estimate the lags across the hypothetical barrier membranes. For the CST-
free membrane, we have from equation (2)

107 mf
=4600hrs

[[ =
“C 6x107" m? /sec

The CST-free membrane will prevent leakage for approximately 6 months. For a membrane
with 10 percent CST (by weight) and challenged with a 10 M cesium solution, we have from

equation (5):
0.1g ( 107 mol
(107 m)? em’ g

- 2x 1077 m? / sec| 107%mol / em?

E].6><105yrs

lag

The lag is now many centuries. This dramatic increase results from two factors. The first is the
concentration of CST versus the concentration of cesium. The second is the appearance of the
permeability (DH) in place of the diffusivity D. In other words, for a reactive membrane, the
fact that the solubility H is small makes the lag big.

Moving to the results with a practical polymer, we have demonstrated that breakthrough
of CT through a HDPE membrane is delayed by adding nano-scale Fe” and glycerol into the
polymer. These idealized experiments, however, are significantly different from actual
environments where geomembranes are used. Two major differences are L and C,,. Because
observation of the breakthrough over a reasonable experimental timescale was desired, small L
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and large C,, values were intentionally chosen to accelerate the experiment. In reality, a
minimum thickness of 1.5 mm is required for a landfill liner, which is almost 10 times thicker
than membranes used in this work. A 10-fold increase in L gives a 100-fold increase in #;,,. The
breakthrough lag times of 6.5 and 13 days which were achieved in this study translate to 1.8 and
3.6 years, respectively. For C,,, our use of ~1000 uM is extremely high compared to values
typically found in contaminated subsurface environments. Typical values are of the order of 10
uM in contaminated groundwater. With C,, = 10 uM, the lag times will be 180 and 360 years.
Although these numbers likely demonstrate a best-case scenario, they suggest that inclusion of
reactive material in a containment membrane can dramatically increase #,, in practical
applications.

Chemical complexities also have to be considered. In these experiments with thin
membranes, CF was produced from CT via reaction with Fe’ in the membrane, but the
subsequent reaction of CF only occurred to a limited extent. CF is also an environmental
pollutant, and its production is not desirable. If a 10-fold increase in L is again assumed, the
residence time of any contaminant in the membrane will increase by 100 times. Taking into
account the difference in reaction kinetics between CT and CF, this change may provide time for
CF to react within the membrane. Unfortunately, this prediction cannot be confirmed without
experiments lasting 2-3 years.

Mechanical properties of the membrane are important factors in installation and
durability. Although quantitative measurement was not performed in this work, the Fe’/HDPE
membranes were more fragile than pure HDPE membranes. Geomembranes are subject to
stresses, and mechanical deformation and cracking leads to leakage of contaminants, which is
more problematic than diffusion-based leakage. Further improvements in reactive membranes
(e.g., polymer selection and additive loading) will be necessary before practical implementation.

Lastly, the models we have developed reveal additional important considerations. For
pollutant containment, not just the time to breakthough, but the amount of contaminant that leaks
through (prior to or after the lag time) is an important factor that will dictate whether water
quality standards are met outside of the containment area. Thus, determining expected ‘leakage’
or ‘kill time’ in addition to lag times will be key to evaluating membrane performance.
Additionally, the reaction products may also be of environmental concern, and we have shown
that it can be expected that if toxic reaction products are generated (and not consumed) within
the membrane, one half of the reaction product mass will be expected to escape. Thus, the
reaction chemistry must be thoroughly investigated before application of the technology to a
specific pollutant. Carbon tetrachloride is perhaps a worst case scenario in that the product
(chloroform) is less reactive that the parent and still of environmental concern. Reactions of
chlorinated ethanes and ethylenes are known to lead to non-toxic products and thus are perhaps
better candidates for the technology.
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